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Introduction

Research exploiting recent advances in micro-scale analysis tech-
niques exhibiting high optical separation has established the
presence of trace amounts of R-amino acids (AAs) in vivo." R-AA
residues within peptide back-bones and free R-AAs in tissues and
physiological fluids have received considerable attention based on
reported correlations between R-AAs and various diseases, and
their potential biological roles in living organisms.> Therefore,
establishment of a method for determining the enantiomeric
excess (ee) of very small amounts of amino acids is required in
various fields such as chemistry, biology, pharmacy and medicine.

Several methods have been developed for determining the ee
of free AAs. Nuclear magnetic resonance (NMR) spectroscopy®
and circular dichroism (CD) spectroscopy,” indicator displacement
assays,” fluorescent spectroscopy,® circularly polarized luminescence
spectroscopy’ are typical methods that enable monitoring of sepa-
rations of AA signals and changes in the spectra of host molecule in
response to host-guest interaction. However, these methods are not
suitable for simultaneous examination of multiple AAs because the
signals often overlap and/or the same spectral changes occur
regardless of the type of AA employed. By contrast, the high-
performance liquid chromatography (HPLC) with chiral stationary
phase including a multi-dimensional HPLC method® and a chiral
liquid chromatography-time-of-flight mass spectrometry (MS)
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method® can separate multiple AAs and analyse each ee. However,
these chromatographic approaches require long analysis time.

There is a strong demand for enantiomeric analysis using
mass spectrometry, which is a highly sensitive and rapid
measurement method. Recent advances in mass spectrometers
have led to the development of enantiomeric analysis methods
based on mass spectrometry only, such as the evaluation of
the stability of the diastereomeric ion between an analyte and
a chiral selector by ion mobility mass spectrometry™ or by
photodecomposition at low temperature in ion-trap.’” Never-
theless, fundamental strategies are presented in the following
two methods, which were proposed early on.

As a means of determining ee values for AAs using only MS, Tao
et al. developed a kinetic resolution method using collision induced
dissociation (CID) coupled with ion trap MS."* However, this method
is not suitable for simultaneous analyses. Sawada et al. proposed
a method to determine the ee value of the chiral guest using
isotopically labelled/unlabelled quasi-racemic mixture of a chiral
host compound; the host-guest complex target ion is detected by
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Fig. 1 Procedure for ee determination of a chiral guest using the
isotope-labelled chiral host method.
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Fig. 2 Structures of deuterium-labelled/unlabelled quasi-enantio-
mers of a chiral metal complex in methanol. (a) A-[Cu'(S,S-
L)(MeOH),?*, (b) A-[Cu"(R,R-L-de)(MeOH),]**.

single stage MS without CID (Fig. 1).** Such host compounds can be
used only for protected AAs, however. New chiral host compounds
suitable for simultaneous ee analyses of “free” AAs should thus be
developed using the isotope-labelling method.

Recently, we reported a copper(un) complex with a chiral tet-
radentate ligand (S,5-L),"* A-[Cu"(S,S-L)(MeOH),]** (Fig. 2(a)),
that accommodates a bidentate AA; the resulting three-
component complex ion [Cu"/S,S-L/(AA-H)]" was detected
with high sensitivity by electrospray ionization (ESI) MS."** The
Cu"/S,S-L complex enantioselectively preferred the R-AA, and
the chiral discrimination ability of the complex was evaluated
using ESI-MS coupled with isotope-labelled/unlabelled quasi-
racemic mixture of the guest AA, S-AA-d,/R-AA;*® indicating
that the Cu'/S,S-L complex is a promising chiral host for ee
analyses of “free” AAs.

In this report, we describe simultaneous ee determination of
unlabelled free AAs by MS using deuterium-labelled/unlabelled
quasi-racemic mixture of chiral copper(i) complex (Cu"/s,S-L
and Cu"/R,R-L-ds, see Fig. 2) as excellent host molecules.
Although several different analytical methods have been devel-
oped for determining ee values of free AAs, as described above,
this new method enables rapid, high-sensitivity determination
of ee values for multiple AAs. The new method also enables
detection of ion clusters characteristic of copper(u) complexes
consisting of three components and has the advantage of being
able to distinguish target ions from other impurities, thus
making the method more versatile.
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Fig. 4 Correlation between le vales of [Cu"(S,S-LIAA-H)]* and
[CU"(R,R-L-dg)(AA—H)I" in mass spectra and ee values of AAs
employed. All errors during measurement were within 2%. @, l, and
@ indicate systems of Phe, Val, and Met, respectively.

Results and discussion

The deuterium-labelled chiral ligand R,R-L-d, (D content, 98%) was
synthesized from R-Ala (see ESIt). CD spectra of a CuCly/R,R-L-d,
complex in methanol exhibited a Cotton effect opposite that of
a CuCly/S,S-L complex' (Fig. S1t), indicating the formation of
a chiral complex A{Cu"(R,R-L-dg)(MeOH),]** (Fig. 2(b)).

Fig. 3 shows ESI-MS spectra of solutions containing CuCl,,
a quasi-racemic mixture of chiral ligands (S,S-L and R,R-L-ds),
and Phe at varying ee values in the presence of K,CO; ([CuCl,]y/
[S,S-L]o/[R,R-L-d¢]o/[Phe]o/[K,COz]y = 1.0/0.6/0.6/0.1/0.1) in
water/methanol (=1/100, v/v). Signals indicating two pairs of
copper(n) complex ion clusters, [Cu"(S,S-L)(Phe-H)]"
[Cu™(R,R-L-d)(Phe-H)]*, were detected with high sensitivity,
and the relative peak intensity varied depending upon the ee
value of Phe (Fig. 3(a-g)). [Cu"(S,5-L)(MeOH),]>" and [Cu"(R,R-
L-d¢)(MeOH),]*" mainly form four kinds of three-component
complexes with R-AA and S-AA (Fig. S47), and the equilibrium
constants for AAs differ."* A-{Cu"(R,R-L-d¢)(S-Phe)]” was
generated mainly with S-Phe (Fig. 3(a)) resulting in the negative
maximum intensity excess (Ie) value, calculated according to
the formula {le = (/[Cu"(S,S-L)(AA-H)]" — [[Cu"(R,R-L-d,)(AA-
H)") x 100/([Cu"™(R,R-L-ds)(AA-H)]" + I[Cu"(s,S-L)(AA-H)]"),
where I indicates peak intensity}. In contrast, the Ie value took
a positive maximum value with R-Phe (Fig. 3(g)).

Fig. 4 shows the Ie values plotted against AA (Phe, Val and
Met) ee values. A good linear relationship was observed between
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Fig.3 Mass spectra of a mixture of Cu''/S,S-L/R,R-L-dg/Phe in the presence of K,COsz in water/methanol (1/100, v/v). [CuCllg = 9.90 x 107> M,
[5,5-Llp = [R,R-L-dglp = 5.94 x 107> M, and [Phely = [K2COslo = 9.90 x 107® M. [CuClylo/IS,S-Llo/IR,R-L-dglo/[Phelo = 1.0/0.6/0.6/0.1. Optical
purity of Phe (a) S 100% ee, (b) S 70% ee, (c) S 30% ee, (d) 0% ee (racemic), (e) R 30% ee, (f) R 70% ee, and (g) R 100% ee.
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Table 1 le values of the mass spectra for [Cu"(S,S-L)(AA-H)]* and
[CU"(R,R-L-dg)(AA—H)]™ in water/methanol

Amino acid Ie (%) Aminoacid Ie (%) Aminoacid Ie (%)
S-Ala“ 2.04 S-Met” -4.31  S-Tyr” —22.78
S-Asn® —2.44  S-Phe” —23.10 S-val® —9.91
5-GIn“ 26.58  S-Phg” 16.96  S-Arg’ 0.00
S-His® 7.53 S-Pro® —47.37  S-Asp® 15.61
S-Hyp® —56.62  S-Thr* -1.48  S-Glu” 18.34
S-1le” —14.53  S-Tle® —19.03  S-Lys’ —0.99
S-Leu® —0.50  S-Trp” —28.32  S-Ser” —8.62
@ [CuCly]y = 9.90 x 107° M, [S,5-L]y = [R,R-L-dg]o = 5.94 x 107> M, [S-
AA]y = [K,CO;3]o = 9.90 x 10 ° M. ? [CuCl,], = 9.52 x 107° M, [S,5-L],

= [R,R-L-dg]o = 5.71 x 107> M, [S-AA], = [K,CO3]o = 4.76 x 107> M. §-
Phg = (S)-2-amino-2-phenylacetic acid (phenyl glycine), S-Tle = (S)-2-
amino-3,3-dimethylbutyric acid (tert-leucine).

Ie values and AA ee values, with a correlation coefficient (R*) of
0.994, 0.979, and 0.951 for Phe, Val, and Met, respectively.
Although the slope becomes smaller, the Ie value near S 100%
ee of Phe also showed a good linear correlation with the ee value
of the AA (see ESI, Fig. S5t). The final AA concentration in the
solution prepared for MS analysis was 9.9 x 10~® M. All ESI-MS
spectra shown in this report were acquired for 2 min (240
times), because accumulation over 60 times (single scan time,
0.5 s) confirmed the Ie value stability (see ESIT for details). Thus,
based on molecular recognition phenomena regarding the
chiral copper(u) complex, AA ee values could be rapidly deter-
mined with high sensitivity using only ESI-MS analysis of
labelled/unlabelled quasi-racemic mixture of copper(ir) complex
and target AAs. The method's accuracy (i.e., R*) appears to
depend on the slope of the line, which correlates with the chiral
discrimination ability of the chiral metal complexes toward the
AAs. In the case of Met, the slope was too shallow (4.31% Ie for R
100% ee) to accurately estimate the ee value.

The Ie values of [Cu"(S,S-L)(AA-H)]" and [Cu"(R,R-L-d)(AA-
H)]" obtained for 21 S-AAs (S 100% ee) are summarized in Table
1 (respective mass spectra were showed in Table 1, Fig. S6 and
S77). These Ie values were widely distributed from negative to

[Cu'(L)(AA - H)I*
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positive, suggesting that enantioselectivity of the copper(u)
complex strongly depends on the side chain of AA. When the
absolute Ie value was >10% at ee = 100%, R* was =0.98. Thus,
ee values for most of the AAs shown in Table 1 could be deter-
mined with high accuracy.

In the case of S-AAs having cyclic backbone (S-Hyp, S-Phe)
and AAs having a large side chain (S-Trp, S-Phe, S-Tyr, S-Tle, S-
Phg etc.), the Ie values, that is the enantioselectivity, were large,
suggesting that the steric effect is one of the important factors
in the chiral discrimination by the Cu"/S,S-L complex. The DFT
calculation of the three-component complex also suggested the
importance of steric effect.’® However, for the AAs having polar
substituent such as an amino group, a carboxyl group or
a hydroxy group, the magnitude of the chiral discriminating
ability cannot be explained only by the steric effect. Since these
substituents can act as coordination donors, the produced
three-component complex may involve some isomers besides
those shown in Fig. S4,1 which enantioselectivity (R or S) and
distribution may have contribute to the Ie value.

Next, mass spectrum of quasi-racemic mixture of copper(u)
complex in the presence of 16 free S-AAs—excluding AAs with
same and neighbouring molecular weight (S-Leu, S-Ile and S-
Tle, S-His and S-Lys)—was acquired with simultaneous deter-
mination of Ie values (Fig. 5(a and b)). The optimized concen-
tration ratios for the simultaneous analyses were as follows:
[CuCl,]o : [S,S-L]o : [R,R-L-ds]o : [AA (total)[o=1.0: 0.6 : 0.6 : 1.5.
Twelve pairs of the three-component complex ions were
observed, but low peak intensity precluded detection of 4 ion
pairs: S-Arg, S-Asp, S-Glu, and S-Gln. The Ie values obtained for
[Cu"(R,R-L-dc)(AA-H)]" and [Cu"(S,S-L)(AA-H)]" in the single AA
analysis system exhibited relatively good correlations with those
obtained using the multiple-AA system under optimized
concentration conditions (Fig. 5(c)), indicating that Ie values
obtained even under conditions of competitive complexation
are stable (see ESI, Fig. S8 and S9). Due to ion-suppression
effects, the peak intensity values of multi-component samples
generally do not quantitatively reflect the amount of each
component in ESI-MS analyses.”” However, in the multiple-AA
system described here, the magnitude of the ion-suppression
effect on relative peak intensities was low enough to permit
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Fig.5 Mass spectra of a mixture of Cu''/S,S-L/R,R-L-dg/S-AA in the presence of K,COs in water/methanol (3/20, v/v) and comparison between
le values obtained from mass spectra. [CuCly]o = 8.70 x 1075 M, [5,5-Llg = [R.R-L-dglo = 5.22 x 107> M, [S-AA (each)]p = 8.13 x 107® M and
[K,COslg = 1.30 x 107% M. [CuCllo/IS,S-Llo/IR,R-L-dglo/IS-AA (total)lo = 1.0/0.6/0.6/1.5. (a) Overall view, (b) enlarged view (mass range: m/z
400-540) for [CU"(S,S-L)(S-AA-H)I* and [Cu"(R,R-L-de)(S-AA-H)I*. (c) Comparison between simultaneous analysis and single analysis (Table 1).
Here, S-100% ee AAs were employed. The dashed line denotes a correlation coefficient of 1.0.
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Fig. 6 Correlation of le values for [Cu'(S,S-L)(AA—H)I* and [Cu'(R,R-L-dg)(AA—H)I* with Phe ee values. The contribution to intensity of the
overlapping isotopic peak of the deuterium-labelled three-component ion was corrected based on the isotope's natural abundance.’® Cu'/S,S-
L/R,R-L-dg/AA. AA is mixture of Phe and S-Ala, S-Arg, S-Asn, S-Asp, S-Glu, S-Gln, S-Hyp, S-Met, S-Phg, S-Pro, S-Ser, S-Thr, S-Trp, S-Tyr, S-Val.
[CuClylg = 8.70 x 107> M, [S,5-Llg = [R.R-L-dlp = 5.22 x 107> M, [AA(each)]o = 8.13 x 107° M and [K,COslg = 1.30 x 10~ M. [CuCl,lo/IS.S-Llo/
[R,R-L-dglo/IAA (total)lp = 1.0/0.6/0.6/1.5. ee of Phe = (a) 100% (S), (b) 0%, (c) 100% (R), (d) le (%) of AAs.

simultaneous high-sensitivity determinations of AA ee values. It
is considered that this is because the ion-suppression effect was
offset to the same extent for the pseudo-diastereomeric or
pseudo-enantiomeric complex ions containing the same AA. Ie
value (%) is represented by the following equation: ([[Cu"(s,s-
L)(AA-H)|"/I[Cu"(R,R-L-de)(AA-H)]" — 1) x 100/([[Cu"(S,S-L)(AA-
H)J"/[[Cu™(R,R-L-d¢)(AA-H)]" + 1). Thus, ion-suppression effect
is offset because the value is represented by the peak intensity
ratio of the complex ions. On the other hand, for the copper
complex ions with different AAs, the three-component complex
ions could not be sufficiently detected in 4 of the 16 AAs. These
AAs have ionic substituents in the side chain such as carbox-
ylate in the presence of K,COj;. Therefore, these AAs may have
exhibited different ionization behaviors. In fact, potassium ion
added complex ions, K[Cu"(S,5-L)(AA-2H)]" and K[Cu"(R,R-L-
de)(AA-2H)]", for Asp and Glu were generated as shown in
Fig. S7(d) and (e).t

The mass spectra of quasi-racemic mixture of copper(i)
complex in the presence of multiple S-AAs were acquired by
changing only the ee value of Phe (Fig. 6(a—c)). Ie values for all
[Cu™(L)(AA-H)]" ions detected in the mass spectra were plotted
against the ee values of Phe (Fig. 6(d)). The three-component
complex ions containing S-Arg, S-Asp, S-Glu, and S-GIn were not
also sufficiently detected due to their relatively low intensity. The
Phe calibration line (black line for @ in Fig. 6(d)) exhibited
excellent linearity (R> = 0.998). By contrast, very little change was
noted in the Ie values for all other [Cu"™(L)(AA-H)]" complexes,
irrespective of variation in the Phe ee value. Thus, the mass
spectrometric isotope-labelling method described here using
quasi-enantiomers of Cu"/R,R-L-ds and Cu"/S,S-L complexes is
useful for simultaneous determination of AA ee values.

We applied this analytical system to the simultaneous
examination of four S-AAs (S-Ala, S-Asp, S-Pro, and S-Ser) often
used as biomarkers.” Absolute Ie values of 9.87%, 22.9%,
42.5%, and 3.48% were obtained for S-Ala, S-Asp, S-Pro, and S-

36240 | RSC Adv, 2021, N, 36237-36241

Ser, respectively, suggesting that ee values could be determined
simultaneously for S-Ala, S-Asp, and S-Pro. This is because these
absolute Ie values were >10%, but no for S-Ser (Fig. S107).

Conclusions

We established and demonstrated a new method for the
simultaneous determination of ee values of free AAs using
deuterium-labelled and unlabelled quasi-enantiomers of cop-
per(u) complex with a chiral tetradentate ligand, R,R-L-d¢ and
S,S-L. Determination of ee values of AAs can be achieved rapidly
and with high sensitivity, with small ion-suppression effects
commonly observed with multi-component systems. In this
work, the ee-determination was performed by scan mode
measurement using a time-of-flight mass spectrometer, but it is
expected that the sensitivity will be further improved by selected
ion monitoring (SIM) mode measurement using a quadrupole
mass spectrometer. Development of such a simple and highly
sensitive method for ee determination should greatly enhance
progress in various research efforts, such as elucidating the
homochirality of living organisms and discovering new func-
tions of R-AAs in vivo.
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