Bioconjugate

Chemistry

pubs.acs.org/bc

Long-Wavelength Absorbing and Fluorescent Chameleon Labels for

Proteins, Peptides, and Amines

Hans H. Gorris,*"® Sayed M. Saleh,"”® Dominik B. M. Groegel," Steffen Ernst, Knut Reiner,”

Heinz Mustrophft and Otto S. Wolfbeis®'

"University of Regensburg, Institute of Analytical Chemistry, Chemo and Biosensors, D 93040 Regensburg, Germany

*FEW Chemicals, D 06766 Bitterfeld Wolfen, Germany

.Supporting Information

ABSTRACT: Long wavelength absorbing labels that change their

color and fluorescence upon conjugation to proteins and other
biomolecules provide two critical advantages over the wealth of
conventional amine reactive labels. At first, the progress of the labeling

reaction can be monitored continuously either visually or by spectro

metry without prior purification. Then, the labeled biomolecule can be
investigated with red or near infrared light, which minimizes back

ground interference in biological samples. These unique character

istics are met by a group of long wavelength absorbing cyanine dyes (oo dye

conjugate

carrying a reactive chloro substituent for nucleophilic substitution with

primary amines, which is accompanied by a color change from green to blue. In addition to this so called chameleon effect, the dyes
display an increase in fluorescence during the labeling reaction. Despite their structural similarity, the reactivity of the dyes differs
strongly. The fastest labeling kinetics is observed with dye S 0378 as its five membered ring affords a stabilizing effect on the
intermediate carbocation during an Sy1 type of nucleophilic substitution. The reaction mechanism of the amine reactive cyanine
dyes provides a blueprint for the design of future long wavelength absorbing chameleon dyes.

B INTRODUCTION

Modification by amine reactive probes constitutes the prevalent
route for labeling proteins, peptides, and other amines. These
labels undergo an addition reaction (e.g, the isothiocyanates) or a
nucleophilic substitution reaction (e.g, the sulfochlorides) with
deprotonated amino groups of lysine and the amino terminus on
the surface of proteins, or with amino groups of other biomole
cules to form a stable covalent bond. The absorbance of most
current labels is not affected by the labeling reaction, so any label
that has not reacted cannot be distinguished spectrally from alabel
bound to a protein. Consequently, it is necessary to separate the
free label from the labeled protein after the reaction has completed.
To address this shortcoming of conventional labels, we have
introduced pyrylium (Py) dyes as a group of so called chameleon
labels that undergo a visually detectable color shift to a shorter
wavelength as well as a change in fluorescence upon conjugation to
amino groups.'” As a result of this chameleon effect, the labeled
protein can be easily differentiated even if the free label is present
in large excess. Py labels have found various applications in areas
such as protein assay and labeling,” in studies on neuropeptides,*
gel electrophoresis,” capillary electrophoresis,® ® fluorescence
based cytometric single cell analysis,” and in surface chemistry.'
Pylabels were also used in immobilized form.""'* Kostenko et al."®
presented another class of chameleon labels which leads to long
wave shifted rather than to shortwave shifted conjugates.
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Long wavelength absorbing labels are of substantial interest
because red and near infrared (NIR) light penetrates more deeply
into biological materials and generates much less background
fluorescence than short wavelength light."* Cyanine (Cy) dyes are
a prominent class of fluorescent dyes that depending on their
molecular structure  cover the whole spectrum from the blue to
the NIR."® 7 Some red and NIR absorbing cyanine dyes are
equipped with a chloro group in the center of their conjugated
7 electron system (Figure 1) that undergoes facile nucleophilic
substitution b?r amines and thiols in organic solution at elevated
temperatures.”® >° Patonay et al.'® substituted the chloro group by
thiophenols followed by several modification steps to obtain amino
reactive labels. This complex label design, however, omits a key
feature of these cyanine dyes: If the electron withdrawing chloro
group is substituted by an electron donating amine, the dye’s
absorbance strongly shifts to shorter wavelengths.*' We perceived
that this chameleon effect may be amenable to direct protein
labeling in aqueous solutions and temperatures below 40 °C. To
confer water solubility, we chose three exemplary cyanine dyes
containing sulfo groups (Figure 1) and investigated them with
respect to their reactivity toward proteins, peptides, and various
amines.
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Figure 1. Chemical structures of the water soluble cyanine dyes S 0121 (A), S 0306 (B), and S 0378 (C). Conjugation to amines leads to a color change
from green to blue and a change in the emission spectrum. Absorbance maxima, molar absorbances, and emission maxima of each dye and its conjugate
to HSA are shown. (D) Photograph of microtubes containing dye S 0378 (200 #g/mL) in the unconjugated form (left) and conjugated to HSA
(5 mg/mL, right). The labeling reaction can be followed visually by the color change from green to blue. (E) Nucleophilic substitution of dye S 0378 by
primary amines. The five membered ring structure in combination with the polymethine chain sustains the formation of a carbocation and directs the

reaction toward an Sy1 mechanism.

B EXPERIMENTAL PROCEDURES

Materials and Instruments. Goat antimouse IgG antibodies
and human serum albumin (HSA) were purchased from Sigma
Aldrich (Munich, Germany; www.sigmaaldrich.com). The pep
tide angiotensin II with the sequence H,N Asp Arg Val Tyr Ile
His Pro Phe COOH was purchased from Bachem (Weilam
Rhein, Germany; wwwbachem.com). The long wavelength ab
sorbing cyanine dyes S 0121, S 0306, and S 0378 were obtained
from FEW Chemicals (Wolfen, Germany; www.few.de). Other
reagents and solvents were of the highest grade available. Size
exclusion chromatography was performed using Sephadex G 75
(GE Healthcare, Munich, Germany; www.gehealthcare.com).
Fluorescence spectra were acquired on an FP 6300 fluorescence
spectrometer from Jasco (Essex, UK; www.jasco.co.uk) and mass
spectra on a MALDI TOF mass spectrometer from GSG
(Bruchsal, Germany; www.gsg analytical.com).

Labeling of Proteins and Peptides. Stock solutions of 10 mg
of the dyes S 0121, S 0306, and S 0378 in 1 mL of methanol, as
well as 1 mg/mL of HSA, IgG, and peptide in 20 mM sodium
carbonate buffer, pH 8.4, were prepared. Two microliters of the
dye solution and 200 uL of the protein/peptide solution were
added to 20 mM sodium carbonate buffer, pH 8.4, to give a total
reaction volume of 1 mL. The solutions were shaken in a
thermomixer (950 rpm) at 37 °C for various periods of time.
For further characterization, labeled proteins (blue) were pur
ified from the free dye (green) by size exclusion chromatography
on Sephadex G 78.

MALDI-TOF Mass Spectrometry. A small quantity of un
labeled or labeled HSA was dissolved in 50 4L water and mixed
in a 1:1 (v/v) ratio with an oversaturated solution of sinapic
acid in methanol/acetonitrile (1:1, v/v). One drop of the
mixture was deposited onto a metal plate and, after solvent
evaporation, the spot was analyzed by MALDI TOF mass
spectrometry.

Labeling of Primary Amines with Dye S 0378. Solutions of
272 uM of dye S 0378, 408 uM of primary amine (/3 alanine,

dodecylamine, ethanolamine, histamine, propargylamine, or
tyramine), and 408 uM of triethylamine in methanol were
incubated either for 15 h at 25 °C or for 4 h at 70 °C.

B RESULTS AND DISCUSSION

Selection of Long-Wavelength Absorbing Chameleon
Dyes. Protein labeling is preferably performed in aqueous
solutions and at ambient temperature in order to leave the
protein structure intact. Furthermore, the labeling reaction is
expected to be fast to save time and prevent microbial growth in
a sample. On the other hand, the label has to be chemically
stable with respect to storage and preventing spontaneous
reactions in a sample.

The nucleophilic £ amino group of lysine presents a labeling
site on proteins for which various amine reactive reagents are
available. In most cases, the labels feature two distinct subsites:
one for coupling to amines and the other one for generating a
signal usually a conjugated 77 electron system that serves as a
chromophore or fluorophore. As the coupling site and the
conjugated T system are separated, the color or fluorescence of
the label is not affected by the coupling reaction. Consequently,
the labeling reaction is not detectable by a color change and the
labeled protein needs to be purified from the free dye. In the
chameleon dyes, by contrast, the 77 system takes part in the
coupling reaction and the coupled amino group exerts an
electron shifting effect. Polyenes, however, undergo addition
reactions with nucleophiles, which would ultimately destroy the
conjugated T system and prevents their use as a conjugation
site. Aromatic rings that are part of the delocalized electron
system may undergo substitution reactions by amines under
conditions that are suitable for labeling proteins,** but in most
cases, such aromatic residues tend to be rather inert. A highly
reactive aromatic cation such as pyrylium as part of the
delocalized electron system is an alternative.' The reaction of
the blue pyrylium label with amines yields a red and fluorescent
pyridinium analogue.
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Figure 2. (A) Changing absorbance spectra of dye S 0378 upon binding
to HSA at 37 °C. The degree of labeling (%) of HSA (B) and IgG (C) by
the dyes S 0121 (red), S 0306 (green), and S 0378 (blue) was calculated
according to eq 1. Half times of the labeling kinetics were obtained by
fitting the data points toy = (100 bg) x (1 e™*) + bg, where bg
denotes the background and k the reaction rate coefficient. Dye S 0378
displayed the fastest labeling kinetics (half time for labeling HSA, 18 h;
and for labeling IgG, 10 h). The reactions of labels S 0121 and S 0306
were too slow to determine accurate half times.

Here, we extend this approach to another kind of cationic 7
electron system. Cyanine dyes and rhodamines can be regarded
as resonance stabilized carbocations that are more electroni
cally delocalized than neutral conjugated hydrocarbons.” In
search of along wavelength absorbing dye for labeling amines,
we found that the chloro atoms at the polymethine chain of
cyanine dyes undergo nucleophilic substitution under mild
conditions. This particular reactivity places polymethine dyes
between polyenes with high chemical reactivity (in terms of
addition reactions) and aromatic 7 systems with their low
chemical reactivity (in terms of substitution reactions).”* Only
a few long wavelength absorbing cyanine dyes that contain both
a chloro group for nucleophilic substitution by amines and sulfo
groups to confer water solubility are available. We chose three
exemplary dyes S 0121, S 0306,and S 0378 (the absorbance and
emission spectra are shown in the Supporting Information
Figure 1) that display a large spectral shift in their absorbance
as well as in their emission spectrum when conjugated to
amines (Figure 1). Dye S 0306 is a derivative of indocyanine
green, which is commonly administered intravenously for
medical diagnostics and thus attests to the dye’s excellent
biocompatibility and nontoxicity.>

The chameleon dyes were conjugated to (a) an IgG antibody,
(b) human serum albumin (HSA), and (c) the peptide angio
tensin IL. These compounds can be found in blood and thus
represent valuable bioanalytical targets. While labeling of the two
proteins is assumed to proceed mainly via their lysine side chains,
which typically have a pK, of 10, the amino terminus of the
peptide with its distinctly lower pK, value is the only conjugation
site of the peptide. To account for the high pK, of lysine side
chains, reactions were carried out in bicarbonate buffer of pH 8.4.
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Figure 3. Characterization of labeled proteins. HSA (A) and IgG
(B) were labeled with S 0378 and purified by size exclusion chroma
tography. An absorbance spectrum was recorded before (solid line)
and after (hatched line) purification. Unlabeled and labeled HSA
preparations were purified by size exclusion chromatography and
analyzed by MALDI TOF mass spectrometry. (C) In the MALDI
spectra, the second peak indicates the mass of unconjugated HSA
(66.45kDa (mean) =+ 0.57 kDa (standard deviation). (D) HSA labeled
with S 0121 (69.91 = 279 kDa). (D) HSA labeled with S 0306 (67.67
+ 1.14). (D) HSA labeled with S 0378 (67.99 =+ 1.16). The average
number of dye molecules per HSA molecule was calculated by [mass
(HSAlabeled with dye,)  mass (unconjugated HSA)]/[mass (dye,)
mass (Cl)].

Monitoring the Labeling Reaction of Chameleon Dyes.
The labeling reaction of all three dyes is visible by eye due
to a hypsochromic (shortwave) color shift from green to blue
(Figure 1D) as the electron withdrawing chloro group is re
placed by an electron donatingamino group. The reaction can be
monitored quantitatively if the changes in absorbance are
recorded over time. The absorbance maxima of the free labels
and their conjugates to amines are listed in Figure 1.

A single absorbance measurement, however, is sensitive to the
dye concentration as well as the light source and the sensitivity of
the sensor. Ratiometric measurements, by contrast, are resistant
to such fluctuations but rely on a constant reference value.”®
Although the intensity at the isosbestic point between both
maxima should provide a reference value, it is too weak and thus
prone to fluctuations. We therefore devised a new ratiometric
approach for chameleon dyes based on the absorbance at both
maxima, which can be used to report the degree of labeling at any
time over the course of the labeling reaction. The sum of the
absorbance readings at the absorption maxima of the free dye and
the conjugate provide a constant reference value after correcting
for the different molar absorption coefficients (listed for each dye
in Figure 1; in eq 1, the maxima oflabel $ 0378 are shown). Then,
the degree of labeling is defined by the ratio of the absorbance
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