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A Spiropyran-Based Ensemble for Visual
Recognition and Quantification of Cysteine and
Homocysteine at Physiological Levels**
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Spiropyrans and spirooxazines belong to one of the most
fascinating families of photochromic compounds; they
undergo reversible structural isomerization between a color-
less spiro form and a colored merocyanine upon either light,
heat, or chemical stimulus."! In organic solvents the con-
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version of spiropyran into merocyanine can be induced by
complexation of a metal ion with cooperative ligation of
another chelating functionality attached at the 8'-position.?
Up to now, a number of such spiropyran receptors have been
designed and widely applied for the optical detection of
transition-metal and alkali-metal ions.”! It should be pointed
out, however, that despite the large number of reports,
spiropyran structures have rarely been used to recognize
anions or small organic molecules such as biologically
important amino acids. Sunamoto et al. demonstrated early
on that the zwitterionic feature of the opened merocyanine
should enable it to bind with a polar amino acid molecule
through electrostatic interactions; this approach was utilized
for the photocontrolled transfer of amino acids across bilayers
and membranes.”! Later, Inouye et al. designed a spiropyr-
idopyran capable of binding guanosine derivatives in non-
hydroxylic organic solvents by forming triple hydrogen
bonds.”! And yet, development of new spiropyrans and
spirooxazines probes capable of efficient recognition and
quantification of amino acids in aqueous solution remains a
challenge.!'"

Of the twenty amino acids used as building blocks for
proteins, the thiol-containing amino acids play crucial roles in
biological systems. For example, cysteine (Cys), homocysteine
(Hcy), and glutathione (GSH) have been proven to be linked
to various human diseases.”) At present, a wide variety of
colorimetric and fluorescent probes for thiol-containing
amino acids and peptides are valuable. The majority of the
reported methods are based on redox chemistry or labeling
with chromophores or fluorophores and a combination of
separation techniques.”’ Recently, Strongin et al. as well as
several others have made pioneering advances in developing
highly selective probes for Cys and Hcy, as well as a thiol-
quantification enzyme assay based on the covalent interaction
between the probe molecule and the analyte,’®® which could
be used for the direct assay of the amino acid content and the
enzyme activity in body fluids. In addition, a sensing ensemble
for Cys was also recently developed by Kim et al. based on the
analyte competing for a metal receptor with a chromogenic
indicator."”! The approach showed excellent selectivity for
Cys over other amino acids including Hcy. Although many
reactions and various techniques have been developed for
assaying Cys and Hcy,"'"! there is still plenty of room for
improvement in term of selectivity, sensitivity, and perfor-
mance with a new interaction mechanism.

Here we present a new strategy for the efficient recog-
nition and determination of Cys and Hcy in neutral aqueous
solution using a spiropyran. In our proposed approach the
interaction of the free spiropyran with an amino acid is
comparatively weak, but the spiropyran molecule can bind a
metal ion, which can interact with an amino acid ligand. The
metal ion is thus expected to bind with both the spiropyran
and the amino acid molecule through cooperative metal—
ligand interactions. If the three components exist together,
the selectivity of the approach is essentially determined by the
binding affinity between the metal center and the amino acid,
as well as the relative size of the analyte. In this context, we
have shown that in the presence of Cu*' or Hg*" ions the
interaction of the spiropyran with Cys or Hcy is remarkably
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selective and sensitive, resulting in appreciable changes in
color and absorption properties.

We designed the free ligand (L) based on a 1,3,3-
trimethylindolino-6"-fert-butylbenzopyran derivative with a
N,N-dimethylaminomethyl moiety in the 8'-position
(Scheme 1), which was employed previously for optical
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Scheme 1. The free spiropyran ligand L, its isomerization on irradi-
ation, and the proposed structure of the ternary complex containing L,
Cys or Hcy, and metal ions.

recognition of Cu*" ions in ethanol.™! Figure 1 shows the
changes in the absorption spectrum of L (1.0 x 10~*m) in 10 %
aqueous ethanol at pH 7.0 in the presence of metal ions and
amino acids. The absorption spectrum of the free L in ethanol/
water is characterized by an intense absorption band centered
at 532 nm (Ige =4.06 M 'cm™') and a second band at approx-
imately 378 nm. The UV/Vis spectrum of L hardly changes
upon addition of 10 equiv of Cys (Figure 1, curves a and b),
indicating there is little interaction between L and the amino
acid. In contrast, when the same amount of Cys was added to
the ethanol/water solution containing L and Cu*", or L and
Hg*", the absorbance at 532 nm greatly decreased, while the
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Figure 1. Effects of metal ions and amino acids on the absorption
spectra of L in 10% aqueous ethanol solution at pH 7.0. The spectra
correspond to: a) L, b) L + Cys, ¢) L + Zn** + Cys, d) L + Hg*" + Hcy,
e) L+ Cu®" + Cys, f) L + Hg?" + Cys, and g) L + Cu®" + Hcy.
[L]=1.0x107*Mm, [Cys] =[Hcy] =1.0x 107> M, [metal ion] =2.5x 107" m.
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378-nm absorption band shifted to 405 nm concomitant with
an increase in intensity (Figure 1, curves e and f). In contrast,
in the presence of Zn”>" ions and Cys, the absorption spectrum
of L changes only slightly (Figure 1, curve c). For Hcey, similar
spectroscopic behavior was observed with both Hg*" and Cu?"
ions (Figure 1, curves d and g), whereas the response sensi-
tivity of L in the presence of Cu”' ions is higher than that in
the presence of Hg’" ions. These results demonstrate that the
interaction of L with Cys and Hcy is highly metal-ion-
dependent. Cu®" and Hg?" ions can promote the binding of L
to two different amino acids, which constitutes the basis for
effective recognition of the amino acids with the proposed
approach.

The selectivity of L in binding amino acids was studied by
examining the amino acid induced changes in the color and
UV/Vis spectra of ethanol/water solutions of L in the
presence of Hg”* or Cu’" ions. The two metal ions show
quite different effects on the color and absorption spectra of L
in the presence of an amino acid; the most selective and
distinctive binding was observed with Hg*" ions. Addition of
each amino acid, except glycine, to the ethanol/water solution
of L and Cu*" resulted in the shift of the absorption band of L
and thus the color change.™? Figure 2 shows a photograph of a

10

IENEEEN

Figure 2. Color changes of the ethanol/water solution of L-Hg*" in the
presence of different amino acids. Labeled vials: 1) no amino acid,

2) Gly, 3) Leu, 4) His, 5) Glu, 6) Asp, 7) Met, 8) Cys, 9) Hcy, and

10) GSH. [L]=1.0x107* M, [Hg?*"]=2.5x10"*M, [amino acid] =
1.0x107 m.

series of solutions of amino acids in buffered ethanol/water
solution containing 1.0 x 10~*m L and 2.5 x 10~*m Hg?". Only
Cys and Hcy induce a distinct color change from red-violet to
yellow, which corresponds to the shift of the maximum
absorption band from 532 nm to 405 nm. To quantify the
spectral changes of L at 405 nm and 532 nm, the absorbance
ratio of L at the two wavelengths (R=A,s/As3;,) in the
presence of 1.0x10~*M of the amino acids and anions was
determined.” Here R, is the value of R without the analyte.
In the absence of metal ions, the values of (R—R,) are
negligible except for solutions with Glu and GSH; in the
presence of Cu®" ions, obvious enhancements of the (R—R,)
value are observed for each amino acid. The only selective
enhancement of the (R—R,) value for Cys or Hcy was realized
with Hg”" ions. The results indicate that the L-Hg*" system is
appropriate for selective recognition of Cys and Hcy.

The dynamic response range of L to Cys and Hcy strongly
depends on the amount of the metal ion present in the
solution. For the best response to the amino acids, we
optimized the metal ion concentration by holding the
concentration of L constant (1.0x107*m) and varying the
amount of Hg*". At a molar ratio of metal ions to L under 3.0,
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both the sensitivity (response slope) and response range
increase with increasing concentration of Hg*!. At higher
Hg?" concentrations, the best response shifts from the lower
concentration range to higher concentration range. Figure 3
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Figure 3. UV/Vis absorption spectra of L-Hg?" in ethanol/water solu-
tion at pH 7.0 upon addition of Cys at varying concentrations. The
arrows indicate the signal changes with increasing Cys concentration
(0,2.5%x107% 2.5%107,1.0x107%, 2.5x107%, 5.0x107%, 1.0x 107,
2.5%107%,5.0x107°,1.0x 107, 2.5x 107, 5.0x 107, and 1.0x 107 m).
[L]=1.0x10"*Mm, [Hg*']=2.5x10"*m.

shows the typical UV/Vis spectroscopic response of a
buffered ethanol/water solution containing 1.0x10™*m L
and 2.5x 10~*m Hg*" to increasing concentrations of Cys. At
this metal ion concentration, a dramatic increase of the
absorbance at 405 nm and a decrease of the absorbance at
532 nm are observed for the Cys concentration range of 5.0 x
107%M to 2.5x107*M. The detection limit, defined as 3¢ in
blank solution, is 4.0 x 10~*m. The results suggest that our
approach may be appropriate for quantification of Cys in
physiological settings."®%1 A similar response curve was
obtained for Hey."” By following the absorption change at
405 nm and a curve-fitting analysis, we estimate the stoichi-
ometry of L with Cys or Hey to be 2:2; the corresponding
association constants in ethanol/water at pH 7.0 are 2.04 x
10*M~? and 8.37 x 10°M~%,"? respectively.

An important prerequisite for an amino acid probe is its
ability to recognize a specific amino acid molecule in the
presence of other biologically relevant substrates under
physiological conditions. To further test the amino acid
specificity of our system, complexation experiments with a
range of other amino acids and anions were performed with
L-Hg*" ([L]=1.0x10"*m, [Hg*'] =2.5x 10 *m). The change
of the absorbance ratio (R—R,) was plotted against the
concentration of different amino acids and anions (Figure 4).
The (R—R,) values increase linearly with the concentration of
Hey ((0.1-1.0) x 10~ M, R?*=0.9903) and the concentration of
Cys ((0.025-1.0)x107°M, R*=0.9881), which covers the
upper limit of Cys concentration in normal organisms.'*
Although the system also responds to Glu as well at a
concentration of 5.0 x 107> m, the value of (R—R,) is substan-
tially smaller than that caused by Cys or Hcy under the same
conditions. The association constant of L with Glu in the
presence of Hg®" ions was 6.81x10*m~". The amino acid
selectivity factor for binding Cys over Glu, which was
evaluated by comparing the association constants and the
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Figure 4. The dependence of the absorbance ratio of L-Hg?" at 405 nm
and 532 nm (R=A,s/As3,) on the increasing concentration of different
amino acids and anions. R, is the value of R in the absence of amino
acids or anions.

absorption signal changes at 405 nm with the relation
[K Ae] B is approximately 206. Here K is the association
constant and ¢ is the extinction coefficient of the amino acid
complex at 405 nm. The selectivity factors of L-Hg*" for the
amino acids and anions studied here are in the order Cys >
Hcy > GSH > Glu > Asp ~ His ~ Met > Leu = Gly > succi-

nate ~ SCN™. Additionally, titrating Cys in the presence of
the potential biologically interfering ions Li*, K*, Ca*", Zn**,
and SCN™ and amino acids such as Met and His™ gave a curve
almost superimposable with that obtained in the presence of
Cys alone (Figure 5). These results clearly indicate that our
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Figure 5. UV/Vis spectra of L-Hg*" in ethanol/water solution in the
presence of 1.0x107°m Li*, Na*, K*, and Ca?*, 1.0x10*m Zn*', and
1.0x107°M Met, His, and SCN™ with increasing amounts of Cys
(1.0x107" M to 1.0x107* m). (The dashed line corresponds to the
absorption spectrum of L-Hg?" with only Cys). Inset: Absorbance ratio
plotted against the logarithm of Cys concentration.

approach is not only insensitive to other cations, amino acids,
and anions but also selective towards Cys and Hcy when they
are present. Furthermore, it is possible to assay for Cys alone
without interference from Hcy under physiological condi-
tions. Although the response to HCy is linear in the
concentration range of 1.0x107*m to 1.0x 107>wm, the total
concentration of Hcy in human blood plasma is much lower
than that of Cys."¥ In reality, Hcy would not significantly
interfere with the measurement of Cys, which is important
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and helpful in validation of the method to meet the selectivity
requirements of a Cys assay.

The interactions of L, metal ion, and amino acid are pH
dependent. To observe the effect of pH on the amino acid
complexation, we conducted a more detailed study using an
acidic solution (0.001M HNO,, I=0.1) containing 1.0 x 10™*m
L, 25x10*m Hg’", and 1.0x10*m Cys in 10% aqueous
ethanol solution, and subsequently the pH was adjusted by
addition of 0.00lm NaOH. The pH values at which the
complex formation and color change take place are in the
range of 4.5-8.5 and thus a function of the pH of the medium.
The A,s/Ass, value reaches a maximum and remains constant
between pH 4.5 and 8.5.”! To further determine the complex
equilibrium constant of L and Cys at various pH values, we
performed potentiometric pH titrations of L with Cys in the
absence and presence of Hg*' ions using commercially
available glass electrodes.'” The titration data were analyzed
with the “BEST” program,” and the resulting complex
formation constants are 2.03x10°m 2 (without Hg’") and
1.52x10*m% (2.5x107*m Hg?"), respectively. The value in
the presence of Hg*" ions shows little deviation from that
obtained by spectrophotometric titration at pH 7.0. In the
present work, we deemed pH 7.0 to be ideal.

The exact stoichiometry and mechanism of the interaction
between the metal ion, the ligand L, and the amino acid were
key aspects that were not clearly understood. We thus first
studied the effect of varying the concentration of the metal
ion on the absorption spectra of L in the ethanol/water
solution with and without Cys. In the absence of Cys, the
absorption spectrum of L in 10 % aqueous ethanol solution is
hardly affected upon addition of Hg** or Cu®" ions. In the
presence of Cys and with increasing metal ion concentration,
the absorbance of L at 532 nm decreases significantly and that
at 405 nm increases. In contrast, the effect of Zn** or Cd**
ions on the absorbance of L at either 532 or 405 nm is
negligible even in the presence of excess of Cys or Hcy. By
following a curve-fitting analysis, we estimate the stoichiom-
etry of the complex of L with either Cu*" or Hg*" ions to be
2:2. In addition, in the ESI mass spectrum of an ethanol
solution containing 1.0x 10> M L, 2.5 x 107> M Cu(NOs),, and
1.0 x 1075 M Cys, a peak at m/z 1269.4, which is assigned to [2L
+ 2Cu + 2Cys + 2NO,-2H]", is clearly observed,'”
indicating that in aqueous ethanol solution, the sulfhydryl
group of Cys may be deprotonated to form a S—S-linked
dimer (cystine) through a two-electron oxidation process.['®!”!
To clarify whether this oxidation process is the result of
dioxygen or Cu*" (or Hg*") interactions, we measured the
optical response of L to Cys under both aerobic and anaerobic
conditions with and without the metal ion.['! In the absence of
Cu** or Hg*" ions L exhibits minimal spectral changes at
increasing Cys concentrations even though the analyte
solution was saturated with dioxygen. On the other hand,
the response curves of L-Cu’" or L-Hg** to Cys under
anaerobic conditions were almost the same as those obtained
under aerobic conditions.'"” This results suggest that the
oxidation of Cys in the present system is indeed promoted by
the redox-active Cu®* and Hg?" ions.'*!7! Additional evidence
for the formation of the S—S bridge (cystine) in the complex-
ation process can be obtained from the spectroscopic
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responses of L-Cu** to cystine and Met (it could not form
the S—S linked dimer). The response of L-Cu®" with cystine is
similar to that with Cys, whereas that with Met is considerable
weaker under analogous conditions. Based on these results,
we thus could presume that in the present system Cys is
deprotonated at the sulfhydryl group to form a bridged dimer
(cystine) through the redox-active Cu** or Hg*" ions, then the
metal center complexes with one cystine molecule and two L
molecules to form a 2:1:2 (Cu**/cystine/L) ternary assembly.
Disappearance of the carboxyl and sulfhydryl absorptions of
Cys in the IR spectra, and the pronounced downfield shifts of
the methylene protons as well as the upfield shifts of the N,N-
dimethylamino protons of L in the '"H NMR spectra indicate
that the binding interactions among the metal center, L, and
cystine occur through the phenolate hydroxy group and the
dimethylamino group of L and the sulfhydryl groups of the
amino acid.

To further elucidate the roles of the binding sites of L in
the complex formation, a reference compound, 2-dimethyl-
aminomethylphenol (DAMP) was examined. Under compa-
rable conditions, DAMP exhibits a absorption maximum at
274 nm, the intensity of which is enhanced (~12%) upon
addition of 0.5-10 equiv of Cys."? However, in the presence
of Cu?', a great enhancement of the DAMP absorption at
274 nm was observed upon addition of 0.5-10 equiv of Cys
(3.29 times the initial value). The results clearly indicate that
involvement of the phenolate hydroxy group and the
dimethylamino group of L is reasonable in complex forma-
tion. A proposed structure of the assembled complex of L,
metal ion, and Cys is shown in Scheme 1. The formation of the
copper complex would lead to the disappearance of the L
charge-transfer band and the appearance of blue-shifted band
that probably arises from a new charge-transfer involving the
orbitals of the metal center, which causes the color change of
L from red-violet to yellow (Ig&*®™ =3.712m 'ecm™).

In conclusion, we have proposed a new method that
allows simple and efficient recognition and quantification of
an amino acid in aqueous solution by a spiropyran derivative.
The molecular recognition process has been proven to be
sensitive to the presence of Cys and Hcy. To the best of our
knowledge, this is the first spiropyran—-metal receptor for
amino acids, which might open up new opportunities for the
application of spiropyrans and spirooxazines. Current studies
in our laboratory along these lines include developing more
sophisticated systems based on the same mechanism for
recognition of amino acids or anions of various types and
complexities.
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