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Abstract

We report an analytical procedure of gas chromatography/mass spectrometry (GC/MS) focusing on chromato-

graphic enantiomer separations and the corresponding mass spectra. We used N-pivaloyl isobutyl esters of amino

acids to show the summary of retention time and those of mass fragmentation patters. To avoid matrix effect from

biogeochemical samples, we optimized the entire experimental flow showing an optional wet chemical treatment

for the purification of amino acids. We separated both of protein and non-protein type amino acids derived from the

samples, including prokaryotic soft-tissues, freshwater/marine biological hard-tissues, and a deep-sea serpentine

sample. Present derivatization procedures of amino acids as pivaloyl/isobutyl esters can be switchable on the diaste-

reomers with the use of S-(+)-2-butyl esters or R-(-)-2-butyl esters. The present method will be applied into a further

description of enantiomer-specific isotopic composition of individual amino acid.
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&% (21X, Cronin and Chang, 1993; Palyi et al.,
1999; Ehrenfreund and Charnley, 2000; Meierhenrich,
2008: Ohkouchi and Takano, 2014) ,

GC/MS 12X %7 X/ BROSHTFNEE, (1) 38
DRI, (2) AFH & GFE4AL, (3) GC/MS T
DWE, LV IEAER TH L, 73/ BRICHSE
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7 Wt (TFA/iBu: %l 2. |X, Kvenvolden et al., 1970)
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7 B EREUEE 1 mg, AP o PR 1-5mg, A
AR (<500mg) % iRIEEE (>6M) TEEIN/K 7
L (110C, 12hr), HABHIEENL Y V7 HR
NTFNEET I BAGIHR L7z BRIKS %
TFoTWhizd, TANTFL LTV I VI,
ENENT ARG FURE T VY I VERIZER S
Do MK L 738 AE R © ARG (27
O Xy, p-NFH ) TORE —Himtic L )

727



T3 (ENTAL N4 TF VI AT IVERK) O GC/MS |2 L 2T

feL7:%, A%/ —VEIMZERN AL T Tl
|_7= (Chikaraishi et al., 2009; Takano et al., 2009) ,
TR/ BOFBEMREEHET L2 M) v 7 A (K
MeWy) %% < &Ll e bz HET L
REEDSH 2 DT, BTG T, 414 5k
< b5 7 4 — (Biorad #1:# AGS0W-X-8, 200—400
mesh) I2& V), 73 /BRI % K585 L 72 (Takano et
al., 2010a) . KIZ, HALFF =V AV T8 ) —)

Samples

<«+—— Dried up by N, stream

|| Amino acid / iso-butyl esters ||

|| Pivaloyl / amino acid / iso-butyl esters ||

| e/ms |

GC/FID, NPD

| GC/C/IRMS

(Z 2 Tl&, S-(+)-2-butanol Z i, 110C, 2hr)
TAVTFMEL, fwC, ko sL Y
ryuouaxyy (110C, 2 B cexxa A kL,
TIJBOENTAL NS A ) TFIVTAT IV iEE
K (¥Na AN,/ S2-TF VI AT IVEEER) %15
720 K—FHEGEEE (7 0ana Xy v/ n-nFH )
TOW—HBIC L), RELOELE T A )L
rARBIZRL, TI /Mo NgA VAT

<«—— Acid hydrolysis (6M HCI, 110°C, 12 h)

<+—— *Filtrated (elimination of solid precipitates)
<«—— Defatted (DCM/n-hexane, 6:5, v/v) by liquid-liquid extraction (x3)
<«—— Added 3mL of methanol and dried up by N, flow (< 100°C)

<«—— * Purification of AA fraction by cation-exchange chromatography [Ref. 1]
<+— *|solation of individual AA by ion-pair chromatography [Ref. 2]

<«—— Esterified (1 mL of thionyl chloride / iso-butanol, 1:4, v/v, 110°C for 2 hr)

<+—— Added 0.5 mL of DCM and dried up by N, stream (x2)

<«+—— Acylated (1 mL of pivaloyl chloride / DCM, 1:1, v/v, 110°C for 2 hr)
<«+—— Dried up by gentle N, flow, added 0.5 mL of DCM and dried up by gentle N, flow
<«+—— Added 1 mL of distilled water and extracted with DCM/n-hexane (6:5, v/v, 2mL) (x3)

<+—— GC separation and compound-specific detection [Ref. 5]

Fig. 1. Experimental flow and derivatization procedures of amino acids as pivaloyl/isobutyl esters (cf.
pivaloyl/isopropyl esters, Metges et al., 1996; Ref.4, Chikaraishi et al., 2010). The alternate
detectors are flame ionization detector (FID) and nitrogen-phosphorus detector (NPD) in prior
to isotope ratio mass spectrometer (IRMS). The asterisk [*] stands for an optional process. Ref.
1 is for Takano et al. (2010a); the cation-exchange ion chromatography is for the purification of
amino acid to avoid matrix effect during the esterification and acylation. Ref. 2 is for Takano et al.
(2015); the preparative isolation of underivatized amino acids for targeting analysis by ion-pair high
performance liquid chromatography. Note that a comparative study of GC separation using polar
and apolar stationary phases was performed with some capillary columns of Chirasil-Val (50 m x
0.32 mmi.d., 0.20 zm film thickness, Alltech Associates Inc.), DB-23 (30 m x 0.32 mm i.d., 0.25 um,
Agilent Technologies), DB-35 (30 m x 0.32 mm i.d.,, 0.50 um, Agilent Technologies), NDB-FFAP
(30m x 0.32mm 1id.,, 0.25um, Agilent Technologies), HP-IMS (30m x 0.32mm i.d.,, 1.0 um,
Agilent Technologies), HP-Chiral-20f (30m x 0.32mm i.d.,, 0.25um, Agilent Technologies),
HP-INNOWAX (30 m x 0.32 mm i.d., 0.50 um, Agilent Technologies) (Chikaraishi et al., 2010).
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VI AT IVIEERE AEICEIRL, ZEeh
e ERFIL T CURAMREZE L7z, Fig.2 ICY T AT L
I~ — Lo RSHEZ R L 72,

ZITIE, EEERIEE LCHWAT I VRO
A (>99%), HEMALREL LTHwE A Y
T8 = IVOIEERE (>99.0%) I E L THNT
%47 - 7z (Takano et al., 2009) . EAHIENR & S AHIE
B % RS2 IKRGRIC L DT 2 VDT 31k e
ZORIEIZDOWTIE, BRI SN T D (fl
Z13, Kaiser and Benner, 2005)

3.2. GC/MS &

GC-MS 1%, Agilent Technologies #L:# 4 2 7 1<
k7T 7 — w5 HTER (6890N/5973MSD) % i\
720 A, PTV #: (Programmable Temperature
Vaporization, Gerstel #1:%2) % vy, BEF ¥ ¥ 5
) —# 7 4%, HP-5ms (30m x 0.32mm i.d., 0.52 um

1) Esterification by (R)-(-)-2-butanol

)= Agilent Technologies) % 72, F-if St
I, 40C T4 fRFL, 90C FT10C 4 TH
L, 90C# 5 220C F T 5C 43Tl L 7214,
220C % 10 FHRFF L 720 AN T AF ¥ 1) T —
H A (He) 1%, 1.4mL/%5 D% # i E— K (constant
flow) TIro 7z, BB, BEFEHEL (70eV)
TAF b L, m/z 40-550 O B & & PH CTHIE L
720 SEOEARIX, GC/IRMS TR (GHf
L Y > 1-10nmol DT A — V) % &HEIC
B D ¥4 % 17 5 72 (Chikaraishi et al., 2010), 7
RBROEETITO WA,
(FID) %° nitrogen—phosphorus detector (NPD) # Hi
wmE VLIS, L) RN R RRE 2 b
(Chikaraishi et al., 2015) o BEH D 5347 FNH O FEA
(Chikaraishi et al., 2010; Takano et al., 2010a, 2010b)
P TR S vy,

flame ionization detector

-~

1\

CoHs
* A
c’
/
HO \Uh
Course of
(RR, RS) 2) Acylation by pivaloyl chloride

NH,

v

o]
R_«
o
Oj :NH

-
* chiral center

N-Piv-(R)-2-Bu esters of (R,S)-AA

1) Esterification by (S)-(+)-2-butanol
(R,S)-amino acid CH3 / o \
= D,L-amino acid . | -
c™ R« .
N o
Course of HO C,Hs
(SR, SS) n o NH
>
2) Acylation by pivaloyl chloride
* chiral center
\ N-Piv-(S)-2-Bu esters of (R,S)-AA
— Enantiomers ——— |- (derivatization) b{ Diastereomers ————»

Fig.2. Reaction pathway and switching procedure of diastereomeric (R, S)-amino acid derivatives using (R)-(-)- or
(S)-(+)-2-butanol and pivaloyl chloride for esterification and acylation, respectively (Takano et al., 2009).
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4. PR

41.7I/B (ENOSIV/ AV TFILIZATIVE
BE) DRBERRTSTALT— 3>
Fig. 3 [0 TR N2 TIC 7 0~ b 75 A %R
To NI FVTORTF R 5 2 H#IE, D-
TIZUBLOD-7IVY I VEEDFNZEN30%HE
EEINLZENbhI L, TEIEKT I JHETIE,
D-7 3 VEREREIX, RKS0%THDLNHLRTF
R0 B HEEDOD-7 3 BREBERIIEEZ > Tv
o SITRLEZUERMNTTADLIHIZ, AV
TY )= S-(4)-2-TF ) — VRV F
TN EFROT I VBRI, VT ATLEY =&
LT, D-73I /8 L-73 EROJEE TR S
Bo B, R-(-)-2-7% 7 — V&RV,
HUIER 133512 % A (Takano et al., 2009) .
T73I/BOENTA )AL TFIVTATIVEEE

ROFR 2~ A ARY P IVIE, B4+~ IM]TIC
Mz, 4V 7F VT AT VEREEL 72 [M-73]
AR NVEEDWEEE L 72 [M-101]7, BX U, U
oA VI [85]7, tert-7F )VF [57]17 12/ L7z A
T TITTAY N THB AV TFIVIED [57] D
TITAY b e—HME T2, B2, T 3/
il (b7 2 2R TN VR F VL
T3 AR IOME) O AANT LI, (M]T
H243 TH Y, [M-73]", [M-101]" |23 d % m/z
170, m/z 142, ¥oNa A )VE & tert-7F )V EE (B
LA v TFNVEL - ET) ISR T 5 m/z 85,
m/z57 %Fo (Figd)o SDTFGT AL My —
i, WU 7I VB THhL7) v, aT T2
YoBTI=y,oN) vy, uf vy, fyufy
YREEMY FOXF YT I JBRTHL ML A UR
vy, A3 VEBEoOTaY) LT zb Ik
L TwA (Fig.5),
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Fig.3. Total ion chromatograms (TIC) of amino acid as pivaloyl/S-(+)-2-butyl esters from bacterial peptidoglycan
tissues in (a) Staphylococcus staphylolyticus and (b) Enterococcus faecalis (cf. separation by DB-23 column as
shown in Appendix). Abbreviations with the D-, L- forms: Alanine, Ala; Glycine, Gly; Valine, Val; Leucine, Leu;
Isoleucine, Ile; Proline, Pro; Threonine, Thr; Serine, Ser; Methionine, Met; Aspartic acid, Asp; Phenylalanine,

Phe; Glutamic acid, Glu; Lysine, Lys; Tyrosine, Tyr.
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Vg I OB (BT I BRI VAR
V2o, TIVHLIOREE) O AANRY
Mvix, (MI7 25343 TH 1), [M-73]", [M-101]",
VXTS5 m/z270, m/z242, ¥oNa A V3L tert-
TFOVFENKIE S B m/z 85, m/z57 #¥E>, TD
TITAY MSE—0F, RUERET I VERTH
BT ANTF U HIZO B L T 5,

TIZNVT T2y (FEET IR OTAANR
7 hvid, M1 25305 TH 1), [M-73]", [M-101]"
VXSS 5 m/z 232, m/z204, ¥oNa A VL et
TF VRIS T B m/z85, m/z57 #FED, D
TIT AL MY =L, BMUFHERT I /BT
HHrTFuT U IlHIEHELTVE, WThDOT I/
WEEFEARICS, BA A Mz, wop
OB 72T T 7 A2 NIXY — U h3dD T &5
D5

e o7 2 2RI, SRS LS
YR (595, 2015) 3 HFETH I Enb,

RHEY) B O RFHR I O 1E ez PR TR T 5 0%
Db, Tablel 12, &7 I /BonNaAf )N, A
VT FN T AT VEHEEEORFEHER B L '~ AR
Ry MNVETEDIZ,

4.2. AP EDEMMIK LEEH R OIS GI

N7 ) 7 Wk (Staphylococcus staphylolyticus,
Enterococcus faecalis) D7 F K27 71 v fligko
fit, BEAEB & ONWMREMEO FREEH, MBERIE
BRI THRMNENINA ) LY (Fa—TT—24)
DOV (LUR) OFHT#ER % Fig.6 [ZR T, Wi
NOFESAF BT T 74 —1285T7 I /R
WREIT 72720, ~ M) v 7 ADERESh, D-
T BSHBE IR SN TWS, RTF R
7 AT HEEEIR, MlaEEDH - ) o H=ICHE
AR, BEHUCREL <liRHR T 5 (Bl
1L, Wientjes et al., 1991; Park and Uehara, 2008) ,

RVEEE R YRGS & D BRALE N7z ieRCa 3 0 &

< <
o o
< <
(a) 3 3
[a) -
2
s
C
[
jS
186 188 19.0 192 194 196 19.8 200 202 204
Time (min)
> m/z 85 (C;0,Hq)
M-101 P
(b) 142 07 “NH
* 0. *
57
o m/z 57 (C4Hy)
m/z 142 (CgN,O4H,4) <
3 >
i
c
o 85 m/z 170 (CoN,0,H;5) <
= M-73
41 102 170 -ABA derivatives
‘ 215 243
" \‘ Lol I} el

m/z

40 60 80 100120140160 180200 220 240 260 280 300 320 340 360 380 400

Fig.4. (a) GC separation of D- and L- a-aminobutyric acid (D-, L-a-ABA) and (b) mass
spectra pattern as pivaloyl/ S-(+)-2-butyl ester derivative. The mass fragmentation of
[M-1017", [M-73]", ions from pivaloyl [85] and 2-butyl [57]" are shown.
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Fig.5. (a) (1/4)

(a) Protein AAs
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Fig.5. Mass spectra of amino acids as pivaloyl/ S-(+)-2-butyl ester derivatives with the note
of molecular structure, chemical formula, exact mass, and molecular weight.
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Fig.5. (a) (2/4)
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Fig.5. (a) (3/4)
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Fig.5. (a) (4/4)
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Fig.5. (b) (1/2)
(b) Non-protein AAs
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Table 1. Summary of retention time and prominent fragment ions for pivaloyl/ S-(+)-2-butyl esters of L-amino acid.

All compounds are identified by GC retention time and mass spectra with those of standards.

Elution order

Abbreviation

Formula

Molecular weight

Retention time

Product ions

Underivatives Derivatives (min) (m/z)
Protein type
L-Alanine Ala CsH/NO2 89 229 18.1 156, 128, 85, 57
Glycine Gly C2HsNO2 75 215 18.7 143,114, 85, 57
L-Valine Val CsHiNO2 117 257 20.6 184, 156, 85, 57
L-Leucine Leu CsHisNO2 131 271 21.9 198, 170, 85, 57
L-Isoleucine Ile CsHi:NO2 131 271 22.4 198, 170, 85, 57
L-Proline Pro CsHoNO2 115 255 24.4 182, 154, 85, 57
L-Threonine Thr C4HoNOs 119 343 26.5 270, 242, 85, 57
L-Serine Ser CsH/NO3 105 329 27.1 256,228, 85,57
L-Methionine Met CsHiNO:S 149 289 27.4 204, 188, 85, 57
L-Aspartic acid Asp CsH/NO4 133 329 28.2 256, 228, 85, 57
L-Phenylalanine Phe CoH1iINO2 165 305 29.7 232,204, 85,57
L-Glutamic acid Glu CsHoNO4 147 343 30.7 270,242, 85,57
L-Lysine Lys CsH14N202 146 370 37.4 285,269, 57
L-Tyrosine Tyr CoH1iINO3 181 405 394 332,304, 85,57
Non-protein type

Sarcosine Sar CsH/NO2 89 229 17.8 156, 128
L-a-Aminobutyric acid a-ABA C4HoNO2 103 243 19.7 170, 142, 85, 57
f-Alanine f-Ala CsH/NO2 89 229 20.2 156, 57
L-f-Aminoisobutyric acid [-AiBA CsHoNO2 103 243 20.8 170, 85, 57
y-Aminobutyric acid y-ABA C4HoNO2 103 243 234 158,57
L-Hydroxyproline Hyp CsHoNOs 131 355 31.8 282, 85,57
L-a-Aminoadipic acid a-AAA CsHiNO4 161 357 32.4 284,256, 85, 57

Crustacea in terrestrial environment

(a) Caridina multidentata

Intensity

D-Ala

L-Ala

Time

Crustacea & Polychaeta in marine environment

(b) Penaeus monodon

Intensity

L-Ala

D-Ala

Time

(c) Plagusia dentipes

Intensity

L-Ala

(d) Lamellibrachia
®©
<
-
>
2
2 ©
£ 2
a

Fig. 6. Separation of D-alanine and L-alanine (EIC, m/z 128) in biological hard-tissue samples from terrestrial
fresh-water environments for (a) Atyidae; Caridina multidentata, (b) Black tiger prawn; Penaeus monodon,

and marine environments (¢) Grapsoidea; Plagusia dentipes, (d) Tubeworm; Lamellibrachia.



W - TR FEN - KITN EE

(a) N-Piv-OiPr
2
S
)

2

2 @

Io) £

£ 5

| L
Time

(c) D/L ratios of AAs

10 Racemic standard mixture
L. D/L = 1.000 % 0.002 (n = 5)
0.8
[o]
= 06
o
=
a
04 Natural abundance in Ashadze
D/L =0.15 (mean)
0.2 (
| @
| PY [ ° [ ] P
0.0 . . .
< e ® © T T ®
= c c c o o c
o € § 5§ 6 & ¢
g £33 ¢ ¢ 3
kS g s 2
® 2 3 8
" ooz
a

D-,L-amino acids from extracted from
the Ashadze serpentinized peridotite
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Fig.7. (a) Separation of alanine and glycine by N-Pivaloyl isopropylesters and (b) D-alanine, L-alanine
and glycine by N-Pivaloyl S-(+)-2-butyl esters in the deep-sea serpentine sample at Atlantic ocean
(cf. Bassez et al., 2009).(c) D/L amino acid ratios in the analysed Ashadze peridotite rock with
the comparison of racemic a-alanine standard (Bassez et al., 2009).
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Appendix 1. Representative esterification of carboxylic group in
amino acids
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Appendix 2. Separation of D-, L-Glu and D-, L-Phe
by DB-23 30 m x 0.32mmi.d., 0.25 um,

Agilent Technologies).



