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A. REACTION WITH 2,+DINITRi3FLUOROBEN?XNE (Chpter 3.1.3 of the Whoh? review) 

Reagent: 

2,4-Dinitrolluorobenrene 
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r. Introduction 

The merits of dinitrophenylation as the first useful method for the determina- 
tion of N-terminal amino acids has been mentioned in the INTRODUCTION to Part A of 
this review. This method was developed by SANGER~~~J~O in 1945 ; the dinitrophenyla- 
tion reaction was, however, known earlier and was first used for amino acids and 
peptides by ABDERHALDEN AND BLUMBERG~ in 1910. For SANGER’S success, two fac- 
tors were decisive: firstly, he used the more reactive 2,4-dinitrofluorobenzene instead 
of 2,4-dinitrochlorobenzene, which was used by ABDERHALDEN AND BLUMBERG~, 
which enabled him to use mild conditions suitable for peptides and even for native 
proteins. Secondly, the principles of adsorption and partition chromatography had 
already been developed at the time of SANGER’S work and it was therefore possible to 
use chromatography for the identification of dinitrophenylamino acids instead of the 
tedious and ineffective separation methods used in classical organic chemistry that 
were available at the time of ABERHALDEN AND BLUMBERG’S work. 

Since SANGER’S original work, more than IOOO papers have been published on 
the dinitrophenylation of amino acids, peptides and proteins, on the separation of 
DNP-amino acids and on various aspects of their identification and characteriza- 
tion. This chapter therefore gives by no means an exhaustive treatment of the dinitro- 
phenylation reaction, as we attempted to do for some of the reactions discussed in 
Part A. In discussing older work, we relied to a great extent on previous reviews 
(BISERTE et al. 10, BAILEY~, BRENNER et ULNA, FRAENKEL-CONRAT et aLfiB, JUTISZF, 
MELOUN~BB, HOLEYSOVSKO 80, HOLEYSOVSKQ AND HOLEYSOVSKA~~, PATAKF and 
others). 

There is another point that must be made: for the separation of DNP-amino 
acids, almost any method deserving the name chromatography has been applied. It 
would be possible to write a textbook on chromatographic methods in which the sepa- 
ration of DNP-amino acids could be used as the sole example for all the diverse types 
of chromatographic techniques. We are not attempting to write such a textbook, and 
this is a further reason why the topics covered in this Part differ from those covered in 
Part A of this review. 

a. Dim’troPlacnylation of amino acids, ficfitidcs and proteins 

In spite of the extensive application of dinitrophenylation in biochemical re- 
search, the mechanism and kinetics of reactions of amino acids and peptides with 2,4- 
dinitrofluorobenzene have not received much attention. The rates of reactions of a 
few amino acids and peptides with 2,4dinitrofluorobenzene in aqueous solution were 
determined by BURGHFIELD AND STORR~~. 

The same reaction was studied under heterogenous conditions (2,+dinitrofluoro- 
bcnzxne was present as a separate liquid phase) by BROUWER et ~1.~0. In both studies, 
some attention was paid to variations in pH (covering a range of one pH unit), but 
the influence of pH has otherwise been little investigated. 

In view of the fact that reactions of 2,4-dinitrofluorobenzene with some 
amines in protic media are catalysed by basesOJ4, while reactions with other amines 
are not base-catalyaed sl,zB, BUNNETT AND HERMANN~~ studied the response of the re- 
action of 2,+dinitrofluorobenzene with amino acids to catalysis by bases. 

J. Clrvotnalogr.. 70 (1972) zsI-33g 
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The observations of these authorsshowed that the reactions of z,4dinitrofluoro- 
benzene with anions derived from amino acids are not detectably catalysed by sodium 
hydroxide at concentrations as high as 0.1 N. It appears that the only effect of chang- 
ing the base concentration on the rate of reaction with 2,4-dinitrofluorobenzene is re- 
lated to equilibrium of the amino acid between its neutral (mainly Zwitterionic) and 
anionic forms. 

For biochemists, the most useful observation of BUNNETT AND HERMANN~~ is 
the great acceleration of the reaction of 2,4_dinitrofluorobenzene with amino acids 
which occurs when the solvent is changed from water or aqueous ethanol to dimethyl 
sulphoxide-water. The reaction rate is more than zoo times greater in 80% dimethyl 
sulphoxide than in water, aqueous ethanol or acetonitrile. However, no practical use 
has been made of this important finding up to now. 

(a) Pr+aratiora of DNP-amigzo acids 
The preparation of the DNP-amino acids has been described in the papers of 

SANGIZR~~~, PORTER AND SANGER 168, LEVY AND CHUNG~~~, FRAENKEL-CONRAT cl aI.eb, 
RAO AND SOBER~~~~ and BISERTE et al.10. 

Some useful methods of synthesis are presented in detail, covering both general 
and special methods of preparation. 

(b) General methods for the ++wation of DNP-amho acids 
(i) Method of LEVY AND CHUNG lie. The reaction is carried out in an aqueous 

medium at 40”. The respective amino acid (IO mmoles) and NazCOa (2 g) are dissolved 
in 40 ml of water at 40”. 2,4_Dinitrofluorobenzene (IO mmoles) is added and the mix- 
ture agitated vigorously, the temperature being maintained at 40”. The disappearance 
of the small drops of 2,4-dinitrofluorobenzene after about half an hour indicates the 
end of the reaction. The DNP-amino acids are precipitated by adding 3 ml of concen- 
trated HCl. Sometimes it is necessary to use scratching to induce the crystallization 
of DNP-amino acids. For the crystallization of individual DNP-amino acids, special 
solvents are used: a survey of useful solvents for this purpose is presented in Table I. 

The bis-dinitrophenyl derivatives of’Cys, Tyr, Lys and His require 2 moles of 
2,4-dinitrofluorobenzene for each mole of the amino acid. 

It is necessary to increase the amount of Na,CO, used to 4 g when cystine and 
lysine are used and to 3 g when tyrosine, histidine, aspartic acid and glutamic acid are 
used. 

(ii) Method of RAO AND SOBER lae. The reaction is carried out by shaking the 
amino acid with 2.4-dinitrofluorobenzene in the presence of a slight excess of NaHCO, 
for 2-5 II in 30% aqueous ethanol at room temperature. Ethanol is evaporated off at 
room temperature and the excess of the reagent is removed by shaking the solution 
three times with diethyl ether. The aqueous solution is acidified with G N HCL and the 
precipitate or oil that separates is washed several times with small volumes of ice- 
water. For those DNP-amino acids that precipitate as oils, the following method can 
be recommended. 

The substance is dissolved in a large volume of acetone and the solution is dried 
over anhydrous sodium sulphate and, after filtration, the solution is concentrated to 
a small volume. An equal volume of benzene is added to the acetone solution and the 
DNP-amino acid is precipitated with an excess of light petroleum (boiling range 30- 
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LIIILTINO POINTS AND YOLVIZNTB FOR CRYSTALLIZATIOS OF DNI’-AMISO ACIIM 
-------.-_ _- . . ..__._ _ ._ __._, _ .._...___ .__,_ ___.__ _...___ -_..-_- .- .._._.,. . . _ . _ . . -. _ _ . _ 

DNP-dcrivalivc 

.--.__ .._ - .___ -_ . _.._... _. _., ___ 

u-N-T)NP-r.-nr~inlnc 
rr-N-l)Nl-‘-L-nrRi11illo llytlrrd~lorlclc 
I)NP-Ix_-alaninc 
I3Nl.‘-~-nli~11lno 
DNP-nL-nspnrtic rlcicl 
Dl-DNP-~cylrtlnc 
ISDNP-L-cy~tcino 
DNP-nL-glutnmic tlcirl 
DNP-L-glutnmic acid 

25’1 (cl) 
168 
172-I 73 
r7H 
rgrl 
11%121 (cl) ICI1 
;_:s-:::” (cl) 
. - - 1 

13-l-l 36 

DNP-glyclnc 
IXDNP-hitaticlinu (colourlcnn) 
l)NI’-us-IsoloucI~~c 
DNP-Ix-looclnu 
DN P-L-loucino 

rgz-r(J_J (cl) 

rGH-172 
13r.5-r32.5 
101 

l~I-l~NI’-~.-l~~~i~~o 
tr-DNI’-L-lydno hyclrochlorirlc (I-I,()) 
R-DNP-L-lyslnc 
DNP-uL-mctlrionino 
DNP-Dbmothloninc wlphoxiclc 
DNP-nbmcthionlnc sulphono 
a-DNP-L-ornithino hyclrochloriclo (H,(J) 
a-DNP-nbornithino 
DNP-Dbphonylnlanino 
DNP-L-pllonylnlnninc 
DNP-r.-prollno 
DNP-DL-eorino 
I)NP-uL-tllrconlnc 
DNP-L-tryptophtrn 
DbDNP-L-tyrosinc 
CLDNP-L-tyroslno (H@) colourlcs~ 
DNP-nbvnllnc 
DNP-L-valino (rod) 
DNP-ia-valino (yellow turrtomcr) 

173-I 74.5 
ING 
ZGO (cl) 
107-I I;?. 117 
IQ.5 (cl) 
lb.5 (cl) 
223 (cl) 
327 (cl) 
;;t,-‘oG (cl) 

137-13H.s 
IHG-IIIH (cl) rgg 
r77-r7H 
196198 (cl) 

92-98 (cl) 
a02 (rl) 
rH2.5-183.5 
132 
131 

. _. _ ., 

water 
coIic. hydrochloric mid 
;lcctorlc-liC[roili 
~rc~“‘ollH ctllflllol 
\VILfW - 
q~icwn ircctic acicl 
a~~“CoLIH ;w?tic xirl 
(cruclc product) 
ethyl rlccttitc-clilororrlriii, 

acctomkllgrol~i 
acctolic-IlKroin, wfrtcr 
ucotic iicirl 
ncutonc-li!:roili 
occton-li~rolli 
flCILlC!fBllH ElCl!tlc iNid, 1l~lUCOllR 

lllctllirnc~l 

fnrniic acicl 
dilute liytlrocliloric acitl 
wrtcr 
cthcr-IiMroin, cthcr 
ctllllllol 

ethanol 
N-hydrochloric acid 
wutcr 
acctonc-Ilgroln 
El~llCOMH inctlinnol 
cthcr-IiKroln 
ncctonc-IigrolfI, nrcthtrnol 
;rcctoIic-IlRroiii, other-ligroin 
(cruclo product) 
(cruclc product) 
wutcr 
acctonc-1iEroin 
cthcr-ligroin 
cthcr-IiEroin 

- _ ..- ___._-_. _... - .._.. - --.. --- -- ..---... --- _ __._- --._ ._..__ - 

75”). The precipitate is dried in a current of air, dissolved in diethyl ether and again 
precipitated with light petroleum. The diethyl ether-light petroleum precipitation is 
repeated several times until the DNP-amino acid crystallizes at a low temperature. 

The procedure for those DNP-amino acids that precipitate as solids is much 
simpler. The precipitate is washed with ice-water and crystallized by using the ap- 
propriate solvent (see Table I). 

(c) Sficcial methods fov the fircfiaralion of DNP-amko acids 
The synthesis of those DNP-amino acids that require special procedures can be 

found in the following papers (references for the preparation of some necessary inter- 
mediates are also given) : 

DNP-glutamic acid (RAO AND SORER~~) 
a-Mono-DNP-histidine (RAMACHANDRAN AND MCCONNELL~~~; ZAHN AND 

PFANNM~LLER~~) 

J. CLrornatop., 70 (1972) zzI-339 



226 J. ROSMUS, 2. DEYL 

Di-DNP-histidine (RAMACHANDRAN AND McCONNELL~~~~~) 
Imidazole-DNP-histidine (BERGMANN AND ZERVAS~~; MARGOJAASH~~J) 
0-DNP-tyrosine (SANGBR~~~; Du VIGNEAUD AND MEYER~~; PRITZE AND ZAHN~~) 
a-Mono-DNP-arginine (PORTER AND SANGER~~~) 
cc-Mono-DNP-ornithine (SANGER~~~; RIVARD~~~) 
S-Mono-DNP-L-ornithine (SANGER~~~) 
a-Mono-DNP-L-lysine (NEURERGER AND SANGER~~~ ; BERGMANN cb nl.ls; RIG@“; 

BISERTE. et ~1.1~) 

s-Mono-DNP-lysine (PORTER AND SANGER~“*) 
Mono-DNP-cystine (BETTELHEIM~~) 
S-DNP-cysteine (HAUSMANN et ~1.7~) 
DNP-cysteic acid (BETTELHEIM~~). 

(d) Dinitvo#ltenylation zf a firotek lcydrolysate 
Dinitrophenylation of protein hydrolysates is used mainly in the column 

chromatography of DNP-amino acids and in the determination of the composition 
of amino acids by these column chromatographic methods. 

(i) Co+ng in aqweozbs mediama (LEVY et al.lll). 
Reaction $roceduro : The hydrolysate (3-5 mg in 3 ml) is placed in a synthesis cell 

(see Fig. I), 0.1 ml of 3.1 N KOH is added and the contents are adjusted to pH 9.0 
with about 40 pmoles of 0.2 N KOH. The solution is saturated with 2,4-dinitrofluoro- 
benzene at 40” by vigorous agitation with a slight excess (cu. 0.1 ml) of the reagent. 
The pH is maintained at g for 80 min by intermittent additions of 0.2 N NaOH. This 
operation can be conveniently carried out by means of an autotitratoros. 

F&.-I. Synthosia toll for tho dlnitrophonylation of amino acids. 

The kinetics of the reaction can be followed by measuring 
NaOH (for details see LEVY~O~ and BIJNNETT AND HERMANN~~). 
aqueous medium, using 5% carbonate buffer, was described.by 
AND SINGER~~. 

J. Chvomalop., 70 (1971) 221-339 
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Extmctio~a of the diwitrofihmyl derivntiws1~ : After the coupling reaction is com- 
pleted, tile contents of the cell are transferred into a separating funnel and extracted 
2-4 times with 5-ml volumes of peroxide-free dicthyl ether to remove tile esccss of the 
reagent. The reaction mixture is then nciclifed with 0.5 ml of 5 N HCl and tile ctller- 
soluble amino acids are c.ut.racted 5 times with 5-1111 vr~lumcs (~1‘ clicthyl ctllcr. The 
ethereal phase is conccntrutcd carefully to a small vr)lu~n~:; the evaporated material, 
which floats above some droplets of wntcr, is pour~~l iI1 to slwcial rcwptaclcs for the 
sublimation of z,4-dinitrophenol (see below). 

The aqueous phase that remains after tllc cstraction of tllcl otllcr soluL~lc DNP- 
amino acids still contains a-mono-DNP-nrgininc illlcl n-DNP-llisticline (DNP-cvstcic 
acid in those instances when the protein is osidixcd with pcrformic acid prior to 
hydrolysis). 

The remaining aqueous phase is cxtractcd several times wit11 ;I misturc of qua1 
volumes of stic.-butanol and ethyl acetatelOO. 

An alternative procedure for working-up of the aqueous phase was clescril~ed by 
LEVYloom 

(+i) CoyGhg ,i~ nqttco~s nlcoholic mtdi~crrc (FI~AI~NI~~~,-~oNRR'I AND SINGEIP 

mcd RISEIZTE ct nl.lD). The hydrolysate produced from IO mg of protein is dissolved in 
5 ml of doubly distilled water at 40”. The pH is adjusted to g with N/15 NaOH and 
0.2 ml of z,4-dinitrofluorobenzene is added. The solution is stirred for 15 min at 4o” 
wllile the pH is maintained at 9. Absolute ethanol (IO ml) is then added and stirring 
is continued for go min at 4o”, the pH being maintained at g. After the reaction, the 
alcohol is removed by evaporation in a current of cold air. The excess of the reagent 
is extracted S-IO times with peroxide-free diethyl ether. The medium is acidified with 
I ml of concentrated HCl and again extracted 5 times with peroxide-free diethyl ether 
and then 3 times with ethyl acetate. The residual aqueous phase is extracted 3 times 
with a mixture of equal parts of ethyl acetate and sec.-butanol. The diethyl ether and 
ethyl acetate extracts are collected and evaporated to dryness and the z,4-dinitro- 
phenol present in this phase is removed by sublimation (see below). 

The butanol extracts are also evaporated to dryness. After dissolution in a suit- 
able solvent (c.g., acetone for paper chromatography) the evaporated extracts can be 
used either directly, or after the removal of z,4-dinitrophenol, for any separation pro- 
cedure. 

(c) Sublimation of a,.+dinit~o~hcnol (MILLs~~) 
This procedure is performed in the sublimation apparatus shown in Fig. 2. This 

apparatus is designed so that the distance between the heated film and the cooled 
surface is very small. Sublimation is effected at 70-80” for 30 min. 

(f) Dinitro#icnylatior of a. fivotein 
The dinitrophenylation of a protein was first described by SANGER~~~. The fol- 

lowing procedures can be used: 
(i) Co~+.g in an ethunodbicarbonrite me&m. The protein (0.5 g) and NaHCO, 

(0.5 g) are dissolved in 5 ml of water. Then IO ml of a 5% (v/v) solution of.z,q-dinitro- 
fluorobenzene in ethanol are added and the mixture is agitated mechanically for 
2-3 h in the dark at room temperature. a, 

The dinitrophenylation of an insoluble protein requires a prolonged period of 

J. Clrrosnalogr., 70 (1972) azr-339 
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Fig. z. Apparatus used for tho BUblimatiOn of dinitrophcnol. A stnnclnrtl zq+z gronncl-glass 
folnt is used. The cooling finger (R) ia filled with ncetonc + carbon dloxitlc HIIOW mixture. The 
glase cap in tho right hand part of the figure facilitates the cllminatlon of tlroplctR of wntor Rftor 
evaporation of the other solution and before the subllmntlon Is cnrrlcd out. 

agitation (48 h at 40”; 72 h at 20~) and repeated additions of sodium bicarbonate and 
2,4dinitrofluorobenzene (for examples, see FRITZE AND ZAHNO' and DEYL et ~1.~~). 

After complete dinitrophenylation. the DNP-protein is often insoluble. even in 
an alkaline medium; on the other hand, after acidification of the medium, most DNP- 
proteins are precipitated. After centrifugation, the precipitate is washed several times 
with water to remove mineral salts and with alcohol until a clear liquid is obtained 
(in order to remove the excess of 2,4-dinitrofluorobenzene and the 2,4-dinitrophenol 
formed), and is finally washed with diethyl ether. 

The washing and isolation procedures vary, however, for individual proteins, 
depending on the solubilities of the particular DNP-proteins. For example, DNP- 
albumin and DNP-ovomucoid are soluble in water and can be precipitated with an 
excess of ethanol; the DNP-derivatives of ovomucoid are soluble in water and 
ethanol. 

The byproducts of the coupling procedure can always be removed by dialysis 
and the solution of the DNP-protein can be lyophilized. 

(ii) Cou$Gzg in aqueous medium (LEVY AND L~lls). The protein (at least 0.2 

Fmole) is dissolved in 3 ml of 0.1 M KC1 at 40”~ The pH is adjusted to 8 and main- 
tained at this value by additions of 0.05 N KOH in an autotitrator. After the addition 
of 2,4dinitrofluorobenzene (cu. 0.1 ml), the solution is agitated vigorously. The 
coupling reaction is terminated after agitation for go-120 min. The graph of KOH 
consumption against time shows an inflection when the reaction is terminated. The 
slope of the graph, which then becomes constant, corresponds to the rate of hydrolysis 
of 2,4dinitrofluorobenzne. 

The reaction medium is then extracted three times with diethyl ether to remove 
the excess of 2,4dinitrofluorobenzene and the DNP-protein is isolated as described in 
the previous method. 

(iii) Cou$ling in a bicarbonate-guanidine hydrochloride medium ( PHILLIPS~~~). 
The protein is dissolved in a solution of 6 M guanidine hydrochloride (protein concen- 
tration ca. 20 mg/ml). Solid KHCOB is added to a concentration of 10-15 mg/ml and 
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then 2,4-dinitrofluorobenzene to a concentration of o.og-0.1 ml/ml. The mixture is 
agitated at 20~ for G-24 IY, then acidified, diluted with three volumes of water and 
extracted once with diethyl ether, 

The precipitate of DNP-protein is washed several times with water, using cen- 
trifugation after each washing. The last traces of the reagent and of 2,4-dinitrophenol 
are removed by three washings with acetone-and one washing with diethyl ether. 

An important problem in structural protein analysis is the amount of material 
available. One of the most effective techniques for separating protein is polyacryl- 
amidegelelectrophoresis. It is therefore not surprising that attempts were made to apply 
the sequencing techniques directly to the proteins separated in polyacrylamide gels. 
Thus CATSIMPOOLAS~~ attempted to stain electrophoretically separated proteins with 
2,4-dinitrofluorobenzene. After conventional gel preparation, separation and detec- 
tion with Amido Black, the extruded gels were placed in the storage tubes, which were 
filled with a 2.5% (v/v) solution of 2,4-dinitrofluorobenrene in ethanol. The tubes were 
stoppered and placed in a dark room for 16 11. The reaction was effected by diffusion 
of the reagent into the gel and proceeded quite smoothly as the inside of the gel was 
sufficiently alkaline. Shorter incubation times, however, produced incomplete labelling 
of the protein bands. During the incubation procedure, the gels became opaque and 
shrank. The gel columns, which at this stage did not exhibit any distinct bands, were 
washed several times with diethyl ether to remove excess of the reagent and subse- 
quently were transferred into Erlenmeyer flasks containing diethyl ether and 5% of 
2 N HCl. The whole mixture was shaken until no more yellow colouring was released 
from the gel columns. During this period, the extractant was replaced several times. 
At the end of this procedure, which continued for several hours, the gels attained their 
original length and protein bands appeared as dark yellow zones against a pale yellow 
background. In comparative experiments with bovine serum albumin, the number of 
bands was identical to that revealed after staining with Amido Black. The individual 
yellow bands were then cut away from the gel column and placed in small test-tubes. 
For adequate results in the next sequencing step, at least 20-30 bands from individual 
runs have to be combined. The sample of combined gel discs containing DNP-protein 
was placed in a sealed tube with 6 N HCl and hydrolysed in the usual manner. Gel 
samples containing no yellow protein band were hydrolysed in parallel to prevent 
artefacts. The hydrolysate was finally filtered and diluted with water and the indi- 
vidual DNP-amino acids were identified by flat-bed techniques. 

(h) Hydvolysis of the DNP-proteins 
In this particular instance it is not possible to give a general procedure that is 

useful for the liberation of all types of DNP-derivatives of N-terminal amino acids. 
The procedures recommended vary with the nature of the N-terminal amino acid. 

For a qualitative determination of the N-terminal DNP-amino acid, hydrolysis 
is usually effected in a sealed tube, which is either evacuated or filled with nitrogen, 
for 16 h at 103~ using redistilled 5.7 N HCI. 

This type of hydrolysis may cause considerable degradation of DNP-proline and 
DNP-glycine and also of other DNP-amino acids161 (see Table 2). 

To avoid this degradation as far as possible, it is recommended that, in addition 
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iLI~l1lWll.S mllltioli ilt \-nrIwH l>l-I \‘illllCS. 

This cllaptcr deals gencrnlly with tlw USC of IINI’-derivatives c)f anlino acids in 
the identifcntion of the N-terminal anlino acids in pcpticlcs and proteins. Sonlctinles 
it is more advantageous to use the dinitropllcn~latioll reaction only for the lal~clling 
and isolation parts of the work nncl to use some other transforlnntion products of 
DNP-amino acids for identification ancl quantitation purposes. 

A reaction of tllis type has already hcen described in chapter 3.2.2. of this 
review (Part A, p. 215). In this section, we deal with those renctiorls of DNP-amino 
acids tllat lend to the regeneration of tile parent amino acid; tile identification or 
quantitation is then carriccl out by using an amino acid analyzer or any other method 
for the identification of free amino acids. 

Tile first worker WIIO applied this l~rinciplc successfully was MII.I.s~~, wllo re- 
generated the parent amino acid from the DNP-amino acid by heating it with 2 N 
H,SO,, containing a trace amount of H,O,. He also achieved the rlcavn~e wit11 a 
saturated solution of barium hyclroxide in water. 

The amrnonolysis of DNP-amino acids was described by ~,OWTH~XIZ’~-‘, wllo liber- 
ated the pnrcnt amino acid from its DNP-derivative 1~~~ treatment with 0.88 N NH,, 
at loo” for 2 Ii. 

In our opinion, the most useful method for tlic rcgcncration of an amino acicl 
from the DNP-derivative is hydrogenation using a platinum catalyst, as described by 
I~ASOLD cl f11,“. 

(n) Scpnrnliorc oa silicn gd colwrttrs (PORTIONS AND S.4~~itil~l~~) 

In all procedures for the column chromatographic separation of DNP-amino 
acids, the method by which the sorbent is prepared and hydrated is of decisive im- 
portance. Therefore, in all procedures of this type, adequate attention must be paid to 
the preparation of the sorbent. 

Sorbed @qkwation (GORDON ct d.aD), Equal volumes of commercial water-glass 
and ice are stirred well and 12 N HCl is added to the mixture stepwise wit11 vigorous 
stirring until a change in colour of thymol blue indicator is observed. During this 
operation, the reaction mixture becomes very opaque, but it clears again when the 
correct pH value is reached. Then the reaction mixture is allowed to stand for 3 11 and 
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HCI is added, il necessar)‘, to mnintain tllc correct pH. ‘I’lic silica gel precipitate is 
filtered off and wflslicd well with 2 1 of Water per 250 g of gel. ‘IIic prccipitntc is rc- 
suspended in 0.5 1V HCI and al1owccl to stand for 2 clnys, tiltercd and washed until free 
from cliloridc. I%ially. tlic precipitate is dried at Ioo”. AS some variations ma>- bc oh- 
tnined with different hntrllcs, it is rccommcndcd tllnt Iargc hntcllcs (5 kg) arc prc- 
pared to ensure good reproducibility for a reasonable period of time. ‘I‘lle variability 
of different batches of gel may IX reduced if thy arc’ allowed to stand in an HCI solu- 
tion of TV known concentration before wnslling ;111cl drying tllcm. 

PoUYi~rr~ of ColrrlrlrIs. The wet gel prcpnration difhs slightly according to the 
solvent system to 1~ used. Most frequentl>~ kvater or the approprintc hffcr, ccluivnlcnt 
to one Ilnlf of tlic wciglit of the clr>* silica gel, is stirrccl into tlie clr>* gel. If tlic prepared 
silica gel is cspected to bc used for tllc scpar;~tion oI’ basic nmino acids, I N I-ICI is uud 
instead of water as l)Nl’-lysilic is more sthlc in acidic mcdin, 

If organic solvents (~vatcr-niiscil~lc) arc to l>c used, Llll nllloullt of tllc nqucous 
plinsc cquivalclit to two tliircls of tlic wciglit of the gel is miscd tvitli the dry gel. l;or 
the column preparation, h-x0 g of gel are misctl well with tlic wet organir solvent until 
tlic mixture becomes a freeI>. running suspension. In gcncral, rolumns 33 x 1 cm in 
sine arc adequate to ensure good clunlit>~ of scpnrntion. Tlic column is rotated as it 
settlcs, to remove air bubbles, and the supernntant solvent is alhvcd todrnin througll. 
Care is take11 that tile bottom of the column is continuously immersed in tllc solvcnt- 
collecting bcakcr as otllerwise the sorbent colunl~l cracks and the column has to IX rc- 
lilled. The same effect occurs if the moisture content of tile gel is too high. TIIC use of a 
small csccss pressure during tllc filling of tile column results in sllarpcr hnds and 
improved quality of separntion. There are some precautions tllat ~l~oulcl be taken 
when using orgnnic solvent q*stcms. All tile solvents sllould IX kept Lvitll a smnll 
amount of the aqueous phase and suf’Iicient time for equilibration sl~oulcl be allowed. 
The only esception to this rule is the ethylene gl>gcol-bcnxene misture in which 
ethylene glycol replaces water and tllerefore the gel is prepared by mixing the dry gel 
with an equal weight of ethylene glycol. Chloroform sllould IX wnshcd well to free it 
from ethanol, wllich, nddcd to tllc cstent of I%, BH il stabilizer, influences the scparn- 
tion maskedly. 

Sn~*lr nj5@%ion twrl ofit~vrrtiomd ~nwx~dim~s. ‘I’llc sample of a DNP-amino acid 
mixture obtnincd by extraction with dicthyl etller is dissolved in 1-2 ml of the np- 
proprinte solvent and loaded into the column. A bent-tipped pipette is recommended 
for this application to avoid disturbing the gel surface. Tile top of the column is 
washed several times to ensure quantitation. With certain nmino acids, previous 
evaporation to dryness with 12 A’ HCl may help in dissolving the sample. 

The amount loaded into the column is important in column cl~romatogralhic 
sepnrations on silica gel columns. The best results are obtained when the amount 
loaded can just be seen, i.e., O.I-0.2 pmole. Larger nmounts (up to 2 pmoles) cause 
tailing in most instances. Generally, the mechnnism of the silica gel chromatography 
of DNP-amino acids is that of pnrtition chromatography, but it has been mentioned 
in the literature that adsorption nlso plays an important role. 

The over-n11 scheme for tile scparntion of DNP-amino acids on a silica gel col- 
umn is rather complex. It hns been described by PORTER AND SANGIZR~~~ and is cnrried 
out as follows. 

In the first step, n mixture of ether-soluble DNP-amino acids is subjected to 
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elution with chloroform and a butanol-chloroform mixture. The original mixture is 
resolved into five bands, which, except for the third one, are subjected to further 
fractionation. The third band is the DNP-derivative of hydroxyproline and can there- 
fore be subjected to direct quantitation. 

The first band in the chloroform and butanol-chloroform fractionation is eluted 
in three subfractions with an ethanol-ligroin mixture containing an increasing pro- 
portion of ligroin. By washing the column with chloroform-ethanol/ligroin(I :I), the 
mixture of DNP-Leu and DNP-Ile is eluted. A chloroform-acetone/cyclohexane- 
ethanol/ligroin(I :2 :z) mixture elutes a complex band, which can be separated further 
with acetone/cyclohexane. If this complex band is treated with chloroform-ethanol/ 
ligroin-acetone/cyclohcxane (I : z : I), the DNP-valine band is eluted, while the same 
solvent system in a rntio of I :z :z elutes the DNP-derivative of phenylalaninc. The 
last fraction obtained from the cl~loroform-etl~anol/ligroin fractionation is eluted with 
this mixture in a ratio of I :3. The band eluted in this step is again complex, consisting 
of DNP-methionine, DNP-proline and DNP-alanine. If to the original chloroform- 
ethnnol/ligroin mixture (I : 3) another portion of methanol/carbon tetrachloride solvent 
is added, making the over-all proportions of individual solvents I :3 : I, the band of 
DNP-methionine is eluted. If the proportion of methanol/carbon tetrachloride is 
further increased, making the over-all proportion of chloroform-etl~anol/ligroin- 
methanol/carbon tetrachloride I : 3 :2, a slow-moving band consisting of DNP-proline 
and DNP-alanine is eluted. These latter two DNP-amino acids can be separated by 
adding benzene to the eluant from the previous step. A ratio of chloroform+thanol/ 
ligroin-methanol/carbon tctrachloride-ethylene glycol/benzene of I :3 : z : I clutes 
DNP-proline, while a further increase in the ethylene glycol/benzene ratio elutes 
DNP-alanine. In this latter instance, the proportions of the components are chloro- 
form-ethanol/ligroin-methanol/carbon tetrachloride-ethyleneglycol/benzene I :3 : z :z. 

The second band from the chloroform fractionation consists of four amino acid 
derivatives : DNP-Trp ; DNP-Gly ; DNP-Tyr and bis-DNP-Lys. These derivatives are 
separated by eluting the column with an increasing proportion of 33% diethyl ether/ 
ligroin solvent : if the proportion of chloroform-33% diethyl ether/ligroin is z : I, the 
mixture of DNP-Trp and DNP-Gly is brought into solution. The further separation 
of these two amino acid derivatives is carried out by using a 3% solution of propanol 
in cyclohexane. A mixture of chloroform-33% diethyl etl~er/ligroin-g”/o propanol/ 
cyclohexane in the ratio 2 :I :I elutes DNP-Trp, whereas when the components ‘are 
present in the ratio z :I :z DNP-Gly is eluted. The slower band of the 33% diethyl 
ether/ligroin fractionation eluted with chloroform-33a/o diethyl ether/ligroin (z : a) 

consisting of DNP-Tyr and bis-DNP-Lys is separated by using an increasing propor- 
tion of ethylene glycol/benzene in the solute. Hence, chloroform-33% diethyl ether/ 
ligroin-ethylene glycol/benzene (z :z : I) washes out the band of DNP-Tyr, whereas 
when the components are present in the ratio z :2 :z the band of di-DNP-Lys is 
washed out. 

The third band of the chloroform fractionation, as already mentioned, is pure 
DNP-Hypro and does not require any further fractionation. 

The fourth band of the chloroform fractionation is a mixture of DNP-Thr and 
DNP-Ser, which is separated by washing first with chloroform-33% diethyl ether/ 
ligroin (4:1) and then with the same mixture in the ratio 4 :2. In the first instance, 
DNP-Thr is eluted, while in the second step DNP-Ser is eluted. 

J. Chrotndogv., 70 (1972) alI- 



CHROWATOGRAPHY OF N-TIZRWNAL AMINO ACIDS AND DDRIVATIVISS 235 

The fifth band of the chloroform fractionation is washed with chloroform- 
33% diethyl ether/ligroin (5: I), which moves the complex band of DNP-Asp and 
DNP-Glu, while the same mixture in the ratio 5:~ elutes the last amino acid to be 
separated, viz., Di-DNP-Cyo. The separation of the corresponding derivatives of 
aspartic and glutamic acid is achieved by using 5% propanol/cyclohexane as tllc sol- 
vent. The solvent system consisting of chloroform-330/. diethyl ether/ligroin-5°/” 
propanol/cyclohexane elutes DNP-glutamic acid, while the same solvent system with 
a slightly different ratio of components (5 :I :z) elutes DNP-Asp. a . 

l’ig. 4 makes the whole system more easy to understand. Of course, all the 
separation steps cannot be carried out on only one column , as tllc whole proceclurc! 

OrIgInal miututw 

I 

1 
Chlorokrm and butanol- chlorp(orm I I 1 

11312:l 1: 31212 
DNP -Pro DNP-Ala 

171~. -), Schcmo for frnctlow~tlov of cthcr-soluble 13NP-amino ILCICIR. (Sao text for compodtion 
Of HO~VOntH.) (I’ORTER AND SANGER’“‘). 

would then be even more tedious and time consuming. PORTIZR AND SANG~R~‘J~ sug- 
gested that the following four columns should be used: 

Ethanql/ligroi% column. One volume of water, I volume of ethanol and IO 
volumes of ligroin (boiling range go-x00”) are mixed, I ml of the lower 
aqueous phase is added to each 2 ml of silica gei and the upper ligroin phase 
is used as the mobile phase in the column. 
Methanol/carbon tetrachloride column. This column is prepared in a similar 
manner to column A: I volume of water, I volume of methanol and 15 vol- 
umes of carbon tetrachloride are used. 
Acetone/cyclohexane column. This column is prepared by using I volume 
of water, I volume of acetone and IO volumes of cyclohexane. 
Ethylene glycol/benzene column. Ethylene glycol and benzene are shaken 
together, T ml of the ethylene glycol layer is added to each I g of dry silica 
and the benzene layer is used as the .mobile phase. 

J. Clwonzatogr., 70 (1972) 2aI-339 



236 

dealt 

J. 

These columns when under operation show some artefacts, 
with in an appropriate way: 
(I) A yellow band, which moves faster than any amino acid 

chloroform column. 
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which should be 

derivative in the 

(2) DNP-Tyr and DNP-Met on hydrolysis result in the formation of coloured 
bands, which do not move in the chloroform system. 

(3) Bis-DNP-Cys yields a band that moves slowly in 3% butanol/chloroform. 
In general, ‘certain stable peptides yield corresponding DNP-derivatives that 

can be easily interchanged with amino acids. 
According to GORDON cl al. OD, the water-soluble DNP-derivatives are eluted 

from butanol-chloroform or methyl ethyl ketone columns as indicated in Table 3, A 
GGY. solution of methyl ethyl ketone in diethyl ether elutes bis-DNP-His and S-DNP- 
Cys rapidly, while a-DNP-Arg, e-DNP-Lys and a-DNP-Lys move with R values of 
0.35. 0.20 and 0.11, respectively. These values are, as already mentioned, not abso- 
lutely reproducible and are reported here only to give an over-all picture of the separa- 
tion procedure. Using the butanol/chloroform system (17% butanol), di-DNP-His 
moves as a fast band, while S-DNP-Cys exhibits an X value of 0.08. Other water- 
soluble DNP-derivatives are retained on the column under these conditions. In the 
same system with 30% butanol, S-DNP-Cys moves as a fast band, while DNP-Arg 
and DNP-Lys move much more slowly, with R values of 0.2 and 0.15, respectively. cl1- 
DNP-Lys is retained on the column. 

TABLE 3 
BAND RATEB OF ACID-BOLUIILIC DNP-AMINO-ACIDS 

Figrwes RIO values of R, GORDON et dao. 

DNP-amino a&d Deuzloping solvcnl 

Methyl oJlryC Bsrtanol-cRlor~for;r,r 
kalonc-ctkcr 17% 30% 
66% 

Di-DNP-hlstkllno Fast Fnst - 
S-DNP-cystolno Fast on08 Fnst 
u-DNP-arginino 0.35 - 0.2 
e-DNP-lyslne 0.20 - 0.1g 
a-DNP-lyslne 0.11 - - 

A further improvement in this procedure could be achieved by adding formal- 
dehyde, which supresses the ionization of the a-amino group of s-DNP-Lys and thus 
enables a much clearer separation from DNP-Arg to be achieved. In this particular 
instance, the column is prepared by mixing IOO g of silica, which contains 9% water, 
with 40 ml of I :g (v/v) formaldehyde-water that has been previously neutralized to 
pH 7.0 with 0.5 M disodium hydrogen phosphate (BAILEY~). 

(b) Se$avation OH bufevcd silica gel columns 
BLACKBURN~~ was the first to introduce buffered silica gel columns into the 

chromatography of DNP-amino acid derivatives. He also was able to show that the 
differences observed by many workers between different batches of silica gel can be at- 
tributed to the variations in the pH of the aqueous phase that is in contact with the gel. 
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SoYlh!nt prc+u;vation. According to the method of RLACKBURN~~. silica gel is 
treated for 3 h with excess of hydrochloric acid after it has been precipitated from the 
water-glass solution. The R values of amino acid derivatives on buffered columns are 
summarized in Table 4. The following buffer systems were used: 

(A) 0.2 M sodium dihydrogcn phosphate 
(B) 0.5 M phosphate, pH 6.61 
(C) 0.25 M phosphate, pH 5.95. 
Acid-soluble DNP-amino acid derivatives may be subjected to fractionation in 

0.2 ikf sbdium dihydrogen phosphate using Sanger’s original fractionation described in 
the preceding section. 

T-AISLE 4 

RAND RATRE (n VALURS) 01 DNP-AMINO ACIDS 1N CHLOROFORM AND IIIJTANOL-CHLOROPORM 

Duffcr systumrr: (A) 0.2 M Nodium clll~yclro~:cn pllonphntc: (U) 0.5 M phoaphtrtc, pH 6,Gr ; (Cl 
0.25 M phoqlhntc, pJ-1 5.95. 

DNP-amiwa acid R vnlrrc 
.-- __-_ -. ---.-__ _-.-_-___- -- ._,..._ -.._---- .-_.-_--- .._. - 
CHCI,, CHCfB. 3% UuOH- r7% DMOH- 
IwJfer A eu~L~r L3 CHClo, brrJfcr C CHCI,, brrffcr D 

DNP-lenclne PflRt 
DNP-vallnu Frrst 
DNP-phenylnlrninc Il’lurt 
DNP-mcthlonino l?iLSt 
DNP-prollno Fast 
JBNP-nlanlno 1Gillt 
DNP-tryptophan 0.G 
DNP-glyclno 0.9 
Di-DNP-lysino 0.7 
Dl-DNP-tyroslno Fnn t 
DNP-thrconinc 0.3 
DNP-sorlno 0.11 
J>NP-glutnmlc nclcl 0.17 
DNP-nqanrtic ~rclcl 0.06 

0.7 
0.5 
0.7 
0.5 
0.3 
0.2 
O.d\ 
0.03 
o.oG 
0.07 
Slow 
Slow 
Slow 
Slow 

- 

- 
- 
- 
- 
Dalr t 

0.9 
l?nBt 
0.9 
0.18 
0.00 
0.2 
Slow 

- 
- 
- 
- 
- 

o-5 
- 

0,2 
FhBt 
PRat 
0.15 

0.07 
Slow 
Slow 

(c) A~utomnted scfiaration on silica gel colunrlts 
The latest achievements in the column chromatography of DNP-amino acids 

are the automated procedures referred to in the papers of KESNER and co-workersPfi~oD. 
Silica gel is used as the support- material and the procedure can easily be repeated in 
any laboratory that is equipped to carry out standard chromatographic procedures (an 
over-all scheme of the apparatus used is shown in Pig. 5), 

Sanrplc pmfiaration. For the dinitrophenylation reaction, silicone-coated glass- 
ware was recommended (SCHROEDER AND LE GETTE~‘~~) ; after the dinitrophenylation 
reaction is completed, ethanol is evaporated, the dry residue is dissolved in 5 ml of 
water and the solution is brought to pH 8.0. The solution is then extracted six times 
with IO-ml volumes of diethyl ether to remove the excess of 2,+dinitrofluorobenzene 
and DNP-NHg. The aqueous layer is finally acidified to pH 1-2 and is then ready for 
application to the column. 

If the mixture to be analyzed contains peptides or dinitrophenylated proteins, 
the amino acid and peptide derivatives are extracted from the aqueous phase with six 
IO-ml volumes of water-saturated methyl ethyl ketone. The adjustment of the pH of 
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Air vent 
. . 

Fig. 5. Two-chamber gradlant apparatus using solvent do-ncratlon, wntcr anturatlon and con- 
tinuous spoctrophotometric recording. 

the reaction mixture before extraction is carried out with concentrated HCL. The ex- 
tract is evaporated to dryness in a stream of air in a dark hood. 

Colwnn~m~avation and opevalion. As is usual with silica gel, the final separation 
is highly sensitive to the moisture content of the sorbent material. It is generally re- 
commended that the sorbent is tested before the column is filled; on the other hand, 
by changing the activity of the sorbent it is possible to obtain resolutions of DNP- 
derivatives that in a particular instance had moved together. In conclusion, it should 
be stressed that constant conditions must be maintained during the automated analy- 
sis in order to obtain reproducible results. 

Sorbent. 3.5 ml of 0.5 N H,SO, are added to 8 g of silica gel. An appropriate 
amount (about 45 g) is prepared in order to fill a IOO x I cm column. Alternatively, 
the sorbent is prepared by adding 5.2 ml of 0.3 N H,SO, per 8 g of silica gel. Before 
adjusting the humidity of the sorbent, the silica gel is oven-dried and weighed quickly; 
the appropriate volume of H,SO, is then added and the mixture is stirred well to ob- 
tain a free-flowing powder. During this stage the sorbent is transferred to a bottle and 
mixed in a ball-mill for 15 min. 

Column jilling. A column of the specified dimensions is filled by using a simple 
device (see Fig. 6), which, in principle, consists of an infusion bottle clamped to the 
top of the column and provided with a stirrer blade that extends several inches below 
the ball joint. The column stopcock is closed and the extra hole is plugged with a 
short piece of PTFE tubing into which a fine glass rod has been inserted. The whole 
system is fUed with acid-washed heptane until a volume of about 30 ml is present in 
the infusion bottle. The silica gel sorbent is then transferred into the infusion bottle. 
Before this transfer is carried out, a 0.3-g amount and a 0.3-g amount of silica gel are 
retained in two paraffin foil sealed beakers. A further volume of acid-washed heptane 
is added to the infusion bottle until the mixture reaches the 6oo-ml mark on the 
bottle. Then a stopper bearing the stirrer guide is inserted, the stirrer speed is adjusted 
to maintain a clear heptane layer above the silica gel suspension, the lower stopcock 
of the column is opened and the silica gel suspension is allowed to sediment under 
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& In. bore 

Fig. G. Column pouring apparatus. A - stirrer wlth rheostat; B 
6 mm O.D.; C = stirring-rod guide; D 

- button-tip glass stirring rod, 
- 7oo-ml infusion bottle, 12 mm outlet boro attached to 

ball part; E = PTFE stirring blade (lie in. thick) ; F - ball nnd sock& joint; G = PTPE tubing 
tail, 0.034 in. I.D.. 0.058 in. O.D.; H = jacketed chromntographic column, I x IZO cm ; 1 =I 
sinterod glaae disc; J - PTBE stopcock, bored for connection to flow cell. 

gravity. The pouring of the column usually takes 30 min. After this period, the stop- 
cock is closed, the PTFE tubing is attached to a suction flask and the excess of hep- 
tane is removed until its level falls to the ball-and-socket joint. The column is now 
ready to be clamped to the circulating water pump. If, during the pouring of the silica 
gel suspension, the silica gel particles stick to the column wall in the stirred area, it is 
recommended that these particles are removed with a narrow glass rod (by moving it 
back and forth several times) to prevent possible clogging of the column during 
packing under pressure. 

Column pa&hag. The packing is carried out by passing heptane under pressure 
through the column. Heptane from a reservoir is passed through a stirred three- 
necked flask in which it is heated to 56”, pumped through the acid-wash columns and 
delivered to the separation column. The socket area at the top of the separation col- 
umn is freed from any particles of silica gel by filling it with hot acid-washed heptane 
and by allowing the particles to fall into the column. Excess of heptane is removed, 
the socket area is dried with a piece of filter-paper and the column is tightened to the 
inlet tubing. Care must be taken with the gaskets, which must be prevented from 
direct contact with heptane which would cause them to swell excessively and cause 
leaking on the top of the column. 

At this stage the thermostat bath is set to 35” and both the column and the 
mixing chamber (three-necked flask) are heated to this temperature. The column exit 
is connected to the photometer cell and the hot heptane is allowed to pass through the 
column at a rate of 180 ml/h. The passage of 45-60 ml of the solvent, which takes 
15-20 min, should result in the column packing to cu. 120-100 cm in height. Occa- 
sionally, the sorbent tends to become clogged during this operation, which can some- 
times be prevented by applying a cushioned vibrator to the column walls. 

Sample afi@ictation. To the aliquot (see sample preparation), 0.2 ml of 0.5 N 
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HsSO, is added, together with about 0.5 ml of acetone for washing purposes. The DNP 
derivatives are dissolved in the solution, by stirring occasionally with a heavy glass 
rod. Then the appropriate amount of silica gel (0.31 g of sorbent prepared by adding 
5.2 ml of 0.5 N H,SO, to 8 g of silica gel or 0.36 g of sorbent prepared by adding 3.5 
:nl of 0.5 N H,SO, to 8 g of silica gel) is added to the aliquot and the reaction mixture 
is stirred and then evaporated to dryness in a stream of air in a dark hood. The dried 
mixture is transferred quantitatively to a small beaker by using another 0.5 ml of 
acetone wit11 0.3 g of silica gel for washing the particles that stick to the wall; the 
mixture is allowed to dry in a dark hood and the silica gel wash and the original sam- 
ple are mixed; the heptane layer from the top of the column is siphoned off and the 
top of the silica gel is lcvelled with a flat-bottomed glass stirring rod. Some of the 
acid-washed heptane is added and the sample is transferred into the top of the column, 
tapping the beaker. Heptane in the socket area is stirred to allow any adhering par- 
ticles to sediment, the top of the transferred silica gel is levelled with a flat-bottomed 
glass rod and the top of the sample is covered with 0.5 g of the silica gel sorbent re- 
tained at the beginning of the operation. Finally, a circular piece of Whatman filter- 
paper is used to cover the top of the column. The column is re-filled with acid-washed 
heptane to a level of about 3 mm above the bottom of the socket, the socket area is 
dried with filter-paper, the silicone rubber gasket is inserted and the socket joint is 
connected, observing all the precautions already mentioned. The DNP-derivatives 
are protected from decomposition by light by wrapping the column with aluminium 
foil. 

Elztlia~ The gradient elution device consists of two heated mixing chambers, 
each of soo-ml volume. About 150 ml of deaerated 0.1 N H,SO, are placed into the 
acid-wash column (60 x 1.2 cm, with a I5o-ml bulb at the top). Then 450 ml of 
heptane are placed in the first mixing chamber and heated to 56” while the same 
volume of heptane placed in the other chamber in heated to 35”. Reservoirs, connected 
to the latter mixing flask contain (I) 3% levt.-amyl alcohol in s-heptane, (2) 18% 
levLamy1 alcohol in n-heptane, (3) methyl ethyl ketone and (4) s-heptane. 

The procedure for the separation of peptides is identical with that just de- 
scribed with the exception that the solutions in reservoirs are (I) 18% levt.-amyl 
alcohol in n-heptane, (2) 50% methyl ethyl ketone in +heptane, (3) methyl ethyl 
ketone and (4) n-heptane. 

The apparatus usually has an additional heptane reservoir, which is used only 
for column packing. 

O~e~ution. The stopcock, which allows the 3% t&.-amyl alcohol-n-heptane so- 
lution to pass down the second mixing chamber, is opened and the pump is set to 
deliver 180 ml/h of the solvent to the column. After 700 ml of the solvent have passed 
through the column, which takes almost 4 h (the elution of DNP-phenylalanine is 
completed by that time), the solvent is changed to 18O/” levt.-amyl alcohol-n-heptane. 
After another 4 II (720 ml), the eluant is replaced with methyl ethyl ketone; about 
i200 ml are allowed to pass through the column, by which time all the amino acid 
derivatives are eluted. 

Virtually the same procedure is applicable for DNP-peptides, and the solvents 
used in each of the three elution steps are those mentioned above. 

The separation of DNP-peptides can be improved by altering the methyl ethyl 
ketone gradient if individual peaks are too close together. In this event, the solvent 
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system mentioned above is suggested for use in a trial run. Alternatively, the eluate 
can be further purified by using silica gel of another activity in the same equipment. 
Some peptides are reported to stick to the column even if it is eluted with pure methyl 
ethyl ketone; in this event it is recommended that an additional step is introduced; 
the column is directly eluted with formamide, during which operation the acid-wash 
column is by-passed and the acid-washed methyl ethyl ketone on the top of the column 
is first replaced with formamide. 

The over-all separation of DNP-amino acids can be see11 in Fig. 7. 

Fig. 7. SopRrntion of n known mlxturc of DNP-dorlvntlves of mnino acids and rclatotl RubstanccH. 
Peaks roprosentlng unronctod a,+dinltrofluorobcnzonc nnd dinitrophenol nppcnr baforo tho DNP- 
amino acids and aro not Rhown. If dinitronnlllno is not romoved, its poak nppoars in tho alanino- 
prollno area. 

A further development of the technique described is based on the use of a stRn- 
dard nine-chamber Technicon Varigrad. A silicone rubber insulated heating tape is 
wrapped round the bottom third of this chamber and held in place with PTI’E adhe- 
sive tape. Although the combinations can be adjusted according to the specific re- 
quirements for a particular mixture to be separated, the following procedure appears 
to be generally applicable, according to KIXNER and co-workers”BBoD. At a temperature 
of 45” and a flow-rate of IOO-150 ml/h, the following compositions of solvents in the 
individual chambers of the Varigrad system are used: 

Chamber No. I, 

Chamber No. 2, 
Chamber No. 3, 
Chamber No. 4, 
Chamber No. 5, 
Chamber No. 6, 
Chamber No. 7, 
Chamber No. 8, 
Chamber No. g, 

ION ml of-3% lc&amyl alcohol in rt-heptane 
zoo ml of 3% tml.-amyl alcohol in n-lieptane 
IOO ml of 3% levl.-amyl alcohol in n-heptanc 
100 ml of 10% levl.-amyl alcohol in rt-heptane 
IOO ml of 10% lcrt.-amyl alcohol in rz-heptane 
IOO ml of 3% &Gamy1 alcohol in ti-heptane 
84 ml of methyl ethyl ketone 
84 ml of methyl ethyl ketone 
84 ml of methyl ethyl ketone. 

The determination of DNP-amino acids on silica gel can also be carried out at a 
temperature of 25-28” and at a flow-rate of 250 ml/h. In this instance, chambers I to 
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6 contain 200 ml of 2, 2,2,7, IO and 12% Wt.-amyl alcohol in rr-heptane, respectively, 
while the residual chambers contain 168 ml of methyl ethyl ketone, and sometimes it 
appears to be necessary to pass additional methyl ethyl ketone through the column in 
order to elute the slowly moving DNP-amino acid zone. 

For mixtures that contain both DNP-amino acids and DNP-peptides, the 
gradient system should consist of two parts. In the first gradient, which consists of 2, 
2, 2, IO, IO and 15% Wt.-amyl alcohol in R-heptane in chambers 1-6, all DNP-amino 
acids up to DNP-serine are eluted, the amount poured into each chamber is 150 ml 
and the column, which is operated at room temperature in this instance, is eluted at a 
rate of 150 ml/h. The second gradient elutes soluble DNP-derivatives and DNP- 
peptides; it consists of 15% levt.-amyl alcohol in a-heptane (200 ml, chambers I and 
2), 50% methyl ethyl ketone in rt-heptane (183 ml, chambers 3 and 4) and pure methyl 
ethyl ketone (168 ml, chambers 5-g). 

KESNER cl ~1.~8 successfully applied this procedure to the separation of DNP- 
amino acids and peptides obtained by the action of pronase upon native, oxidized, 
dinitrophenylated and dinitrophenylated + oxidized ribonuclease. They introduced 
slight modifications to the above procedure. In the original procedure, z,q-dinitro- 
aniline is eluted closely to DNP-alanine; any confusion in this respect can be avoided 
by pre-extracting the mixture with diethyl ether at pH 8, which removes z.q-dinitro- 
aniline; alternatively, replacing 450 ml of rr-heptane in the first mixing chamber with 
450 ml of n-heptane-toluene makes the pre-extraction unnecessary. In the latter in- 
stance, the DNP-NH, peak is shifted towards the beginning of the chromatogram. In 
fact, any pre-extraction in this event is unnecessary a~ DNP-OH, DNP-NH, and un- 
reacted 2,4dinitrofluorobenzene are eluted prior to all amino acids. This buffer change 
is reported not to change the elution pattern of other DNP-amino acids. 

Tris buffers, which are widely used in protein chemistry, are reported to cause a 
double peak of DNP-glutamine; however, this effect can be avoided by pre-extracting 
the sample to be analyzed with diethyl ether. It is also recommended that phosphate 
buffers are used instead of Tris, as they do not exhibit similar effects. 

The hydration of the silica gel sorbent appears to be critical for the separation 
of some DNP-derivatives, such as his-DNP-cystine from DNP-Glu and DNP-Asp. 
Failures to separate these DNP-amino acids are ascribed to the day-to-day variations 
in atmospheric humidity that interfere with the oven-drying procedure. Generally, to 
avoid such failures, it appears to be of great advantage to prepare large batches of 
partially hydrated silica gel. A suitable composition comprises 150 ml of deionized 
water mixed with IOOO g of dried silica gel and stored in air-tight bottles. 

During drying, it is possible to use temperatures up to 250°, as silica gel loses 
water progressively with increasing temperature. However, satisfactory results have 
been achieved by drying silica gel at 115’ for I week. This procedure results in a par- 
tially hydrated product, the water content of which is used as a basis for calculating the 
amount of 0.75 N sulphuric acid to be added. However, KESNER and co-workersee~oD 
reported that even partially hydrated silica gel exhibits some variations with changes 
in atmospheric humidity. The optimum positioning of the di-DNP-derivatives relative 
to mono-DNP-derivatives is Anally achieved by varying the final hydration of the 
silica gel. Different degrees of hydration also change the order of elution of amino 
acids. Thus, for instance, at high hydration (5.7 ml of 0.75 N H,SO, per 8 g of silica 
gel), the order of the eluted peaks runs a~ follows : Tyr. Gly, Lys, Glu, Lys, Asp, Thr, 
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Ser, while at low hydration (4.7 ml of 0.75 N H,SOI per 8 g of silica gel) the order is 
Gly, Tyr, Lys, Glu, Asp, Thr, Lys, Ser. 

Another system has been described by TENTORI 18s for the automated column 
chromatography of DNP-derivatives, in which a 0.9 x IZO cm column of silica gel is 
used. Elution is carried out with a complex gradient system composed of nine cham- 
bers. The gradient is formed by different proportions of terk-amyl alcol~ol, qr-heptane 
and methyl ethyl ether as follows: 

l&.-Amy1 alcol~ol rc-Heptane Methyl ethyl ether 
Chamber No. I 95 
Chamber No. z : 94 
Chamber No. 3 7 93 
Chamber No. 4 IO 9o 
Chamber No. 
Chamber No, : 

I5 75 8.5 
I5 GO 21 

Chamber Nos. 7-g 84 
The column was thermostatted at 47” and the running time was about 5.5 11. 

Before being admitted to the column, the elunnt was passed through a saturating 
chamber containing 0.1 M H,SO,. 

Besides the above mentioned gradient system, it is possible also to use the fol- 
lowing system, with which the results obtained are comparable as far as the quality of 
separation is concerned : 

Wt.-Amy1 alcohol +Heptane Methyl ethyl ether 
Chamber No, I 7-5 142.5 
Chamber No. 2 9 I4I 
Chamber No. 3 10.5 139.5 
Chamber No. 4 I5 I35 
Chamber No. 5 22.5 112.5 12.75 
Chamber No. 6 IO 70 61 
Chamber Nos. 7-g 126 
The column was maintained for the first 1.5 h at 47” and then at -38”. The 

separation time was IO h. 
The following method of filling the chambers permitted the separation of DNP- 

derivatives soluble in water at the operating temperature of 28” in 225 min: 

Chamber Nos. 1-2 
Chamber Nos. 3-4 
Chamber Nos. 5-g 

k&Amy1 alcohol n-Heptane Methyl ethyl ether 
15 85 

46 46 
84 

(d) Separation O’IE Kieselgzthr columm ’ 

It appears that except for the elaborate automated analysis of DNP-amino acid 
derivatives on silica gel columns (see p. 237), all the other procedures suffer from con- 
siderable disadvantages, due mainly to the poor reproducibility of silica gel prepara- 
tions. For this reason, Kieselguhr columns were introduced by MILLSIN: acid-washed 
Kieselguhr is used in this separation. The aorbent is activated before use by shaking it 
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in a large bottle with a portion of ammonium carbonate enclosed in a cloth bag. The 
pH of an aqueous extract of this sorbent should lie within the range 67. Columns of 
dimensions 1.5 x 12 cm seem to give an adequate degree of separation. The solvent 
systems used are different mixtures of chloroform and methyl ethyl ketone (Table 5). 

TABLE 6 

ORDER OF RLUTIOX OFI~NP-AMINO ACIDS FROM KIEHELGUHR 

DAVP-am.i?ro acid Solvent 

DI-DNP-cydclnc 
DNP-aapartlc acid 
DNP-glutamlc acid 

DNP-sorlne 
Dl-DNP-histlclino 

mothyl othyl kctonu 

75% muthyl othyl kutonc-chloroform 

DNP-mothionlnc rrulphonc 30% methyl ethyl ketone-chloroform 
DNP-thrconlne to rcsolvc DNP-thruonlnu tkncl DNP-@yclnu 
DNP-glyclnu followod by 45% mothyl ethyl 
DNP-alnnine ketone-chloroform 
DNP-prollnc 
Di-DNP-lyslno 
Di-DNP-cyatina 
DNP-vnline 
DNP-loucine 
DNP-isolouclnc 
DNP-phenylalanlno 
Dinltrophcnol 

The column bed is prepared from 6.5 g of the sorbent compressed in 45% of methyl 
ethyl ketone-chloroform with a flat-bottomed stainless-steel rod. The optimum load 
is 2-3 pg of each amino acid band. The order of the eluted bands can be seen in Table 5. 

Acid-soluble amino acid derivatives are removed first by extracting the sample 
into methyl ethyl ketone that has been acidified with IoO/~ of 6 N hydrochloric acid. 
The residue after extraction is evaporated to dryness, ,dissolved in water-saturated 
methyl ethyl ketone and loaded into a column prepared with methyl ethyl ketone- 
chloroform (3 : I). 

The effect of column buffering is apparent from Table 6. 
The buffers used are: I M sodium dihydrogen phosphate, pH 4.03; 0.25 n/I 

phosphate, pH 6.5; and 0.4 M phosphate, pH 7.0. Each buffer is ground (66% by 
weight) into dry Kieselguhr and a suspension in the solvent selected is used for pre- 
paring a column of dimensions I x 12 cm. 

Similarly, the procedure can be used for preparative purposes by applying up to 
350 ,ug of a protein to a 3 x 20 cm column144, 

(e) Scjbavatio~r on silicic acid-Celite colunms 
Silicic acid-Celite chromatography is one of the most rapid classical column 

procedures used for the separation of DNP-amino acid derivatives. GREEN AND KAY’~ 
reported the possibility of completing the analysis in less than 2 h. Silicic acid is com- 

mercially available, which is another advantage of the technique in addition to the 

good reproducibility of the results. Most of the commercially available silicic acid prep- 
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TABLE: 

LAND RATEB FOR DNP-AMINO ACIDS ON UUBIWRLCI~ CELITE 545 COLUMNH 

Pigurcs nro vnlue~ of R. 

DNP-amino acid 

DNP-tryptophnn 
DNP-isolouclno 
DNP-louci~~e 
DNP-phonylalaninu 
Di-DNP-1yHinc 
DNP-vnllno 
DNP-methioninc 
DNP-alnnlnc 
DNP-~~rolinc 
DI-DNP-tyro#inc 
DNP-glyclno 
DNP-thrconinc 
DNP-glu tamlc ncld 
DNP-sorlno 
DNP-nnpartic acid 

ftrst 
fast 
ftul t 
first 
fiud 
filet 
firlit. 
firclt 
ftu4t 
fnst 
fluI t 
1.0 

0.9 
0.6 

o-5 
slow 
BlOW 

0.9 
0,s 
0,s 
0.G 
0.5 
On3 
0.2 
0.07 
0.07 
0.1 
o,o;L 
nlow 
RIOW 
nlow 
slow 

fast - 
fnat 0,3 
faHt a.2 
flwt 0.1.5 
fcwt - 
filst 0.07 
fad - 
fad - 
fant - 
o-5 - 

0.5 - 
0.07 - 
0.03 - 
HlOW - 
l!llow - 

arations are suitable without any further pre-treatment. The only problem in the 
procedure is to ensure an adequate flow-rate, which is difficult to achieve with silicic 
acid only. The sorbent is therefore mixed with half of its weight of Celite and the frac- 
tion that passes a 6o-mesh filter is used for column preparation. The column size re- 
commended by GREEN AND KAY'~ is 1-1.4 x 17 cm. The adsorbent can be layered in 
the column by strong suction and it appears that clogging of the column does not 
occur. The surface of the column is levelled with a flat-bottomed glass rod and the 
time required for the preparation of the column takes not more than 30 sec. The tqp 
of the column is covered with a fine-mesh disc or a disc filter-paper, which it is usual 
to use in most of the column separations of DNP-amino acid derivatives to protect 
the top of the column from disturbances. The performance of the column is distinctly 
improved by pre-washing the column with redistilled solvents. It has been suggested 
that pre-washing modifies the water content of the adsorbent. Prom the experiments 
of SCHROEDER~~~, it appears that the intensity of sorption increases in the following 
order: alcohol pre-washed adsorbent < non-pre-washed adsorbent < diethyl ether 
pm-washed adsorbent < acetone-diethyl ether pre-washed adsorbent. 

In the procedure described by GREEN AND KAY’~, the columns are pre-washed in 
several steps. If a volume V equals the volume of the solvent that is just necessary to 
wet the adsorbent completely, then first a volume 0.2 I/ of diethyl ether, followed by 
I V of acetone-diethyl ether (I : I), 0~8 V of diethyl ether, I V of ligroin and finally I V 

of the developing mobile phase are passed through the column. The columns are 
operated un,der a constant under-pressure 70-80 mm. The sample is applied in an 
acetic acid solution diluted with ligroin. The over-all operating scheme for this proce- 
dure is rather complex and it is best understood from Fig. 8. 

The original mixture of DNP-amino acid derivatives is eluted with a solvent 
consisting of 8 ml of acetic acid, 4 ml of acetone and sufficient ligroin to make the 
volume up to IOO ml. This solvent distributes the mixture into five fractions. The first 
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Mixture of 16 DNP-amino acids 

I 
BAA-IA-L 

-,, 

;DNP-Thr; 
L, -i 

T 
BAA-BA-L 

I 

BAA -‘en-L 

3AA: SA-C 5AA-SE-L 

I I 

1Yg. 8. Chromatographlc separation of DNP-amino aclds on sillcic acid-Celite columns. 
ment scheme of GRUIN AND ILtv7~. AA = acetlc ncld: A = acetone; L = Ilgrofn; F 
acid: E = ethyl ncotate; B = bonzano: C = cyclohexano; DNA - ~,+cllnltroanllino. 

Dcvolop- 
= formic 

band is bis-DNP-Cys and need not be discussed further as it is a pure amino acid 
derivative. If fractions two and three are absent, the elution with the above solvent 
may be stopped while the solution is still on the column and it may be changed to 
further steps of the separation. 

Band No. z is a very complex mixture, the further separation of which is carried 
out by using a system containing 5 ml of acetic acid and sufficient benzene to make 
the volume IOO ml. Kieselguhr-Celite chromatography separates four bands, which 
consist of: 

(A) 

( w 

(Cl 

DNP-Ser and DNP-Thr : these amino acids are separated in a third chro- 
matographic step by using a mixture consisting of 8 ml of acetic acid, 8 ml 
of acetone and sufficient ligroin to make the volume IOO ml. In this separa- 
tion, DNP-Ser is the fastest moving band. 
The second band is a mixture of DNP-Asp and DNP-Glu. These two amino 
acids are separated with the same mobile phase as the Ser and Thr deriva- 
tives of the first band, e.g., with a mobile phase consisting of 8 ml of acetic 
acid, 8 ml of acetone and sufficient ligroin to make the volume IOO ml. 
This band is bis-DNP-Lys and need not to be subjected to a further separa- 
tion step. 
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(D) This band of the acetic acid-benzene step is pure bis-DNP-Tyr and hence 
it is unnecessary to subject it to any further separation procedure. 

Band No. 3, the third zone of the original acetic acid-acetone-ligroin separa- 
tion, is a mixture of DNP-derivatives of Trp and Gly. These two amino acids are 
separated on another column by eluting them with a mobile phase consisting of z ml 
of acetic acid, IO ml of acetone and sufficient ligroin to make the volume IOO ml. The 
fastest moving band in this separation is that of DNP-Trp. 

Band No. 4 is eluted from the original column only after the mixture of 2 ml of 
formic acid, 8 ml of ethanol and sufficient ligroin to make the volume IOO ml had been 
introduced. This mixture, again, is very complex, consisting of DNP-derivatives of 
four amino acids and DNP-OH. The formic acid solvent separates the whole mixture 
immediately into three zones: DNP-Pro, a mixture of DNP-Ala and DNP-Met, and a 
mixture of DNP-Ala and DNP-Phe. DNP-Ala is separated from DNP-Met by using 
another column eluted with a mobile phase consisting of 3 ml of acetic acid, 5 ml of 
acetone and sufficient ligroin to make the volume IOO ml. Under these conditions, the 
fastest moving band is that of DNP-Ala. The second complex zone, i.e., the mixture 
of DNP-NH, and DNP-Phe, is separated by using a mixture of 5 ml of acetic acid, 5 
ml of ethanol and sufficient ligroin to make the volume IOO ml. Under these condi- 
tions, the fastest moving band is that of dinitrophenylaniline while the slower band 
corresponds to DNP-Phe. 

Band No. 5 is a mixture of three DNP-derivatives: DNP-Val. DNP-Leu and 
DNP-Ile. These amino acids are separated by using a mixture of 4 ml of acetic acid, 
2 ml of acetone and sufficient ligroin to make the volume IOO ml. The fastest moving 
band in this system is that of DNP-Val; DNP-Leu and DNP-Ile move together. 

Some DNP-peptides are adsorbed in the region of the second zone (the very 
complex one appearing in the original procedure immediately after DNP-Cys). Other 
artefacts have to be avoided in group IV, i.e., in the zone that follows the mixed band 
of DNP-Pro and DNP-Gly. Besides this, DNP-Pro gives a very pale zone that can be 
easily overlooked. Also, the zones in the last group (DNP-Val, DNP-Leu and DNP- 
Ile) are considerably paler than.those observed at the beginning of the separation. 2,4- 
Dinitrophenol, which gives a nearly colourless zone, is less strongly adsorbed in the 
first separating step and hence can be eluted very easily. 

In conclusion, it should be said that the whole system must be studied very 
carefully if an unknown mixture is to be analysed, as mistakes are easily introduced. 
Automated analysis, which has been reported in detail earlier (see p. 237). nowadays 
offers the most reliable procedure for the determination and quantitation of DNP- 
amino acids, and therefore it is to be recommended. Spare parts of any commercial 
amino acid analyzer can be adapted for the automated analysis of DNP-derivatives, 
and therefore virtually every laboratory can apply this procedure for routine se- 
quencing. 

(f) Sefiavtation on nylon columns 
JELLINEK AND DEL CARMEN-VARA~~ used non-stretched nylon 66 and Celite as 

sorben ts for the separation of DNP-amino acid derivatives. The adsorbent was prepar- 
ed by mixing two volumes of an aqueous solution of non-stretched nylon 66 with one 
volume of an aqueous suspension of Celite 545. Acetic acid-ammonium acetate and 
ammonia-ammonium acetate buffers of ionic strength 0.2 (the pH varied from 4 to IO) 
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were used as eluents, in some instances with the addition of ethanol. The actual separa- 
tion was carried out at zz” with an elution rate of I ml per 8 min. The eluent was 
evaluated manually by O.D. readings. 

(g) Aactoncatcd sc~nration ala nylon coL~rn~tcs 
Recently, BEYER AND SCHENK~~-~' applied column chromatography on nylon 

powder columns in DNP-amino acid determinations. The procedure is particularly 
suitable for water-soluble DNP-derivatives and has been used successfully in the 
study of structural proteins such as keratin and collagen. 

Prc@ration of nylon j~owdcv colw~uzs. A 3-l round-bottomed flask provided with 
a reflux condenser and containing 200 g of unstretched TiO,-treated nylon fibers 
covered with 2 1 of acetic acid and IOO ml of formic acid was placed on an oil-bath and 
heated at 18o--19o~ for about 45 min. The turbid solution was then poured into a 
beaker and allowed to stand overnight. The upper hard layer was removed the next 
morning and the nylon suspension filtered off. The residue remaining on the filter was 
allowed to dry for three days and the dry powder was suspended in I 1 of distilled 
water and homogenized. The slurry was filtered off and the residue remaining on the 
filter was washed with distilled water until it was neutral. After re-suspending it, the 
material was screened through a 25o-mesh sieve and the fraction that passed through 
was diluted to 2.5 1 and stored at 4” until it was used for column pouring. 

Columns of dimensions 50 x I cm appeared to be suitable for use in separations. 
The nylon powder suspensions were boiled before use to avoid the formation of bub- 
bles and then cooled to 30”. At this temperature, the columns were,poured with a 3- 
atm over-pressure to ensure rapid and homogeneous setting. Finally, the column was 
compressed with air and eluted twice with citrate buffer of pH 3.0. The buffer con- 
sisted of 298.5 ml of I N HCl, 42.33 g of citric acid and 16.12 g of NaOH. This mix- 
ture was diluted to 5 1 with distilled water. 

O@~ulion and snmfilc @@ication. The hydrolysate (2 ml), containing about 200 

mg of the sample, was applied to the column, observing the usual precautions. The 
sample was washed into the column with two o.s-ml volumes of pH 3.0 buffer and the 
analysis was carried out using the same buffer at a flow-rate of 30 ml/h. When O-DNP- 
tyrosine had emerged from the column, the column was ready to be loaded with an- 
other sample. However, in practice, after two separations the column had to be re- 
generated by removing the nylon powder from the column and re-suspending it in 
5% ammonia for 15 min. The alkaline suspension was then filtered and the residue 
washed until it was neutral. The cake was re-suspended in 0.1 N HCl, stirred for 15 
min, filtered, washed until it was neutral and preserved in 2.5 1 of distilled water. 
After another two runs it was discarded. 

For the separation of ether-soluble DNP-amino acids, the chromatographic 
procedure is only slightly different. The preparation of the carrier material is identical 
with that described above. However, the columns are filled at 60” and the column is 
then eluted twice with phosphate buffer of pH 8.0. The buffer used for elution is 
prepared from 2.7 g of HOPOd and 55 g of NasHPO, .zH,O. This mixture was made 
up to 5 1 and used for analysis. 

Tracings of the chromatograms obtained with both the ether-soluble and the 
water-soluble amino acid derivatives on nylon powder columns are presented in Pigs. 
CJ and IO. 
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Pig. g, Nylon pow&x chromntosrnphy of DNP-nmino ndrls in R hyclrolysnto of DNP-wool. Poak 
jdcntlficatlon, from the left: IINP-Anp, DNP-Glu, DN P&X, DNIJ-l’hr, DN I’-Gly, DNP-Ala, 
DNP-Val. 

30 120 150 180 2iO -,a 240 270 390 420 - 
_ ml 

PIE. IO. Nylon powder column chromatography of wntor-taoluble DNP-nmlno nclcls. Ponk identi- 
fication, from the loft: DNP-His, DNP-Sor, N-DNP-(z-nmlno-z-cnrboxycthyl)lydnc, DNP-C~H, 
DNP-Orn, DNP-Lye, DNP-Tyr, DNP-Arg, DNP-CySO,FI. 

(h) Ion-exchange colwnn dwomatogma~lsy 
In column chromatographic techniques, ion exchange can also be used for the 

separation of water-soluble DNP-amino acids. A suitable procedure was introduced by 
HEINRICH AND BUGNA’~. In this particular instance, the cation-exchange resin IRC-50 
(Rio Rex 70) in the form of its sodium salt, -400 mesh, was used with considerable 
success. The column used was thermostatted at 50” and was 15-20 cm in length. The 
flow-rate applied was ca. 0.5 ml/min. The eluting buffer was similar to the “pH 5” 
buffer specified for the Technicon amino acid analyzer: 14.71 g of trisodium citrate 
dihydrate are dissolved in goo ml of water and 25 ml of standardized z N NaOH are 
added together with 5.85 g of NaCl and 3 ml of Brij solution (IOO g of BRI J 35 plus 200 
ml of water). The buffer is titrated with 6 N HCl to pH 5.0, diluted to I 1 and the pH 
value is adjusted if necessary. Finally, the buffer is de-aerated by heating it to 6o”, 
and cooled. The column effluent is recorded by using a suitable device in the region of 
360 nm. The order of amino acid derivatives released from the column (0.5-1 h apart) 
is a-DNP-Lys, s-DNP-Lys, DNP-Arg, bis-DNP-His, DNP-Trp and bis-DNP-Lys. 
The lower limits of this method are 0.01-o.05 pmole provided that standard Technicon 
equipment has been used. 

Excellent results in the ion-exchange chromatography of water-soluble DNP- 
amino acids were achieved by NISHIKAWA et a1.130, using Dowex 5oW-X2. The 
chromatography of DNP-amino acids on Dowex 50-W resins is rather difficult owing 
to strong non-electrostatic interactions between the dinitrophenyl moiety of the 
amino acid derivatives and the aromatic constituents of the resin. These interactions 
result in highly diffused peaks, which are difficult to integrate. A simple approach to 
avoid these interactions was to introduce aromatic compounds into the eluting buffers ; 

i ,/. CAYmaa#ogr,, 70 (1972) aar-jgg 



250 J. ROSMUS, 2. DEYL 

p-hydroxybenzoic acid gave excellent results in this respect. A Dowex 50-W column of 
dimensions 0.9 x 2g cm used in the Beckman Spinco amino acid analyzer was ap- 
plied. Type 15 A resin filled to a height of II cm was used and the elution of the col- 
umn was carried out in stages. Two buffers were used. Buffer I solution was 0.117 M 
in citrate, 0.1 M in p-hydroxybenzoic acid and 0.411 M in final sodium ion concentra- 
tion at pH 5.28. Buffer II solution was 0.117 1M in citrate, 0.4 M in fi-hydroxybenzoic 
acid and 0.69 M in sodium ion at pH 6.0. 

The column was operated at 54” using a flow-rate of 60 ml/h while the ninhydrin 
flow-rate was 30 ml/h. The sample was loaded in the usual way and the column was 
eluted with buffer I for 60 min, and then this was replaced by buffer II. The yellow 
colour, together with the ninhydrin-positive reactions of amino acids, were recorded. 
The optimal resolution was obtained if the amount separated was 0.5 pmole per peak. 
The following order of maxima appeared on the chromatogram: the bulk of DNP- 
derivatives of neutral and acidic amino acids, Im-DNP-histidine, di-DNP-lysine, 
DNP-histidine, DNP-NH*, s-DNP-lysine, DNP-arginine and 0-DNP-tyrosine. 

(i) Liquid-liprid partition of DNP-amino acids (HyJo-Sa@er-Cel chromatogva- 

PhY) 
DNP-amino acid derivatives are partitioned between the organic and aqueous 

phases provided that they are undissociated; pH values affect the over-all partition 
coefficient, as shown by MATHESON~~‘-~~~ and MATHESON AND SHRLTAWY~~, by 
changing the equilibrium in the aqueous layer. However, according to MATHESON~~‘, 
in principal any of the ether-soluble DNP-amino acids can be partitioned between the 
aqueous buffers and ethyl acetate in the ionic form. If ionized, the bands of DNP- 
amino acids are exceptionally narrow and the R values are only slightly pH-dependent. 

For the liquid-liquid partition chromatography of DNP-amino acids, the fol- 
lowing procedure was developed and described by MATHESON AND SHELTAWY~~~. The 
chromatographic column has dimensions rg x I cm; ethyl acetate and the appropriate 
buffer (200 and 40 ml, respectively) are shaken together and the resulting phases are 
separated (the buffer used contains 35 g/l of NaCl). Hyflo-SuperCel(4 g) is slurried in 
the upper phase and 2.5 ml of the lower phase are added dropwise. The mixture is 
shaken vigorously until free from lumps, and the sample is loaded by using a filter- 
paper disc. All operations involving DNP-derivatives should be carried out in artificial 
light. The sample is transferred to the top of the column in the minimum volume of 
water-saturated ethyl acetate. The top of the column is rinsed twice with I-ml vol- 
umes of the water-ethyl acetate solvent and the column is eluted with the following 
buffers (flow-rate I ml/min) : 

(a) 0.1 M Tris-maleic acid-salt buffer, pH 5.4 
(b) 0.1 M sodium phosphate-salt buffer, ,pH 7.4 
(c) 0.1 M Tris-HCl-salt buffer, pH 7.4 
(d) 0.1 M sodium phosphate buffer, pH 12 
Optimum results are obtained in mixtures containing about 1.5 mg of each 

amino acid present in the form of the mono-DNP-derivative, while the optimum 
amount for his-DNP-derivatives is 2-3 mg. A special problem in this type of column 
chromatography is the separation of DNP-serine and DNP-lysine in complicated 
mixtures; for this purpose, the Tris-glycineurea-salt buffer, 6 N in urea (the pH of 
9.5, however, is not critical) was used by MATHESON AND SHELTAWY~~. 
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For the column partition of DNP-derivatives of methionine, phenylalanine, 
ornithine and lysine, buffers consisting of Tris-HCl, z-amino-2-methylpropane-1,3- 
diol hydrochloride and alternatively glycine-NaOH were used by MATHESON~~‘-~~~. 
For water-soluble amino acid derivatives, 0.2 M Tris-0.2 M glycine buffer of pH 9.1 
gives satisfactory results; alternatively, methyl ethyl ketone-ethyl acetate-o.2 i%f 
Tris + 0.2 M glycine buffer (3 :2 :I by volume) can be recommended for this purpose. 

The sample can also be applied to a column equilibrated with the buffer of low 
pH, which makes it possible to resolve the slowly moving DNP-derivatives; the fast 
moving derivatives are eluted and the eluate is applied to another column equilibrated 
to a higher pH value. It is usually necessary to repeat the process several times until 
complete separation of all components is achieved. The separation procedure reported 
by PORTUGAL cl al. Is3 for the separation of glutamic acid and aspartic acid derivatives 
is, in principal, the same as that reported above. 

(j) Reversed-$hass chromatography on chlorinated rwbbb*Y (PARTRIDGE AND 
SWAIN~~O) 

The chlorinated rubber (150-200 mesh) was prepared by shaking it with a sus- 
pension of n-butanol(4 ml per IO g of chlorinated rubber) in 0.2 M citrate-phosphate 
buffer that had been previously saturated with butanol. The slurry obtained was used 
for packing the columns by filtering under slightly reduced pressure. The column was 
eluted with +z-butanol at three different pH values (3, 4 and 3). The best results were 
obtained at pH 3, where DNP-Lys, DNP-Asp-NH,, DNP-Ser, DNP-Asp, DNP-Gly, 
DNP-Ala, DNP-Pro, DNP-Val and DNP-Leu can be separated (amino acid derivatives 
are ordered according to the decreasing R value). With increasing pH, the fastest 
moving bands of DNP-amino acids, such as DNP-Lys, DNP-Asp-NH, and DNP-Ser, 
pass through the column virtually with the void volume. 

(h) Countercuwcnt chromatogra$hy 
The wide applicability of the dinitropbenylation procedure is apparently the 

reason for the number of chromatographic techniques that are available nowadays for 
the separation of these derivatives. One of the most recent is the so-called countercur- 
rent chromatography, introduced by ITO AND BOWMAN BDuDO. This technique is essential- 
ly liquid-liquid partition without a solid support. The authors describe three differ- 
ent variants of this technique, as follows. 

(i) Helix colcntercwrcnt chromatography (Figs. II and ra). In principle, parti- 
tioning occurs in a horizontal helical tube filled with one phase of a two-phase liquid 
system. The other phase is fed into this coil through one end and passes through the 
first phase owing to the vertical direction of flow. Segments of the two phases along 
the helical tube are thus formed. Continued flow may cause displacement of the sta- 
tionary (first) phase. A liquid-liquid partitioning system is therefore established, al- 
though a number of practical problems must be overcome if this procedure is to be of 
analytical use. The coil must comprise several thousands of turns, the diameter of 
the tube being less then I mm. In order to prevent a situation in which injection of the 
second phase will simply push the other phase through the helix, it is necessary to 
increase the gravitational flow by applying a centrifugal force. In the centrifugal field, 
each phase then moves through each segemt of the other phase and forms alternate 
segments of phases. Hence the moving phase is capable of moving through trapped 
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a 

Pig. T I. Moclcl of helix-countorcurront chromntogmphy. 

Fig. ra. Dlagmm of the ccntrlfugc hod. 

segments of the stationary phase. Of course, it is necessary to maintain the hydro- 
dynamic conditions constant, which implies also that the centrifugal force is constant 
within very narrow limits to prevent mixing of phase plates. An accurate and con- 
stant flow should be provided so as to feed the liquid into a rotating column against 
the high pressure. When the flow pressure, which increases with increasing g, is estab- 
lished, the number of revolutions must be maintained constant. The equipment used 
for this purpose consists of a centrifugal head in which the separation tube is supported 
at its periphery. The separating coil is fed from a coaxially rotating syringe. The usual 
‘pressures introduced vary between 16-20 atm. Effluent from the helix is collected 
from the rotating *system through a rotating seal. The tubing used by ITO AND 

Jm Chmatogr., 70 (rg7a) zaI-j3g 



CHROMATOGRAPHY OF N-TERMINAL AMINO ACIDS ANI) DERIVATIVES 253 

BowMAN~~~~~ was of 0.2 mm I.D. and two methods of arranging the tubing in the 
centrifuge head were suggested. In the first method, the tubing is wound tightly on a 
flexible rod support, which is subsequently coiled in a number of turns around the 
inside of the centrifuge head. Alternatively, the tubing is folded into two and twisted 
along its length in a rope-like manner. In this second instance, each individual strand 
has an appearance of a stretched helix with a small diameter. The coil is wound 
around a drum support that fits into the centrifuge head. 

The phase system used for the separation of DNP-amino acids wcas chloroform- 
acetic acid-o.1 N HCl (2 :z: I) equilibrated at room temperature. DNP-amino acids 
were dissolved in a portion of the lower phase in a concentration of 1% (or saturated 
solutions in the lower phase when the solubility did not reach 1%). The separation 
coil was filled with the stationary phase and 5 ~1 of the sample to be analysed were 
introduced into the proximal end of the coil. Then, 2-3 ~1 of chloroform were aspirated 
to compensate for evaporation losses. The syringe was tilled with the moving phase 
and centrifugation was carried out at goo-g5o r.p.m. Flow rates varied between 125 
and 820 pi/h at room temperature. Fractions comprising eight drops were collected. 
Each fraction was mixed with 3 ml of ethanol and the optical density at 350 nm was 
measured. Typical chromatograms obtained are shown in Fig. 138, in which is seen 

(b) 

Fig. 13. Rasult of separation in hollx countercurrent chromatography. (a) Coiled column; (b) 
twisted column. Ponk identification, from the left: DNP-Orn, DNP-Asp, DNP-Glu. DNP-CysH, 
DNP-p-Aln. DNP-Ala, DNP-Pro, DNP-Vnl, DNP-Lou (vnllno and lor~clnc clerivntlves Rre mlsalng 
In the (b) vorsion). 

the separation of nine amino acid derivatives obtained on a coiled column having 8000 
turns with a helical diameter of 0.85 mm and prepared from a 40-m length of PTFE 
tubing of 0.2 mm I.D. Pig. r3b shows the separation of seven amino acid derivatives 
on a twisted column having 17,000 turns prepared from an 80-m length of PTFE tubing 
of 0.2 mm I.D. In both inst,ances the flow-rate was 0.125 pi/h. The pressure used in 
the first separation was IG atm overpressure, while it reached 20 atm overpressure in 
the second. 
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(ii) Droplet cowztercwred chromatography. This technique was introduced by 
TANIMURA el ul.Ia7 and was developed for practical use by ITO AND BowMAN~~~~~. In 
principle, the system is based on the observation that a light phase with low surface 
affinity forms discrete droplets that rise through the more dense phase with distinct 
interfacial motion. ITO AND BowMAN”~~~~ u s ggest that under ideal conditions each 
fluid bubble may be considered to be a plate. The procedure is preferably used for 
preparative purposes. The system consists of long (20-60 cm) columns of narrow-bore 
silaniaed glass tubing with fine capillary tubes to interconnect with wide-bore glass 
tubes, Discrete droplets at the tips of the finer tube inserted into the bottom of the 
long glass tube were made to follow one another with a minimal space between and a 
diameter similar to that of the internal bore of the column. These droplets divide the 
column into discrete segments that prevent longitudinal diffusion occurring along the 
length of the columns as they mix locally near equilibrium. The fine PTFE tubing 
interconnecting the individual columns preserves the integrity of the proces with 
minimum diffusion and helps to form new droplets at the bottom of the next column. 

The equipment used by ITO AND BOWMAN~~B~~ consisted of 300 glass tubes 60 cm 
long and 1.8 mm I.D. The total capacity of the system used was the same as in the 
previous instance, using chloroform-acetic acid-o. I N HCl (2 : 2 : I). The operational 
overpressure was ISO p.s.i. at a flow-rate of 16 ml/h. It appears that several hundred 
milligrams of DNP-amino acids can be separated within 80 h. 

(iii) Locdar coamtevcuwe+at chromatography (ITO AND BowMAN~~~OO). The appa- 
ratus used for this particular technique is shown schematically in Fig. 14. Liquid- 
liquid partition occurs in a column that is inclined at an angle to the horizontal. The 
column consists of multiple segments of PTFE tubing; longitudinal diffusion of the 
solute is prevented by centrally perforated partitions spaced across the tube. Circular 
stirring is ensured by rotating the column. At the beginning of the separation proce- 
dure, the column is filled with the lower phase and the upper phase is fed into the col- 
umn through the first rotating seal connection while the column is set into motion. 
The upper phase displaces the lower phase in each segment down to the hole that com- 
municates with the next segment. Further feeding of the lower phase results in dis- 
placement of the upper phase only, thus leaving the appropriate amount of the lower 
phase in each segment of the column. Solute fed into the column is therefore subjected 

Fig. 14. Mochanlsm of rotation locular countercurrent chromatography. 
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to a number of partition steps along the column and is finally collected from the second 
rotating seal at the top of the device. Essentially, separation occurs by gravity while 
rotation of the columns ensures adequate mixing. 

In the actual apparatus described by ITO AND BowMAN~O~~O, PTFE rings of 2.8 
mm O.D., 0.8 mm I.D. and I mm thickness, or alternatively 4.8 mm O.D., 1.2 mm 
I.D. and 1.2 mm thickness, and spaced into PTFE tubing of 5.1 mm O.D. and 4.6 
mm I.D., each 47 cm long, at every 3-mm interval to make over IOO locules, were 
used. In each column, 10-50 such units were mounted side-by-side in an appropriate 
holder. Connections between the individual column units and between the column 
units and rotating seals were made of PTFE tubing. The rotation of the column was 
adjusted to 300 r.p.m. The flow of liquids through the column was controlled by an 
appropriate pump (Beckman accu-flow pump) or by a syringe driver at a rate of 2-40 
ml/h. Finally, the effluent was monitored by a UV monitor. The solvent systems used 
were the same as those used in the previous arrangements for countercurrent chroma- 
tography, namely chloroform-glacial acetic acid-o.1 N HCl (2 :2 : I). DNP-amino acid 
derivatives were dissolved in a portion of the upper phase so as to make the concen- 
tration of each component 0,5-1O/~ (or saturated solutions if the solubility of a par- 
ticular derivative is lower). Before the operation, the whole system was filled with the 
stationary phase and 10-40 ~1 of the sample solution were aspirated into the column. 

. Fractions of 32 drops were collected, diluted with 3 ml of 95% ethanol and the optical 
density was measured at 350 mm. 

The result of a typical separation is shown in Fig. 15. The column consisted of 
5000 locules (2.6 mm diameter, 3 mm long) and a total capacity of IOO ml including 
the dead space of the column, which was estimated to be 57”. The column was rotated 
et 180 r.p.m. at an angle of 30” to the horizontal. The upper phase was pumped at a 
flow-rate of 5 ml/h with a Beckman Accu-Flow pump. The maximum pressure during 
the operation did not exceed 20 p,s.i. The efficiency was of the order of 3000 theoretical 
plates, which resulted in a 50% efficiency in each locule. The elution time for the first 
peak was II h and for the last peak 68 11. 

0 

Fig. 15. Result of separation of DNP-amino ncicl dcrivatlves In locular countercurrent chromnto- 
graphy. Peak IdentIAcetIon, from the loft: DNP-Arg, DNP-Asp, DNP-Glu, di-DNP-CysH, 
DNP-B-Ale. DNP-Ala, DNP-Pro, DNP-Val, DNP-Leu. Column officicncy, 3000 thoorctical platce; 
total olution time, 70 11. 

According to the experience of ITO AND BOWMAN~OI~O, the general efficiency of 
the procedure increases with an increase in the column length, a decrease in the locular 
length and a decrease in the flow-rate. For a particular column, the efficiency in- 
creases with the angular velocity of rotation up to 180 r.p.m. It has been observed 
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that a higher speed of rotation fails to improve the separation, probably owing to the 
cancellation of the gravitational separation by centrifugal force. 

The main advantage of this procedure lies in the possibility of using virtually 
any pair of solvents, without any special demands upon their physical properties, 
which also means that the procedure is applicable not only to the particular problem 
of the separation of DNP-amino acids. 

ITO AND BowMAN~D~~O also suggested another variation of this technique, 
namely gyration locular countercurrent cl~romntography, and this technique was 
successfully applied to the separation of DNP-amino acids. Separation occurs in a col- 
umn constructed in a similar manner as in the previous instance; instead of being 
rotated, however, the column is gyrated with a lixecl excentricity (1.24 cm). The rota- 
tion of the holding plate is continuously maintained at 800 r.p.m. As indicated in Fig. IG, 
the successive positions of one locule ns it is gyrated provide a steady change in the 
direction of the centrifugal force, which prevents the effect of separation and collapse 
due to increasing centrifugal force. Hence the over-all efficiency of the whole system 
might be further increased. 

Irig. 16. Mcchnnism of gyration loculnr countorcurront chromatogmphy. Gyration offcct upon 
liqutd lntorfaco in loculo on cross-soctlon of succosslvc positions of the same loculc. 

The column is held in a vertical position and is operated with the same solvent 
system that was used in the above separations, Le., chloroform-glacial acetic acid-o.1 
N HCI (2 :2 : I). The application of the sample and the operation of the apparatus are, 
in general, the same as in the above procedure. The column is run at a flow-rate of 20 
ml/h with a gyration speed of 500 r.p.m. The efficiency of the system (short-column) 
was goo theoretical plates. The efficiency of an individual locule was more than So%, 
which is greater than in the previous procedure. 

A very useful description of the principle of the countercurrent chromatography 
of DNP-amino acids is presented in a recent review paper by TTO AND BOWMANOO. 

., 6. Gas chvowaatogvajbhy 

During the past few years, a number of papers have appeared that deal with the 
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possibilities of gas-liquid chromatography in amino acid analysis. Numerous deriva- 
tives were prepared, of which N-acyl esters were particularly useful. Acylation con- 
siderably increased the volatility of amino acids and the running times for gas chro- 
matographic separations became of the order of 40 min. The other advantage of using 
gas-liquid chromatography is the extreme sensitivity of detection, which implies that 
very small amounts of material are needed for the sequential analysis. Thus, for in- 
stance, highly sensitive ionizing detectors can detect 10-18 mole set-1 of a particular 
amino acid derivative, which, according to LANDOWNIZ AND LIPSKY~~~, means that 
IO-E-10-10 mole is a sufficient amount for sequencing and analysis. Even higher sensi- 
tivity can be achieved by using an electron capture detector. However, the practical 
application of this method of detection had the disadvantage of the difficulty in 
finding a votatile amino acid derivative with an electrophoric group that exhibited a 
high affinity for free electrons. Thus, N-chloroacetylamino acids were auggcsted for 
this purpose. On the other hand, it had been noted when working with this particular 
detection system that a number of chromophoric groups are strongly electrophobic. 
DNP-amino acid derivatives are an excellent example of this phenomenon. 

The first workers to successfully approach the problem of the gas chromato- 
graphic separation of DNP-derivatives were PISANO et rrl.148. These and other workers 
used methylsilicone polymer SE-30 100, fluoroalkylailicone polymer QI;-I~D~~ and phenyl- 
silicone polymerle3 as the stationary phases. Using temperatures in the range 175-200~ 
they observed retention times indicated in Table 7. The DNP derivatives were sepa- 
rated as the methyl esters. Satisfactory results were obtained for derivatives of the 
simple neutral and acidic amino acids. Serine, threonine, tryptophan, tyrosine and 
histidine underwent decomposition and did not give satisfactory results. Also, basic 
amino acids did not chromatograph well. 

LANDOWNE AND LIPSKY~"~ also used the methyl eaters of DNP-amino acids,’ RS 
the need for increasing the volatility of the derivatives was important. They suggested 
the following procedure. 

Commercially available DNP-amino acids were converted into the correspon- 
ding methyl esters by reaction with ethereal diazomethane. If the compound to be 
esterified was poorly soluble under the reaction conditions, which was indicated by 
the slow evolution of nitrogen, some methanol was added to the reaction mixture to 
make the reaction proceed more rapidly. The compounds were diluted in methanol to 
a known concentration after being evaporated to dryness under nitrogen to remove 
excess diazomethane and diethyl ether. Samples of the methyl eaters were applied to 
the chromatographic column in the conventional manner. 

The DNP-amino acid methyl esters were chromatographed at 220°, the injec- 
tion temperature being 275-285”. The most convenient stationary phase proved to be 
neopentenyl adipate or neopentenyl sebacate methyl esters; 3% of the stationary 
phase was coated on to go-100 mesh Anakron ABS (Analabs, Hamden, Conn., U.S.A.). 
The standard I-cm plate detector was used for identification. Sensivititiea were deter- 
mined at an optimum potential of 14 V applied to the detector, which was maintained 
at 200~. The flow-rate was 200 ml/min of argon. Significantly, the minimum detectable 
amounts of the various DNP-amino acids were of the same order of magnitude, 
namely 3 X IO-l8 moles/min. The relative standard deviation was 13%. 

In conclusion, one must agree with the three main advantages of this technique 
as outlined by LANDOWNIZ AND LIPSKY~O! namely: (I) the extreme sensitivity of the 
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procedure; (2) the uniformity of the response towards all DNP-amino acid deriva- 
tives; and (3) the inherent selectivity of the detector that eliminates interference 
from impurities that would otherwise be a source of considerable problems in a tech- 
nique of such high sensitivity. 

The original procedure described above has been successfully used in practice: 
ISHII AND WITKOPB’~~~ applied this procedure with slight modifications to the identifi- 
cation of the amino acid sequence in gramicidin A. In their procedure, ga&chromato- 
graphic analyses were carried out on a GO-IA compact chromatograph analysis unit 
of the Research Specialities Co., equipped with a flame ionization detector. As the 
stationary phase 1% SE-30 coated on Gas-Chrom P (IOO-zoo mesh) was used. The 
column used was of stainless-steel, 180 cm long and I.D. 3 mm. During the analysis, 
the column was maintained at 175”. The flow-rate of the carrier gas (nitrogen) was IO 
ml/min. 

More recently another alternative, the application of trimethylsilyl (TMS) de- 
rivatives of DNP-amino acids, has been describeden, which offers further possibilities 
in gas chromatographic separations. The separation was carried out on a Shimidazu 
GC-IC cbromatograph equipped with a hydrogen flame ionization detector, a Model 
TP-2A temperature programmer and a dual column and differential flame system. The 
column was of the usual U-type and was made of glass. The column parameters are 
summarized in Table 7. The column packings were prepared according to HORNING 
et Aea: 1,574~ SE-30 (methylsilicone gum, General Electric Co.), 1.5% XE-60 (nitrile- 
silicone, General Electric Co), 1.0% XE-61 (phenylmethylsilicone polymer containing 
35 mole% of phenyl groups, General Electric Co.), 1% SE-52 (phenyl methyl siloxane, 
General Electric Co.) and 1.5% QF-I (fluorinated alkylsilicone, Dow Chemical Co.). 
Shimalite W (Shimadzu Co.), 80-100 mesh, was used as the support after acid washing 
and silanization. The retention times of trimethylsilyl DNP-amino acid derivatives 
are given in Table 7 and Pigs. 17-19. 

The results can be summarized as follows. While derivatives of alanine, glycine, 
valine, leucine, isoleucine, proline, aspartic acid, glutamic acid, methionine and 
phenylalanine can easily be separated by this technique as the methyl esters, the deriva- 
tives of threonine, serine and hydroxyproline could be separated only after trimethyl- 
silanization; the methyl esters were prepared in a manner similar to the original pro- 
cedure of LANDOWNE AND LIPSKY 108, by using diazomethnne in methanol. Trimethyl 
silyl ethers were prepared by the method of SWEELEY e1 aLlee. It has also been verified 
that trimethylsilylation gave a virtually quantatitive yield. 

OMIMJTES 10 20 30 40 

Fig. 17. Analysis of fkoo amino acids In serum as thalr DNP-derivatives on a 1.3% SE-30 column. 

Pig. 18. Gas chromatographic separation’ of a mixture of 13 DNP-amino acide on n 1% Xl%61 
column. 
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OMIMJTES 10 30 LO 

Fig. zg. Gas chromntogmphic eopnration of a mixture of 13 DNl’-amiw acids on R 1.5;; SIGJO 

column. 

The corresponding methyl ester was placed in a small test-tube and dissolved in 
0.5 ml of dry pyridine, then 0.2 ml of hexamethyldisilazane and 0.1 ml of trimethyl- 
chlorosilane were added. The test-tube was stoppered tightly and shaken vigorously 
for 30 sec. Then the tube was allowed to stand for 20 min and the solvent was cvapo- 
rated under a stream of nitrogen. The residue was dissolved in tetrahydrofuran and a 
IO-plaliquot was applied to the column. 

A comparison of the stationary phases tested gave the following results. Al- 
though all the systems described above are fully applicable to amino acid analysis, 
the best results obtained were with XE-60 and SE-30. The separation on SE-30 was, 
however, unsatisfactory for TMS-threonine and TMS-scrine. On the other hand, both 
TMS-threonine and TMS-serine derivatives were separated well on XE-60 and XE-61, 
but when using XE-61 the separation of glycine and leucine was not satisfactory. The 
use of temperature programming resulted in a further improvement of the separation, 
especially with SE-30 and XE-61. Retention times are summarized in Table 8a. 

PALES AND PISANO~~ reported the possibility of separating the DNP derivatives 
of Tyr and Trp on short columns. 

TABLE 8a 

RELATIVE RETENTION TIMlI8 Olf DNI? DERIVATIVEO OF AMINO ACIDS 

Column packing, 1% co&h& of tha liquid phaao on 100-140 mash Gas-Chrom 1’; 6 ft. glass tolls 
or U-tubes, 3.4-5.0 mm I.D.; O.I-0.1 atm argon; 
(For oxperlmontal dotalls HOO raf. 183.) 

Lovclock arson ionization dotoctlon system. 

Attaino acid SE-30 QP-r PkSi 

175” FJ4” a000 
Alanine I.93 2.33 0.44 
Glycino 2.24 3.05 o.G7 
Proline 3.76 4.15 1.16 

Valine 2.Q 2.67 0.49 
Louclno 3.23 3-30 0.56 
Ieoloucine 3.GI 3137 0.h 
Androstano . 1.00 - - 

Choleehne - I,00 1.00 

a09 

Aspartk mid 5.14 6.95 I.47 
Glutamb acid 7.88 10.8 2.01 

Methionino 8.80 6177 2.32 
Phenylalanlne r1.6 
Androetano 

12.4 3.94 
1.00 - - 

Cholcetano - 1.00 1.00 
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The peak area per microgram, peak area per IO-~ mole and relative molar peak 
area with fi-metl~ylphenylalaninc as the internalstandard for each amino acid analysed 
are summarized in Table 8b. IKEKAWA et a1.a suggested the alternative use of an a- 
aminocaproic acid derivative as the internal standard; the peak of the e-aminocaproic 
acid derivative appears between those of methionine and phenylalaninc. 

DIITUCTOH RILOl’ONOlb Olr DNP AMINO ACIIJ METHYL ILLITRRY UY IrLAAlu, IONIzATIONn AND DETER- 
MINATION 01’ IrRlZlS AhlINO ACIDS IN SERUM 

Alnnlnc 1.73 
Glyclno I.17 
Vnlino a.53 
L-ouclnc 1.27 
Isoloucino 2.20 

Prolino 1.27 
Thraonino-TMS I .70 
Scrlno-TMS 1.70 
Aspnrtic acid 1.10 
Hydroxyprollno-TlMS I.40 
Glutamlc ncid I -33 
Methionino 1.32 
Phcnylalanlno 1.56 
P-Mothylphonylnlnninu 1.28 
Cholostcrol 3.25 

7.23 
6.79 
6.56 
6.43 
1.89 
4.6-l 
3.31 
4.19 
4.18 
4.17 
5.20 
4-44 

12.52 

1.00 
o.Gs 
1.63 
I.53 
I .a8 
I.45 
1.10 

I .O$ 

0.74 
0.94 
0.94 
0.94 
1.17 
I .oo 

2: 
::;: 
1.4 

R A tomporature programming system wltli a 1.5’;/~ SE-30 column, 4 m x 3 mm, was 
uaocl. 

IJ Rolatlva molar peak nroe = 
DNP-amino nclcl molar rcsponso 

#-Mothylphenylnlnnlno molar rosponso * 
0 From n zo-year old normal malo. 

The relative peak areas could vary to some extent, depending on the over-all 
peak appearance. According to IKEKAWA et uLaa, even when the same packing is used, 
differences in the temperature rise might result in slight variations in the relative peak 
areCas. Hence considerable attention must be paid to temperature programming. 

The above procedure of IKEKAWA et ~1.~3 was originally developed for the rou- 
tine determination of amino acids in serum, and there is no reason why it could not 
be used in the determination of N-terminal amino acids. The authors, however, state 
that they do not have any experience with amino acids other than the thirteen re- 
ported, which might raise some problems in routine sequencing and N-terminal analy 
sis. It is, of course, possible to combine gas chromatography with flat-bed techniques, 
aswasdoneby LANDOWNEANDLIPSKY lw. In this instance, similarly to the double- 
checking technique (see Part A of this review), the possibility of introducing mistakes 
into the sequencing analyais is decreased to the absolute minimum. The advantage.of 
the classical concept of double checking is, of course, precise quantitation, and the 
disadvantage is the necessity of using rather complex equipment, which is not to be 
recommended for a single analysis. 
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7. Paper chromatography 

The paper chromatography of DNP-amino acids has been described in numer- 
ous classical chromatographic papers, which will be briefly summarized here. Since 
the pioneering work of BISERTE AND OSTEUX*~ and LEVY~~, DNP-derivatives have 
been divided according to their solubility into those which are ether-soluble and those 
which are water-soluble. Both of these groups are dealt with separately in mo& 
chromatographic separations. 

(a) Ether-soluble DNP-amino acids 
In the paper chromatography of ether-soluble DNP-amino acids, toluene and 

phosphate solventsao~loD are probably the most frequently used, even now. Both of 
these solvents are used for two-dimensional identification of the DNP-amino acids in 
such a way that the first run is carried out in toluene-pyridine-ethylene chlorohydrin- 
0.8 N ammonia (30: g : 18 : 18) and this is followed by development of the chromato- 
gram in 1.5 M phosphate buffer of pH 6.0. The second run in the original version of 
the separation was ascending, but there is little difference compared with normal two- 
dimensional descending separation. This type of two-dimensional chromatography 
allows the separation of most of the ether-soluble DNP-amino acids, the exceptions 
being the derivatives of aspartic and glutamic acids; this difficulty can, however, be 
overcome by using a more concentrated buffer in the second run (2.5 M phosphate 
buffer of the same pH). The development is carried out in this event for 48 h, using a 
full-size sheet of Whatman No.. I filter-paper. 

The results of the two-dimensional chromatography of DNP-amino acid deriva- 
tives on paper are usually not defined in terms of the Rp values, as the RF values vary 
to a certain extent, especially in the toluene solvent system, However, the relative 
positions of individual spots are quite characteristic and the slight variations in RF 
values are therefore not a great disadvantage in this method. The reasons why the Rp 
values in the toluene system vary were discussed in great detail in the classical review 
by BISERTE et al. lD. It appears that variations in paper size, moisture content in the 
atmosphere and the ageing phenomenon observed with the toluene solvent influence 
the final mobilities of individual spots. 

Instead of using the toluene solvent in the first dimension, it is also possible to 
use various systems containing ammonia-n-butanol. BRAUNITZER~’ (see also refs. 40 
and zoo) recommended the use of It-butanol saturated with o.I~/~ ammonia, while 
others prefer the system propanol-o.2°/0 ammonia (75:25). Both of these systems give 
quite satisfactory results. Slight variations have also been reported with regard to the 
development of chromatograms in the second direction. While LEVY NJD and KOCH AND 
WEIDISL~~ used 1.5 M phosphate buffer of pH 6, a more dilute buffer (0.75 M) was 
recommended by DAVIES AND HARRISON. 

Besides these most frequently used systems, there are, of course, others that can 
be also used successfully for the separation of ether-soluble DNP-amino acid deriva- 
tives. PHLLLIPS~~~ has described two-dimensional chromatography on Whatman No. 7 
filter-paper. 2-Butanol saturated with 0.05 M phthalate buffer of pH 6 was used in 
the first direction while 1.5 M phthalate buffer of pH 6 was used in the second run. 
The paper was pre-impregnated with 0.05 M phthalate buffer before the chromato- 
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alcohol saturated with 0.05 M phthalate buffer of pH 6. The alcoholic component can 
be also replaced by methyl+butanol. The second run is carried out with routine 
development in 1.5 M phthalate buffer of pH 6. In this instance also, Whatman No. 7 
filter-paper pre-impregnated with 0.05 M phthalate buffer of pH 6 before the chroma- 
tography was used. Obviously, there are no special demands in this technique with 
respect to the type of chromatographic paper used, as BISERTE et al.lD reported that 
Whatman No. 3MM or No. 4 filter-papers are also satisfactory. 

To summarize, it can be said that the over-all shape of the individual type of 
chromatograms is generally the same, whichever solvent system is used in the first 
dimension. BISERTE ct aZ.1° thus concluded that the separation in the first run is not 
due only to partition. The mechanism of the separation in the second run is based on 
salting-out effects. The main differences observed with the above combinations of 
solvent systems are not those in the positions of individual DNP-amino acid deriva- 
tives but mainly those related to the positions of the 2,4-dinitrophenol spots. With the 
toluene phosphate system, 2,4-dinitrophenol appears close to DNP-Gly and DNP- 
Ala. With the butanol-ammonia-phthalate,and sec.-butanol-phosphate systems, the 
DNP-OH spot moves to the region of DNP-Phe, DNP-Val and DNP-Met. The latter 
is less convenient as this region of the chromatogram is more populated with other 
amino acid derivatives. Of course, these problems can be avoided if z,+dinitrophenol 
is removed by sublimation before chromatography. In any event, the original system 
of toluene-phosphate appears to be generally the most suitable in separating DNP- 
amino acid mixtures. 

As with all chromatographic separations of different compounds, one can meet 
combinations of derivatives that require special attention in the choice of the solvent 
system. For these special purposes, a number of solvent systems have been described, 
an d these are briefly described in the following paragraphs. 

J PARTRIDGE AND DAVIS~~~ recommended the system water-benzene-acetic acid 
in the ratio I : I : I for the separation of those derivatives which, in the toluene-phos- 
phate system, exhibit low mobilities. This system gives excellent separation of DNP- 
aspartic acid, DNP-glutamic acid, DNP-serine and perhaps DNP-cysteic acid. Three 
alternative systems for a similar purpose were suggested by MELLON et CCZ.~~~, namely 
n-butanol saturated with water, n-butanol-n-butyl acetate-r% ammonia (I : 2 : 3), and 
benzene + 1% of acetic acid. 

The system recommended by WILLIAMSON AND PASSMANN~~ is very suitable 
for the separation of DNP-leucine and DNP-isoleucine. i.e., isooctane-ethylene 
chlorohydrin-n-propanol (20 : I : I). For the separation of excess dinitrophenol, the 
system decalin-acetic acid (I : I) was suggested by BISERTE AND OSTEUX~. Dinitro- 
phenylated polymers of amino acids are separated in N-propanol (diluted with water 
to the final specific gravity of o.813)-acetic acid (containing 1.5% of water)-kerosene 
(boiling range 10o-140”) (20:6:100). In this instance, the paper is impregnated with 
0.1 M citric acid before use”. 

Other systems do not exhibit any advantages over those already mentioned and 
are listed here for the sake of completeness. Xylene-acetic acid-o.5 M phthalate 
buffer of pH 6 (IO :5:4) was used by LANDMANN et ul.loa; the paper was impregnated 
with the same buffer and then equilibrated with the lower layer 16 h before commence- 
ment of the development. rr-Butanol-ethanol-water (40:10:50) was used by KENT 
et ~1,s’; benzyl alcohol containing 10% of ethanol saturated with 0.05 M phthalate 
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buffer of pH 6 and also propanol-cyclohexane or light petroleum (boiling range IOU- 
1209 (30 :70) saturated with 0.05 M phthalate buffer of pH 6 by BLACKBURN AND 
LOWTHER~~; and I M sodium citrate or 0.7 M hydrochloric acid buffer of pH 6.2 by 
ROVERY AND PABRE~~ and DBSNUELLE AND FABRE 41. The results with the latter 
buffer are comparable with those obtained with 1.5 M phosphate buffer of pH 6 by 
LEVY~OD. I&.-Amy1 alcohol containing 10% of 2-propanol saturated with phthalate 
buffer was used by GREGORY AND YOUNG (unpublished work, quoted by WALEY~~~). 
SANGER AND THOMPSON~‘~ used chloroform-I.5 M acetic acid-n-propanol (IO :6: IO) ; 
this system is recommended for reversed-phase chromatography on silicone-impreg- 
nated papr. The paper is saturated with vapours of the organic phase for at least 3 11 
before chromatography and development is carried out with the aqueous phase. Bis- 
DNP-Tyr and bis-DNP-Lys do not move from the starting line while other amino 
acids exhibit rather high mobilities. The variability of the Rp values is high under 
these conditions and reliable identification is possible only by comparing the results 
with those for an internal standard. 

Other systems used include chloroform-2-propano1-0.05 M potassium benzoate 
(45 :4g :6) or alternatively cyclohexane-2-propanol-o.05 M potassium benzoate 
(60 :36 : 4)lse, rr-amyl alcohol saturated with 2 M ammoniaa8, and n-amyl alcohol- 
methyl ethyl ketone-potassium benzoate (54:40:6)lsfi. 

In the final treatment of a chromatogram one may, especially in sequence analy- 
sis, meet the problem of eluting the ether-soluble DNP-amino acid derivatives from 
the paper. This can easily be carried out by extracting the cut-off spots with 2% sodium 
bicarbonate solution, preferably in a centrifuge for 15 min. The extractant is pre- 
heated to 50-55”. After cooling and acidification with dilute hydrochloric acid, the 
DNP-amino acids are extracted with peroxide-free diethyl ether. The ethereal solu- 
tion is extracted with 2-3 ml of 2% sodium bicarbonate to eliminate all traces of the 
solvent used in the first development. After acidification, the second bicarbonate 
solution is extracted with diethyl ether. The ethereal solution (2-3 ml) can be eva- 
porated to dryness in the presence of anhydrous sodium sulphate. After redissolving 
them, the samples of DNP-amino acids can be used for further chromatography 
using the procedure described by BISERTE et ~1.1~. 

The problem of incomplete resolution and overlapping of spots has already been 
discussed to some extent with regard to the individual solvent systems used. However, 
we shall now approach the same question by enumerating pairs that present some 
problems from the separational point of view. DNP-aspartic and DNP-glutamic acids 
comprise the only pair that is not separated by two-dimensional chromatography. 
BISERTE el al.lD stated that this problem could be solved by a second two-dimensional 
chromatography in which the second run is carried out with a phosphate buffer with 
a higher phosphate concentration (2.5 M). In this instance, the first separation is car- 
ried out using the N-butanol-ammonia system. The only reason for this preference is 
the higher volatility of this solvent system compared with the usual toluene mixture, 
which enables the whole analysis to proceed more rapidly. Of course, there is no ob- 
jection to eluting the combined spot of DNP-aspartic and DNP-glutamic acids 
and running these separately only in the high-concentration phosphate buffer or in the 
isoamyl alcohol system saturated with 1% acetic acid, as described by BISERTE AND 
OSTEUX? Another combination of spots that may sometimes interfere is DNP- 
histidine and DNP-tryptophan. In the classical version of the toluene-phosphate sys- 
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tern, these two spots appear in the same position. However, it must be realized that 
during hydrolysis, DNP-tryptophan is destroyed and DNP-histidine does not accom- 
pany ether-soluble DNP-derivatives provided that the diethyl ether-ethyl acetate 
extraction has been carried out. In the toluene-phosphate system, DNP-serine and 
DNP-methionine sulphone also overlap. Actually, this event occurs only when 
methionine is oxidized to methionine sulphone, which takes place only in instances 
when the diethyl ether used for extraction has not been freed from peroxides. If the 
presence of DNP-methionine is suspected, the zone of DNP-serine and DNP-threonine 
can be chromatographed again in the system I&.-nmyl alcohol-phthalate buffer, as 
described by BLACKBURN AND LOWTHER 98. Dinitrophenyl derivatives of diamino 
acids, e.g., bis-DNP-lysine, bis-DNP-ornithine and bis-DNP-diaminobutyric acid, are 
not separated in the classical version with the toluene-phthalate buffer system. How- 
ever, the bis-DNP-derivatives of lysine and ornithine are clearly separated in the rt- 
butanol-acetic acid-water (4 : I :5) system. The identification of these derivatives is 
always difficult, and it is necessary to regenerate the parent amino acids and to sub- 
ject them to routine amino acid analysis, as no direct determination of the derivative 
form is reliable. This is also the situation in the separation of DNP-leucines, which 
must also be converted into their parent amino acids to obtain a reliable determina- 
tion. 

The following procedure has been recommended by BISERTE ct al.1” for the 
DNP-derivative free amino acid conversion. The sample is heated in a sealed tube at 
105’ for I h with 0.3 M Ba(OH),. Ba(OH), is removed by passing carbon dioxide 
through the sample, evaporating the filtrate to dryness, redissolving the residue and 
subjecting the resulting solution to an appropriate identification procedure (free 
amino acid chromatography). Proline also presents some problems in DNP-amino 
acid chromatography. The decomposition of proline upon hydrolysis and formation of 
a-chloro-&DNP-aminovaleric acid and &chloro-a-DNP-aminovaleric acid1v3 leads 
to the occurrence of two additional spots on the chromatograms. It is sometimes 
convenient to identify proline in the N-terminal position by these artefactzW. 
Their chromatographic separation either by the classical toluene-phosphate system 
or by the sec.-butanol-phthalate system is reported to be easy. If the chromatogram 
is exposed for a long period to UV light, the coloration of the proline spot becomes 
pink. 

Besides DNP-OH, another spot frequently occurs in DNP-amino acid ‘deriva- 
tive chromatography, namely, that due to z+dinitroaniline. In paper chromato- 
graphic separation with the solvent systems already described, the presence of this 
compound is not a disadvantage, as in all instances it moves far away from other 
amino acid derivatives. Another artefact that may appear is picric acid, which may 
interfere with the spot of DNP-phenylalanine as they move very close together. An 
exhaustive review of other possible artefacts was published by REDFIELD AND 
ANFINSEN~“‘. Some of these artefacts were identified as being decomposition products 
of lysine, while the others were characterized only by their chromatographic mobilities 
and spectral parameters and no information is currently available on their chemical 
nature. 

(b) Water-sohble DNP-amino acids 
The chromatographic separation of water-soluble DNP-amino acids on paper 
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may be carried out in various solvent systems, some of which are the same as those 
recommended for the ether-soluble fraction. 

Acid-butanol systems are widely applicable for this purpose. Thus, good separa- 
tions are achieved in n-butanol-water-acetic acid (4: I :5)179 or in rt-butanol-acetic 
acid-water (3 : I : I) 80. Good results are also obtained with n-butanol-formic acid- 
water (75 : 50 : Io)DJ1e and with n-butanol-acetic acid-water in a different ratio (250: 
60 :250), as described by WOIWOD 80’. In all instances, however, the Rp values are 
hardly suitable for identification and external standards must be run simultaneously 
in order to avoid confusing results. 

Besides n-butanol-based systems, phenolic solvents are equally suitable for 
separating the water-soluble portion of DNP-amino acid derivatives. Thus, good re- 
sults were obtained with phenol saturated with water in an atmosphere of 3% am- 
monia and hydrocyanic acidlo. 

In two-dimensional chromatography, a butanolic system is recommended for 
use in the first direction followed by m-cresol-phenol-pH 9.3 buffer (25 :25 :7)10 in the 
second run. 

Of systems suitable for the ether-soluble DNP-amino acid derivatives, the 
lert.-amyl alcohol-pH 6 phthalate buffer system or the classical toluene-phosphate 
system are applicable. With the latter system, the separation of DNP-Arg and DNP 
Lys (monoderivatives) is incomplete. 

Besides a complete separation of water-soluble DNP-amino acid derivatives, it 
is possible to apply a slightly different approach, which is based on a simplification of 
the mixture before analysis. For instance, DNP-arginine can be eliminated by chro- 
matography of the whole mixture on a column of talc. The eluate from the talc column, 
which contains the water-soluble dinitrophenyl derivatives, is treated with fluoro- 
dinitrobenzenelee. Under these condition, s-mono-DNP-lysine is converted into bis- 
DNP-lysine and 0-DNP-tyrosine into N,O-bis-DNP-tyrosine, and the DNP-deriva- 
tive of arginine remains unchanged. After the second dinitrophenylation, the extrac- 
tion of the residue removes bis-DNP-lysine and bis-DNP-tyrosine, while the aqueous 
phase contains bis-DNP-histidine and a-mono-DNP-arginine. The aqueous phase is 
subjected to chromatography in n-butanol-acetic acid-water (4 : I 3) and identifica- 
tion of arginine is completed by the Sakaguchi reaction. 

Another procedure has been described by BAILEY'. In this procedure, a-mono- 
DNP-lysine is converted into s-mono-DNP*-methoxycarbonyllysine, which is ether- 
soluble. The actual procedure used is as follows. After the ether-soluble amino acids 
have been extracted, the aqueous phase is evaporated to dryness, the residue is dis- 
solved in 0.1 N hydrochloric acid and the solution obtained is passed through a talc 
column. The water-soluble amino acids are eluted with ethanol-I N hydrochloric acid 
(4: I), and the residue obtained after evaporation is dissolved in 2-3 ml of sodium bi- 
carbonate-sodium carbonate mixture of pH 8.9 (20 ml of 10% sodium bicarbonate 
and 5 ml of 10% sodium carbonate). The solution is maintained at 20' and four 0.02- 
ml volumes of methoxycarbonylchloride are added at Io-min intervals with vigorous 
shaking. The mixture is acidified with hydrochloric acid and extracted four times with 
diethyl ether to eliminate the corresponding derivative of lysine. The aqueous phase 
is subjected to chromatographic separation, which may be similar to that described in 
the previous instance of mixture simplification. 

It is also recommended that a special procedure for histidine is applied. For this 
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purpose, however, it is impossible to use the same technique as for arginine, because 
during the second dinitrophenylation all the histidine residues, regardless of their po- 
sitions within a peptide chain, may be converted into bis-DNP-histidine. In order to 
prevent this problem, it is possible to use continuous ether extraction as described by 
MILLS~~~, or extraction with ethyl acetate. The final identification is carried out with 
the help of additional colour tests, such as the Pauly or ninhydrin reactions. BISERTE 
d aZ.l” state that the identification of histidine may not necessarily always be success- 
ful. 

As with the chromatography of ether-soluble DNP-derivatives, the occurrence 
of some artefacts may also cause erroneous results with water-soluble DNP deriva- 
tives. Thus, BAILEY' observed the presence of a brownish spot that moved in the 
neighbourhood of arginine, which may be removed by passing the sample over a small 
column of acidified silica. In this instance, methyl ethyl ketone is recommended as the 
eluant. 

Another spot appears near cysteic acid. The chromatographic behaviour of 
these artefacts was extensively studied by THOMPI~ON~~~-~~. 

Chromatographic maps of DNP-amino acids in most of the systems mentioned 
and in many not mentioned in the text are collected together in the chapter “Pictorial 
survey of flat-bed techniques used in DNP-amino acid chromatography” (see p. 270). 

8. Thin-layer chvowaatogvafihy 

The basic approach to the chromatographic separation of DNP-amino acids on 
thin layers of silica gel is analogous to that in other flat-bed techniques. All possible 
derivatives of DNP-amino acids are divided into those which are ether-extractable 
and those which remain in the aqueous phase. A basic study of the TLC separation of 
DNP-amino acids was published by BRENNER ct al. 9s. Unlike in paper chromatogra- 
phic separation, in thin-layer chromatography it is possible to separate most of the 
derivatives in a single run. Water-soluble amino acid derivatives, namely, c+DNP- 
Arg, s-DNP-Lys, +DNP-His, bis-DNP-His, 0-DNP-Tyr, DNP-(Cys), and DNP-Cy- 
SOaH, are separated in the propanol-ammonia (7 :3) systemsa. DNP-Arg can be dis- 
tinguished from s-DNP-Lys by ninhydrin detection, in which a-DNP-Lys changes 
colour from yellow to brownish. During this detection, 0-DNP-Tyr, which is normally 
colourless, turns violet, The components of the pair of DNP-derivatives of Cys and 
CySOBH, which exhibit identical mobilities in the above system, virtually do not occur 
side-by-side in natural material. 

In a more recent modification by WALZ et al. loo, the two-dimensional arrange- 
ment was successfully applied. In the first direction the chromatogram is developed 
three times in pure pyridine followed by butanol saturated with ammonia in the sec- 
ond direction. 

Ether-soluble DNP-amino acid derivatives are recommended for use in separa- 
tions by two-dimensional chromatography 8s. A slightly modified toluene system de- 
scribed by BISERTJZ AND OSTEUX~ appears to be the best for use in the first direction : 

chromatoplates are developed in toluene-ethylene chlorohydrin-pyridine-0.8 N am- 
monia (10:6:3:6); it is recommended that 197 mg of octyl alcohol are added to the 
mixture per 150 ml of toluene. In the second direction, development is continued in 
any of the solvent systems that contain chloroform or benzene, such as benzene- 
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pyridine-acetic acid (40 : IO : I) or chloroform-benzyl alcohol-acetic acid (70 :30 : 3). In 
general, it can be said that most of the organic solvent systems that are suitable for 
paper chromatography are also applicable to thin-layer chromatography using silica 
gel plates, The RF values vary considerably, which may cause some difficulties in 
identification. For instance, in the two-dimensional arrangement described above, 
Rp values depend on the nature of the first run: if the toluene system is applied, the 
positions of spots, although similar in general appearance, differ considerably from 
those obtained with other systems applied in the first run. With the system benzene- 
pyridine-acetic acid (40: IO: I) the overflow technique usually has to be used. This 
holds also for the system chloroform-methanol-acetic acid (95 :5 : I). In order to ob- 
tain reproducible results, it is recommended that a parallel external standard con- 
taining about 0.2 mg of each amino acid derivative is used and that a standard proce- 
dure for developing the first run in two-dimensional separation and also standard 
handling and drying procedures are used. 

In addition to the separate chromatography of water- and ether-soluble DNP- 
amino acid derivatives, thin-layer chromatography offers the possibility of almost 
complete separation of all these derivatives in a two-dimensional separation. For this 
purpose the modified toluene system described above is recommended for use in the 
first direction, followed by development in benzene-pyridine-acetic acid (40 : IO : I). In 
the second run, which takes about 3 h (overflow), even a mixture such as DNP-Leu. 
DNP-Ile, DNP-Norleu, DNP-Val and DNP-Norval is separated, which with all other 
types of amino acid derivatives is rather unusual, The only pair that is not separated 
under the specified conditions is his-DNP-Lys and bis-DNP-Tyr. However, this pair 
is well separated in the system chloroform-methanol-acetic acid (95 :5: I). The latter 
separation is carried out by the overflow technique and the Tyr and Lys derivatives 
are separated within 3 h. The frequently discussed system benzene-pyridine-acetic 
acid (40: IO :I) gives good separations, although it has one disadvantage, namely that 
DNP-OH is located in the middle of the chromatogram, in an area that is densely 
populated with spots of amino acid derivatives, which may be obscured if an excess 
of DNP-OH is present. Hence the removal of DNP-OH before carrying out thin-layer 
chromatography in this system is desirable. On the other hand, in chloroform- 
methanol-acetic acid (g5:5 :I), 2,4dinitrophenol moves with the solvent front in a 
manner similar to that in the chloroform-lert.-amyl alcohol-acetic acid (70:30 :3) 
system. 

BRENNER et al.g0 recommend that the following standard procedure is used in 
the first run with the toluene system. The chromatographic jar is lined on the inside 
walls with paper strips that reach to its bottom. A thick grid-like rod is put on the 
bottom and the aqueous phase of the toluene system is poured over it. The solvent 
starts to ascend on the paper strips. Two plates without samples are located on the 
middle of the V-shaped grid, the jar is covered and the system is allowed to equilibrate 
overnight. It is impossible to load the samples before equilibration, which is the usual 
practice in paper chromatography, as the spots would become very diffuse. After 
equilibration, the layer is taken out andcovered with aclean glass plate, apart froma 1.5- 
cm broad edge path on which I+ portions of samples are applied. The glass plate 
cover is then removed and the thin-layer plate is placed in a jar with the organic phase 
of the toluene system. Provided that the whole operation does not take more than 5 
min. the equilibrium disturbances are negligible. 
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After the chromatogram has been developed, the layer of silica gel is dried in an 
air stream at room temperature and when it appears to be dry it is heated at 60” for 
IO min. Prolonged heating of the layer should be avoided, as otherwise the degrada- 
tion of methionine may occur, which would result in methionine sulphone, a spot that 
would coincide with that of histidine. 

All the solvents used should be purified before use. An exhaustive survey of the 
necessary purification procedures has been publishedm. 

The addition of octyl alcohol to the classical toluene solvent system suggested by 
MUNIER AND SARRAZIN~~~ results in the formation of more compact spots. Of other 
recommended solvent systems, at least some should be mentioned. MUNIER AND 
SARRAZIN~*~ used ammonium sulphate (saturated solution)-water-sodium dodecyl 
sulphate (IOO ml:700 ml:0.576 g) in the second run in two-dimensional chromato- 
graphy. Alternatively, BRI J (0.6 g) can be used instead of sodium dodecyl sulphate. 
This system, together with the toluene solvent system in the first run, is extremely 
suitable for ether-soluble DNP-derivatives using cellulose layers. Before chromato- 
graphy, it is recommended that the cellulose layer is impregnated by spraying it with 
0.2 M sodium acetate in 60% ethanol followed by rapid drying at go”. For water- 
soluble DNP-amino acids, thin-layer electrophoresis is recommended as the second 
step in a two-dimensional arrangement in which the toluene system has been used in 
the first separation. For electrophoresis, the silica gel layer is sprayed with 0.033 M 
diethylamine in 0.02 M NaCl. Electrophoresis is carried out for 30 min at 385 V and 
9.5 mA with a standard 20 x 20 cm sheet. 

Glass paper impregnated with silica gel is another material that has been used 
for the flat-bed separations of DNP-amino acids by DESSAUER et ~1.4s. The results are 
reported to be better than those obtained with the traditional version of thin-layer 
silica gel chromatography. In this particular instance, the whole reaction mixture after 
dinitrophenylation can be applied, omitting the isolation of the DNP derivatives. The 
following solvent systems are suitable for use in development: diethyl ether-acetic 
acid-water in the ratio IOO: I:I, 1oo:3:3 or 1oo:5:5; and diethyl ether-methanol-7 M 
ammonia in the ratio 1oo:6:2, 1oo:8:3 or 1oo:10:4. 

Finally, polyamide is also a suitable material for use in the thin-layer chromato- 
graphy of DNP-amino acid derivatives. The following systems were recommended for 
use in development by WANG AND HUANG~: methanol-formic acid (9; I), ethanol- 
water (63 :37), ethanol-acetic acid-dimethylformamide-water (4:2 : I :6), n-butanol- 
acetic acid (g: I), and chloroform-methyl ethyl ketone-formic acid (7:3: I). 

(a) Dctccdion 
The application of reagents with DNP-amino acids is not necessary, as the yel- 

low colour of DNP-amino acids is sufficiently intense that 0.1 pg can be made visible 
in transmitted visible light, The amount is slightly higher in two-dimensional chroma- 
tography, being 0.5 pg of each DNP-amino acid, The spots fade within a few hours, 
however, so that some workers recommended that the chromatogram is copied before 
it is photographed for documentation purposes in transmitted UV light at 360 nm. In 
this event, it is recommended that the photographic paper is situated with the sensi- 
tive layer adjacent to the chromatographic layer and that the system is exposed to 
light for a few minutes. DNP-amino acids appear as bleached spots on a dark back- 
ground. The highest sensitivity is achieved when the background is not allowed to 
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darken completely. The limits of detection in this technique are about 2.10-s pmole 
for two-dimensional separations or about I n 10-4 ,umole in one-dimensional chromato- 
graphy, which represents about 0.02 pg of a separated amino acid derivative. 

The layer can be overloaded to a substantial extent : it can easily tolerate up to 
IOO pug of a DNP-derivative, and it is possible to detect about 0.05% of admixed DNP- 
amino acid. 

(b) Quatiitatiort 
Several papers have dealt with the quantitation of DNP-amino acid derivatives 

in commonly used solvent systems. The layer is scraped off the plate and extracted for 
5 min with I ml of 0.05 M Tris buffer of pH 8.6 at room temperature. Then the slurry 
is centrifuged off and the clear liquid is evaluated by measuring the optical density at 
360 nm, or at 385 nm for DNP-proline. For a blank, a similar extract obtained from 
the same layer on a clean spot is taken. 

A similar procedure to that described above was reported by PIGGERY, who used 
a two-dimensional separation in the systems isopropanol-cyclohexane-dimetl~ylform- 
amide-25a/o ammonia (II :8:5:1) and rr-butanol saturated with 25% ammonia, with 
silica gel as sorbent. Both systems are used twice in the same direction. 

PATAKI AND WANGLES recommended the use of direct fluorimetric quantitation 
(fluorescence quenching) in s&c. Polyamide or Silica Gel G layers were used as sor- 
bents and chloroform-benzyl alcohol-acetic acid (70 : 30 :3) and ga-propanol-ammonia 
(7 :3) were used as the developing systems for the Silica Gel G layers. In polyamide 
layers, the chromatograms were developed with benzene-acetic acid (4:1). 

The spots were scanned by using a Camag/Turner Scanner after being dried in a 
stream of air. The drying period was exactly 30 min and the direction of scanning was 

- perpendicular to the direction of development. The scanning speed was 20 mm/min 
and the excitation wavelength was 254 nm. During quantitation, the layer was cov- 
ered, except for a small strip of 12-14 mm that contained the spot under investigation, 
with a plain silica gel or polyamide sheet. The fluorimeter units were recorded general- 
ly at a potential of IO mV with a recorder speed of 8 cm/min. The technique of fluores- 
cence quenching published previously by PATAKI AND STRASKY~~Q is a less elaborate 
and less precise variation of the above technique. 

g. Electrophoresis 

The electrophoretic separation of DNP-amino acids is always used in combina- 
tion with chromatography; further details are given in the chapter “Pictorial survey 
of flat-bed techniques used in DNP-amino acid chromatography” (see below). 

IO. Pictorial swvey of flat-bed techniqlres wed in DNP-amino acid chronaatography 

This is illustrated in Figs. 20-67. The numbers, used in Figs. 33-G7, to identify 
amino acid derivatives are listed on p. 335 
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ALCOHOL ISOPROPANOL 9 I59AMYLALC*DHO BUFFER 
SATURATED WITbaD5M POTASSIUM ETHANOL 13 4h pW -6.2 

55M PHOSPHATE BENZOATE 1 QD67M PHOSPI-IAT~ 
BUFFER pH 7 BUFFER DH 62 60 
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I’ig. 2 1. Src rcfk. 22. 91, I 213 and 164. 
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l l SODIUM DODECYL SULPHATE. 

Icig. 22. SW rcfM. 16 rrllcl 1.30. 
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J~~~CTANE 80 01EwyL ETHER 0IErbwL ETHER DlETHyL ETHER DIETHYL ETHER DIETHYL I~HER 
CHLOROFDRM 30 100 100 100 100 100 

ACETIC ACID 1 ACETIC ACID 1 ACETIC ACID 3 ACETIC ACID 3 METHANOL 6 METHANOL 8 
WATER 1 WATER 3 WATER 5 7M AMMONIA 2 71rl AMMONIA 3 

DES!ZAUER et al. OESSAUER et al. DES+IUER et al. DESSAUER et al. DESSAUER et al. DESSAUER et al. 
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Ik IMPREGNATED WITH SILICA QEL. 
t MOST OF THE OTHER AMINO ACIDS AT THE STARTING LINE. 

t t MOST OF THE OTHER AMINO ACIDS MOVE WITH THE !5OLVENT FRONT. 

Fig. 23. Sea ref. 43. 

Jm Chvomtztogu.; 70 (1972) zzI-339 
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Fig. 24. Se0 rob. 102, 130 and 200. 
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t IMPREGNATED WITH SILICA GEL. 

+ MOST OF THE AMINO ACIDS AT THE STARTING LINE. 

Mg. 25. See refa. 42 nncl 200. 
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BRENNER et al. 

) SILICA GEL 

i 

+lk.LS, di-1’ 

GLY, DNP,C 

l TRP 

. ALA 

s SAR 

l MET 

0 PHE 

l AAB 

l PRO 

. NORVAL 

l VAL 

. NOR-LEU 

#ALA 

0 
. dlCYS)2 

@ ASI? SEQ 

&%O 
GLU, d&l S 

l GLV 

. dl- ORN 

. TRP 
l dl-TVR 

8 
SIR 
ALA 

0 dl-LvS 

l MET 

l PRO 

: “pi: 

0 NORVAL 

l VAL 

CHLOROFORM95 BUTANOL 4 n-BUTANOL 9 
METHANOL 5 ACETIC ACID 1 ACETIC ACID 1 
ACETIC ACID 1 tiATER 5 

* 
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L AFTER DEVELOPMRNT WITH TOLUBNB.PYRIDINE.BTHYLENB CHLOROHVDRIN 
- O.EN AMMONIA AND INTBRMEDIATE DRYING, 

t HORIZONTAL ARRANGEMENT. 
5 MOBILITIBS RELATIVE TO 2,4-DNP-LBU. 

Fly. zG. Soa rcfs, 211, ag, 172 and zoo. AAB = a-nminobut~rlcnclcl. 

J. CAromatop,, 70 (xgp) aat- 
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Fig. 27. Se0 rof. 201. 
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JI SOLVENT SYSTEM CONTAINS 0,llg OF SULPHAMIC ACID PER 10ml. 

l’lb’. 28. SIX rcfsl, 97, I21 nnrl aor. 
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Pig. 29. So0 rob. 20, 27, 58 and 121. 
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PYRIDINE 3 BENLYL BENZYL lerf. - AMY L lerf.- AMYL 34% AMMONIA 3 
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Ply. 30. Sco rcfw 28 nncl 29. 
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Fig. 31. Seo refs. ao nnd zz. 
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0.81 I 

2 so. I I I I I . . . I 
0.2 0.4 0.6 0.B 1.0 

Fig. 33. MUNIER ANDSARRAZIN Ia@. Sorbent, TLC cellulose. Development, rat dlmonsion: toluone- 
othyleno chlorohydrin-pyridine-o.8 M ammonia (150 :gn :45 :go) ; 2nd dimension : wnte~r saturated 
with ammonium sulphate-water-sodlum dodecylsulphate (100 ml :700 ml:0.576 g). 

Fig. 34, MUNIER AND SARRAZIN lam. Sorbent, TLC cellulose. Development, ret dlmonsion: tolucne- 
ethylene chlorohydrin-pyridlne-o.8 M ammonla (150 : go : 45 : go) + IO drops of octyl alcohol 
per 375 ml; 2nd dimension. leobutanol-ncetlc acid-water (IOO : 6 : 20). 

1.0 , , . . . . . 

0.8 . 

2 I 2 t -0.2 0.4 0.6 0.8 lb 
I 4 I 

1 1 

Fig. 35. MUNISR AND SARRAZIN Ino. Sorbent, TLC cellulose. Development, rat dimcnston : toluone- 
ethylene chlorohydrin-pyridIne-o.8 M ammonia (150 : go : 45 : go) ; and dlmenaion : 0.1 M 
sodium chloride In water; 0.016 M with respect to dlethylamlne. 

Fig. 36. MUNIER AND SARRAZIN 100. Sorbent, TLC cellulose, Development, 1st dimension : toluene- 
ethylene chlorohydrln-pyridln0-0.8 M ammonia (150 : go : 45 : go) ; 2nd dlmeneion : laobutanol- 
acetic aaid-water (zoo : 6 : ao). 

Jrn C\JYOWJtOgY., 70 (1972) 221-539 
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1 

PIg.37. MUNIERAND SARRAZIN l3O. Sorbent, TLC cellulose. Dcvolopmant, I et dimension : toluene- 
ethylene chlorohydrin-pyridine-o.8 M ammonia (150 : go : 45 : go) + IO--12 drops of octanol; 
2nd dimenmlon : water saturated with ammonium eulphste-water-sodium dodecylsulphatc (TOO 
ml : 700 ml : 0.576 g). 

Fig. 38. MUNILR AND SARRAZIN 100. Sorbent, TLC cellulono. Dovelopmont, I at dimension : toluene- 
ethylene chlorohydrln-pyrldine-o.8 M ammonia (150 : go : 45 : go) + 10-12 drops of octanol; 
2nd dimension: electrophorcsls in 0.033 M diethylamlno which Is 0.02 M wlth respect to sodium 
chloride, 25 V/cm. 

0.2 0.4 0.6 0.8 1.6 2 t eJ_."'..... 
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1 1 

* 
Big. 39. MUNIER AND SARRAZIN T Sorbent, Whatman No. 20 Alter-paper. Development, 1st 

’ 
dimension: toluene-ethylena chlorohydrln-pyridine-o.8 M Rmmonla (Igo : go : 45 : go): 2nd 
dimension: olectrophoresis in 0.02 M borate buffer of pH 8.92; cd. IO V/cm. 

Fig. 40. MUNIER AND SARRAZIN loa. Sorbont, Whatman No. 20 filter-paper. Devolopmont, zet 
dimension: toluene-ethylene chlorohydrin-pyrIdine-o.8 M ammonia (Igo : go : 45 : go); 2nd 
dlmonsion: electrophoreels in 0.25 M triethylamine; CCL. IO V/cm. 
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Fig. 41. MUNIER AND SARRAZIN~~~~. Sorbent, Whatman No. zo filter-papor. Development, 1st 
dimeneion : toluene-ethylene chlorohydrin-pyridine-0.8 M ammonia (150 : go : 45 : go) ; 2nd 
dimeneion : olectrophoresis in 0.025 M diothylamlne; ca, IO V/cm. 

Fig. 42. MUNIER AND SARRAZIN Ime. Sorbent, Whatman No. 20 filter-paper. Dovolopment, ret 
dimenelon: toluone-ethylene chlorohydrin-pyridine-o.8 M ammonia (150 : go : 45 : go) ; 2nd 
dimension: oloctrophoresls in 0.23 M ammonia; cu. IO V/cm. 
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Fig. 43. MUNIER AND TIXOMMEGAY lnl. Sorbent. Whatman No. 20 filter-paper. Developmont. ret 
dimension: tolueae-ethylene chlorohydrin-pyridine-o.8 116 ammonia (150 : go : 45 : go) ; 2nd 
dlmoneion: paper lmpregnatad with 0.2 M sodium acetate and developed with isobutanol-acotlc 
eoid-water (TOO : 4.5 : zg). 

Fig. 44. MUNJER AND THOMME~~AY IV Sorbent. Whatman No. zo Alter-papor. Development, 1st 
dimension: toluone+thylene chlorohydrin-pyridlne-o.8 M ammonia (150 : go : 45 : go) : 2nd 
dimension: wkhin a h a thin film of formic acid is deposited on cellulose; developed wlth benzene 
saturated with formic aold. 
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Pip.45. MUNIER AND THOMMEOAY 
dImonsion : 

Inl. Sorbent. Whatman No, 20 filter-paper. Development, 1st 
toluone-ethylene chlorohydrin-pyrIdine-o.8 M ammonia (150 : go : 45 : go) ; 2nd 

dimension: 2.25 M sodium acetate. 

Big. 46. MUNIER AND THOMMBGAY 
dlmenslon : 

lul. Sorbont. Whatman No. 20 Alter-papor. Dovclopmont, 1st 
toluone-cthylene chlorohydrln-pyrldine-o.8 M ammonia (150 : CJO : 45 : go): 2nd 

dlmonsion: (Impregnated with 0.2 M sodlum acetate) Isobutanol-formic acid-water (IOO : 4 : rg). 

0.8 

1 

1.0. 

0.2 0.4 0.6 0.8 1.0 

I?&. 47. MUNIER AND THOMMEGAY loi. 
dlmenslon : 

Sorhent. Whatman No. 20 filter-paper. Development, 1st 
toluene-ethylene chlorohydrln-pyrIdine-o.8 M ammonia (150 : go : 45 : go); 2nd 

dImensIon: paper Impregnated with I M sodium acetate, then developed with Isobutanol-acetic 
acid-water (IOO : 8 : 19) 

I?@ 48. WANG et dPol. Sorbent, polyamide (s-polycaprolactam r-in). Development, 1st dlmen- 
slon : n-butsnol-acetlc acid (go : IO) ; 2nd dImonsIon : formic acid-water (50 : 50). 
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Fig. 33. WANG AND WANGLES. Sorbont, polynmidc (s-polycnprolactam resin). Devolopmont, 1st 
dimension: n-butanol-acotlc acid (go : 10) : 2nd dimension: 4 3% formic ncid. 

I?@. ~4. WANG AND WANG~O! Sorbont, polyamldo (s-polycnprolacttrm rosin). Devolopm&t, 1st 
dimension: bonaene-acetlc acid (So : 20) ; and dimenslon: n-butanol-acctlc acid (go : IO). 

, . . . . . . , 1.0. , . . . . , , , 

c 
‘I .a 0.0 y he 

2 2 
0.2 0.4 Ob 0.8 1.0 

1 1 

Fig. JJ. WANG AND WANGLES. Sorbent, palyamldo (s-polycaprolactam rosin). Development, 1st 
dimonslon : benzono-acotlc acid (80 : 20) for 1.3 h; and dimension: 4 3% formic acid for I h. 

Fig. 36. WANG AND WANES? Sorbent, polyamide (e-polycaprolactam rosin). DevoIopmont, 1st 
dlmanslon: carbon tetraohlorIde-acotlc acid (80 : 10) for 3 h; 2nd dimension: go% formic acld- 
water (JO : 50) for I h. ’ 
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Fig. 57. WANG AND WANCPB. Sorbent. 
dlmonslon : carbon totrachlorlde-acetic 
acid (go : IO) for 3 h. 

Fig. 58. Wntz at al.loD. Sorbont. SMCR Go1 G. Davelopmcnt, rat dlmcnsion : toluonc~thylono 

J. ROSMUS, 2. Dlr.YL 
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polyamide (e-polycaprolnctem resin). Dcvalopmont, 1st 
acid (80 : 20) for 2 11: and dimension: n-butanol-ncctlc 

chlorohydrin-pyridine-zg% ammonla (50 : 35 : 
form-benzyl alcohol-acotlc add (70 : 30 : 3). 

15 : 7). developad twica; and dimension: chloro- 
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Fig. 59. WALZ el &Lob. Sorbez+, Sfllcs Go1 G. Development, Iet dimension: pyrldlno, doveloped 
throo timeta; and dlmendon: n-butanol saturated with 25% ammonia. 

Fig. 60. WALZ el al.lnD. Sorbent. Silica Gel G. Development, 1st dimension : toluane-athylono chlo- 
rohydrin-pyrldine-z5°/‘, ammonia (50 : 35 : 15 : x7), developed twice: and dimension: chloro- 
form-benzyl alcohol-acetic acid (70 : 30 : 3). 
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Fig. 61. WALZ cl uLLgm. Sorbent, Silica Gel G. Development, 1st dlmonsion: toluono-ethyleno 
chlorohydrln-pyrldinc-ag% nmmonla (50 : 35 : 
chloroform-methanol-ncctlc ncld (70 : 30 : 5). 

15 : 7), dovcloped thrco tlmes; 2nd dlmonsion: 

l?ig. Gz. WALZ cl uC.~~~. Sorbent, Silica Gel G. Dovelopmont, 1st dlmenlllon: toluonc-ethylene 
chlorohydrln-pyridlno-z5°/o nmmonia (50 : 35 : 15 : 7): 2nd dlmcnsion: chloroform-mcthanol- 
ncotic acid (95 : 5 : I). 
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Fig, 63. BRENNER cl aLoo. Sorbent, Silica, Gel G. Devolopmont, 1st dimension: toluene-pyridlne- 
othylone chlorohydrln-0.8 M ammonia (IOO : 30 : 
ncctic add (80 : 20 : 2). 

60 : Go) ; 2nd dimension: boneenwpyridine- 
. 

Fig. 64. BRENNER el ~1.0~. Sorbont, Silicn Gal G. Devolopment. 1st dimonslon: tolueno-pyridino- 
othylcno chlorohydrln-0.8 M ammonia ( IOO : 30 
-ncetlc ndd (95 : 5 : I). 

: Go : 60) : and dimension: chloroform-mothnnol 
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Reaction scheme : 

Rl 
I R2 Rn 

N=C=S +NH2’CH~CO~NH~ c H.CO . . . . . . ..I..... NH. c H.COOH 

Rl 

NHCSNH l c 8’ H*CO~NW~ H-CO.., ..I.. . . . . . . . . . . . . ..NH. 

CF2COOH 

Rl 
I 

CH-Cb 
R2 
I 

Rn 
+ NH2. CH * CO . . . .I. . . ..a..... . . . NH . & H . COOH 

Rl 

I 
Rl 
I 

Rl 
I 

CH -co 
7 

H-COOH Cl-l- co 
I 

N+k 
J 

I 
NH 

A 

- “~‘NH- - cjJBcH2 

I\ 
FhenylthiocarInmylamIno acid Methylthbhydaritoin 

I. InlYodarctioac 

The principle of the phenyl isothiocyanate method for the identification of N- 
terminal amino acids was discussed in the introduction to Part A of this review. How- 
ever, one can trace the origin of this method, now called the Edman degradation, to 
before Edman’s first papetiT in 1950. BERGMANN et ~1.10 in 1927 proposed a determina- 
tion of N-terminal residues of peptides by condensing the latter with phenyl iso- 
cyanate. Isocyanates react readily with the amino groups of proteins in an aqueous 
solution of pH 8.0 at o”. When the resulting phenylcarbamyl peptide was exposed to 
cycllzing conditions, Lz, treated with HCl in water or methanol, the N-terminal resi- 
due would split off as the highly water-insoluble 3-phenylthiohydantoin : 

R2 

c 

Rn 
I 

N=C=O + H2Nm H. CO. . . . . . . . . , NH.CH.COOH 

Rn 

NH CONH . . . . . . . . . NH . t H.COOH 

e<&R, + H,,&CO...... NH&COOH 

The procedure was subsequently extended in 1930 by ABDERHALDEN AND 
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BROCKMANN~, who suggested that this reaction could be used for a step-by-step meth- 
od in the degradation of amino acid residues in peptides and proteins starting from 
the N-terminal group. 

Unfortunately, the cleavage conditions used were too drastic for this purpose, 
and therefore Bergmann’s method could not be used in sequential analysis. However, 
it proved to be a valuable tool in the determination of N-terminal amino acids in the 
earliest stages of protein chemistry. The first successful N-terminal group analysis of 
a protein was accomplished by JENSEN AND EVANS in Ig3504, when they condensed 
insulin with phenyl isocyanate. After hydrolysis in boiling 6 N HCl, they isolated the 
phenylhydantoin of phenylalanine. However, they failed to discover the phenylhy- 
dantoin of glycine, probably because of the relative long time required for hydrolysis. 

Bergmann’s principle, despite many advantages, was abandoned after SANGIZR~~~ 
discovered the dinitrophenylation method in 1945. The reasons that led to this aban- 
donment are not very clear in view of the fact that the phenyl isocyanate method lacks 
many of the disadvantages of the dinitrophenylation method. It was Edman, in 1950, 
who extended Bergman’s procedure further by substituting phenyl isothiocyanate for 
phenyl isocyanate. The resulting 3-phenyl-z-thiohydantoins (PTHs) derived from 
amino acids have since occupied a central position in protein chemistry. 

The first step of Edman’s procedure is the formation of a phenylthiocarbamoyl 
peptide (PTC-peptide). The second is acidic cleavage (using CF,COOH or CH,COOH- 
HCI) of the N-terminal residue in the form of the 2-anilino-5-thiazolinone derivative, 
simultaneously liberating the intact remainder of the peptide with a free amino group 
(see reaction scheme above). 

The third step is the conversion of the intermediate z-anilino-5-thiazolinone de- 
rivative into 3-phenylthiohydantoin, which can be accomplished by two different 
methods. In anhydrous media (e.g., CF,COOH or HCI-CH,NO,) and at elevated tem- 
peratures, the transformation takes place as an intramolecular rearrangement: 

On the other hand, in the presence of aqueous acid, the thiazolinone is rapidly 
hydrolysed to the corresponding PTC-amino acid, which then slowly undergoes ring 
closure to give the respective PTH-amino acid derivative (see reaction scheme above). 

The kinetics and mechanism of the Edman degradation have been thoroughly 
studied by Edman de, EDMAN AND LAUBERBO, BDTHELL cl a1.13 and MADER~~~. 

2. Rcactio~t of mnino acids, pcfitidcs and fi~oteins with ~5lccnyl isothiocyanatc 

(n) Syntlbcsa’s of PTC-nntz’no acids (SJ~~QUIST~~~) - 
For this synthesis, 0.5 pmole of each amino acid (suitable limits 10-100 pg) is 

generally used. In order to convert the amino acids to hydrochlorides, thereby simu- 
lating an acid protein hydrolysate, they are dissolved in 0.1 N hydrochloric acid, an 
aliquot containing the required amount is transferred to a quartz tube and excess of 
hydrochloric acid is subsequently removed by gentle evaporation in a desiccator over 
potassium hydroxide. A few drops of water are added and the evaporation procedure 
is repeated twice in this way. The dry residue is dissolved in a freshly prepared buffer 
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(50 ~1). Phenyl isothiocyanate (6 ~1) is dissolved in freshly distilled acetone (I ml) and 
50~1 of this solution are added to the buffer solution. The phenyl isothiocyanatc 
should be present in at least a two-fold molar excess over the amino acids. The tube 
is gently shaken to ensure complete mixing, well covered, and placed in a water-bath 
at 25” for 2.5 11. It is then placed in a desiccator over PsO, and the contents are care- 
fully evaporated for 15 min using a water pump and finally for z h in a vacuum of at 
least 0.01 torr. This operation removes every trace of phenyl isothiocyanate, triethyl- 
amine and acetic acid. A blank without amino acid is treated in the same way. 

(0) Trmsfonnation of PTC-amino acids into PTH-amino acids 
To the dry residue resulting from the preparation of the PTC-amino acids, IOO 

~1 of water and zoo ,ul of acetic acid saturated with HCl are added. The tube is well 
covered and left in a water-bath at 25” for 6 h. Then the solvent is evaporated in a 
desiccator over potassium hydroxide in the manner described in the preceding section. 
The dried sample is dissolved in a suitable volume of ethanol for measurement of the 
UV absorption. 

TABLE 9 

MOLAR BXTINCTION COEFFICIENTS OF VARIOUS l’-rkh 

PTH-derivaliva 8946 nm 4wo nm hb/5I”P 
-- --. 

Alanlno 
Arginlnoa 
Anpartic ncltl” 
cyst& flcld 
Glutamic ndd 
Glyclnc 
Histldlnoa 
Hydroxyprolino 
Isoloucino 
Louclno 
1,ysinoo 
Methlonlne 
Phcnylalanino 
Prollno 
Sorino 
Throonino 
Tryptophnn 
Tyroslno 
Valino 

G,3oo rG.ooo 0.39 
4,000 15.900 0.38 
615oo 16.100 0.40 
51900 rG,Goo 0.36 
G,zoo 15.900 0.39 
4300 14,900 0.42 
4,400 I5,5oC 0.42 

&go0 13,600 o.G5 
G,goo 17,000 0.38 
G,ooo 16.700 0.38 

a 1,000 ag,ooo 0.72 
G.900 17,100 0.40 
5.700 15,500 0.37 
9,Goo 14.300 o.G7 
5.500 I5.500 0.35 
7,200 15,Goo 0.46 
8,000 19,700 0.41 
6,Goo 15,600 0.42 
6,200 16,500 0.38 

0 Monolryclrochlorldo. 
b PotEmalulll mlt. 
U s-Phcnylthiouroldo tlorivativo. 

The yield is approximately rooo/, in most instances. Considering that the yield 
refers to two reaction steps, it seems reasonably satisfactory. The most notable excep- 
tion is serine, with a deficit of 18%. The cause of this deficit is known to be a side reac- 
tion that involves dehydration of the side-chain of serined’. The dehydration product 
is shown by the presence of an extra absorption peak at 320 nm. The tendency of 
threonine to undergo an analogous reaction is much less and is hardly noticeable un- 
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TABLE IO 

YILLDB OB PTHs IN THE MICRO-SYNTHETIC PROCEDURR 

PTH-dorivalive Yield (%) hdfi hem I 

Alanlno 95-5 0.40 

Arglnino 101.8 0.39 
Aspartlc add 97.5 0.41 
Cyetelc acldm 108.4 0.40 
Glutamic acid 

;78:: 
o.qr 

Glycino 0.41 
Histidlne 

;;‘: 
0.46 

Hydroxyprolino . 0.64 
IBOhCinB g&G 0.39 
Leuclno 98.6 0.38 
Lye! neb 96.4 0.72 
Mothionino 99-o 0.39 
Phenylalaninc 99.4 0.39 
Prolina 99.4 Oh6 

Swine 82.6 0.50 
Threonlno 98.5 o-47 
Tryptophan 98.9 o-44 
Tyrosine 99.7 0.43 
Vtxlino 98.9 0.39 

a Tho freo acid. 
b s-Phonylthloureldo dcrlvntivo. 

der the chosen conditions. It is relevant to the analytical procedure that the deficit in 
PTH-serine is remarkably constant and hardly affected by the duration of treatment 
in stage II. The ratio ~~~~~~~~~ serves as a sensitive criterion of the purity of the prod- 
ucts obtained. A comparison of Tables g and IO shows a generally satisfactory agree- 
ment of the ratio B,,&JQ~~ for the authentic PTHs and for the microsynthetic products 
with the exception of PTH-serine. 

(c) Edman degradation of peptides (FRAENKEL-CONRAT AND HARRISON) 
The peptide (0.2-0.3 mg) is dissolved in 4 ml of 50% aqueous dioxan, the solu- 

tion brought to pH 8.7-9.0 with 0.01 N sodium hydroxide and the mixture is stirred 
for 1.5 h at 40” with 0.1 ml of phenyl isothiocyanate while the pH is maintained con- 
stant. The reaction mixture is then extracted seven times with benzene and the aque- 
ous solution is evaporated to dryness in wucz~o over sodium hydroxide. 

The sodium salt of the PTC-peptide is re-dissolved in water (2-10 ml) and ali- 
quots corresponding to 0.2-1.0 pmole are made 3 N with respect to hydrochloric acid 
and 0.2-1.0 * 104 M with respect to peptide by the addition of the correct amounts of 
water and 5.7 N hydrochloric acid. The rate of release of phenylthiohydantoin can be 
determined by following the change in the absorption maximum of the solution from 
240 nm or lower to 265-270 nm during a period of about 2 h. If the transformation 
takes place too slowly for a given peptlde, the effect of increasing the temperature to 
40-45” should be tried. Spectrophotometric observation has been found to be useful 
for the first two or three stages, but thereafter accumulated artefacts having high UV 
absorption tend to interfere with the readings. 

The PTH-amino acids are extracted into ethyl acetate (with the exception of 
PTH-arginine and PTH-histidine) and the residual peptide is recovered by evapora- 
tion of the aqueous solution as before. The residue is redissolved in 50% aqueous 
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dioxan and submitted to the same cycle of operations. For applications and modi- 
fications of this procedure see refs. 23, 52, 63, 79 and 85. 

cd) Edman degradation of firoteins (ERIKSSON AND SJBQUISF) 
The protein (s-10 mg) is dissolved in I ml of saline and mixed with z ml of a 

solution of pyridine-triethylamine-phenyl isothiocyanate (IOO :3 : I). The coupling re- 
action is carried out at 40” over 1.5 h and the solution is washed five times with s-ml 
volumes of benzene-ethylene chloride (3 :I) previously saturated with 0.1 N sodium 
hydroxide. The last traces of solvent are removed at 40~ in a gentle stream of nitrogen. 
Cyclization is then brought about by treatment of the solution with I ml of water and 
2 ml of acetic acid saturated with HCl at 40” for z h. The mixture is then freeze-dried 
almost to dryness and the residue suspended in 2 ml of water previously saturated 
with ethyl acetate-methyl ethyl ketone (2 : I). After extraction with four 2-ml portions 
of the latter solvent, the PTH-amino acids are dissolved in 0.1 ml of 90% acetic acid 
and chromatographed by the method described above. It is recommended that the 
cyclization, freeze-drying and extraction of the PTH-derivatives should be carried out 
on the same day. 

(e) Subtractive Edman degradation ( KONIGSBERG~~~) 
The subtractive modification of the Edman method involves the coupling of the 

peptide with phenyl isothiocyanate to yield the pllenylthiocarbamyl derivative, fol- 
lowed by cyclization of this material with anhydrous acid to give the 2-anilinothiazoli- 
none, The cyclization is a concerted process, in which the sulphur of the thiocarbonyl 
group attacks the carbonyl carbon of the N-terminal amino acid and causes the 
fission of the peptide bond, releasing the amino group of the penultimate amino acid 
residue. The 2-anilinothiazolinone of the N-terminal amino acid can be extracted into 
an organic solvent and a portion of the remaining peptide taken for hydrolysis and 
amino acid analysis. If the procedure is successful, the amino acid analysis of the re- 
mainlng peptide will reveal a decrease in one amino acid residue in comparison with 
the anslysis of the starting material. The amino acid residue that has disappeared is 
presumed to have been present at the N-terminal end of the peptide undergoing degra- 
dation. By successive applications of this method, the amino acid sequence of a peptide 
can be determined. ’ 

In this chapter, the scope and limitations of the subtractive modification of the 
Edman degradation are discussed. 

Coupling of the peptide with phmyl isottaiocyanate. The two conditions essential 
for this reaction are an alkaline pH (it is the unprotonated amino group that attacks 
the thiocarbonyl group of phenyl isothiocyanate) and a solvent in which both the 
peptide and the reagent have appreciable solubility. A number of different combina- 
tions of solvents have been used, such as (I) 50% aqueous pyridine containing 2% of 
triethylamine, (2) N-ethylmorpholine (60 ml)-acetic acid (1.5 ml)-g5°/o ethanol (500 

ml)-water (438 ml), and (3) 50% aqueous pyridine containing 5% of dimethylallyl- 
amine. 

Complete reaction can be achieved by using a so-fold excess of phenyl isothio- 
cyanate at 37” for 2 h. The size of the reaction vessel and the volume of solvent should 
he kept to a minimum to avoid mechanical losses and to prevent the introduction of 
impurities that may yield amino acids on hydrolysis. 
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The importance of excluding oxygen during the coupling process has been 
stressed by ILSE AND EDMAN~~, ;as oxygen will replace sulphur in the thiocarbonyl 
group of the phenylthiocarbamyl peptide. The oxygen of the phenylcarbamyl group 
will not attack the carbonyl carbon of N-terminal amino acids at an appreciable rate 
under the conditions used for cyclization. The phenylcarbamyl peptide, if formed but 
not cyclized, will interfere with the interpretation of the results obtained in subsequent 
stages. As this material has no free amino group that can react with phenyl isothio- 
cyanate, it cannot be degraded furtber but will be carried along with the peptide frac- 
tion. Upon acidic hydrolysis, this fraction will yield some portion of all the amino 
acids present in the original peptide (no matter how far the degradation has been 
carried). If some phenylcarbamyl peptide is formed during each coupling reaction, the 
gradual accumulation of these products during the course of several stages will con- 
tribute increasingly to non-integral loss of the N-terminal amino acid that is being 
removed. While the presence of phenylcarbamyl peptides will not affect the quantita- 
tive interpretation of the results obtained from the direct identification of phenylthio- 
hydantoins, their formation will decrease the yields of hydantoins at each stage. 

Renzoval o~rcugcnls. After the pl~enylthiocarbamyl peptide has been formed, the 
reaction mixture is usually evaporated almost to dryness and excess phenyl isothio- 
cyanate. phenylthiourea and residual organic solvent can be removed by extraction 
three times with I-2-ml volumes of benzene. By avoiding two liquid phases at this 
stage, the problem of emulsions can be eliminated. The residue left after benzene 
extraction is evaporated again. The presence of benzene aids the removal of the last 
traces of water during this operation, as a benzene-water azeotropic mixture is 
formed, which evaporates at a lower temperature than water. The dry residue is now 
ready for cyclization. 

Cyclizution. Edman first emphasized the need for maintaining anhydrous condi- 
tions during the cyclization in order to avoid the cleavage of acid-sensitive bonds. Al- 
though many variants have been tried, a common procedure has involved the use of 
acetic acid saturated with HCl gas. This method was used in sequence studies on 
lysozyme, cytochrome and ribonuclease. With ribonuclease, a serious problem was 
encountered when using acetic acid-HCl at IOOO, as it was discovered that hydroxyl 
groups of serine and threonine residues are probably esterified in the acetic acid-HCl 
mixture and losses of these amino acid residues on acidic hydrolysis were excessive. 
When a serine or threonine residue is situated next to the amino acid residue being 
removed by cyclization, the esterification of its hydroxyl group places the acetyl 
group in a position where it can readily undergo an 0 + N acyl migration when the 
pH is raised for the next stage of coupling with phenyl isothiocyanate. This results in 
the prevention of further degradation. 

In a search for milder conditions for the cyclization, anhydrous trifluoroacetic 
acid was used at 25” for I 11 and was found to be effective in promoting complete 
cyclization of all the potentially degradable material. A second treatment of the resi- 
.due left after evaporation of the trifluoroacetic acid resulted in no additional decrease 
of the amount of the N-terminal amino acid (after hydrolysis with 6 N HCl), even if 
the initial decrease was less than one residue. 

Trifluoroacetic acid has also been used at 40” for 15 min; these conditions result 
in complete reaction without fission of additional peptide bonds. 

Trifluoroacetic acid used at 25” for I h caused no trifluoroacetylation of the 
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hydroxyl groups of serine when tested with glycyl-L-serine. This peptide, however, 
undergoes 0-acetylation in the HCI-acetic acid mixture used in earlier studies. 

Extraction of the N-tcmaiaanl amino acid dc~ivniives. After the cyclization, the 
trifluoroacetic acid is evaporated off and the residue, dissolved in 0.2 111 acetic acid, is 
heated for IO min at 4o”, which converts the anilinothiazolinones to a mixture of 
phenylthiocarbamylamino acids and phenylthiohydantoins. The aqueous phase is 
extracted three times with benzene. This extraction removes the phenylthiocarbamyl- 
amino acids and phenylthiohydantoins of most of the acidic and neutral amino acids, 
except for the derivatives of arginine, histidine. aspartic acid, serine, threonine and 
cysteic acid. These derivatives can be extracted into ethyl acetate, but with this 
solvent there is some risk of extracting peptide material also, especially if the peptide 
contains non-polar amino acid residues. The material in the benzene layer can be 
completely converted to the phenylthiohydnntoins by further heating and can then 
be identified directly by several methods, described in subsequent chapters, 

A suitable aliquot of the aqueous solution can be taken at this stage and sub- 
jected to hydrolysis followed by amino acid analysis. The remainder of the aqueous 
solution can be evaporated and the residue then coupled again will1 phenyl isothio- 
cyanate. 

A useful variant of this procedure involved the addition of dichloroethnne to 
the trifluoroacetic acid. The peptide is precipitated and the 2-anilinothiazolinone and 
trifluoroacetic acid are extracted into the organic solvent. Alternatively, the trifluoro- 
acetic acid can be evaporated and the dry residue extracted with a mixture of benzene 
and chloroform. The thiazolinones can bc recovered from the organic solvent after 
evaporation, and converted either to the phenylthiohydantoins by heating with aque- 
ous acid or to amino acids in yields of 10-30~/~ by heating with 0.2 lV NaOH for z h 
at 100~. If the hydrolysis is carried out with a small volume of alkali, the sample can 
then be neutralized directly without desalting, and used in an amino acid analyzer. 

Pz~vijcatio~~ of the remaining $+&. When the subtractive method is used, a 
problem arises in the interpretation of the results, as was mentioned earlier. If side 
reactions occur that lead to an accumulation of products that will not react with 
phenyl isothiocyanate or undergo cyclization, then the amino acid analysis of the 
remaining peptides will show non-integral decreases of the amino acid residues that 
are being removed. To overcome this difficulty when it has occurred, the authors of 
this method separated the remaining peptide, after cyclization, from side-reaction 
products by a simple ion-exchange procedure. After extraction with benzene, the 
aqueous layer, which contains the remaining peptide, is adsorbed on a IO x z mm 
column of Dowex 50-X2 (50-100 mesh) in the acid form. The column is washed with 
4 ml of water, followed by 2 ml of an appropriate pyridine acetate buffer (usually I M 
in pyridine, pH 5.6) to elute the peptide. The material recovered from the first water 
wash is ninhydrin-negative, but after acidic hydrolysis all the amino acids present in 
the parent peptide are found. This indicates that the material eluted in the water 
wash is a peptide derivative that is devoid of free amino groups. The procedure cannot 
be applied to acidic peptides that contain cysteic acid, as such peptides are not ad- 
sorbed, nor can it be used with peptides that have many basic or aromatic residues, 
because these peptides are eluted with difficulty from the column, even with volatile 
buffers at high concentrations. 
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(f) Aulomaded procedure for Edman degradation 
Among various methods for the determination of PTH-amino acid derivatives, 

special attention must be paid to products that arise from Edman’s sequenator. From 
the point of view of the chromatographer, the sequencing procedure should be con- 
sidered as a special method of sample preparation and of course all the different tech- 
niques, i.e., flat-bed separation, liquid column chromatography or gas chromato- 
graphic separation and identification of the cleaved amino acids, can be used. It is 
unlikely that this review will be used by workers as a practical manual for operating 
the sequenator. Therefore, the following paragraphs are limited to a general descrip- 
tion of the apparatus and special emphasis is placed onispecific aspects of the chroma- 
tographic separations related to this operation. 

Fig. 68. Schema& repreeontatlon of the sequonator. A = splnnlng cup; B = aloctric motor; 
C = reagent (solvent) resezvolr ; D = valve assembly ; E = outlat stopcock assombly; I; = frac- 
tlon collector; G = waste containor; H = nitrogen cyllndor: J = pressure gauges; IC = prossurc 
rogulators; M - 3-way valve; N = a-way valve with bypass; P = rotary vacuum pump; 

= 
%ed. 

boll jar; R = feed llno; S - oflluent llno. Gae IInca aro doubly contoured; liquid lines arc 

The general design of the sequenator as described by EDMAN AND BEGG~O can be 
seen in Fig. 68. The main part of the apparatus is a spinning cup in which the sample 
is placed at the beginning of the operation and in which all the reagents and extrac- 
t-ants are directed according to a pre-set programme. Reagents and solvents enter 
through the feed-line to the bottom of the spinning cup and both rise along the walls 
of the cup in the form of a thin film. Extractants are scooped ofI and transferred 
through the collecting line to a fraction collector. The whole system requires the 
precise addition of reagents and extractants, which is achieved by using overpressure. 
The reservoirs (six reservoirs are attached to the system) exhibit a slight overpres- 
sure compared to the spinning cup space so that the amount of reagent or extractant 
supplied is regulated by the time period for which the valve assembly is left open. 
Overpressure in,both the reservoir system and the spinning cup area is maintained by 
nitrogen. The cyclic operation of the sequenator is ensured by the programming unit, 
which divides the whole preparation of thiazolinone (see p. 294) into thirty steps. The 
compositions of reagents involved in the individual steps of this procedure are as fol- 
lows. Reagent No. I is a 5% (v/v) solution of phenyl isothiocyanate in heptane. 

J. C~J~~#JdOg*.,- 70 (1971) az r-339 



CHROMATOGRAPHY OF N-TERMINAL AMINO ACIDS AND DERIVATIVES 301 

Phenyl isothiocyanate is unstable in the coupling medium and is therefore kept in a 
separate system. Reagent No. z is 1.0 M Quadrol-trifluoroacetic acid buffer (Quadrol = 
N,N,N,N-tetrakis-z-l~ydroxypropylethylenediamine) in rc-propanol-water (3 : q), pH = 
9.0. Reagent No. 3 is anhydrous rt-heptafluorobutyric acid. The replacement of the 
usual solvents in Edman’s procedure by heptafluoroacetic acid and Quadrol arises 
from tile decreased volatility requirements. Solvent No. I is benzene, solvent No. 2 is 

ethyl acetate containing 0.1% acetic acid and solvent No. 3 is I-chlorobutane. As the 
over-all yield obtained after individual steps in this procedure is decisive for the final 
result, considerable attention must be paid to solvent purification. This refers especial- 
ly to traces of aldehydes, which must be completely removed as they tend to react 
with the terminal amino group and cause a progressive decrease in yield. The purifica- 
tion procedure for solvents has been described in great detail by EDMAN AND 
BEGGJ~. 

The applicability of the sequenator, although theoretically unlimited, is in 
practice restricted by several factors. The first important factor is the over-all recov- 
ery per step; when this recovery is gg%, 120 steps are possible; when it falls to g7%, 
no more than 40 steps can be carried out. Another important factor in the termination 
of a sequence study is the appearance of increasing background in the chromatography 
of PTH-derivatives. The appearance of additional spots, which presumably arise 
from non-specific cleavage of the polypeptide chains, eventually makes the identifica- 
tion of the cleaved amino acid impossible. There is no general agreement about tile 
reason for the background. The problem is that with a high background it might easily 
happen that the most intense spot is not that of the amino acid cleaved in the particu- 
lar step but that of the amino acid that occurs most frequently within the structure. 
This is of decisive importance in the sequencing of proteins or peptides with high 
internal homogeneity. The problem may lie in the acidolysis of peptide bonds caused 
by heptafluorobutyric acid, as similar effects were shown to occur with trifluoroacetic 
acid and there is no reason to suppose that the effects of these two acids would be dif- 
ferent. 

Another problem is the occurrence of incomplete reactions during the coupling 
or cleaving steps, which results in overlaps between consecutive steps. Even if this 
occurred only to a small extent in each cycle, the overlap would become very distinct 
over many cycles becaur E of cumulative effects. This problem is related mainly to 
aspartic and glutamic acids, which were shown to undergo incomplete cleavage. 
EDMAN AND BEGGED suggest that this incomplete cleavage is probably due to an equi- 
librium being reached bzforc complete cleavage has occurred. In the practical version 
of this procedure suggested by EDMAN AND BEGG an, the cleavage step is repeated in 
order to avoid these complications. 

In general, thera is no problem in identifying any of the common amino acids 
during the chromatogmphic separation of the cleaved PTH-amino acids. However, it 
must be stressed that, due to the occurrence of decomposition reaction during the 
cleavage step, some of the PTH-amino acids form multiple spots; this occurs mainly 
to PTH-asparagine, PTH-glutamine and PTH-serine. With PTH-asparagine and 
PTH-glutamine, the additional spots identified are those of PTH-aspartic acid and 
PTH-glutamic acid, respectively, which are produced by hydrolysis. The nature of the 
aditional spots in PTH-serine was not identified. 

Another problem that can be expected is the decomposition of some amino 
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acids within the structure sequenced. This is of particular interest with PTH-trypto- 
phan, but no exact results related to this problem are available. 

In addition to the problems discussed above and the limitations of Edman’s 
automated procedure, there are some practical aspects that may place some additional 
restrictions on the use of the sequenator. These were reviewed recently by VON WILMA, 
and a summary of them is given here. 

During the prolonged degradation of peptides that are composed mainly of 
amino acids with long hydrophobic side-chains, aolubility problems frequently arise. 
The stepwise degradation cannot be carried out up to the extreme C-end, as there are 
only minor differences in the solubilities of short-chain peptides and thiazolinone 
*derivatives of amino acids and therefore quantitative extraction is no longer possible. 

(g) Edmart degradation in acrylamide gel 
A more advanced variation of the method described by CATSIMPOOLA~ for 

dinitrophenylation (see p. zag) is to carry out the whole of Edman’s degradation pro- 
cedure with electrophoretically separated proteins using polyacrylamide gel a9 the 
carrier. SCIiYNSl” was the first to use this idea, with the following procedure. Columns 
of polyacrylamide gels containing zoo-300 ,ug of the protein to be determined are sub- 
jected to an electrophoretic separation. The gels are then extruded and agitated with 
0.5 M phosphate buffer of pH 8.7 for 15 min. After this period, the gels are removed, 
pyridine is added and agitation is continued for another 30 min. In the next step, the 
gels are transferred to a pyridine solution of phenyl isothiocyanate (5%), and agitated 
for an additional hour. Finally, they are transferred to a 2.5% solution of phenyl iso- 
thiocyanate in pyridine and allowed to stand overnight. After the reaction is com- 
pleted, the expected location of the individual bands is controlled by comparison with 
a run carried out in parallel and stained by the above dinitrophenylation technique of 
CATSIMPOOLAS~' or by the routine Coomassie blue procedure. Gels are dipped in ben- 
zene containing 10% of water and are shaken until they are free from colour. The 
procedure must be carried out for a sufficiently long period of time and the solvent 
should be replaced at least five times. Hydrolysis of the PTH derivatives is carried 
out on pooled samples in I N HCl at 100’ for go min in a sealed tube. The mixture is 
then cooled and extracted with ethyl acetate, the organic layer is removed, extracted 
with a minimum amount of water and the PTH-derivatives are identified in the aque- 
ous extract by a common flat-bed technique (see pp. 311 and 321). 

(h) Edman degradation in a $a$cv strip 

This method is closely related to the paper chromatography of PTH-amino 
acids and therefore is described in the chapter on paper chromatography of PTH- 
amino acids (see p. 315). 

(i) Edman degvadalion ofpeptides fixed 0% alumina (BIRR et al.le) 
Another solid support that can be used for the binding of peptides for Edman 

degradation ia alumina. The carboxylic groups in peptides are too weakly acidic to be 
appropriately bound to alumina for a successful Edman degradation. BIRR et al.le 
therefore suggested that peptides, after blocking their amino groups with the tevt.- 
butyloxycarbonyl (Boc) group, are linked as amides with the aminomethyl group of 
the arylazosulphonic acids, I-II I : 
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-‘~N-“poH 
z-NH2 

The coloured peptide derivatives are fixed as anions to acidic alumina and sub- 
jected in the solid state to stepwise Edman degradation with phenyl isothiocyanate. 
The actual procedure is as follows. A 0.15 mole amount of Boc-peptide and an equiva- 
lent amount of N-methylmorpholine are dissolved in 5 ml of dimethylformamide, then 
0.15 mmole of ethyl chloroformate is added at -13” followed by 0.22 mmole of aryl- 
azosulphonic acid (I-III) in 5 ml of dimcthylformamide and 0.44 mmole of N-methyl- 
morpholine. After z h, 12 g of acidic alumina are added and the suspension is filtered. 

The Boc-group is split off by re-suspending the peptide-alumina complex in IO 
ml of trifluoroacetic acid-tetrahydrofuran (I :I) mixture. The reaction is finished 
within IO min and the complex is washed with IO ml of tetrahydrofuran, IO ml of a 
10% solution of N-methyl morpholine in tetrahydrofuran, and finally with IO ml of 
tetrahydrofuran. 

The coupling with phenyl isothiocyanate is performed by adding IO ml of a mix- 
ture of phenyl isothiocyanate-N-methylmorpholine_pyridine-tetrahydrofuran (I : I : 

I :5, v/v) and by shaking at 40’ for 5 h. The complex is then washed with tetrahydro- 

TABLE 11 

SEQUENCE OF REACTIONS UBBD FOR ~1113 EDMAN DEGRADATION OP PEPTIDES BOUND AS AICIINO- 
M~TWYLAZOB~NZ~N~~ULPHONIC ACID DERIVATIVES TO ALUMINA l3Y AN IONIC BOND 

(Cu. IO g of alumina par 0.1 mmole of tho poptldo azo clyo.) 
NMM = N-methylmorphollno: THF = tetrahydrofuran; Py = pyrldlno; TFA m trlfluoroacotic 
a&l; N, = nltrogon atmosphere. 

SSe$ No. Reagent (I0 tnl, 40”) Repetitions Told time 
(tnh pev step) 

I 
2 

3 

;gLTHF ( I : g) 
2 

THF-phony1 leothlo- 

30 
15 

cynnnb-NklM-Py 
(~:I:I:I) (N,) 
THF (Nd 
;l?A-;$JF (I : I) (N,) 

I D 

300 

5 :: 
7 40 
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furan, IO ml of trifluoroacetic acid is added and shaking at 40” is continued for an 
additional hour. The complex is filtered, washed with the three solvents as described 
above and is ready for the next degradation step. 

PTH-amino acids are isolated from evaporated washings (5) and (6) (See Table 
II) and identified by any of the methods described later in this review. 

(j) Concluding remarks 
There are many variations and modifications of Edman’s degradation, and some 

recent ones are mentioned below. However, their real value for a protein chemist 
should be clear after a certain period of time. 

SMITHIES cl aLlea developed some quantitative procedures for use with the 
EDMAN AND BEGGQO sequenator. 

VANCE AND I%INGOLD~~~ described an additive Edman degradation procedure 
for the sequencing of small peptides. 

ROCHAT cl a1.l01 suggested the alkylation of SH-groups prior to the Edman 
degradation, in order to overcome problems connected with the degradation of pep- 
tides that contain cysteine. 

ORLOVSKA eb aLI used (Clr,CO)gO for the cyclization step of the Edman 
degradation. 

For the identification and quantitation of PTH-amino acids, it is possible to use 
other methods in addition to those described in this chapter in detail, e.g., IRi3B, 
massl~~~sJO~ and NMRM spectrometry. 

3. Colmnn chromatografihy 

Up to the present time, only one column chromatographic separation of PTH- 
amino acids has been described, by SJ~)QUIST~~~OJ~~, who used Celite as the sorbent. 
The experimental procedure is as follows. 

Pvc~avation of the colzwzn. Celite (IO g) is mixed with 6 ml of the stationary 
phase. The mixture is then slurried with zoo ml of the mobile phase and this slurry is 
immediately added to the column (80 x 0.8 cm). The height of the filled space is ccz. 
50 cm. 

Sanz$le afi$licatiow. The sample (about IO pg of each PTH-amino acid) is dis- 
solved in 0.1 ml of the stationary phase and. transferred with a capillary pipette to the 
top of the column. Two o.I-ml portions of the stationary phase and three o.2-ml por- 
tions of the mobile phase are used for washing the sample into the column. The space 
above the column is subsequently filled with the mobile phase. 

DeveZo@wnt. In the following paragraphs. three different chromatographic 
operations for the separation of twenty PTH-amino acids are described, which to- 
gether form the analytical procedure. Two of the operations are carried out on columns, 
here called Column I and Column II, and these are supplemented by a paper chroma- 
tographic separation of PTH-arginine and PTH-histidine. 

In column I, the preparation of which is described above, the following solvent 
systems are used. 

(A) Heptane (250 ml) + propionic acid (IOO ml) + ethylene chloride (5 ml) + 
water (30 ml). The lower layer (78 ml) is used as the stationary phase and 
the upper layer as the mobile phase. 
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(B) Heptane (85 ml) + propionic acid (5 ml) + ethylene chloride (IO ml). Only 
one phase is obtained. 

The flow-rate is adjusted to 15 ml/h. The elution is started with solvent A, and 
solvent B is introduced when the peak of PTH-phcnylalanine 
result of a typical separation is shown in Fig. 69. 

has left the column. The 

PTH -Trp 

0 
0 60 ’ 100 150 

EWuW (ml1 

Pig. 69. Chrornatogrnphic Ropnration of PTH-nmlno crcids on EL Colitc column. Optical clan&y 
racordod tit 26g nm. Tho burrow Inclicntcs the chnngo of solvont. Column I. 

Column II is operated in the same way as column I up to the stage when the 
PTH-Phe has left the column. Prom that stage, a gradient clution is applied. The 
gradient consists of IOO ml of solvent A to which is gradually added a mixture of 
heptane (58 ml) + propionic acid (17 ml) + ethylene chloride (as ml). 

The result of a typical separation is shown in Fig. 70. The only unresolved pair 
of PTH-amino acids is that of arginine and histidine phenylthiohydnntoins. These 
PTH-derivatives are separated by paper chromatography in heptane-n-butnnol-7g% 
formic acid (40 :30 :g). The RF value for PTH-histidine is 0.37 and for PTH-arginine 
0.46. The spots are elutcd with 70% ethanol and evaluated spcctrophotometrically at 
zg6 nm. 

The recoveries both in column and paper separations are better than g5%, with 
the exception of PTH-serine and PTH-threonine, for which the recoveries are 40% 
and 70%~ respectively. 

I?@. 70, Soparatlon of PTH-amino adds. Column I[. Tho gracllont bcgnn at tho arrow. Tho lowor 
curve Is n, tracing of R blank wlthout PTH-derivntlvc~. Opticnl dandy rocorclocl at z6g nm. 
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4. Gas chromatogvaphy 

The first attempt to separate phenythiohydantoin derivatives of common 
amino acids was made by PISANO et al. 148. The gas chromatographic techniques used 
in this instance were essentially derived from those used for the separation of steroids 
and other natural products. The column packings used contained relatively thin-film 
coatings of highly thermostable liquid phases with an argon ionization detection 
system. The methylsilicone polymer SE-30 is reported by VANDRNHEUVEL et al.107 to 
exhibit the most advantageous properties. Using a column of dimensions 180 x 0.34 
cm with 0.75% SE-30 on Ioo-r4o-mesh Gas-Chrom P resulted in separation. The 
argon inlet pressure was 1.5 atm. Most PTH-derivatives were clearly separated (see 
Table 12). However, derivatives of serine. threonine, asparagine and glutamine, and 
also of basic amino acids, presented some difficulties. The serine and threonine deriva- 
tives underwent dehydration, as demonstrated by the UV spectra of the materials 
resulting from the chromatographic separation. Asparagine and glutamine derivatives 
also yielded altered products; in this instance, however, the alteration did not repre- 
sent a serious problem as a constant pattern was obtained with each substance. As 
common amino acids have a wide range of molecular weights, one would also expect 
that their separation would proceed well with the SE-30 polymer. This was found to 
be virtually true, except for leucine and isoleucine PTH-derivatives, for which PISANO 

TABLE 12 

RULATIVE RETBNTION TIMES OF PTH DRRIVATIVES OF AMINO ACIDB 

Column packing, I y. of the Itquld phase on 100-140 mosh Gas-Chrom P; 6 ft. glass coils or U- 
tubes, 3.4-5.0 mm I.D. ; o.1-0.2 ntm argon; Lovoloclc argon ioni2atlon detoctlon system. Aspartlc 
and glutamlc acids on SE-30 and QF-I chromntographcd a~ mothyl cstors proparacl with BP,- 
methanol. 

Amine acid SE-30 QF-I PlbSi 

17s0 17s” aooO 
Alanine 0~81 0.63 0.35 

Glycine I .03 0.79 0.54 
Prollne 1.18 1.14 0.59 
Valine 1.46 0.80 0.40 
Leucine 1.80 I.21 o-53 
Isoleuclno 1.80 1.10 o-55 
Androstano 1.00 - - 
Cholestano - 1.00 1.00 

a000 
Aspartlc acid 2.12 1.89 - 

Glutamic acid 
Mothtdnino 

3.19 2.31 - 

3.95 3.04 2.03 
Phenylalanlne 5.38 3.52 3.10 
Androetano I .oo - - 
Cholestans - 1.00 1.00 

a5oo asso aaom 
Tyroaine 1.12 

Hlstldlno 
2.77 9.67 

I.29 4.07 - 
Tryptophan 
Cholostane 

a,84 5.46 32.3 
1.00 - 1.00 

Choleeterol - 1.00 - 
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ot az.148 used the SF-I phase, a fluoroalkylsilicone polymer reported previously by 
VANDENHEUVEL ct aLlDo. 

A more recent procedure used for the same purpose is that of HARMAN ot al.vfi. 

In this instance, the difficulties arising from the separation of non-derivatized PTH- 
derivatives were bypassed by using silylation with bistrimethylsilylacetamide. The 
retention times observed fc(r the trimethylsilylated thiohydantoins of serine and 
threonine are several times greater than those of the parent dehydrated compounds. 
This is believed to be due to the presence of a trimethylsilyloxy group, which also 
seems to suggest that the hydroxyl group has been successfully protected. Trimefhyl- 
silylation of the carboxyl group can be substituted for methylation with PTH-aspartic 
and -glutamic acids, and satisfactory chromatographic results were reported for the 
trimethylsilylated derivatives’ of PTH-asparagine and PTH-glutamine, which present 
some difficulties in the non-derivatized form, as reported by PISANO ct ~23.~~~. The 
explanation for this phenomenon is based on the fact that the polar terminal amide 
groups have been transformed into less polar derivatives. In addition, trimethyl- 
silylation of other PTH-derivatives that are normally considered to be sufficiently 
volatile led to considerable alterations in retention behaviour. The actual increase in 
retention times is evident from Table 13. It has been also reported by HARMAN ct al.7b 

that trimethylsilylation improves the peak shape by increasing the symmetry, which 
provides more indirect evidence for a considerable decrease in polarity. The above 
structural considerations concerning trimethylsilylated PTH-derivatives were further 

TABLE 13 

RULATIVE RETENTION Bl3HAVlOUR Olr PTH DERIVATIVES OD AMINO ACIDB AND THEIR TRLMETHYL- 

BILYLATION PRODUCTS WITH SE-30 
A Barber-Colmnn Mod01 15 (argon ionlxntion clotactor) and nn F & M Mot101 402 (flame lonlzntlon 
dctoctor) gas chromatographs wero used. The column packing was 1.7% SE-30 (a mcthylpoly- 
siloxane) coated on acid-wasl~od and sllanizod Gas-Chrom I?. 

Amino acid Temperature PTH TM%PTH 
WJ 

Alanino 
Glycino 
Isoloucino 
Leuclne 
Rrollno 
Sorlno 
Thrsonino 
Valino 

Asparnglno 
A~ptik acid 
Glutamine 
Glu tnmic acid 
Mothionlne 
Phenylalanlno 

Tyroslne 
Histldino 
Tryptophan 

170 0.79 
0.94 
I.55 
1.65 
1.38 
0.890 
0.970 
I.12 

200s - 

- 

3.72 
5.00 

azge 1.13 
1.27 
2.59 

I.03 

1.05 
2.12 
I.98 

1.38s 
2.24 
2.76 
1.41 

5.53 
3141 
8.25 
4.91 
3.86 
5.23 
1.03 
0.98 
2.13 

n Rolativo to androetano. 
u Dooa not form a TMSi dorivatlvo. 
0 Dehydration product, 
d Relative to cholostano. 
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confirmed by combined chromatography-mass spectrometry, which showed quite 

clearly the presence of one trimethylsilyl group in simple amino acid derivatives such 
as those of PTH-glycine and two of these groups in more polar amino acid derivatives 
such as those of PTH-serine, PTH-threonine, PTH-asparagine and PTH-glutamine. 

An exception to the generally increased retention times of trimethylsilylated 
PTH-derivatives are the retention data related to tyrosine, tryptophan and histidine, 
which are decreased. For tyrosine, this fact is explained by the transformation of the 
phenolic group into a hydrocarbon-like trimethylsilyl ether, which is an additional 
reaction to the normal substitution on the hydantoin-ring nitrogen. With the PTH- 
derivatives of histidine and tryptophan. the decrease in polarity suggests that derivati- 
zation of the imidazole and indole rings, respectively, has occurred. This conclusion 
was shown to be true by mass spectrometry. The great variety in molecular structure 
resulted, of course, in a wide range of volatilities and hence in considerable differences 
in the retention times of the particular PTH-derivatives. As a result, three different 
isothermal data were reported by HARMAN et ~1.7~ and are listed in Table 13. It is quite 
clear that this is the situation when temperature-programmed separation should be 
successfully applied. When using a temperature gradient from 165 to 240’ at the rate 
of cu. z”/min, the results for the separation of silylated PTH-amino acids are excellent. 

HARMAN’S procedure can be further improved by adding sulphur-specific detec- 
tion to the system as reported by GUISRIN AND SHULTS~~. 

The most advanced procedure for the gas chromatographic separation of PTH- 
amino acids, in our opinion, is that described by PISANO AND BRONZERT~Q'. The most 
fundamental contribution of this technique is that it distinguishes three groups of 
normal PTH-derivatives resulting from Edman’s procedure: these three groups differ 
markedly in their volatilitics and compatibilities with different types of liquid phases 
(see Table 14). 

Crozc$ I. These derivatives chromatographed well on all the different of phases 
tested by PISANO AND BRONZERT 147, but separations were better with relatively non- 
polar phases such as SE-30 and OV-I. The best results were reportedly obtained on 
DC-560 with ~-IO% of coating. The latter phase was capable of separating all members 

TABLE 14 

GROUPING OF A~IINO ACID IJ-r~ mmwh~w~s ACCORIIING TO GAH C~~~OMATOGKAI~IIIC UICHAVIOUR 

Group I nmlno acids are tho mo.st volntilo and gcncrally give Rymmctric.-rl punks. MumborR of 
Group II are the Icast volntile. Hlatidino, nsparrryinc nnd glntnmlnc show tho grcntct& tondcncy 
to ndaorb on tho column packing, give tniling pcnks and low rcsponscs. Group III dorivativos 
include those which must bo rrllylntcd before analysis (nspartic, glutnmic ancl cystoic ncida) nncl 
othera which, whon sllylated, hnvc signlticantly bettor chromatographic propcrtlcs. Silylntlon of 
Group I nnd TI dorivntivom is not obligntory but cnn proviclc useful confirmatory clatrr. 

i;roup I 

Alanlno 
Glyclno 
Vallno 
T,eucino 
Isoloucinc 
Methionino 
Prollno 
Phenylalaninc 

Group II croup rrr 

AspnrflEl no 
Glutnmino 
Tyrosino 
Histidino 
Tryptophan 

Aspnrtic acid 
S-Carboxymothylcyntcino 
Cyst& aclcl 
Glutnmlc ncld 
LyRino 
Scrine 
Throonino 
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of the group except the leucyl and isoleucyl derivatives. On tile contrary, however, 
the resolution of group I members was poor on columns containing OV-22 or Xl560 
as the liquid phase. 

As mentioned also with other techniques for the GLC of PTH-derivatives, the 
separation chromatography of isoleucyl and leucyl phenylthiohydantoins was very 
difficult. Partial resolution was obtained by PISANO AND BRONZERT~~~ on various 
liquid phases, e.g., XE-60, QF-I, ECNSS-S, HI-EFF-8BP and OV-210. The best 
results were reported with the OV-210 column. 

Groat@ 1I. These include less volatile PTH-derivatives that are eluted much 
later than those of group I. Their higher polarity causes considerably more tailing, 
which it is possible to eliminate by applying a more polar phase, though it has never 
been completely eliminated. Liquid phases such as XE-60, OV-22 and OV-17 proved 
to be suitable for separating this group of PTH-derivatives. XE-60 is particularly 
recommended for this group of compounds. 

Grozcfi III. These include PTH-derivatives that are much less suitable for direct 
gas chromatographic analysis. No peaks were obtained for the glutamyl, aspartyl or 
cysteic acid derivatives. Two peaks were observed with seryl and threonyl compounds, 
and derivatives of lysine and carboxymethylcysteine gave 15 and 45% yields, re- 
spectively. In order to overcome these difficulties, it ‘is suggested that derivatives of 
this group are subjected to silylation. 

The following silylation procedure was recommended by PISANO AND 
BRONZERT~~~. Amino acid phenylthiohydantoin standards or the appropriate amount 
of unknown substance were reacted with N,O-bis(trimethylsilyl)acetamide in conical 
glass reaction tubes of capacity 0.5 ml and an over-all length of less than 5 cm. The 
tubes were sealed with PTPE-lined rubber septa and the samples were withdrawn 
with a IO-$ Hamilton syringe by piercing the septa. The syringe needle can reach the 
tip of the tube, thus enabling total volumes of only a few microlitres to be withdrawn. 
A typical silylation procedure was carried out as follows. Aliquots of 5-20 ~1 of a 
I mg/ml solution of the amino acid phenylthiohydantoin standard or of an appropriate 
amount of an unknown substance dissolved in ethyl acetate were added to the tube 
with an equal volume of N,O-bis(trimethylsilyl)acetamide and the tubes were im- 
mediately stoppered to avoid any contact with atmospheric moisture. The reaction 
vessels were shaken vigorously for 10-15 min in a water-bath at 50”. Aliquots were 
injected directly into the gas chromatographic column. For the silylation of the 
asparagine, glutamine, histidine and cysteic acid derivatives, aliquots of the standard 
solutions were evaporated to dryness under a stream of nitrogen in the reaction tube. 
The dry residue was then re-dissolved in a small volume of pyridine or acetonitrile and 
treated with the silylation reagent as described above. 

Grouping the PTH-derivatives according to their volatilities and resulting dif- 
ferences in chromatographic behaviour suggests the use of a dual-column system. This 
was discussed in great detail by PISANO AND BRONZERT*~~. A column coated with DC- 
560 could be used primarily for the group I derivatives and, in conjunction with the 
silylation procedure, also for the indification of the group III derivatives. Deriva- 
tives belonging to group II could be resolved much better by using a column coated 
&ith XE-60. The over-all procedure for analysing an unknown sample was carried out 
as follows. The anilinothiazolinone derivatives were converted into phenylthiohy- 
dantoins by incubation in 0.2 ml of 1.0 M HCl for IO min at 80” under nitrogen. This 
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solution was extracted with three I-ml volumes of ethyl acetate to remove the thio- 
hydantoins of all the amino acids except arginine, histidine and cysteic acid. These 
derivatives are known to be insoluble in ethyl acetate and therefore they remain in 
the aqueous layer. The combined ethyl acetate extracts were concentrated under a 
stream of nitrogen to a volume of less than 0.5 ml. This solution was transferred to the 
reaction tube as described above and evaporated to dryness. The dry residue was dis- 
solved in a small volume of ethyl acetate, usually at a concentration of 0.1-1.0 &pl.’ 
Although solubility problems may arise when handling crystalline PTH-derivatives, 
those arising from individual steps of Edman’s procedure did not produce any diffi- 
culties in this respect. Re-dissolution of the sample can sometimes be accelerated by 
gentle heating to 40-50”. The PTFE-lined septa of the tubes prevent evaporation of 
the ethyl acetate. Aliquots for gas chromatography (17 ~1) were taken with a IO+ 
Hamilton syringe. The first aliquot was injected into the DC-56o column, which per- 
mits the identification of most derivatives. The phenylalanine, asparagine, lysine, 
tyrosine, isoleucine and leucine derivatives were determined with the XE-60 column 
using another aliquot. A further aliquot of the sample was silylated and injected on to 
the preferred column when some of the following problems were to be resolved: 

(I) no peak is obtained with the first injection and the identification of aspartic 
or glutamic acid derivatives is required (DC-560) ; 

(2) serine or carboxymethylcysteine derivatives have to be identified (DC-560) ; 

(3) the lysine and tyrosine derivatives have to be identified (XE-60) ; 

(4) a better response is required with S-carboxymethylcysteine, serine, threo- 
nine and lysine (DC-560) ; 

(5) confirmatory data are required for any of the remaining amino acid PTH- 
derivatives. 

If all the above possibilities fail to give an appropriate answer, the aqueous 
phase is examined for the presence of PTH-histidine, PTH-arginine and PTH-cysteic 
acid. When the hydrochloric acid solution of the histidyl derivative is evaporated to 
dryness, it cannot be transferred into an organic solvent; consequently, it is treated 
with I M Na,HPOd, which converts the derivative into the free base and makes it 
susceptible to the ethyl acetate extraction. The combined extracts (three) are evapo- 
rated to dryness under a stream of nitrogen, the residue is dissolved in a small volume 
of methanol and the solution is applied to an XE-60 column. The a&nine derivative 
cannot be identified by the gas chromatographic method and therefore must be identi- 
fied by a suitable flat-bed technique, or by the Sakaguchi reaction. The derivative of 
cysteic acid is suitable to detection as the trimethylsilyl derivative, but this has been 
carried out only with standards and no data on actual derivatives resulting from 
Edman’s procedure are available. 

RODA AND ZAMORANI~‘~~ suggested another procedure for overcoming the vola- 
tility problems with common thiohydantoins, involving their conversion into tri- 
fluoroacetylated derivatives. The practical procedure is very simple. To about 3 ml of 
each PTH-amino acid to be determined or to an appropriate amount of an unknown 
substance, z ml of methylene chloride and 0.3 ml of trifluoroacetic anhydride were 
added. The solution was kept at room temperature for 30 min and then analysed by 
gas chromatography. The following conditions gave good separations: column 1.5 m 
X 3 mm: carrier gas, nitrogen at a flow-rate of 20 ml/min’; support, Chromosorb W; 
stationary phase, 5% SE-30; injector temperature, 220~; detector temperature, 250’; 
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oven temperature, programmed from 130’ to 150’ at 4”/min and from 150’ to the end 
of the run at z’/min; and amount of sample injected, I ,~l. 

5. Paper chvomatogra$hy 

The paper chromatography of PTH-amino acid derivatives is one of the chro- 
matographic procedures that underwent rapid development at first but has since been 
considerably neglected. About six different solvent systems were reported for the 
separation of these derivatives by EDMAN AND SJ~~QUIST~~, SJ~~QLJIST~'~ and LAND- 
MANN et aZ.lw. EDMAN AND SJUQUIST~~ and SJ~~QUIST~‘~ recommended the use of 
starch-impregnated paper (Whatman No. I) ; a 0.5% solution of soluble starch is used 
and the paper is dried at 40-50~. Samples are applied in the usual manner and the 
paper is carefully equilibrated in the atmosphere of the system used. The following 
systems were recommended : fi-heptane ; rt-heptane-pyridine (7 : 3) ; 9%~heptane-+ 
butanol-formic acid (4 : 2 : 4) ; and H-heptane+-butanol-formic acid (4 : 4 : 2). 

The following systems were recommended by LANDMANN cl n1.1~ for separating 
these derivatives : xylene-acetic acid-o.05 M phthalate buffer of pH 6 (3 :2 : I) ; and 
n-butanol-o.og M phthalate buffer of pH 6 (7 : I). 

The use of the iodoazide reagent provides an alternative method for detecting 
these compounds on paper. Spots of the PTH-amino acids appear as white areas on a 
dark blue background. The sensitivity of detection is about 0.5 pg. LANDMANN ct al.lw 
used another technique of detection, as follows. After the chromatogram had been 
developed, the solvents were allowed to evaporate from the paper in a current of air 
and all traces of acetic acid or butanol, were carefully removed. Then Grote’s reagent 
was applied in a spray form. This detection method provides much better detection 
than the iodoazide reaction, as different PTH-amino acid derivatives result in different 

TABLE 15 

SPECIFIC COLOUR RISACTIONS ov PTH-AMINO ACIDS WITH GROTE'S REAGENT 

PTH-amino acid co/o ur 

Alanlnc 
Aspartic acid 
Arginino 
Cyetoino 
Glyclne 
Glutnmlc acid 
Histidlno 
Isoleucino 
Loucino 
Lysine 
Mathionino 
Phonylalnnlno 
Prollne 
Sorino 
Thraon ino 
Tyroelno 
Tryptophana 
Velino 

Blue 
Blue 
Vlolot 
Bluish 
Reel 
Bluo 
Yellow 
Blue 
Bluo 
Blue-viol& 
Bluo 
Blue, yclloru~ 
Blue, fiwrfiW 
Red 
Bluo 
Yellow 
Yollow 
Blue 

n Tho dofinltlve spot and its colour nro in italics for each compound ahowlng multlplo spob 
In the xylene-ncatio acid-pH 6 buffor (3 :a :I) system. 
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coloured spotu, as indicated in Table 15~ The phcnylhydantoins appeared as yellow, 
red or blue spots after the paper sprayed with Grote’s. reagent has been held over a 
boiling water-bath for several minutes. It is necessary to mark’the location of each 
spot while the paper is still damp as the spots fade considerably upon drying. The 
paper used in this procedure must be buffered with 0.05 M phthalate buffer of pH 6 
before use. It was also reported by LANDMANN et nl. lo4 that some of the hydantoins 
give multiple spots. This is particularly true with phenylalanine, leucine and proline. 
It also has been reported that some amino acids do not form the usual thiohydantoins, 
namely, serine, threonine and cysteine, and spots detected during the chromatography 
of phenylthiohydantoins correspond to some intermediates of this rather complex 
reaction. In the chromatography of amino acid derivatives there are generally some 
pairs that have identical RF values and that are hard to differentiate; this applies to 
PTH-Lys and PTH-Trp, which, however, by using Grote’s reagent, can be distin- 
guished by means of the different coloured spots that arise during this detection pro- 
cedure. PTH valine is impossible to distinguish from PTH phenylalanine and addi- 
tional hydrolysis and identification of these two amino acids in their free forms is the 
only reliable method for their identification by paper chromatography. More recently 
two additional methods of detecting the PTH derivatives of amino acids have been 
reported. One of these is the direct observation of chromatograms in UV light, as de- 
scribed by PJRKLE~~~, who used fluorescent screens coated with activated cadmium 
borate or with the green phosphor used in colour television tubes to detect UV 
absorbing spots of PTH amino acid derivatives. The examination of the chromato- 
grams, except for the special method of illumination, was carried out in the usual 
manner in a viewing cabinet in which the transilluminator consisting of six low- 
pressure argon-mercury discharge lamps was mounted so that the light was filtered 
through a filter that transmitted mainly in the region of 254 nm. 

In the other recent technique, reported by MORRISON AND JAYASINGHE~~‘, a 
spray reagent is used, and this method offers the possibility of a semi-quantitative 
evaluation of the chromatogram. The spray used is essentially a modification of the 
iodoazide reagent. A solution of sodium azide (1.5 g per IOO ml) was used to dilute a 
solution of potassium iodide-iodine solution that contained 2.54 g of iodine and 8 g of 
potassium iodide per IOO ml. The azide solution is reported to be stable and can be 
stored for quite a long period of time. The potassium iodide-iodine solution was made 
up fresh each day. The actual spray reagent was prepared by diluting the potassium 
iodide-iodine reagent with the sodium azide solution in ratios of I :128, I :64, I :32, 
1:16 and 1:4, After development, the chromatograms were sprayed slightly with the 

TABLE 16 

IZPBIKT OF CONCIlNTRATION 01’ IODINB ON LEVELB 01’ DILTIKTION 

DiCution of iodho Atnoutri of PTAY derivative 
reagonl detcclabk (pmoles) 
-.. _ ._._ __ - 

J/la8 0.001 
1164 o.ooa 
1132 0.003 
1116 0,OI 

114 0.1 

J. Chvomalogr., 70 (1971) azr-339 



CHROMATOGRAPHY OF N-TERMINAL AMINO ACIDS AND DERIVATIVES 313 

reagent on both sides of the paper. The spots appeared completely in z min after 
spraying. The blue background faded when dilute reagents were used and the chroma- 
togram was slightly heated. The chromatogram was sprayed several times during 
each detection, starting with the lowest concentration of the detection reagent and 
proceeding consecutively to higher concentrations, as described by LANDMANN et &.iOQ. 

After spraying with the lowest concentration of the spray reagent, in order to 
detect the lowest possible concentration of the material on the chromatogram, the 
chromatogram was allowed to dry and immediately sprayed with the next highest con- 
centration of the spray rcagent.In this manner, the order of mngnitude of the material 
present on the chromatogram can be detected. According to MORRISON AND JAYA- 
SINGH@* it is possible to detect 0.001 pmole of a particular PTH-derivative with the 
lowest concentration of the spray reagent (Table 16). 

(a) Quantitation 

The following procedure was developed by SJBQUIST~~~. 
Separations are carried out by the descending method in four one-dimensional 

chromatograms during a period of 2.5-3.5 II at 24”. The composition of each solvent 
is shown in Table 17. The upper phase of systems I, II and III are used; system IV 
is a single phase. Propionic acid is purified by boiling with chromic acid (5 g per 150 
ml) for 3 11. The liquid is poured off and distilled (boiling range 140-141~). 

COMPOSITION BY VOLUMIZ OP THR SOLVENT RYSTILMB 
__.. ---- __._____.._ - ._.__ __.--. _-._ --..- .-.---.-_-____ __ 

Cobnfionenl I II J/I IV 

Hoptnno GO GO 
Ethylcna chlorlclc 5 2: C 
Propionic acid 5 3” - - 
n-l3utanol 
75’f4 Formtc ncid < _5 J 

30 
9 

A correct equilibration procedure must be developed for each individual chro- 
matographic unit; the following details apply to glass tanks of dimensions 20 x 30 
cm and 60 cm high. The mobile phase is poured into the jars to a depth of about I cm, 
Filter-paper soaked in this solution are attached to the short sides of the jar and wetted 
before each run for systems I, II and III. A dish containing the stationary phase is 
placed at the bottom of each jar and a filter-paper 15 cm wide is allowed to hang into 
the solution. The stationary phase in jars I and II consists of 90% formic acid, in jar 
III of 75% formic acid and in jar IV of 25% formic acid. Before each run the hanging 
strips are sprayed with their stationary phase in jars I, II and III. Jar IV is ,allowecl 
to equilibrate with the moving and stationary phases for 2-3 days before chromato- 
graphy and the solvents are replenished as they are used up. The solvents in jars I, II 
and III are changed each week. 

Whatman No. I filter-papers are dipped in a 0.1% aqueous solution of EDTA, 
disodium salt, and dried at 100~. The paper may contain as many as seven or nine 
strips; each spot of test solution is flanked by a spot of the sample solution and a spot 
of the blank solution. 
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The test solutions A and I3 (see Table 18) contain 5 ,umoles of each PTH- 
amino acid dissolved in 2 ml of 90% acetic acid, and these solutions are stable for 
several months at 5”, Solution A (IO ,ul) is applied to chromatograms I and II and IO 
pl of solution B to chromatograms III and IV. 

TABLE 18 

COMPO5LTlON OF TRST SOLUTIONS 

No. Solution A No. Solcrliolr B 

: 
PTH-loucino 2 PTH-lsoloucino 
PTH-vdlne 4 PTH-prolino 

2 
PTH-phonylalanino g PTH-glycino 
PTH-mothlonlnc IO PTH-lyslno 

b 
PTH-alanine II. 

12: 

Phanylthiourca 
PTH-tryp tophan PTH-tyroslna 

9 PTH-glycine IS PTH-glutamic acid 
La PTH-tyrodnc 15 PTH-aspartic acid 
13 PTH-thraonino I7 PTH-arglnino 
16 PTH-eerlne 18 PTH-hlstidino 

19 PTH-cysteic ~clcl 

The papers are allowed to equilibrate for 15 min in jars I, II and III, and for 
30 min in jar IV. The solvent systems are freshly prepared before each run and the 
papers are irrigated to a depth of about 35 cm. Papers I, II and IV are dried at 
100’ for exactly 30 min and paper III for exactly 1.5 h. 

To locate the spots, use is made of their very strong UV absorption when viewed 
against a fluorescent screen (transparent Perspex sprayed evenly with a suspension of 
fluorescent zinc silicate in chloroform). If the UV light is filtered to remove all visible 
light except red and red spectacles are worn by the operator, the PTH-amino acids 
appear as black spots on a red background. 

The excised spots and blanks are extracted in 2 ml of 95% ethanol for I h at 
40~ in glass-stoppered tubes. The extinction vaIues of the PTH-amino acids are deter- 
mined at 269 nm. The PTH-derivatives of serine and threonine undergo dehydration 
during the drying of the paper and the eluted decomposition products show an addi- 
tional absorption peak at 320 nm. PTH-threonine is therefore determined at 320 nm, 
but for PTH-serine the extinction at 269 nm must be determined and subtracted from 
the sum of the values for PTH-aspartic acid and PTH-serine at 269 nm. The ratio 
esBD/es9,, is 0.43 and this constant is used for the conversion. 

PTH-leucine and PTH-isoleucine overlap and they are determined together. 
PTH-proline travels with PTH-phenylalanine in system I and with PTH-valine in 
system II. As PTH-valine and PTH-phenylalanine are resolved completely in systems 
I and II, respectively, a value for PTH-proline can be calculated. PTH-lysine is deter- 
mined similarly from chromatogram II. The appearance of a phenylthiourea spot in- 
dicates that ammonium ions are present as a contaminant or released from amide 
groups. PTH-hydroxyproline will interfere with the ammonium determination. On 
black strips, an artefact sometlmes appears between PTH-phenylalanine and PTH- 
vahne in system I. It has the same RF value as that of diphenylthiourea and appears 
to be connected with the purity of the triethylamine used for the buffer. 
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TABLE19 

EXTINCTION VALUEE OF ELUTED Pl~ENYLTHIOI~YDANTOINB AT 269 AND 320 nm 

Amino acid 8 Yield (%) C 

Found Calculatad 

Alanino . 0.334 
(Ammonium chloride) n 0.121 
Arginlno 0,284 
Aspartic acid 0.306 
Cyetoic acid 0.305 
Glutamic acid OS304 
Glyclno 0.290 
Histidlne 0.250 
Hydroxyprollno 0.254 
Isoloucino 0.308 

Leucine 0,308 

Lysineb 0.455 
Mothionino 0.345 
Phonylalanino 0.294 
Prollno 0*=74 
Serinoo o,za1 
Threoninua 0.300 
Tryptophan 0.340 
Tyrorrino o-297 
Valine 0.300 

0.320 104.2 

0.318 39.4 
0.313 95.0 
0.332 gz.0 
0.318 95.6 
0.298 97.4 
0.310 80.6 
0.272 93-4 
0.337 9115 
0.337 91.5 
0.580 78.5 
9.342 100.8 
0.310 94.8 
0.286 95.8 

o-394 
0.312 
o-330 

_ 

06.a 
95.2 
go,0 

0.120 

o-330 
0.141 
0.131 
0.131 
0.132 
0.138 

0.160 

O-157 
0.130 
0.130 
0.088 
O.IIG 
0.136 
0.146 
0.181 

o-133 
0.118 

o-135 
o-133 

R Do torminod aa phcn ylthiouroa. 
u Dotormlncd from chromatogmm II. 
0 Moaeured at 320 nm. 

The extinction values for 0.04 mole of each PTH-amino acid applied at 269 nm 
are shown in Table 19. Percentage yields are over-all values; the factor C is the ratio 
of the amount of sample applied to the extinction. The amount A of PTH-amino acid 
in the sample in ,umoles/mg is calculated from the equation 

A 
Cmsaa 

= b-w 

where C is the coefficient in Table 19; 8 is the extinction value.at z6g or 320 nm; a is 
the volume of gooh acetic acid in microlitres in which the sample is dissolved before 
application to the chromatogram; b is the volume of solution in microlitres applied 
to the chromatogram; and w is the weight of sample in milligrams. A linear relation- 
ship exists between the amounts of amino acids applied in the procedure and the 
extinction values of the PTH-derivatives. Lysine is the only exception and the extinc- 
tion of PTH-lysine should be compared with a standard curve. The reproducibility in 
each determination is -+4%. 

(b) Flat-bed arrangement of Edman’s flroccdlcrti 
As mentioned already, the chromatography of phenylthiohydantoins is inti- 

mately related to the EDMANQ' degradation procedure. Thus the analysis of N-terminal 
groups is extended to the identification of amjno acids during the stepwise degrada- 
tion. In our opinion, the most advanced procedure in this respect is that described by 
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SCHROIZDIZR~‘~, who was able to transfer almost. all operations from test-tubes to a 
paper sheet (Whatmnn No. I paper is used throughout this procedure) so that the 
whole procedure, including degradation and identification of the split-off amino acid, 
is carried out in the flat-bed arangement. 

A total amount of 0.3-1.0 ,umole of the peptide to be determined is applied to a 
number of paper strips, each of which carries about 0.2 pmole of the peptide to be 
determined. In the original version of the procedure, it is recommended that four 
strips are used, regardless of the amount, in order to prevent total loss of the sample 
by accident. The strips are allowed to dry most conveniently by hanging them on a 
suitable rack. 

In the next step, the reaction with phenyl isothiocyanate is carried out. Each 
strip is thoroughly saturated with a 20% solution of phenyl isothiocyanate in dioxan. 
The reagent is applied with a pipette or a small dropper. Alternatively, the paper strip 
can be dipped in the same solution, but there is always the risk of eluting an un- 
known proportion of the sample during the latter procedure. In order to prevent the 
contamination of the sample at this stage, it is necessary to hold the paper strip with 
tweezers or to use rubber gloves. Reagent is added to the strip slowly and no more 
than two or three drops are allowed per strip. 

Each pair of strips is then put into a screw-capped jar into which about 15 ml 
of the mixture consisting of dioxan, pyridine and water (I : I : I) have been added. The 
jars are tightly closed and heated at 40” for 3 h in an oven. The volume of 15 ml of the 
pyridine-dioxan-water mixture is essential, as if more strips are placed into the same 
jar the reaction is incomplete. 

Next, it is necessary to extract the excess of the reagent. In the original version 
of this procedure, described by FRAENKEL-CONRAT~, the strips were extracted first with 
benzene followed by ethanol-diethyl ether (I :I). However, according to SCHROEDIER~~~. 
this procedure is rather inconvenient as a number of peptides are soluble in the 
alcohol-diethyl ether mixture. Hence it is impossible to avoid undesirable losses of 
PTH-peptides during this step if ethanol-diethyl ether (I :I) is used. Extraction with 
benzene alone is quite adequate and does not remove the peptide derivatives from the 
paper strips. In any event, it is recommended that some tests are carried out to deter- 
mine the possible losses in the benzene fraction during this operation. After removal 
from the reaction atmosphere, the somewhat translucent strips are allowed to dry 
just to the stage when they loose this transparency. The strips are then dipped in 
test-tubes that contain a volume of benzene sufficient to cover them. Omission of the 
drying steps results in some loss of the PTC-peptide; on the other hand, if the paper 
strips are dried too much then benzene does not remove the diphenylthiourea, which 
is a side product of the reaction; failure to remove the diphenylthiourea results in 
obscuring of PTH-methionine. 

The benzene extraction is repeated three times over a period of 1.5 h each. The 
benzene washings are discarded. It is also recommended that the last benzene 
washing is carried out overnight. 

In the next step, the degradation of the PTC-peptide is carried put in a desic- 
cator. After the strips have been washed, they are aerated in the atmosphere and 
placed into a desiccator, into which 15 ml of glacial acetic acid and 15 ml of 6 N 
hydrochloric acid in individual beakers have been placed. The over-all pressure is 
decreased to IOO torr and the degradation is carried out at ambient temperature for 
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7 h, which time period appears to be adequate in most instances; however, the degra- 
dation period can be extended if necessary. 

After degradation, the resulting PTH-amino acid must be extracted from the 
paper. After being removed from the degradation atmosphere, the strips are aerated 
in a ventilated chamber or in the laboratory atmosphere overnight. A 2-h extraction 
with acetone is recommended by SCHROEDER I76 to remove the PTH-amino acid. Also, 
in a humid atmosphere, the peptide may be only partially extracted. The acetone 
extract is then evaporated to dryness under reduced pressure and at a temperature 
not exceeding 40”. 

For the identification of PTH-amino acids, the procedure published first by 
EDMAN AND SJ~QUIST~~ has been recommended. Starched chromatographic paper is 
used for the separation as it makes the final detection easier. Alternatively, UV light 
may be used to make the spots visible provided that a fluorescent screen has been 
used. 

The starching procedure recommended by EDMAN AND SJUQUIST~~ and used 
also by SCHROEDER~‘~ is carried out as follows. 

A 0.5% solution of soluble starch is made by pouring a thin slurry of 5 g of 
soluble star& in IOO ml of cold water into goo ml of boiling water. The mixture is 
allowed to boil until the starch is completely dissolved. After cooling, the water lost 
by evaporation is replaced. The starch solution is poured into a tray and Whatman 
paper sheets are passed through and allowed to dry in the laboratory atmosphere. The 
starched sheets usually become wrinkled and must be flattened under pressure 
before use. 

In the chromatographic procedure, adequate standards of PTH-amino acids are 
used side-by-side with the sample being analysed. Standards that contain 2 mg/ml in 
acetone are usually suitable. These standards are stable over I month except for the 
standard solution of histidine, which is said to decompose within I week. The occur- 
rence of multiple spots in chromatogrnms is the first sign of possible decomposition of 
the standard solution. According to SCHROEDER lvB, it is more convenient to use stan- 
dard solutions of individual amino acids rather than to use a complete mixture. How- 
ever, several amino acid derivatives can be placed on the same spot on the chromato- 
gram as no more than 5 ml of the above standard solutions are applied. For the first 
orientation, a mixture of PTH-proline, PTH-leucine, PTH-valine, PTH-alanine and 
PTH-glycine appears to be very useful. After evaporation of acetone, the dry sample 
is dissolved in 0.5 ml of the same solvent and an amount equivalent to 0.1 pmole of 
the peptide is applied to the chromatographic paper. However, some additional treat- 
ment of the paper may either preceed or follow the sample application, as described 
by SCHROEDER~‘~. 

The following solvent systems are recommended: (I) heptane-pyridine (7 :3) ; 

(2) n-butanol-Ileptane-go”/o formic acid (2 :2 : I) ; (3) xylene; (4) water-saturated butyl 
acetate containing 3% of propionic acid; this mixture is saturated with formamide 
and the starched paper used is dipped into 20% formamide in acetone before chroma- 
tography; and (5) benzene-heptane (3 : 2). 

There are some further requirements that must be fulfilled in order to obtain 
satisfactory separations of the PTH-amino acids in the above systems. With the first 
system, which is the most widely used, equilibration in an atmosphere of 45% 
humidity gives the best results. 
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A closed chamber containing a saturated solution of potassium carbonate pro- 
vides an atmosphere of the required humidity. If the humidities is too high (above 
60%), the solvent forms complexes with poor separation efficiencies. When the humidity 
is too low, almost all PTH-amino acids move with the solvent front. A period of 3 h 
in the atmosphere of 45% humidity proved to be satisfactxy. An alternative proce- 
dure to satisfy the humidity requirement is to dip the paper into a 10% solution of 
water in acetone. In this instance, samples are applied during the evaporation of 
acetone. Another method, which requires some experience, is to dry the chromato- 
gram appropriately if the humidity is too high. 

With the rc-butanol-heptane-formic acid system, some difficulties may arise if 
the temperature falls, as this usually results in the separation of this solvent system 
into separate phases. In order to prevent erroneous separations resulting from this 
fact, it is recommended that the lower part of the chromatographic chamber is placed 
in a water-bath heated to 30” during the separation. In general, this solvent system is 
used much less frequently than that mentioned above. 

With the solvent system based on N-butyl acetate, it is also recommended that 
the starched paper is dipped into 20% formamide in acetone before applying the 
sample. 

The use of the last solvent system, benzene-heptane, makes the identification 
of some PTH-amino acids difficult, so it is recommended that several PTH-standards 
are used on each side to make the amino acid derivative identification sufficiently 
reliable. 

The final detection procedure is as follows. After the chromatograms have been 
removed from the jars, they are put into a ventilated hood and dried for at least IO 
min. Chromatograms to which formamide has been applied are then heated at IOOO 
for at least 30 min, but longer heating is of considerable advantage. The sheets are 
then sprayed with the iodine-azide reagent of S J~QUIST~'D. For preparing this reagent, 
82.5 g of potassium iodide and 2.5 g of iodine are dissolved in I 1 of distilled water. 
The other solution contains 32.5 g of sodium azide in I 1 of distilled water. Both solu- 
tions are mixed in the ratio I :I before use. There are some physiological hazards 
related to the use of this reagent and therefore it is essential that this reagent is ap- 
plied in a well ventilated location as inhalation causes nasal bleeding. PTH-amino 
acids appear as white spots on a purple background, and these spots rapidly turn 
brownish in colour. If the chromatograms are interleaved with clean filter-paper and 
stored in a freezer they are indefinitely stable, but at room temperature the spots dis- 
appear after about a week. 

From the standpoint of purely flat-bed identification (without converting the 
PTH-amino acid into the original amino acid), some amino acids require special care. 
Thus PTH-valine and PTH-phenylalanine have similar &7 values in most instances 
and PTH-histicline is a problem in itself. Usually, the identification of an unknown 
PTH-ammo acid involves several steps. In the first step, the amino acid derivative is 
developed in the heptane-pyridine mixture. After the tentative identification of the 
particular amino acid derivative, another solvent system is chosen for the final identi- 
fication. Xylene is recommended for use in the second chromatographic step for 
amino acid derivatives that move with a velocity equal to/or more rapid than that of 
PTH-glycine. A solvent system based on butyl acetate is recommended for use with 
amino acid derivatives which move more slowly than PTH-glycine. In general, in the 
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first chromatographic run PTH-amino acid derivatives are grouped into rather simple 
combinations of amino acid derivatives, which are identified definitely in the second 
run in a different solvent system, as described. Thus, for instance, PTH-proline, PTH- 
leucine and PTH-valine move with identical mobilities in the first solvent system, 
while they are easily distinguished in xylene. Similarly, PTH-valine, PTH-methionine 
and PTH-alanine form a single spot in heptane-pyridine while they are well separated 
in the system based on tt-butyl acetate. On the other hand, amino acid derivatives 
that are well separated in the first run, such as PTH-phenylalanine, and PTH-valine 
or PTH-serine and PTH-aspartic acid, cannot be distiguished in the other solvent 
systems. 

There are special combinations for which two runs are still inadequate for 
unequivocal identification of an amino acid derivative, and heptane-butanol-go”/O 
formic acid must therefore be used for the identification of PTH-histidine and PTH- 
arginine. A similar situation occurs with PTH-methionine sulphone and PTH-glutamic 
acid or with PTH-leucine and PTH-isoleucine. Sometimes the colour of the spot after 
iodine-azide detection may serve for the further identification of the particular spot. 
Usually, PTH-tyrosine, PTH-phenylalanine and PTH-tryptophan appear as spots 
with yellow centres while PTH-glycine, PTH-serine and PTH-threonine give spots 
with pink centres. 

In quantitation, heavy spraying of the chromatograms is recommended so that 
a relative comparison can be made of the amounts of amino acids originally present in 
a sample. Light spraying will result in bleaching of the iodine-azide reagent, which 
usually leads to an erroneous conclusion about the presence of PTH-amino acids ob- 
served on the chromatogram. 

As a rule, in peptide chromatography the amount of the material available is of 
decisive importance. It frequently happens that the amount of a valuable material 
that is available is not sufficient for several subsequent runs to be made to give an un- 
equivocal identification of the N-terminal amino acids. In these situations, two- 
dimensional separation is useful, and can be carried out in the following manner. The 
unknown sample is placed at position I (see Fig. 71) and appropriate standards at 
position 2. The whole sheet is developed with xylene (solvent D) in the direction indi- 
cated. After the chromatogram has been developed, part E is separated from the wet 
chromatogram and appropriate standards are applied at position 3. After the xylene 
has evaporated, the E strip is developed in the solvent system (solvent E) based on n- 
butyl acetate. Before both developments, the whole sheet of paper is dipped into 
a solution of formamide in acetone. Part D is cut off as indicated and both parts D and 
E are detected with the iodine-azide reagent. 

Fig. 71. ChromRtographic paper marked for two-dlmenalonnl chromatography. 
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The idea of the separation is as follows. PTH-alanine and those amino acids 
which move more rapidly than PTH-alanine will move in xylene to position A and will 
be identified in the first run (with the exception of PTH-valine and PTH-phenyl- 
alanine). PTH-glycine will move approximately to position G in xylene and PTH: 
glycine and the more slowly moving amino acid derivatives will therefore be identified 
in the perpendicular run in the solvent system based on n-butyl acetate. There is only 
one method of eliminating uncertainities in this situation, viz., by total amino acid 
analyses carried out in parallel. 

Quantitation, besides the general requirement regarding the amount of the 
detection reagent applied, can be carried out by the dilution technique with an ap- 
propriate series of standards. 

Peptides that contain histidine and subterminally located arginine require 
special care. The main problem with these amino acids is based on the fact that they 
are not extracted by acetone. According to SCHROEDER~~~, the PTH-derivatives of 
these two amino acids can be extracted with a 5% solution of water in acetone, but 
this procedure is of little use as the residual peptide is also extracted and offers no 
possibility of further degradation. Usually, it is recommended that a certain portion 
of the chromatogram is cut off, so that the identification is carried out on this cut-off 
sheet while the remainder is used for further degradation steps. Tryptic peptides with 
C-terminal arginine do not pose this particular problem, but if more of these amino 
acids are present per peptide then the over-all degradation scheme should be altered. 
The next degradation step should not be started unless the presence or absence of 
acetone-soluble PTH-amino acid derivatives has been established. In the absence of 
such a derivative, the identification is carried out with heptane-rs-butanol-acetic acid 
(2 :2: I) as described above. In the presence of such a derivative, the chromatogram 
developed witb the heptane-n-butanol-formic acid system is cut into two halves, one 
of which is sprayed routinely with the iodine-aside reagent, while the other is sub- 
jected to the specific detection of arginine and histidine. 

Another method for the identification of PTH-amino acid derivatives in this 
procedure is electrophoresis. Starched Whatman 3 MM filter-paper is used for this 
purpose together with pyridine-acetate buffer of pH 6.4; 190 ml of water are mixed 
with IO ml of pyridine and 0.4 ml of glacial acetic acid. The running time in this buffer 
is 2 h at 15-20 V/cm. The ‘final detection is carried out with the iodine-azide reagent 
in a similar manner to chromatography. 

A problem arises with N-terminal glutamine. which, under the conditions of the 
degradation, is converted into pyrrolidone carboxylic acid, so that when splitting off 
of the N-terminal group does not occur in a peptide known to contain glutamine it can 
be tentatively concluded that pyrrolidone carboxylic acid is to be found at the N- 
terminal position. However, if glutamine is located in any other position (subtermi- 
nally in a peptide), in most instances no problems arise although there is a similar 
possibility of cyclization to pyrrolidone carboxylic acid. Similarly threonine, serine 
and asparagine do not give rise to special problems in the degradation procedure. 
However, with lysine, it happens that no derivative is found in the lysine position 
while subsequent steps proceed without complication. The missing lysine must there- 
fore be determined from the over-all amino acid analysis or from other results. With histi- 
dine, conflicting results may also be obtained on occasions, arising from the fact that 
when histidine is or becomes the N-terminal group, the histidyl residue is removed in 
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the reaction with phenyl isothiocyanate and the succeeding residue reacts also, so that 
after cyclization both residues are removed. 

In general, a sequence of 6-8 residues can be detected in this manner. Some- 
times, for reasons that have not yet been explained, the degradation in the first step 
proceeds quite normally, but the next degradation step fails to release the N-terminal 
amino acid. 

Also, repeating sequences must be considered very carefully because in every 
step some evidence related to the proceeding step can always be obtained. Therefore, 
when identical residues occur in two subsequent steps, quantitation is essentiral with a 
yield of over 80%. 

Several variations of the above procedure have been described. According to 
SCHROEDER~‘~ and according to our own experience, prolonged heating of the sample 
as well as double treatment of the sample with phenyl isothiocyanate, repeating ex- 
tractions, different times of cyclization or re-application of the reagent are of little 
use. According to SCHRQEDER~‘~, prolonged cyclization times lead to scission of the 
residual peptide at positions that are sensitive to acid. Other precautions were men- 
tioned when discussing the individual reaction steps. 

6. Thin-layer chvomatogra#y 

The thin-layer chromatography of PTH-amino acid derivatives is now one of 
the most widespread techniques used for separating these compounds. The simplicity 
of the technique, the high sensitivity and the absence of special demands upon the 
equipment make thin-layer chromatography very useful for both these and other 
derivatives. The sensitivity of the method is about 0.01 pmole of the peptide or pro- 
tein to be determined. 

The first solvent system used for the thin-layer chromatography of PTH-amino 
acids was that of CHERBULIEZ cb al .a8. These workers separated, however, only three 
PTH-derivatives of glycine, proline and leucine using +zr-heptane-pyridine-acetic acid 
(5 :3 :2) as the mobile phase. They specially activated the silica gel layer by heating it 
at 140~ for 2 h and allowing it to cool again in a desiccator. However, it was later 
proved that this activation procedure is unnecessary and may even be harmful be- 
cause of cracks appearing in the layer and because of its high sensitivity to atmos- 
pheric moisture, which may result in variations in the Rp value. The first ex- 
tensive study on the separation of PTH-amino acid derivatives was published by 
BRENNER ct aLaD. who devised special solvent systems for thin-layer chromatography 
such as chloroform, chloroform-methanol (g : I), chloroform-formic acid (20 : I), 
chloroform-methanol-formic acid (35 : 15 : I) and +heptane-ethylenechlorohydrin- 
formic acid-propionic acid (30 : IO :7 :6). 

BRENNER ct almaD were also the first to use two-dimensional thin-layer chromato- 
graphy for the separation of PTH-amino acid derivatives. According to their proce- 
dure, samples are loaded in amounts of 0.5 pg of each component to be separated in 
0.5 ~1 of methanol. It is recommended, as in other amino acid determinations, that a 
known mixture of amino acid derivatives is spotted simultaneously in order to 
simplify the identification. If a complex mixture of unknown PTH-amino acid deriva- 
tives is being studied, the use of ty.o-dimensional separation seems inevitable. In the 
first run, the mixture is separated in the solvent system chloroform-methanol (g:~) 
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and in the second run the mixture chloroform-formic acid (20 : I) is applied. With this 
procedure it is possible to determine eleven PTH-amino acids side-by-side; the deriva- 
tives of aspartic and glutamic acid remain unresolved together with the so-called 
leucine group, which contains six additional amino acids. There is the possibility of 
separating PTH-Asp and PTH-Glu in a subsequent one-dimensional run in chloro- 
form-methanol-formic acid (35 :15 :I), in which system almost all other amino acids 
migrate with the solvent front. The members of the leucine group, i.e., the PTH- 
derivatives of Leu, Ile, Pro, Val, Met and Phe, are separated further by using pure 
chloroform. After this separation, it is possible to identify PTH-Pro in addition to a 
double spot of PTH-Leu and PTH-Ile and also a combined spot of PTH-Val, PTH- 
Met and PTH-Phe. 

The separation of PTH-Mel: from PTH-Val and PTH-Phe presents a consider- 
able problem, which can be solved by oxidizing the methionine derivative with 
hydrogen peroxide. As the result depends on the relative proportions of the methio- 
nine derivative and the hydrogen peroxide used, the procedure is rather elaborate. A 
clean plate is spotted with four spots of the material that is suspected to contain a 
methionine derivative and to each of these spots an additional spot of hydrogen 
peroxide is added after the original sample has been dried, which takes usually a few 
minutes. Individual sample spots are covered with hydrogen peroxide spots con- 
taining different concentrations of the reagent : I, 2,4 and 8%, respectively. The reac- 
tion is allowed to proceed for 2 min. The chromatogram is then developed in chloro- 
form and the run in which a minimum nuniber of additional spots appear is used for 
identification. A spot that remains on the start proves the presence of PTH-Met while 
a spot with the same mobility as that of the original sample proves the presence of 
PTH-Val or PTH-Phe, or possibly of both. This method offers no opportunity of dis- 
tinguishing between the PTH-derivatives of leucine and isoleucine or between the 
PTH-derivatives of valine and phenylalanine. It is recommended that these deriva- 
tives are hydrolyzed after elution (I pg of the particular derivative is necessary) in 6 
N HCl in a sealed tube for 12 h at 120' and that the unknown substance is identified 
as the free amino acid by an appropriate flat-bed technique or by using an automated 
amino acid analyzer. It must be stressed that the precautions usually taken in the 
chromatography of free amino acids have to be respected, especially the complete 
removal of hydrochloric acid. For this purpose, the hydrolysate is evaporated to 
dryness, the residue is re-dissolved in distilled water and the solution is evaporated to 
dryness again. The whole procedure is repeated at least twice. If there are too many 
different PTH-amino acid derivatives present it is recommended that the identifica- 
tion is carried out in the following manner. Run a two-dimensional chromatogram in 
the solvent systems specified above, scrape off the combined spot of aspartic and 
glutamic acids near the start and the fast-moving leucine group spot, disperse these 
separately in I ml of methanol, heat the mixture for 2 min at 40-50”~ remove the 
adsorbent by filtration, wash the residue twice with hot methanol and evaporate the 
combined filtrates to dryness. Individual amino acids supposed to be present in these 
two spots are identified as described above. 

BRENNER & cd.g@ described an alternative procedure that in some respects may 
be more useful. At the beginning, two two-dimensional and one one-dimensional 
chromatograms are prepared from the same sample according to the following scheme. 
The first two-dimensional chromatogram is run in the system chloroform-methanol 
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(g :I) and chloroform-formic acid (20 : I). The second is developed by chloroform in 
the first direction followed by development in n-heptane-ethylenechlorohydrin- 
formic acid-propionic acid (30 :1o:7 :6) in the subsequent step. The one-dimensional 
run is carried out in chloroform-methanol-formic acid (35: 15: I). The reasons for 
carrying out these chromatographic runs are as follows. Most of the expected PTH- 
amino acid derivatives are identified in the first two-dimensional run. In this run, it 
is also desirable to distinguish between monomethylthiourea and the PTH-derivative 
of glycine, which is achieved by exposing the chromatogram to ammonia vapour: a 
reddish spot thatsdoes not fade appears in the presence of PTH-Gly. In the second 
two-dimensional chromatogram, the amino acid derivatives identified are PTH-Pro, 
PTH-Met, PTH-Phe, PTH-Val. PTH-Leu, PTH-Ile and diphenylthiourea. The one- 
dimensional run is carried out to achieve the separation of PTH-Asp and PTH-Glu. 

Since the pioneering work of BRENNBR ct ~1.~0, various other solvent systems 
have been used for the thin-layer separations of PTH-derivatives. First, systems that 
contained different alcohol-chloroform ratios were applied with great success: chloro- 
form-methanol (5 :2 and g: I) by PATAKF) and FITTKAU cl al.m, and chloroform- 
ethanol (49 : I) ; the latter system was recommended for use with alumina layers. For 
alumina layers, it is also possible to use pure chloroform or chloroform-isopropanol- 
formic acid (35 :4 : I), as described by CHERBULIBZ et aLao. Other systems were devel- 
oped for silica gel layers, as follows : chloroform-isopropanol-water (28 : I : I), chloro- 
form-ethyl acetate (19: I) and chloroform-ethyl acetate-water (6 :3 : I) byCHBRBULIE2 
ci aLao; chloroform-methanol-light petroleum (IOO :40 : 7) and chloroform-acetic 
acid-light petroleum (25 :4:1) by FITTKAU el ~1.00; and ethyl acetate-pyridine-water 
(7 :2 : I) by CHERBULIEZ et aLao. 

The above systems and their properties were reviewed by HOLEYSOVSKPO and 
HOLEYSOVSK~ AND HOLEYSOVSKA~~. 

More recently, some additional systems have been used for the thin-layer 
chromatography of PTH-derivatives on silica gel layers. JEPPSON AND SJ~~QUIST~~ and 
Dus et al.48 recommended the following: heptane-propionic acid-ethylene chloride 
(58 : 17 :25)O’, heptane-n-butanol-go% formic acid (40 :40 : 20)46 and heptane-n- 
butanol-75 y0 formic acid (50 :30 : g)O’. 

GRUNBR’~ and Dus eb al.46 were successful in separating PTH-amino acids in the 
following systems : acetic acid-ethylene chloride (4 : 30)~ butyl acetate-water- 
propionic acid-formamide (60:1:1.8:8) (with 20% of formamide in acetone as the 
stationary phase), o-xylene (with 20% of formamide in acetone as the stationary 
phase) and o-xylene-acetone (5 :I) (with a saturated solution of glycerine in acetone 
as the stationary phase). 

The recent developments in separations on polyamide layers, moat of which 
were made by WANG et alma*, can also be applied to the separation of PTH-derivatives. 
The following solvent systems were used by these workers: 90% formic acid-water 
(I : I), tin-heptane-butanol-acetic acid (40:30 :g), carbon tetrachloride-acetic acid (9: I), 
benzene-acetic acid (g : I) and z-butanone-rr-hexane (I :3). 

The above systems were used also for the two-dimensional separation of PTH- 
derivatives on polyamide layers. In this instance, either H-heptane-rz-butanol-acetic 
acid (40 :3o:g) or carbon tetrachloride-acetic acid (9: I) are recommended for use in 
the first run, followed by formic acid-water (I : I). 

The moat recent paper on the thin-layer chromatography of PTH-amino acids 
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on polyamide layers was published by KULBL *lo3; however, it was not available at the 
the time when this review was being prepared and therefore it is not discussed here. 

In order to make the survey of different sorbents for flat-bed arrangements 
complete, separations carried out on glass-paper sheets must be mentioned. The fol- 
lowing systems were used for this purpose by RADHAKRISHNAMURTHY AND ROSEN- 

BERGI”: n-heptane-chloroform (I : I), n-heptane-chloroform-acetic acid (IO : g : I) and 
n-heptane-chloroform-pyridine (IO : g : I), 

(a) Detection 
The simplest method of detecting PTH-amino acid derivatives involves the use’ 

of a fluorescent indicator-containing layer in which the spots of PTH-derivatives ap- 
pear as dark areas on a pink fluorescent background. However, there are other detec- 
tion techniques which make the spots of PTH-amino acid derivatives visible without 
using fluorescent light. Thus, it is possible to use the iodoazide reaction, as used for 
the detection of these derivatives in paper chromatograms. In thin-layer separations, 
this method of detection, however, is not sensitive enough, Therefore, BRENN,ER 

et aZ.~D devised another method based on the chlorination reaction of REINDEL AND 

HoPPE~~B. The fluorescent detection can, of course, be used in its original version, i.e., 
a plain layer of silica gel can be sprayed with a diluted solution of fluorescein and the 
spots made visible as dark areaa against a yellow background under UV light. 

ROSEAU AND PANTEL~~ devised the ninhydrin detection of PTH-derivatives of 

amino acids, which is of considerable diagnostic value as the colours with different 
amino acid derivatives are also different. 

The reagent is used as follows. Ninhydrin (IOO mg) is dissolved with 5 ml of 

TABLE 20 

BPECIFIC COLOUR REACTIONS OF PTH-AMINO ACIDB WITH NINHYDRJN-COLLIDLNE REAGENT 

PTH-amino acid Time of Aeating Colorrr 
(n&8) 

Sorino I Rod-violot 
Glycino I.5 I ntanso orange 
Alanino I.5 Rod-vlolot 
Methionlno aulphono a Brown 
Cystlne Intonsa pink 
Cystolc acid : Light pink 
Aeparagino 4 Llght yellow 
Glutamino Groonlsh brown 
Mothionlno z5 Brown 
Glu tamic acid 415 Dark brown wlth blue halo 
Hlstldino 4.5 Faint yellow 
Aepar tic acid 415 Pink 
Arginine 4.5 Vory faint yellow 
Tryptophan 5 Intonso yellow 
Tyrosine 

: 
Light yellow 

Threonlno Light brown 
Lyslno (e-) 
Proline b 

Vory faint pink 
Vory faint pink 

Phenylalanlne 9 Vory faint yellow 
Loucine 15 Very faint grey 
Taoleucine I5 Very faint groy 
Valine - No colour 
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collidine in IOO ml of absolute ethanol. The layers are dried at 1x0~ for 15 min and 
sprayed with the ninhydrin-collidine reagent. The layers are returned to the drying 
oven and left there for an additional 15 min. Individual PTH-derivatives then give 
different colours (Table 20). 

(15) Quadilation ‘- 

The quantitation of PTH-amino acid derivatives involves both methods carried 
out in sihr and methods carried out after elution, The in s&c techniques were intro- 
duced by PATAKI AND WANGLES and PATAKI AND STRASICY~~~: igs sitar, the fluorescence 
quenching areas of PTH-derivatives are usually measured relative to the fluorescent 
background. According to PATAKI AND WANG rd3, the spots are scanned (after drying 
the chromatoplates in a stream of cold air for exactly 30 min) with a Turner Pluoro- 
meter III fitted .with a door for scanning chromatoplates. It appears that the good 
results obtained by the above workers are the property of the PTH-derivatives rather 
than the property of the sophisticated equipment used in this particular instance. 
The excitation wavelength recommended for the fluorimefric determination of PTH- 
amino acids is 254 nm. It should also be pointed out that in s&t quantitations on 
polyamide layers gave much better results than with silica gel layers, presumably 
owing to the greater uniformity of the former plates. Areas of fluorescence quenching 
peaks for PTH-amino acid derivatives on both silica gel and polyamide layers are 
summarized in Table 21. Although these areas may vary according to the experimen- 
tal conditions used in different laboratories, their relative values may certainly serve 
as a valuable guide for other workers who may decide to use this technique. 

In order to obtain a reasonable degree of reproducibility, certain rules must be 
obeyed that were discussed in detail in papers by PATAKI and co-workers14aJ43, 
Briefly, the important influencing factors are the position of the scanner, the stan- 
dardization of time between scanning and the end of chromatography, the loading 
volume, the developing distance and the layer thickness. In order to avoid interfer- 
ence from neighbouring spots, it is advisable to cover the plate with a Polygram Sil- 
sheet, for example, except for a small strip that contains the spot under investigation. 

The other group of quantitation techniques is that which involves the use of the 
UV absorbances of PTH-derivatives after they have been eluted from the layer. A 
very precise variation of this technique has been reported by SMITH AND MURRAY? 
The spots were removed from the plate by placing the mouth of a clean test-tube 
against it from below, inverting the arrangement and slowly twisting the tube while 
applying pressure upwards towards the surface. Each compound is removed in this 
manner, appropriate volumes of methanol are added and the corked test-tubes are 
allowed to stand overnight at room temperature. Blank areas are cut out at random 
from empty lanes of the plate, and these blanks are treated in a similar manner to the 
samples. One blank is sufficient if the plate has been treated with a chloroform wash 
after chromntographic separation, while two or three blanks are necessary if this step 
was omitted. After overnight extraction, the scraped-off layer is centrifuged for 30 min 
at 300 r.p.m. and the spectra of portions of the resulting liquid are recorded in the 
range from 320 nm to about 230 nm. There is one important precaution that must be 
observed: the layers before separation must be washed with methanol, as otherwise 
no reproducible UV absorbances are obtained. The procedure involving washing the 
plates, firstly with methanol before chromatography and secondly with chloroform 
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TABLE 21 

AREAS OP FLUORESCENCE QUENCHING PEAKS OF PTH-AMINO ACIDS (z ~6) ON POLYAMJDIZ AND SILICA 
GEL-ZINC SILICATE LAYERB 

PTH-amino acid Polyamide Silica gel 

Peak area 1a Peak avea La 
(winma) (rnin) (nbnaD) (tnin) 

A-Serinc 
a-Aminobutyrlc acid 
Cystine 
Alanine 
Histidlne 
Glutamlc acid 
Homocitrulllne 
Leucine 
Glycine 
Valine 
Phenylalanlno 
Methionino 
Prollne 
Citrulline 
Glutamino 
Tryptophan 
Hydroxyprollne 
a-Aminoieobutyric acid 
Methlonine sulphono 
Cyeteic add 
Arglnine 
Asparaglnob 
Aspartlc acid 
Lydno 
Tyroeine 
Isoleucine 
A-Threonlno 
Threonlne 

560 
1710 
750 

2230 - 

ZOGO 
1520 
1950 
2120 
2670 
2490 
2630 
1220 
1180 
2180 

970 
1590 
1320 
a260 
1oao 

3140 
1430 
1710 
1620 

1340 
I730 
820 

1270 

I 

I.5 

; 

9 
11.5 
12.5 
16 
22.5 
27.5 
36.5 
40 
40 

2x.5 
65.5 
84.5 
9x-5 

112.5 
124.5 
137.5 
142 
156 
I7I 
180 
191 
197 

440 
2310 

750 
2300 

740 
1380 
I130 
2540 
I 820 
2250 
1270 
1800 
2660 
1150 
2160 

1570 
I390 
1310 
1240 
1210 
1190 
850 

1780 
I 560 
1490 
1300 
1250 
1780 

7 
i.5 
8 
2 

3 
16 
16.5 
16 
20 
19 
3015 
34 
40.5 
44 

:x.5 
6a 

84 
78 

105.5 
Ia 
140 
132 
147 
158 
Ifs 

187.5 
181.5 

0 L ie the time period elapdng between drying tho Plato and scanning. 
b Impure, gives a secondary spot. 

after the separation has been carried out, provides suitable conditions for the quanti- 
protation of PTH-derivatives after elution. 

TKOCZKO AND SZWEDA~” used another technique for the quantitation of PTH- 
derivatives in the eluate, involving the use of the iodine reaction for the determina- 
tion. The developed plates were exposed in a chamber to iodine vapour for I-Z min, 
the brownish spots of PTH-amino acid derivatives were scraped off, eluted with 5 ml 
of 96% ethanol and the optical densities of aliquots at 269 nm were estimated; ap- 
propriate blank determinations were carried out i.n..parallel. 

The technique for the quantitation of PTH-derivatives described by WRONSKI*~ 
is based on desulphutization with o-hydroxymercuribenzoic acid and quenching of the 
fluorescence of tetrakis(acetoxymercurio)fluorescein. To detect hydrolyzable sulphur, 
it is recommended that 1-5.10-e mmoles of PTH-derivatives in I ml of 5% ethanol, I 

ml of 96% ethanol and 2 ml of 5.10 -5 N tetrakis(acetoxymercurio)fluorescein is 
heated in 0.5 M NaOH for 20 min on a boiling water-bath. The mixture is then cooled 
and 0.6 ml of a consisting 
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M H,BO, and 2 ml of a solution of dithiofluorescein (4 mg dissolved in 2 ml of a 
solution containing 20 g of EDTA and 20 g of triethylamine in I litre), are added. 
When the blue colour develops, the absorbance is measured at 587 nm. The reaction 
gives almost a IOO~/~ yield with most of the PTH-derivatives of common amino acids, 
with the exceptions of proline a:rd hydroxyproline, which exhibit a low recovery in the 
range 26-5g”/o, while methionine gives an apparent recovery of over 1400/~, indicating 
that splitting of tl1e thioether bond has occurred. Tl1is technique, of course, necessi- 
tates adquate elution of the separated spots from the layer, which can be camied out 
in a manner described previously. 

It is possible to classify the isotope dilution technique described by CALLEWAERT 
AND VERNON~~~ and by LAURSIZN~~’ among the methods which deal with quantitation 
after elution. In a typical example of the stepwise Edman procedure, the individual 
steps of LAURS~N’S procedure were as follows’. A sample (0.35 pmole of a hexapeptide) 
was attached to an1inoethylaminomethylpolystyrene and was degraded through eight 
cycles using the automated version of tl1e Edman degradation. During each 2-11 cycle, 
the peptide was treated for 20 min with about IOO ~1 of CnH]phenyl isothiocyanate 
and for 50 min with trlfluoroacetic acid-dichloroethane (I : I) with washing steps in 
between. Thiazolinones were collected after each cycle in a fraction collector in tubes 
each containing 0.1-1.0 pmole of the phenyltlliohydantoin derived from glycine, and 
also other amino acids expected to occur in the analysed sequence, and 0.1 ml of water 
in order to promote isomerization in sits The tubes were kept at room temperature 
and were not protected from air. At the end of the degradation (16 h), each tube con- 
tained about 2 ml of trifluoroacetic acid and 4 ml of dichloroethane in addition to the 
phenylthiohydantoins. 

The contents of each tube were evaporated to dryness and the residue was 
heated in 0.2 ml of 20% trifluoroacetic acid at 70~ for IO min to ensure that isomeriza- 
tion occurred. The resulting mixture was diluted with 0.5 ml of methanol and the 
solution was passed tllrough a column (5 x 20 mm) of Dowex 50 (H+-form) to remove 
basic salts. The column was washed with 4 ml of methanol, the effluent was evaporated 
to dryness and the residue was dissolved in 40 ~1 of dichloroethane. Alternatively, the 
extraction procedure of EDMAN AND BEGGED was used. 

A 4 Ccl-aliquot containing about 0.035 pmole of the radioactive phenylthio- 
hydantoin was applied to a silica gel sheet containing the fluorescent indicator. The 
plate was developed for 13 cm in chloroform-ethanol (98 :2). After locating the spots 
under UV light, absorbing areas were scraped off and the silica gel was transferred to 
scintillation vials. Ethanol (0.2 ml) and 15 moles of toluene scintillator solution were 
added. 

An alternative procedure using the same principle is that described by CALLE- 
WAERT AND VERNON~~. While the above procedure is applicable to short-chain pep- 
tides, the procedure described below is particularly suitable for use with high molecu- 
lar weight proteins. The protein sample is dissolved in propanol-water (3:4). The 
amount of sample taken is cu. 0.25 pmole and the volume of the solvent is I ml. Before 
being added to the protein, the solvent is made 0~4 M with respect to N-dimethylallyl- 
amine and sufficient trifluoroacetic acid to make the apparent pH equal 9.5 is added. 
0%labelled phenyl isothiocyanate (20 ~1; specific activity 0.5 mCi/mmole) is added 

l Soo rrleo Chaptor 5.2.2 (Part A, p. 294). 
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and coupling to the protein is achieved by maintaining the mixture at 40” for 1.5 11. 
Excess of phenyl isothiocyanate is then extracted by repeated washing with benzene, 
and the remaining liquid is removed by freeze-drying with the use of a rotating 
evaporator. The phenylthiohydantoin derivative is now formed under the conditions 
described by ERIKSSON AND SJUQUIST~~ : I ml of water and I ml of acetic acid saturated 
with HCl are added and the mixture is stirred at 40” for 2 h. Isotope dilution is then 
carried out by adding a known proportion of unlabelled phenylthiohydantoin (ca. 
2.5 pmole) dissolved in I ml of ethanol. The next step in qunntitation is the isolation 
of pure phenylthiohydantoin and the determination of its specific activity, which is 
carried out by the described flat-bed techniques, and the estimation of the specific 
activity, which is based on the ratio of activity to optical density. 

7. Electrofihorosis 

Electrophoretic separation of PTH-derivatives is a rather rare technique for 
identifying these compounds. As reported by NXKAJIMA et uLla3, electrophoresis can 
be carried out on paper using a high potential (2000-3000 V/cm) with a running time 
of 2-3 h. The final appearance of the chromatograms is strongly dependent on the pH: 
while PTH-Leu, PTH-Pro, PTH-Val and PTH-Lys are well separated at pH 1.0, at 
pH 2.0 it is possible to identify PTH-Ala, PTH-Ser, PTH-Gly, PTH-Thr, PTH-Leu, 
PTH-Ile and PTH-Met side-by-side. With a further increase in the pH it is possible 
to obtain a satisfactory separation of PTH-Asp, PTH-Glu, PTH-Trp, PTH-Tyr, 
PTH-Gly and PTH-Thr. Pinally, at pH 6. the zones of PTH-Ser, PTH-Asp, PTH- 
Glu, PTH-Arg, PTH-His and PTH-Cys are seen. 

Another electrophoretic separation of PTH-amino acid was described by 
SCHROEDER~‘~; this method is used in combination with the Edman degradation in a 
paper strip combined with paper chromatography, and is described on p. 315 of this 
review. 

8. Pictorial swvey offlat-bsd techniques mod in PTH-amino acid chromatografihy 

This is illustrated in Figs. 72-77. For key of numbers used to identify amino 
acid derivatives see p. 335. 
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CONCLUSION 

If one compares the present state of knowledge surveyed in this review with the 
first review, devoted solely to the problems of identification of N-terminal residues in 
proteins, written by SIDNEY W. Fox61 
period, the results are amazing. 

in 1943 and actually covering the pre-war 

Fox described in his review about six or seven methods, but he indicated only 
three of them as being adequate for proteins and useful for future development. The 
development of protein chemistry confirmed his positive as well as his negative judg- 
ment. The three methods he recommended are as follows: 

(a) reaction with arylsulphonyl chlorides 
(b) reaction with nitrophenylchlorides 
(c) reaction with arylisocyanates 
Apart from the experimental details, already described in great detail in indi- 

vidual paragraphs of this review, there is nothing to be added to the ingenious fore- 
sight of S. W. pox expressed nearly thirty years ago. 

From the viewpoint of recent practice and the status of the chromatographic 
techniques the following methods deserve to be stressed for use in the identification of 
N-terminal amino acids. 

(1) 

(4 

The dansylation method (see Chapter 4.1.4)~ because of its usefulness 
mainly in the determination of the low-molecular-weight peptide structures 
and in being capable of rapidly supplying information on protein N-terminal 
groups. 
The dinitrophenylation method (see Chapter 3.1.3)~ being useful for the 
determination of N-terminal groups In proteins that contain a limited 
amount of impurities; its lower sensitivity allows an unequivocal determina- 
tion of the N-terminal amino acid in the above instance when dansylation 
fails to give a reliable result. 
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(3) The alkyl isothiocyanate method in any of the three modifications described 
in Chapters 52.3, 5-2.4 and 5.2.9, because of its applicability in the auto- 
mated version of protein sequencing (stepwise degradation from the N-end 
of the molecule). The method using simple isocyanate (Chapter 5.2.2) also 
offers some advantages, but the possibility of automation is by no means 
clear here and therefore the phenylthiohydantoin and methylthiohydantoin 
methods (see Chapters 5.2.3 and 52.4) are preferred in laboratories in which 
primary structures are determined all the year round. 

We would like to try to follow S. W. Pox’s foresight and to suggest at least one 
method in addition, which, in our opinion, should be of some value mainly in smaller 
laboratories where there is no possibility of acquiring the expensive automatic 
sequenator. 

Such a method is the reaction with 3.5-dinitro-2-cbloropyridine (Chapter 3.2.6), 
which combines the advantages of two general principles pointed out in the introduc- 
tion to Part A of this review. 

In this method, an alkylation reaction similar to that used by SANGRR is used 
for labelling, which results in the formation of a bond between the N-terminal amino 
group and the reagent that is much more stable to hydrolysis than the peptide bond. 

-0 

4 
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For cleavage of the labelled N-terminal amino acid, the labilizing influence of 
the neighbouring pyridyl species was used, with the basicity enhanced by selective 
reduction of the aromatic nucleus by NaBH,. This enhanced basicity displaces the 
catalytic effect to the range pH 5-6, where all structural features of proteins usually 
remain unaltered. 

This method enables the whole of the N-terminal amino acid determination to 
be carried out in the pH range 5-8, which makes it possible’to isolate the (72 - I) pro- 
tein in the “native” conformation and to perform further studies even of a biological 
nature with such proteins. 

It is unfortunate for chromatographers (including the present authors) that 
there is no chromatographic information about the derivatives that result from this 
method. 

Finally, we would like to pay tribute to those who have written earlier reviews 
on similar topics. It would have been impossible to evaluate critically all the data 
presented in this paper without using the experience and insight of our predecessors. 
An incomplete list of the authors of these reviews is as follows: S. W. 1~0~~1, 1:. 
SANGER~‘~, B. MDLOUN~~~, V. HOLEYSOVSK~ ao, V. HOLEYSOVSKQ AND H. HOLEY- 
SOVSKA~I, G. PATAKI~~~, N. SIXLER (ref. 123 in Part A), G. R. STARK (refs. 142 and 143 
in Part A), H. FRAENKEL-CONRAT, J. I. HARRIS AND A. L. LEVYO~, G. BISERTE, J. W. 
HOLLEMAN-DEHOVE ANI) P. SAUTI~~RE~~, M. JUTISZO~ and M. BRENNTSR, A. NIEDER- 
WIESER AND G. I?ATAKP~. 

NUMBERS USED TO IDENTIFY AMINO ACID DERIVATIVES IN TWO-DIMENSIONAL CHRO- 
MATOGRAMS 

The numbers below are valid for both DNP- and PTH-amino acid chromato- 
grams unless otherwise stated. 

I = Cysteic acid (mono) ; 2 = cysteine (mono); 3 = arginine (mono); 4 = as- 
partic acid (mono); 5 = methionine sulphone (mono) ; G = ornithine (&mono); 7 = 
lysine (s-mono) ; 8 = serine (mono) ; g = asparagine (mono) ; IO = hydroxyproline 
(mono); II = ornithine (a-mono) ; 12 = allothreonine (mono); 13 = threonine 
(mono) ; 14 = glutamic acid; 15 = glutamine; 16 = methionine sulphoxide (mono) ; 

17 - tyrosine (O-mono) ; 18 = lysine (bis) ; Ig = histidine (bis) ; 20 = glycine 
(mono) ; 21 = tryptophan (mono); 22 = tyrosine (bis) ; 23 = sarcosine (mono) ; 24 = 
alanine (mono) ; 25 = z,4-dinitroaniline (for DNP-amino acid chromatograms only) ; 

26 = @alanine (mono) ; 27 = proline (mono) ; 28 = phenylalanine (mono) ; 2g = 
methionine (mono) ; 30 = valine (mono) ; 31 = leucine (mono) ; 32 = isoleucine 
(mono); 33 = 2,4-dinitroaniline (for DNP-amino acid chromatograms only); 34 = 
taurin (mono) ; 35 = carboxymethylcysteine (mono); 36 = lysine (a-mono) ; 37 = 
tyrosine (N-mono) ; 38 = norleucine (mono) ; 3g = norvaline (mono) ; 40 = ornithine 
(bis) ; 41 = cystine (N-bis); 42 = a-aminoadipic acid (mono); 43 = hydroxylysine 
(all derivatives) ; 44 = a-aminobutyric acid (mono) ; 45 = y-aminobutyric acid 
(mono) ; 46 = citrulline ; 47 = diamlnopimelic acid (all derivatives) ; 48 = ethionine 

(mono) ; 49 = ethionine sulphoxide (mono) ; 50 = carboxymethylcysteine sulphoxide 
(mono); 51 = monophenylthiourea (for PTH-amino acid chromatograms only) ; 

52 = diphenylthiourea (for PTH-amino acid chromatograms only) ; 53 = a-amino- 
caprylic acid. 
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