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Abstract

We report the detection of homocysteine over cysteine based upon characteristic differences
between 5-and 6-membered heterocyclic amines formed upon reaction with aldehyde-bearing
compounds. Homocysteine-derived thiazinane-4-carboxylic acids are more basic than cysteine-
derived thiazolidines-4-carboxylic acids. Fluorescence enhancement in response to homocysteine
is achieved by tuning pH and excitation wavelength.

Changes in the abundance of glutathione (GSH), cysteine (Cys), and homocysteine (Hcy) in
human plasma are correlated with several diseases.~” Variations in GSH levels are
associated with chronic diseases such as cancer, neurodegenerative diseases, cystic fibrosis
(CF), HIV, and aging.1: 2 Elevated Cys levels have been linked to neurotoxicity.3 The
improper metabolism of Hey results in elevated plasma levels,* that have been associated
with Alzheimer’s,> cancer,® and cardiovascular diseases.” Thus, detecting these amino thiols
in human plasma is of great interest. Several techniques such as high-performance liquid
chromatography (HPLC),8: 9 liquid chromatography/mass spectrometry (LC-MS),10
electrochemical,1! and optical methods'2-17 have been developed for the detection of amino
thiols. However, many of these methods involve labour intensive steps or complex
instrumentation.

Optical methods have received a great deal of attention due to their sensitivity, relative ease,
and low cost; however, to date there have been relatively few optical methods reported
which can reliably distinguish GSH, 18 19 Cys,20-22 and Hcy23-25 over related compounds.
For example, we recently developed a resorufin acrylate-based probe with selectivity for
GSH over related analytes.1® A monochlorinated BODIPY-based GSH sensor has also been
reported.1® Probes reported to show preferential responses toward Cys include a styryl
BODIPY-based?0 and a seminaphthofluoroscein acrylate-based Cys probe.21 We have also
developed colorimetric assays for the selective detection of Hey using viologens.23 24 Yoon
et al. recently reported pyrene aldehyde fluorophores to detect Hcy.25 However, the vast
majority of reported optical thiol probes respond to classes of analytes rather than individual
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species.1>17 Thus, the development of new and improved probes is an active area of
research.

Aldehyde-functionalized probes'2-14.25-31 have received a great deal of attention for the
optical detection of amino thiols and amino acids. Interestingly, this class of probes has been
reported to respond to their respective analytes through either fluorescence

quenching,12 13. 27 or fluorescence enhancement2>: 26. 28 on a case by case basis. In an early
example, Glass et al. reported detection of amino acids using aldehyde bearing coumarin
probes, wherein reaction of the aldehyde with amino acids resulted in enhancement of the
fluorescence.26 Our group popularized the visible detection of amino thiols with aldehyde
bearing fluorophores?: 13 hased upon the well known reaction of amino thiols to form
heterocycilic thiazolidines32 and thiazinanes. Fluorescence quenching of fluorescein
aldehyde probes following the formation of thiazolidine/thiazinane heterocycles occurred
upon reaction of Cys and Hcy under the conditions invenstigated.12- 13 Others have
subsequently used this concept for the detection of Cys and Hcy. For example, Kim et al.,
observed fluorescence quenching of an aldehyde bearing amino coumarin in response to
Cys/Hcy.2” Hoang et al., reported an aldehyde bearing hydroxy coumarin?® in which
addition of Cys/Hcy resulted in fluorescence enhancement. It is therefore of utility to
develop a general understanding of the mechanisms behind differing modes of signal
transduction in the related aldehyde-bearing probes. Such knowledge will lead to improved
probes with increased sensitivity for selected amino thiols of interests, specifically for Hcy
over Cys.

Herein we further investigate the mechanism of signal transduction in fluorescein aldehyde
probes upon reaction with amino thiols. Unprecedented control over signal transduction is
attained such that the probes can be tuned to respond to Cys/Hcy through either quenching
or enhancement. More importantly, the response can be controlled in such a manner that
Hcy is detected over Cys. There are several phenomena that impact the fluorescence
response of aldehyde-bearing probes. It is important to note the differences in how
aldehyde-bearing probes react with amino thiols compared to amino acids. Amino acids
react to form Schiff bases2® whereas amino thiols such as Cys and Hcy react to form
heterocycilic thiazolidines and thiazinanes respectively.1? These differences result in unique
optical responses towards amino thiols. Fig.1 depicts the reaction of Cys/Hcy with the
aldehyde group of a generic aldehyde-bearing probe. It is well established that the free
electrons of the amino group in the heterocycle can quench fluorescence of the probe (Fig.
1a) through photo induced electron transfer (PET).2” PET-induced responses have been
modulated through tuning the functionality of the fluorescent probes.2528 For example,
hydrogen bonding in aqueous media between the amine-containing heterocycles and
adjacent groups (Fig. 1b) has been reported to inhibit PET leading to fluorescence
enhancement upon reaction with both Cys and Hcy with a coumarin aldehyde.28 Conversely,
in this work we demonstrate PET inhibition leading to selective fluorescence enhancement
for Hey via a mechanism involving protonation of the amino group of the heterocycle (Fig.
1c)

Previously we have investigated the reaction of Cys/Hcy with fluorescein mono aldehyde 1
and fluorescein dialdehyde 2 at pH 9.5 sodium bicarbonate buffer (Scheme 1). Reaction with
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Cys/Hcy resulted in a yellow-to-orange colour change with a shift in absorbance maxima
from near 480 nm to ca. 500 nm. In addition to the colour change, a quenching-based
response toward both analytes was reported.12: 13 At high pH, excitation near either peak
yields a quenching-based response (Fig. 2a-b, pH 9.5). Under basic conditions, the lone pair
electrons on the nitrogen of the heterocyclic moiety are free to quench fluorescence through
PET (Fig. 1a).

We hypothesize that at sufficiently low pH, the heterocycles formed upon reaction with the
probe must be protonated; thus inhibiting PET and leading to fluorescence enhancement.
PET inhibition and a wavelength-dependent fluorescence response are observed upon
lowering solution pH (Fig. 2a-b). In acidic media (pH 5.5) longer wavelength excitations
near the absorption maxima of the heterocyclic reaction products (495 nm) result in
fluorescence enhancement (Fig. 2b), unlike the quenching observed under basic conditions.
(Fig. 2b, pH 9.5)

We further hypothesize that under certain conditions, the response can be tuned to detect
Hcy over Cys due to pK, differences caused by the differing C-N-C bond angles in 5-vs. 6-
membered ring heterocycles. In the case of a 5-memebered Cys-derived thiazolidine ring the
C-N-C bond angle is smaller than in a 6-membered Hcy-derived thiazinane ring. This results
in greater s-character of the N-H bond in the thiazolidines, rendering them less basic than
the thiazinanes.33-35

We observe that on adjusting the pH from 5.5 to 6.0, the signal is modulated such that Hcy
enhances the fluorescence of 1 while there is minimal change upon reaction with Cys (Fig.
2b). Dialdehyde 2 was more sensitive than monoaldehyde 1 at high pH.12: 13 This trend in
sensitivity is also observed under these new conditions with a >5 fold fluorescence
enhancement of 2 observed in response to Hcy (Fig. 2¢). The response of both 1 and 2
towards Hcy is easily observed in as little as 15 min and plateaus near 45 min (Fig. S12 and
S13, ESIt). For the purpose of investigating the mechanism responsible for this unique
selectivity, we focused first on the simpler monoaldehyde 1.

To demonstrate the mechanism behind this pH dependent response and Hcy-derived
enhancement, a series of 5-and 6-membered 2-substituted thiazolidine/thiazinanes-4-
carboxylic acids were synthesized (see ESIT) as model compounds of 1a-b. Cys-and Hcy-
derived heterocycles of fluorescein aldehydes are stable under the conditions previously
investigated'2 as well as under the present system (Fig. S14, ESIt). However, they are
extremely polar and we were unable to isolate 1a-b.

To confirm the hypothesis that the pH dependent Hcy enhancement was related to the
differing basicity of 5-and 6-membered heterocyclic amines, we measured the pKj, of the
Cys-and Hcy-derived analogues (Table 1) (Fig. S16, ESIt). Cys-derived 3a—5a are known
and their pK, values previously published3® are in general agreement with those in Table 1.
We report and measure the pK, of Hcy-derived 3b-5b for the first time. As seen in Table 1,
the amine pK, of 6-membered thiazinanes is higher than that of 5-membered thiazolidines
by at least one unit. Therefore based on the pK, of these analogues, we expect the amine pK,
of Hcy-derived 1b to be at least 1 unit greater (~6.7) than Cys-derived 1a (~5.7).

Chem Commun (Camb). Author manuscript; available in PMC 2015 August 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barve et al.

Page 4

This difference in basicity results in the selectivity for Hcy over Cys (Fig. 2¢). We
investigated the response of 1 towards Hcy and Cys over a range of pH (Fig. S17, ESIt)
values. At the appropriate pH the ratio of ionization states of the amine moiety in
thiazolidine 1a would be such that fluorescence quenching by the lone pair electrons is
cancelled by PET inhibition from the ammonium species 1a' (Scheme 2). At this pH the
amine group in thiazinane 1b exists predominately as the more fluorescent ammonium 1b’
(Scheme 2) because the pK, of 1b" is greater than that of 1a'. At pH = 6 the reaction
between 1 and Cys does not result in a change in fluorescence while reaction with Hey
results in fluorescence enhancement.

Thus pH 6.0 is optimal for the detection of Hcy. Raising the pH increases the ratio of amine
to ammonium which leads to quenching, while decreasing the pH leads to enhancement
(Fig. S17, ESIT). We also investigated the response of 1 towards GSH and various amino
acids at pH 6.0 (Fig. S18, ESIt). Only Hcy promotes fluorescence enhancement.

Having identified the optimal conditions for the discrimination of Hcy over Cys, we
investigated the response of the more sensitive dialdehyde 2 towards normal healthy
concentrations of amino thiols in pH 6.0 buffer. The fluorescence response of 2 towards Hcy
increased linearly with increasing Hcy concentration and the limit of detection was found to
be as low as 2.5 M (Fig. S19, ESIT) No response was observed toward 250 uM Cys, while
15 uM Hcy resulted in a ~10% increase in fluorescence (Fig. S20, ESIT). Importantly, 2 was
also shown to function similarly in deproteinized bovine plasma detecting an elevated level
of Hey (Fig. 3 and S21, ESIT).

In conclusion, we report a new approach for the selective detection of Hcy using fluorescein
aldehyde-based probes. This method is based on intrinsic differences between the pK, of 5-
and 6-membered thiazolidines and thiazinanes formed upon reaction with the aldehyde-
bearing probes. Selective Hcy probes based on the mechanism described herein with
improved sensitivity are currently being developed in our laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) 0

PET inhibition due to
protonation of amine

R= 0O, OH, OR

Figure 1.
Mechanism of signal transduction in generic aldehyde-bearing amino thiol probes. (a) PET-

based fluorescence quenching following reaction of Cys/Hcy with the aldehyde group. (b)
PET inhibition through hydrogen bonding between the amine-containing heterocycle and
adjacent groups. (¢) PET inhibition through protonation of the amine-containing
heterocycle.
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Figure 2.
Modulating the signal transduction through changing the pH and excitation wavelength. (a)

Fluorescence emission upon excitation at 480 nm for 1 and 1 + Cys or Hcy at various pH
values. (b) Fluorescence emission upon excitation at 495 nm for 1 and 1 + Cys or Hcy at
various pH values. (c) Comparison of 1 and 2 response upon excitation at 495 nm at pH 6.0.
All solutions are composed of 4 uM of 1 or 2 with 1 mM of analyte in 100 mM phosphate or
carbonate buffer:DMSO 99:1 at 20 °C after 2 hr, Ay = 515 nm.
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Figure 3.
Optical sensing behavior of 2 towards Cys and Hcy in deproteinized bovine plasma at pH

6.0. Solutions are composed of 25 pM of 2 with 250 uM of Cys and 100 pM of Hcy in
phosphate buffer (100 mM, pH 6.0):DMSO 99:1 at 20 °C after 2 hr, Agx = 495 nm.
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Scheme 1.
Reaction of 1 and 2 with Cys and Hcy
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Scheme 2.
Different ionization states of the the amine moieties in Cys-and Hcy-derived heterocycles at
pH 6.0.
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Table 1

pK, values of the amine moiety of 2-substituted thiazolidine/thiazinane-4-carboxylic acids.

Compound  pKjexp, (PKaii)  Compound  pKjyexp

ooc a occ b
H\r,‘—s NA,2 (5. 6736) Hm 6.67
HO.
NS ®
3/ b
a
“~—  5502(53136) oY) 6850
H:N. S HM. 5
S
l _
da ab
ooc,i_ 6.44, (6.19) mﬁ 7.76
H:MN. 5 HN__.§
5a 5b

a3a and 4a were found to be relatively unstable showing signs of decomposition in aqueous solution during the course of the titration (Fig. S15 and
S16, ESIT).

b3b and 4b showed no indication of decomposition (Fig. S15 and S16, ESIT)
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