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SUMNMARY

The gas-liquid chromatographic behaviour of tour S-r-alkyl-. three S-cs-
carboxyvalkyl- and S-pg-aminocthyleysteines, lanthionine, cystine. S.S-methylene- and
S.S’-ethylenebiscysteines, and some homocysteine analogues, as their N-trifluoro-
acetyln-butylesters, was studied on columns ot OV-17and Dexsil 300 GC andcompared
with the behaviour of similar non-sulphur-containing amino acids. The retention in-
dices and some other parameters are discussed in relation to the structure of the amino
acids.

Relative molar responses were determined and an empirical additive method for
calculating relative molar responses trom the structural feature is described.

INTRODUCTION

During the course of studies on the chemical treatment of wool fibres. the need
tor a convenient and reliable method for the quantitative analysis of artifact amino
acids which may be produced by reactions of reactive side-groups of wool proteins
during the treatment has become appirent.

Gas chromatography is one of the most efficient quantitative analytical methods
for analyzing mixtures of very similar compounds. Gehrke er al.! developed a quanti-
tative gas-liquid chromatographic (GLC) method for the twenty natural protein amino
acids and other non-protein amino acids. Essentially, this method consists in proce-
dures for the nearly quantitative conversion of the amino acids into their N-trifluoro-
acetyl #-butyl esters (BTFA) and the temperature-programmed GLC of the mixture
of the BTFA derivatives with a dual-column system of EGA and OV-17. the former
being used for the separation of most BTFA-amino acids and the latter tor the sepa-
ration of less volatile BTFA-amino acids such as BTFA-arginine and -cystine. More
recently, Gehrke and Takeda?® reported a single-column separation of the twenty pro-
tein amino acids as their BTFA derivatives with Apiezon M.

This paper describes the GLC behaviour of eleven S-substituted cysteines in
addition to some related amino acids as their BTFA derivatives on OV-17 and Dexsil



190 M. SAKAMOTO, K.-I. KAJIYAMA, H. TONAM]I

3C0 GC. and the correlation between the Koviits retention indices and the structures
of the amino acids is discussed. A method for the calculation of flame ionization de-
tector (F1D) responses of sulphur-containing amino acids is also presented. S-Substi-
tuted cysteine residues are produced when wool fibres are treated with thiol-blocking
reagents for the purpose of cysteine analysis or the elimination of cysteine functions or
whenr reduced wool fibres are treated with alkvlating reagents.

EXPERIMENTAL

Amino acids

S-Methyleysieine? (SMC), S-cthylcysteine® (SEC). S-n-propyleysteine® (SPC),
S-n-butylcysteine® (SBC), S-carboxymethyleysteine® (SCMC). S-ji-carboxyethyl-
cysteine® (SCEC). S-y-carboxypropylcysteine® (SCPC). S-carboxymethylhomocys-
teine! (SCMHC). S-g-carboxyethylhomocysteine? (SCEHC). S-;-carboxypropylho-
maocysicine! (SCPHCQC). S-pg-aminoethyleysteine (SAEC) hvdrochloride® and S.S'-
ethvienebiscysteine” (EBC) were prepared from t-cysteine or L-methionine. All of
" these amino acids were purified by recrvstallizaiion trom ethanol-water. The elemental
amilvses of the amino acids were as follows.

SAIC: calculated for C;H,O,NS: C. 35549 :
C.3293%,: H. 6.88",: N_ 1092,

S EC: calculated for C;H,,O,NS: C.40.25° - H.7.43": N_.9.39°,_ Found:C.
4011952 H.7.35%,: NL 910"

SPC: calculated for C.H,;O.NS: C.44.15",: H.8.03",: N. 8.38",. Found: C.
44287, H. 8299, N.8.377,,.

SBC: caleulated for C-H,s0.NS: C. 47.43%,: H. 8.33",: N. 7.89°.. Found:
C. 47.16%,: H. 9.00%: N_ 791"

SCALC : calculated for C;H,O:NS: C.33.51
C.33.10%,: H. 4.70°,: N. 7449,

SCEC: calculated for C,H,;;O,NS: C.37.30%,,: H. 3.74",,: N.7.25% . Found:
C.3695% - H.395% - N, 7.04%,. 7

SCFC: calculated for C-H,,OJ\‘S: C. 4057, - H. 6327 - NL0.76%,. Found:
C. 3981°,: H. 6.15%,: N. 6.71%;,.

SC\[IIC'CJICllLllLd tor C,H,,O0;NS: C.37.30°, - H. 5.74%,: N.7.23"_ Found:
C. 3565, H. 3759, NL 6929,

SCFHC: caleulated for C;H,;O.NS: C.40.57:
C.39.7i% - H, 6132, : N, 6.65%.

SCPHC: calculated for CgH,;O,NS: C.43.38%,: H.6.78%,: N. 6.33%,. Found:
C.42.97%,: H. 6.80%,: N. 6.45%/.

SAEC- HCI: calculated for CsH [ ;0,CINLS: C.29.81 20 : H 6482 1 N_13.96",..
Feund: C. 29.84%; H. 6.6949,: N_ 13.68Y;.

EBC- caleulated for CgH,;O,NS: C. 35.77%: H.3.96%,,: N. 10.45%/
C.3331 9, H,5.62%,: N, 10.76%,,.

DL-Norvaline, pr-norleucine, DL-2-aminooctanoic acid, Dr-ethionine. pL-2-
aminopimelic acid, -2 4-diaminobutyric acid hydrochloride and 2.6-diaminopinmclic
acid (D.D-. L.L- and meso-forms) were of guaranteed reagent grade purchased trom
Tokyo Kasei Kogvo {Tokyo. Japan). pL-Alanine, L-methionine. L-aspartic acid. L-
elutamic acid. L-ornithine hydrochloride, L-lysine hvdrochloride and L-cystine were

H.6.71°,: N. 10.36°.. Found:

o= o=

H. 30670 NU7.82% . Found:

Soe o~

H.6.32%,:N,6.76";,. Found:

Found:
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of guaranteed reagent grade from Nippon Rikagaku Yakuhin (Tokyo, Japan). pL-
Lanthionine, pr-homocystine and t-djenkolic acid were of special reagent grade from
Wako Junyaku Kogyo (Gsaka. Japan).

Reagents ;
~ Methanol and methylene chloride of guaranteed reagent grade were dried
over molecular sieves. 7-Butanol and trifluoroacetic anhvdride of guaranteed reagent
grade were used without further purification.

A mixture of hydrochloric acid and methanol was prepared as follows: Hydrogen
chloride gas. gencrated by the slow addition of concentrated hydrochloric acid to
concentrated sulphuric acid. was dried over concentrated sulphuric acid. washed with
anhydrous methanol and absorbed in anhydrous methanol to give a 3239 (w/w)
hydrochloric acid-methanol mixture. A 3.25% (w/w) hydrochloric acid-n-butanol
mixture was prepared in a similar manner.

Derivatizarion

The conversion of the amino acids into their N-trifluoroacetyl n-butvi esters
was carried out at the macro level (10-30 mg of total amino acids) according to Gehrke
eralll.

Apparaius
A Shimadzu Model GC-4APF dual-column gas chromatograph. equipped with
hyvdrogen FIDs and a linear temperature programmer. was used.

Guas-liquid chromearographic conditions

Oiic of two ghass columns. | mlong - 3 mm LD was packed with 1.3%, (w/w)
o OV-17 on $0-100 mesh acid-washed and heat-treated high-performance Chromosorb
G and the otherwith 1.37;, (w/w} of Dexsil 300 GC on the same quality Chromosorb
G. both column packings being purchased from Nishio Kogvo (Tokyo. Japan).
The columns were arranged parallel to cach other in the dual-column system. The
temperature programme most frequently used began with an mitial temperature of
160 . increasing at the rate of 8 */min to a final temperature of 280 . The injection port
anddetector temperatures were 230and 280 “respectively. Flow-ratesof the carrier gases
employed were 70 ml‘min for nitrogen. 30 ml/min for hyvdrogen and [ G0 ml/min forair.

Determinarion of retention indices

The n-parafiins used for the determination of retention indices were pairs of’
hydrocarbons selected from Cy,,. Gy, €. Chp- Chg- Crp- Cage Cas. Cizand G, n-paratling
abtained from Applied Science Labs.. State College. Pa.. US.A.

Dererminarion of FID relative molar response values

FiD molar responses of the amino acids as their N-trifluoroacetyl n-butyl esters
were determined from the gas chromatograms from a mixture of glutamic acid (refer-
ence) and amino acids whose peaks did not overlap. The peak area ratio was obtained
by cutting out the peaks trom the chromatogriaphic paper and weighing them. Three
independent determinations were made to obtain average relative molar response
(RMR) values. :
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RESULTS AND DISCUSSION

Amino acids and starionary phases

The classification, names and abbreviations of the «-amino acids used in this
study are listed in Table 1. Eighteen sulphur-containing amino acids studied, most of
which are S-substituted cysteines and homocysteines. are classitied as (A) monoamino-
monocarboxvlic acids (S-alkyleysteines and S-alkylhomocysteines). (B) monoamino-
dicarboxylic acids (S-er-carboxyalkylcysteines and S-e-carboxyalkylhomaocysteines),
(C) diaminomonocarboxylic acid (S-p-aminoethylcysteine) and (D) diaminodicar-
boxyiic acids (cvstine. homocystine. lanthionine and biscysteines). The GLC behaviour

" TABLE |
AMINO ACIDS INVESTIGATED

Class of amino acid ~No. Nume Abbreviation
1) Monoaminomenacarboxylic
(i) Non-sulphur-containing 1 Alanine ALA
2 Norvaline NORVAL
3 Norleucine NORLEU
4 2-Amino-s-cctanoic acid AOA
(i1} S-Alrvicysteines 5 S-Methyvicysteine SMC
6 S-Ethylcysteine SEC
7 S-n-Propyleysteine SpC
L S-n-Butyleysteine SBC
ti) S-Alkyvlhomocystemes 9 Aethionine NET
10 Ethionine ETH
f B} Moroaminodicarboxyilic
(1} Non-sulphur-coataining 81 Aspartic acid ASP
12 Glutamic acid GLU
13 2-Aminopimelic acid APA
tity S-Carboxyalkylcysteines 14 S-Carboxymethyicysteine SCAMC
| &) S-ji-Carboxyethyleysteine SCEC
16 S--Carboxvpropylevsteine SCPC
(i1} S-Carboxyvalkyvlhomocysteines 17 S-Carboxymethylhomo- SCMHC
cysteine
I8 S-i-Carboxyethylhomo- SCEHC
cysteine
19 S—;--Carboxypropylhomo- SCPHC
cysteine
{C} Diaminomonocarboxylic
(i} Non-sulphur-containing 20 2 4-Diaminobutyric acid DABA
21 Ornithine ORN
22 Lysine LYS
tit) S-Aminoalkylcysteines 23 S-f-Aminoecthyleysteine SAEC
¢ D} Diaminodicarboxylic
ti; Non-sulphur-containing 23 2.6-Diaminopimelic acid DAPA
(it) Sulphur-containing ' 25 Lanthionine LAN
26 Cvstine CYS
27 Homocystine HOMOCYS
{Biscysteines) 28 S.S’-Methylenebiscysteine MBC

(djenkolic acid)
29 S.S’-Ethylenebiscysteine EBC
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of eleven non-sulphur-containing amino acids of similar homologous series (from
type A to type D) was also studied for comparison.

The most widelv used liquid phases for the GLC of BTFA-amino acids are EGA
for lower-boiling BTFA derivatives and OV-17 for higher-boiling derivatives. As we
were interested in high-temperature-resistant stationary phases for the analysis of
amino acids of high molecular weights from chemically modified wool fibres, we in-
vestigated two high-temperature-resistunt materials. OV-17 and Dexil 300 GC.
the latter being a linear carborane dimethylsiloxane polvmer®. available from
(Analabs). In general: carborane polvmers have high thermal stability and the
maximum operating temperature of Dexsil 300 GC is claimed to be 5007, which is much
higher than that of OV-17 (300°)°. Rohrschneider constants'-'! reported tor Dexsil
300 GC indicate that the characteristics ot Dexsil 300 GC as the stationary phase are
similar to those of OV-3 (ref. 12).that is. less polar than OV-17._ as shown in Table IL.
Recently. Polloek® reported the resolution of N-trifluoroacetyl (- )-2-butyl esters of
pr-amino acids by capillary gas chromatography with Dexsil 400 GC (some methyl
eroups of the carborane dimethylsiloxane polymer are replaced with phenyl groups).

Retention characteristics
Table [l shows the retention temperatures of BTFA-amino acids measured
with linear temperature programming from 100 at the rate of 8 /min. Homocystine
and lanthionine were reported to give no peak on EGA after standard BTFA derivati-
zation treatments and the possibility of difficulty in the derivatization was also
nrentioned™. In this work. both amino acids were found to give distinct peaks on both
OV-17 and Dexsil 300 GC. Arginine. histidine and cystine were reported 1o give peaks
on OV-17 but not on EGA as their BTFA derivatives. The amino acids that gave the
highest retention temperatures of those tested were homocystine and S.S"-ethylenebis-
cysteine. )
- It was noted that all of the amino acids were eluted at a lower temperature
on QV-17 than on Dexsil 300 GC. Retention temperatures or retention times vary with
alteration in the operating conditions and the column preparations. To discuss the
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Fig. 1. Retention times of #-paratfins on QOV-17 (@) and Dexsil 300 GC (A) versus their carbon num-
bers. .
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TABLE it :
ROHRSCHINNEIDER CONSTANTS OF OV-17 AND DEXSIL 300 GC

Stativnury

phase

OV-1
OoVv-3

OV-17

Dexsil 300 GC |

TABLE 111
RETENTION TEMPERATURES OF BTFA-AMINO ACIDS

Clasx

At

A-il

A-iit

B-i1

B-tit

C-it
D-i

D-i

No.

Y~ U da e Y -

"
-
[~

o e e
‘o 1 v

a8
29

Phemvl

substitution

(%)

0
10
50

0

Amino acid

ALA
NORVAL
NORLEU
AOA

SMC
SEC
SPC
sBC

MET
ETH

ASP
GLU
APA

SCNMC
SCEC
SCPC

SCAMHC
SCEHC
SCPHC

DABA
ORN
LYS

SAEC
DAPA

LAN
CYS

HOMOCYS

MBC
EBC

M. SAKAMOTO, K.-I. KAJIYAMA, H. TONAMI

Rohrschueider constants

£

0.16
042
1.30
0.43

Y z U s
20 050 085 048

081 085 152 089

166 179 283 247

0.64 111 1.51 1.01

Rerention remperature” (°C)

olv-17

1147
i24.8
132,

1510

1434
153.7
161.8
170.1

1608
167.0

169.8
181.6
2042

2085
218.1
2270

220.0
230.0
2376
156.2
176.6
I88.2
200.2

2122

2216
2106
260.6
2538
263.2

Dexsit 3t GC

119.1
134.6
1440
i6d4.6

153.0
160.8
1692
179.6

169.2
176.2

177.2
1928
2144

2150
2356
2334
2256
237.8
2472
1669

1534
1988

2058
2302
2354
2544
2764

266.58
2763

Operating conditions: initial temperature, 100 : temperature-programming rate, 87, min.
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correlation of the amino acid structures with their GLC behaviour. the Koviits!>
retention indices (/) were determined for pairs of #-paraffins according to the equations
for isothermal®® and temperature-programmed'® GLC. The retention temperatures of
the C,0-C;¢ n-paraflins used for the determinations in the linear temperature-pro-
grammed GLC with an initial temperature of 1007 and a programming rate of 8°/min
on OV-17 and on Dexsil 300 GC are plotted against numbers of carbon atoms in the
a-paraffins in Fig. i. The curvature observed for low-boiling paraffins is considered
to result from the initial temperature in the programme being too high at the relatively
low flow-rate used'’. A curvature was also observed for high-boiling paraffins.

The retention index of a compound corresponds to 100 times the number of
carbon atoms in a hypothetical #-paratfin which is supposed to have the same retention
time as the solute under the same GLC operating conditions. The retention index was
reported to vary only slightly with alteration in the operating conditions'-!'*. Retention
indices of S-methvl-. S-n-propyvl- and S-g-carboxyethyleysteines determined under
various operating conditions are given in Tables I'V and V. and show that the retention
index does not vary much under a variety of" operating conditions. Hence the retention
index can be regarded as a constant that depends only on the column packing matecial.

TABLE IV

RETENTION INDICES OF SMC AND SPC ON OV-17 UNDER VARIOUS OPERATING
CONDITIONS

Operating conditions Retention index
Initial Progranuniny SAIC SPC
remperarure rate
£ C: (- C. minj

K0 s 1621 17346
100 Isotherimal 1630 1762
100 s 1627 1752
TABLE V ;
RETENTION INDEX OF SCEC UNDER VARIOUS OPERATING CONDITIONS
Operating comditions Retention index
Initial Programming oV-17 Dexsil 300 GC
temperature rare
{ Ci  C.omini
100 8 2337 2200
125 S 2343 2200
110 6 231 2200
170 Isothermal 2345
130 Isothermal 2342 2200

2338

B Isothermal

Table VI gives the retention indices of sulphur-containing and non-sulphur-
containing amino acids on OV-17 and Dexsil 300 GC determined by temperature-
programmed GLC. The diftference between the two retention indices (1/) determined
on the stationary phases of different polarity is also given in Table VI. All of the re-
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TABLE VI
RETENTION INDICES OF BTFA-AMINO ACIDS
Cluss No. Amine acid Retertion index Difference
(-11)
oVv-17 Dexsil 300 GC

A-i i ALA 1261 1218 43

2 NORVA 1100 1368 32

3 NORLEU 1478 4352 26

4 AOA 1651 1623 23

A-i 5 SAIC 1627 1530 97

6 SEC 1630 1595 85

7 SPC 1752 1670 82

s SBC I835 1757 78

A-int D] NMET 1747 1670 77

10 ETH 1800 1729 71

- B-t 11 ASP 1835 1731 101

12 GLU 1977 1873 103

13 APA 2170 2086 s34

Bii ¢ 14 SCMC 2225 2092 133

15 SCEC 2334 2200 131

i6 scpC 2136 2307 129

B-iit 17 SCXHC 2348 2300 48

Is SCEHC 2166 2310 156

1) SCPHC 2577 2427 130

C-i 20 DABA 1701 1618 53

21 ORN 1878 1500 78

22 LYS 2000 1930 70

C-i 23 SAEC 2117 2000 117

D-1 4 DAPA 2357 2243 14

+

D-1 25 LAN 2373 2307 67

26 CYS 26i2 2521 58

27 HOMOCYS 2863 2800 65

28 MBC 2788 2667 121

29 EBC 2902 2500 102

tention indices on OV-17 were greater than the corresponding retention indices on Dex-
sil 360 GC. which confirms that Dexsil 300 GC was less polar than OV-17.

It was reported that the -1/ values of homologous series of compounds were
nearly equal to cach other'. The results in Table VI indicate that the 1/ values of sul-
phur-containing amino acids are always different trom and higher than those of the
corresponding non-sulphur-containing amino acids. Thus the .i/ values of four S-
alkvicysteines ranged between 78 and 97 and those of two S-alkylhomocysteines
{methionine and ethionine) ketween 71 and 77. while those of four corresponding non-
sulphur-contairing monoaminomonocarboxylic acids ranged between 23 and 43.
Similarly, the 217 values of three S-carboxyalkyleysteines were between 129 and 134,
those of three S-carboxyalkylhomocysteines were between 148 and 156, while those
of three non-sulphur-containing monoaminodicarboxylic acids were between 84 and
104. From these -1/ values. it can be seen that S-substituted cysteines and very similar
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Fig. 5. Retention indices of BTFA-amino acids on Dexsil 300 GC versus their molecular weights.
@, Non-sulphur-containing monoaminomoenocarboxylic acids:; M. S-alkyvicysieines: ¢, S-alkylthomo-
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cyvsteine.
Fig. 7. Retention indices of BTFA-amino acids on Dexsit 300 GC versuy their molecular weights.,
®. Diaminopimelic acid: A, sulphur—containing dinminodicarboxyiic acids.

S-substituted homecysteines belong to dilterent homologous series of compounds in
their GLC behaviour. From a comparison of the . I values. 1t seems that cystine and
homocystine may be regarded as homologues and are apparently ditferent from bis-
cvstetnes.

Retention indices are plotted against molecular weights of the BTFA-umino
acids in Figs. 2-7. It is well known that the plots of retention indices of homologous
series of compounds fie on a straight line except for a few initial members!. To a first
approximation. the retention indices of monoaminomonocarboxylic acids and of
monoaminodicarboxylic acids lic on a straight band region, regardless of the presence
or absence of sulphur, while the retention values of diaminomonocarboxylic acids and
diaminodicarboxylic acids apparently lie on different lines. However. the plots of re-
tention indices of monoaminomono- and ~-dicarboxylic acids of non-sulphur-contain-
ing. cysteine. and homocysteine series gave different lines for each homologous series
in most instances. This result can be the basis of the GLC eparation of i pair of very
stmilar structural isomers such as methionine and S-cthylevsteine. Table V1 shows the
differences in the retention indices for five pairs of structural isomers. In several in-
stances, the separation of structural isomers could not be achieved on Dexsil 300 GC.

The identification of unknown peaks in gas chromatograms can be assisted it
the retention index of & compound can be predicted from its structural formula. It was
of interest to ascertain whether the observed retention indices for RTFA-umino acids
could be divided into individual additive contributions ot methylene groups and of other
functional groups. As discussed earlier. the plot of retention index versus molecular
weight is linear for & homologous series. but not parallef to the plots for other homola-
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TABLE VIi

DIFFERENCE BETWEEN RETENTION INDICES OF STRUCTURAL ISOMERS
Structural isomers Difference between retention
- indices (1, — I,)

Compound I Compound 2 oVv-17 Dexsii 300 GC

MET SEC - 67 75
ETH SPC 48 59
SCMHC SCEC 14 0
SCEHC SCpC 30 3
HOMOCYS EBC —37 ]

gous series (see Figs. 2-7). Hence anadditive group retention index of a methylene group
(i) can be assumed for a homologous series, but this value cannot necessarily be ap-
plied to other series of compounds. -

The contributions of a methvlene group calculated for each homologous serics
obtained from the slope of the plot of the retention index versus molecular weight are
shown in Table VIill. By definition. the retention index of an n-paraffin of carbon
number = is 100z, and retention indices of neighbouring members of homologous serics
of various types of compounds are known to differ by about 100.1n general. The ob-
served /¢ values of BTFA-amino acids were found to range between 77 and 140 (except
tor the methionine-ethionine series). The /- values observed for BTFA-S-alkvicysteines
on either OV-17 or Dexsil 300 GC were approximately equal to those of non-sulphur-
containing BTFA monoaminomonociarboxylic acids and were lower than 100. The /-
values for BTFA-S-alkylhomocysteines calculated from the retention indices of
methionine and ethionine were 33 on OV-17 and 59 on Dexsil 300 GC and were ap-
parently too low. Methionine is the tirst member of the homologous series and probably
shows anomalously higher retention index than would otherwise be expected from the
retention indices of the higher homologues. . o

Strictly. i values obtained for S-substituted cvsteines and homocysteines from

TABLE VI -

METHYLENE GROUP RETENTION INDICES (i) AND SUMMED CONTRIBUTIONS (i)
OF OTHER GROUPS TO RETENTION INDICES

Amino acid series i R ix
or-17 Dexxil 300 GC oV-17 Dexsil 300 GC

AT o3 86 CAA 1152 112
A-iiTT 77 81 AA - S 1449 1351
B-i~" 112 113 AA - BE 1722 1634
B-ii"" 105 107 AA - S - BE 2015 1879
B-iii ™" 113 113 AA = S - BE 2003 1862
Ca"° 140 140 AA - TFA 1460 1370
CYS-HOMOQCYS ™" 126 138 2(AA - S) 2361 2248

MBC-EBC™™" 114 33 2(AA - S) 2446 2268

" AA = 1-CiHOCO(CF,CONH)CH-: S = -S-: BE = n-C;H,0CO-: TFA == CF;CONH-.
"7 i obtained from the slope of the retention index versus molecular weight graph.
"°" i obtained by the difference between two retention indices.
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the slopes should be applied only to the methvlene groups in S-substituting alkyl
groups. The methylene group retention index for BTFA-S-carboxyalkylcysteines was
nearly equal to that of the corresponding homocysteine derivatives. Therefore, the
same i value was assumed to be applicable to the methylene groups of cysteine and
homocysteine moieties. It was also assumed. for convenience. that the group retention
index of a terminal methyvl group was equal to the group retention index of a methylene
group.

The i values for sulphur-containing BTFA-monoaminodicarboxylic acids were
approximately equal to those for non-sulphur-containing monoaminodicarboxylic
acids. and were about 110. The /¢ values for non-sulphur-containing BTFA-diamino-
monocarboxylic acids were found to be much higher (140). The i values of sulphur-
containing BTFA-diaminodicarboxylic acids were estimated from the differences
between the retention indices of homocystine and cystine and of S.S’-ethylene- and
S.S-methylencbiscysteines. The calculated values trom either pair were nearly equal
to cach other and were higher than 100.

= On the assumption of an additive function of the structural features of a mole-
cule. the sum of the contributions of groups other than methylene groups (ig) can also
be calculated from the relationship between the retention index and molecular weight
(see also Table V1) From the non-sulphur-containing monoaminomonocarboxylic
acid serics, the group retention index (£,,) of an #-C;H,OCO(CF;CONH)CH- (-
amino acid) group was obtained. Then. the group retention index of a sulphur atom
(is) was obtained by comparison of the 7g values of S-alkylcysteines and non-suiphur-
‘containing monoaminomonocarboxylic acids. on the assumption that the 7., values
for S-alkvlcysteines were ¢qual to those for non-sulphur-containing monoamino-
monocirboxylic acids. The ig values were also obtained by comparison of the iy
values of non-sulphur-containing monoaminodicarboxylic acids with those of S-
carboxvalkyleysteines or S-carboxyalkyvihomocysteines on a similar assumption.
Table IX shows the 7 values thus obtained. indicating that the same /g value can be
used for different types of sulphur-containing amino acids. except for diaminodicar-
boxvlic acids.

TABLE IX
SULPHUR GROUP RETENTION INDICES (i)

Amino acids ased for £y

estimation of is ) . . .
o-17 Dexsil 300 GC .

A-iand A-ii” 297 230
B-i and B-ii” 293 245
B-1 and B-iii” 251 238
LAN and CYS™" 238 217
DAP and MBC™" 266 212

© iy obtained as the difference between two i values. )
"% iy obtained as the ditference between two retention indices.

If it 1s assumed that the i, values of monoaminomonocarboxylic acids are ap-
plicable to monoaminodicarboxylic acids, one can calculate the contribution (i) of
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TABLE X
GROUP RETENTION INDICES OF n-C:H,0CO- (in:) AND CF.,CONH- (iri2) GROUPS
Amino acids used Group retention index
Sor estimation - S
i oV-17 Dexsil 300 GC
B-i and A-i inr 570 522
B-ii and A-ii 366 328
B-iii and A-ii 534 S5t1
C-i and A-i fna 308 258

an n-C,H,0CO- (buty! ester) group. Table X indicates that the calculated iy values
agreed with each other fairly well. Table X also indicates the group index (iqy4) of an
CF.,CONH- (trifluoroacetamino) group calculated in a similar manner.

The iy, values were 1132 and 1112 for OV-17 and Dexsil 300 GC. respectively.
while the sum of the i (the average value of iy, obtained for three types of monoamino-
dicarboxylic acids) and iy, values was 871 and 778 for OV-17 and Dexsil 300 GC.
respectivelv. The difference between i, and the sum of /;;: and ip-, was 281 and 334
tor OV-17 and Dexsil 300 GC. respectively. and this difference scemed much higher
than expected for the retention index of an «-carbon atom in the amino acid group.
It was considered that there was no additivity of the component group retention indices
in this instance owing to the branched structure of the «-amino acid group.

The sum of the i and iy, values obtained for sulphur-containing diamino-
dicarboxylic acids was much smaller than that obtained from the retention indices of
S-alkyleysteines (Table VI, The /g value for diaminodicarboxylic acids was obtained
trom the data mentioned above.and was slightly lower than that for other tvpes of amino
acids. and the i, value for diaminodicarboxylic acids was caleulated from the /- and
iy values for diaminodicarboxvlic acids. The i, value thus obtained was much smaller
than that for other types (A. B and C) of amino acids.

Now. the retention index of a BTFA-amino acid can be calculated from the
following equation:

I Xng-ig

where sy 1s the number of X groups in a molecule and iy is the group retention index
of the group X. The retention indices of ethionine. S-g-aminocthylevsteine and di-

TABLE XI
COMPARISON OF OBSERVED AND CALCULATED RETENTION INDICES
Amino acid Srationary Group reremtion index nsed : Rt'lcn'n;un index
phase R i N
fe Laa® iy irpa Culeuluted Found
ETH OoVv-17 NV 1152 290 1762 1800
Dexsil 300 GC 84 12 337 1683 1729
SAEC Ov-17 . K1) 1152 290 308 2170 2117 -
Dexsil 300 GC 140 1112 237 258 2027 2000
DAPA ov-17 - 120 919 2258 2257

Dexsil 300 GC 136 914 2236 2243
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aminopimelic acid. which were not used for the calculation of any groupretention index.
~were calculated and compared with the observed retention indices. The group retention
indices used for the calculation (also shown in Table X1) were average values of the
appropriate group retention indices observed. The results in Table X1 demonstrate
that the retention indices caleulated from the group retention indices agree fairly well
with the observed values.

LMe of Evans and Smithy" -2

The correlation of retention data with chemical structure can also be discussed

in terms of another parameter. the . [ A/e fuctor of Evans and Smith?*~22, This parameter
is defined as the difference between the effective molecular weight (Ae) and the actual
molecular weight (/) of a solute

e =2 Ae — M

TABLE Xi!
DIFFERENCES BETWEEN EFFECTIVE MOLECULAR WEIGHTS AND ACTUAL MOLEC-
ULAR WEIGHTS . 1Af¢) OF BTFA-AMINO ACIDS
Claxs Nu. Amine acid Mol wi. of 1A e
BTFA-aming acid o
ol1-17 Dexsil 300 GC

A~ 1 ALA 2412 -62.5 —-68.3
2 NORVAL 2693 709 754

3 NORLEU 2833 710 716

1 AOA 3113 717 S0.9

Aii 5 NC 2873 -57.1 0.7
6 SEC 3013 63.7 -75.6

7 SPC 3154 - 67.6 S-T9.1

8 SBC 3291 - 69.9 - 809

A Y MET 3013 © 5343 - 65.3
1o ETH 3154 609 709

B-i it ASP 3313 719 86.1
12 GLU 343.3 66.0 -80.6

3 APA 3733 66.9 787

B-ii 14 SCANIC 3874 733 920
15 SCEC 1014 721 909

16 SCPC 1155 I 899

B-ii 17 SCAMHC 1014 70.1 90.9
s SCEHC 1155 67.6 895

19 SCPHC 4294 - 66.0 -87.1

C-i 20 DABA 366.3 : 1257 133.1
21 ORN 3803 - 1149 123.8

22 LYS 3943 - 1118 S 121.6

C-it 23 SAEC 1123 - 1133 S129.7
D-i 21 DAPA 1515 - 1359 -1379
D-ii 25 LAN 1863 1513 - 160.8
26 CYs 5185 - 150.1 -162.4

27 HOMOCYS 5465 11426 -151.7

28 MBC 5325 139.6 1564

29 EBC 16.5 --137.5 - 1518
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where the effective molecular weight is the molecular weight of a4 hypothetical n-
paraftin which is supposed to have the same retention time as the solute. and lhus is
related to the Koviits retention index (/) as follows:

1

Ale == 14.0206 100 2.016
Table XII gives the . 1Me values of BTFA-amino acids calculated trom their retention
indices on OV-17 and Dexsil 300 GC. All of the . 1A/e values obtained were negative.
which suggests a shielding effect of trifluoroacetyl groups. It was reported*t-22 that. 1Afe
was virtually constant throughout a homologous series except tor a tew initial homol-
ogues. The . 11/e values of monoaminomonocarboxylic acids. except for methionime.
on Dexsil 300 GC ranged between — 68 and —81. regardless of the presence or absence
of sulphur. The . 14/e¢ values of sulphur-containing monoaminomonocarboxylic acids
on OV-17 were only shightly lower than thosc of the non-sulphur-containing analogues.
The 1a/e values of monoaminodicarboxylic acids ranged between —66 and — 73 and
between —81 and —92 on OV-17 and Dexsil 300 GC. rccpccti\-‘cly The {d7e values of
diaminomonocarboxylic acids ranged between — 112 and - 126 and between —[22
and — 133 on OV-17 and Dexsil 300 GC. respectively. Hence the addition of a second
carboxyl group changed: 1M e only sheghtly. while the addition of a second amino group
on the terminal carbon atom altered . [Afe significantly. '

The . 1Me vaiues of sulphur-containing diaminodicarboxylic acids ranged be-
tween — 138 and — 131 and between — 132 and ~— 162 on OV-17 and Dexsil 300 GC.
respectively. and the absolute values were higher than those of the diaminomonocar-
boxylic acids. The absolute . 1Afe value of 2.6-diaminopimelic acid on Dexsil 300 GC
was apparently lower than those of the corresponding sulphur-containing analogues.
Itis interesting that. P e s not very sensitive to small variations in structural features.
in contrast to .1/

Molur response

The FID molar responses of BTFA-amino acids relative to that off BTFA-
glutamicacid are listed in Table X1 The RMR values of some amino acids. taken from
the hterature (recalculated if necessarv). are collected-in Table X1V, The RMR values
abserved on OV-17 and Dexsil 300 GC agreed with each other within 107, for most
amino acids. The RMR values of S-methyleysteine and S-carboxymethylhomocysteine
were not determined as the elemental analyses of these two amino acids were not satis-
factory. although the gas chromatogram showed a single peak except for solvent peaks
in cach instance. The RMR values oft'S.S-methylene- and S.S -ethvlenebiscvsteines oi
OV-17 were not determined because the baseline dritt was extensive. Gehrke er al.!
reported that RMR values varied slightly from one stationary phase to another. The
RMR values of cystine and methionine given in the literature varied considerably
from one report to another. The RMR value of dnmmm.l‘mmc acid in the literature
did not agree with the values obtained in this work.

The preparation of pure artifact amino acids for dutlu.mm samples usually
involves tedious and time-consuming work. If the RMR can ke estimated trom the
chemical formula of a given amino acid. then the quantitative determination of the arti-
tactaminoacid in chemically modified wool can be greatly facilitated. In many instances.
it is considered that the FID molar response is an additive property of the structural
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TABLE X1l

FID MOLAR RESPONSES (RMR) OF BTFA-AMINO ACIDS RELATIVE TO BTFA-
GLUTAMNIC ACID OBSERVED IN THIS WORK

Class No. Amino acid RAMR calculated RAMR found
According to This work oVv-17 Dexsil
Lirerature™ 300 GC

ECN RMR ECN RAIR

A 1 ALA 3.3 0.51 4.8 032 0.51 048
2 NORVAL 7.3 0.70 6.8 0.73 0.74 0.70
3 NORLEU 8.3 0.80 7.8 0.84 0.87 0.87
4 AOA 103 0.99 9.8 1.05 1.10 1.14
5 SMC 6.3 0.68 19 0.33
6 SEC 7.3 0.70 39 0.63 071 0.6Y
7 SPC 8.3 080 6Y 0.74 0.83 0.83
5 SBC 93 0.89 7.9 0.85 0.90 0.92
9 AMET 7.3 0.70 39 0.63 .66 .64
1 (3] ETH 8.3 0.80 69 0.74 0.83 083
B 8] ASP 9.1 090 83 089 0.8Y 0.93
| GLU 10.4 1.00 Y3 1.00 1.00 1.00
13 APA 121 1.19 1.3 [.22 1.09 1.11
11 SCAC 04 1.00 S4 (.90 0.87 0.86
15 SCEC | § PR 1.10 9.1 1.01 096 1.00
16 SCPC 124 1.19 104 1.12 1.04 1.15
17 SCNHC 1t4 1.10 9.1 1.01
I8 SCEHC 123 1.19 104 1.12 1.03 1.12
iv SCPHC 134 1.29 1.1 1.23 09s 1.08
C 20 DABA 6.7 0.61 5.1 0.36 0.56 0.61
21 ORN 2.7 074 6.1 0.66 0.69 0.69
a2 LYS X7 081 7.1 0.76 072 0.80
23 SAFEC 7.7 0.74 52 0.56 018 032
D 23 DAPA 108 1.13 1.00 1.07
25 LAN N7 0.91 0.87 091
26 YS 7.8 081 0.78 .78
27 HOMOCYS 9.8 1.05 0.50 0.63
23 MBC NS .93 0.56
29 EBC 98 1.05 1.03

features and the contribution of o' structural unit to the molar response is usually ex-
pressed as the effective carbon number (ECN)Y. The ECN of a molecule is i sum of the
ECN values of structural units in the molecule. Sometimes. the ECN of a molecule is
expressed as the carbon number of the molecule minus the sum of non-effective carbon
numbers (Non-ECN) of structural units in the molecule. Thus. Non-ECN is the carbon
number minus ECN.

Istam and Darbre?® recently reported RMR values for trifluoroacetyl methyl
esters (MTFA)Y of 29 amino acids on polar mixed silicone stationary phases by linear
temperature-programmed GLC. Non-ECN values determined for moenoaminomono-
carboxylic acids (A-1 tvpe). monoaminodicarboxylic acids (B-1 type), and diamino-
menocarboxylic acids (C-1 type) are 3.7, 4.6 and 3.3, respectively. These Non-ECN
values indicate that the effect of the CF;CONH-group was not additive: CF;CONH-
attached to the ¢-carbon had a higher Non-ECN value than a second CF;CONH-
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TABLE X1V

FID MOLAR RESPONSES (RMR) OF BTFA-AMINO ACIDS RELATIVE TO BTFA-
GLUTAMIC ACID GIVEN IN THE LITERATURE

No. Anmiino acid RAIR
Ref.23 Ref-1 Ref.24  Ref 14 Ref. 2

i ALA 0.53" 048" o5t 053" 0.53%

2 NORVAL 075" 058"

3 NORLEU . 0837 085"

4 AQA 082" -

Y MET 0.70° 054777 05677 0.535°"" 0.6755
11 ASP 092° 085°7° 091" 090" 09453
12 GLU 1.oo” 1.00°°" oo 1.00°°° 1.00ss
14 SCMC O87°°°
21 ORN 0.69™"" 076" 0.583%
22 LYS 0.86" 672777 08677 086" 0763
26 CYS o4 079+ 091+ 0.38s¢

© On 1.00%; (w;w) neopentyl ghveol succinate on Gas-Chrom A.
°T On 3Y (w/w) DC-350 on Chronosorb W AW,
°TT On 0.325Y, (wiw) ethylene glveol adipate on HT Chromosorb G AW or Chromiosorb W AW,
£ 0n L.50Y, (wiw) OV-17 on HP Chromosorb G.
232 0n 10O, (w.w) Apiczon M on HP Chromosorb W.

group attached to the terminal carbon atom. It was pointed out® that the presence of
the thioether bond did not alter the ECN. by comparison of the responses of MTFA-
. methionine and non-sulphur-containing amino acids. 1t was also stated that the Non-
ECN vilues obtained could be applied to the molar response vilues reported previous-
Iy=" at the same laboratory tor N-trifluoroacetyl methyl, -butyl and #-pentyl esters of
five amino acids.

The Non-ECN values of Islam and Barbre® were applied to the BTFA-amino
acids (except for BTFA-diaminodicarboxylic acids) studied in this work and RMR
values (relative to glutamic acid) were calculated. The results shown in Table XIILI
indicate that the calculated RMR values agreé fairly well with the observed values for
sulphur-containing and non-sulphur-containing monoaminomonocarboxylic acids
and non-sulphur-containing monoaminodicarboxylic and diaminomonocarboxylic
acids. but a discrepancy was obvious for other tvpes of amino acids. It seemed that a
positive Non-ECN value of a sulphur atom should be taken for monoaminodicar-
boxylic and diaminomonocarboxyvlic acids in order to obtain comparable calculated
RMR values. The response of sulphur compounds was reported to be considerably
influenced by the design of the detector and by the operating conditions®".

In this paper. an empirical and completely additive method for the calculation
of ECN values of sulphur-containing and non-sulphur-containing amino acids is pro-
posed in which the ECN values for ~-COQO-, -NHCOCF; and —-S- groups are assumed
to be —0.5. —0.7 and —0.9, respectivelyv. These values are within the range of reported
ECN values for each structural unit**-*. The ECN and RMR values calculated on this
basis are also recorded in Table X111 for comparison. The calculated RMR values
compare well with the observed values. except for S-carboxypropylhomocysteine and
homocystine. The observed RMR value of homocystine is apparently too low and
the extensivedegradation of the BTFA derivative in the chromatographic columns or the
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incomplete recovery of the BTFA derivative in the derivatization seems to occur. It is
interesting to note that cystathionine did rot give any peak under normal reaction and
chromatographic conditions. The validity of the ECN values given in this work should
be checked further by comparing calculated and observed RMR values for other
amino acids.

CONCLUSION

Linear temperature-programmed GLC of S-p-alkvi-. S-er-carboxyalkyl- and
S-g-aminocthylevsteines. lanthionine. cvstine. S.S’-alkvienebiscysteines and some
iomocysteine analogues. as well as similar non-sulphur-containing amino acids. as
their N-trifluoroacetyl #-butyl esters. was studied on OV-17 and the less polar and more
thermally stable Dexsil 300 GC. the temperature being programmed from 100 at the
rate of 8 /min.

The Kovits retention indices and . 1/ values as well as Evans and Smith=!. =
- LW e values were determined. The retention index on OV-17 was always higher than the
corresponding retention index on Dexsil 300 GC and the ditference (. 1/) was constant
for cach homologous series. The plot of the retention index against molecular weight
was lincar for a homologous series, except for the first member. but was not parallel
to the plots for other homologous series.

An attempt was made to calculate the retention index on'an assumption of an
additive property of contributions of the structural features to the retention index. The
contribution of a methylene group to the retention index varied with the type of amino
acid. ranging from 80 for monoaminomonocarboxylic acids to. 140 for diaminomono-
carboxyvlic acids on OV-17 and from 84 for monoaminomonocarboxvlic acids to 140
for diaminomonocarboxyiic acids on Dexsil 300 GC. The contribution of a sulphur
atom to the retention index was 290 on OV-17 and 237 on Dexsil 300 GC tor the amino
acids except for diaminodicarboxylic acids. The contribution of an #-C;H,0CO-
{CF;CONH)CH- group was 1152 on OV-17 and 1112 on Dexsil 300 GC for the
amino :xcids except for diaminodicarboxylic acids. The contribution of this group in
dizminodicarboxyvlic acids was 9349 on OV-17 and 914 on Dexsil 300 GC. The contribu-
tion of a second #1-C;H,OCO- group on the terminal carbon atom was 363 on QV-17
and 520 on Dexsil 300 GC._ and that of a second CF,CONH- group on the terminal
carbon atom was 308 on OV-17 and 238 on Dexsil 300 GC.

All of the . 1V/e values were negative. which suggests that only slight interac-
ticns between the amino acid derivatives and the stationary phases occur. The . [Afe
vatue was nearly constant for both sulphur-containing and non-sulphur-containing
monoaminomono- and -dicarboxylic acids.

"The effective carbon numbers of a CF;CONH- group. a C.H,0CO- group and
a suiphur atom were assumed to be —0.7.3.5 and —0.9. respectively. in the calculation
of the FID response. The calculated relative molar responses by assuming a complete
additive property compared well with the observed values.

"ACKNOWLEDGEMENT

This work was supported by the International Wool Secretariat.



GLC BEHAVIOUR OF S-SUBSTITUTED CYSTEINES 207

REFERENCES

1

LN W W

'~

10

| B
12
13
14
15
16
17
IS
19
20
21
kil
23
23
25
26
27
28
2y

C. W._Gehrke, D_ Roach. R. W. Zumwalt, D. L. Stalling and L. L. Wall, Quantitative Gas—Liquid
Chromatography of Amino Acids in Protreins and Biological Substances, Analyvtical Biochemistry
Laboratories Inc.. Columbia. Mo.. 1968.

C. W._ Gehrke and H. Takeda. J. Chromatogi.. 76 (1973) 63.

V. du Vigneaud, H. S. Loring and H. A. Craft. J. Biol. Chem., 105 (1934) 481,

M. D. Armstrong and J. D. Lewis, J. Org. Chem.. 16 (1931) 749,

A_ Schoberl, Chem. Ber., 80 (1947) 379,

D. Cavallini, C. do Marco. B. Mondoul and G. F. Azzone, Expericutia. 11 (1933) 61.

H. Zahn and B. Wolleman, Makromol. Chenr., 10 (1953) 122,

K. O. Knollmueller, R. N. Scott. H. Kwasnik and J. F. Sicckhaus. J. Polym. Sci., Part A1, 9
(1971) 1071. .

G. Zweig and J. Sherma (Editors). Handbook of Chremaregraphy, Vol. 11, CRC Press, Cleveland,
Ohio, 1972, pp. 260 and 2635. ’

L. Rohrschneider, J. Chromuarogr., 17 (1965) 1.

L. Rohrschneider, J. Chromatogr., 22 (1966) 6.

J. K. Haken. J. Chromatogr., 73 (1972) 419,

G. E. Pollock. Anal. Chem., 43 (1972) 634,

F. Raulin. P_ Shapshak and B. N. Khare. J. Clromatogr., 73 (1972) 35,

E. Kovits, Helv. Chim. Acra.. 41 (1958) 1915,

G. Guiochon, Anal. Chem., 36 (1961) 661.

S. D. Nogare and W. E. Langlois, Anal. Chem_, 32 (1960) 767.

H. W. Habgood, Anal. Chem., 36 (1964) 663.

A_ B. Littlewood, Guas Chromarography, Academic Press, New York. London, 2nd ed.. 1970, p. 85,
M. Bl Evans and J. F. Smith, J. Clhromarogr.. 3 (1961) 300.

M. B. Evans and J. F. Smith. Natwre ( London), 190 (1961) Y05,

AL B Evans and J. F. Smith, J. Clhromarogr.. 8 (1962) 303,

C. W. Gehrke, W. M. Lamkin, D. L_Stalling and F. Shahrokhi. Biochem. Biophiyvs. Res. Commun .,
19 (1963) 328. . .
D. Roach and C. W. Gehrke, J. Chromarogr.. 4% (1969) 269,

AL Islam and A. Darbre, J. Chromarogr., 71 (1972) 223,

AL D. Favero. A. Darbre and M. Watertield, J. Chromatogr_. 1) (1969) 213

B. AL Schacfer. Awal. Chem ., 42 (1970) 48,

L_S. Eutre, J. Chromaregr., 8 (1962) 525,

R. G. Ackman and ). C. Sipos. J. Chromatager.. 16 (1963) 298,



