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Abstract. The solvatochromic fluorophore 4-N,N-dimethylamino-1,8-naphthalimide (4-DMN)
possesses extremely sensitive emission properties due largely to the low intrinsic fluorescence it
exhibits in polar protic solvents like water. This makes it well suited as a probe for the detection of a
wide range of biomolecular interactions.  Herein we report the development and evaluation of a new
series of thiol-reactive agents derived from this fluorophore. The members of this series vary according
to linker type and the electrophilic group required for the labeling of proteins and other biologically

relevant molecules. Using the calcium-binding protein calmodulin as a model system, we compare the



performance of the 4-DMN derivatives to that of several commercially available solvatochromic
fluorophores identifying many key factors import to the successful application of such tools. This study
also demonstrates the power of this new series of labeling agents by yielding a fluorescent calmodulin
construct capable of producing a greater than 100-fold increase in emission intensity upon binding to

calcium.

Introduction

The solvatochromic properties of many environment-sensitive fluorophores have been exploited in a
wide range of biological applications such as detecting protein-peptide binding events (/-6), monitoring
changes in protein allostery (7-12), and reporting various forms of post-translational modification (73,
14). These fluorophores possess emission properties that are highly sensitive to the nature of the
immediate solvent environment. If that environment is altered in a manner that impacts the degree of
exposure to water, then such an event could produce a significant change in one or more of the emission
properties of the fluorophore (i.e. fluorescence lifetime, emission wavelength, and fluorescence
quantum yield) (/5). Since both intra- and intermolecular interactions of many proteins often involve a
dynamic veiling and unveiling of discrete hydrophobic clefts or pockets within the topology of these
macromolecules, an appropriately placed solvatochromic fluorophore can provide a general and facile
method of detecting protein function or activation. Due to the adaptable nature of these tools for
addressing an array of problems in the biological sciences, many classes of solvatochromic fluorophores
are now commercially available in reactive forms ready for direct conjugation to proteins and other
relevant biomolecules (/6). This diversity offers greater prospects of identifying fluorescent constructs
with signaling characteristics suitable for study.

A common application of solvatochromic fluorophores is the development of constructs in which the
measured fluorescence change is integrally coupled to a perturbation in a specific aspect of protein
structure. Such an approach is particularly advantageous when structural changes are too subtle to be
detected by other fluorescence-based methods such as Forster resonance energy transfer (FRET) (/7)
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and fluorescence polarization (FP) (/8). However, a practical limitation often encountered when using
many of the commercially available solvatochromic probes is that the magnitude of the observed
fluorescence change rarely approaches the maximum potential obtained in the context of a typical
solvent comparison study (6). The reasons for this observation are varied, but can frequently be
attributed in part to the high degree of intrinsic fluorescence exhibited by these fluorophores in water as
well as insufficient sensitivity to changes in the local environment.

Herein we report the development of a new series of cysteine modifying agents, 1-4, based on the
solvatochromic fluorophore 4-N,N-dimethylamino-1,8-naphthalimide (4-DMN). The principle
advantage of this fluorophore, along with other members of the dimethylaminophthalimide family, is
that it exhibits extremely low fluorescence quantum yields when exposed to polar protic solvents like
water (6). This greatly reduces background signal thereby creating the effect of ‘on-off” or ‘switch-like’
changes in the observed emission intensity with the potential to exceed ratios of 1000-fold.
Furthermore, as previously reported we have determined that this fluorophore possesses significantly
greater chemical stability than the other dimethylaminophthalimide dyes we have investigated (6)
making it particularly suitable for applications that require prolonged exposure to a wide range of
aqueous conditions relevant for most biological applications.

Much of our former work with the dimethylaminophthalimide dyes focused on the development of
fluorescent amino acids for incorporation into small peptide-based probes designed to recognize and
report binding to discrete protein motifs such as 14-3-3 domains (/9), SH2 domains (3), and PDZ
domains (20). While these efforts have proved highly successful, our current aim has been to expand
the scope of applications to include the integration of these tools into native proteins. However, several
fundamental differences must be considered when applying these tools in proteins versus short peptides.
With increasing peptide length, the polymer chain exhibits greater potential for adopting higher order
structure (27) leading, in some instances, to significant changes in the local environment of the attached

fluorophore. Such changes may include the degree of solvent exposure, the frequency of collisional



quenching, and the emergence of local electrostatic fields. Additionally, the arrangement of the
polymer chain around the dye could restrict certain vibrational modes responsible for non-radiative
decay processes that compete with fluorescence. The influence of such structural elements and the
effects they impart on the photophysical properties of the fluorophore are difficult to predict and can
often complicate efforts toward developing useful fluorescent protein probes that utilize the full
potential of the fluorescent tool. Hence, empirical screening approaches are typically required, leading
us to focus on the development of a series of cysteine labeling agents. This offers a direct and facile
method for the site-selective incorporation of these probes into proteins.

This study identifies key variables that influence the fluorescent response of labeled proteins to
changes in protein structure providing a general framework for understanding the ways in which
solvatochromic tools may best be applied. Additionally, it reveals a systematic approach to developing
future fluorescent protein probes for detecting various biomolecular interactions. The members of this
new series of thiol-modifying agents vary according to the linker type and the nature of the electrophilic
group necessary for cysteine labeling (Chart 1). Using the calcium-sensing protein calmodulin as a
model system for our study, we demonstrate the power of this suite of solvatochromic tools to develop

highly effective sensors of dynamic biomolecular interactions.

Chart 1. 4-DMN-based Cysteine Modifying Agents
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Experimental Procedures

Synthesis of the 4-DMN cysteine modifying agents (1-4). The 4-DMN derivatives 1, 3 and 4 were
each prepared from a common precursor, 5, which was synthesized according to the method described
by Kollar et al. (22). The anhydride ring-system of 5 offers a convenient point of attachment for
introducing a diverse array of linker types with high yields. Compounds 6, 7 and 8 were obtained by
refluxing a solution of § in anhydrous ethanol under an atmosphere of N, in the presence of hydrazine

monohydrate, ethanolamine, and 2-(2-aminoethoxy)-ethanol, respectively. The intermediate 6 was then



dissolved in dichloromethane with N, N-diisopropylethylamine and treated with bromoacetyl bromide to
yield the labeling agent 1 (Scheme 1). Both compounds 7 and 8 were subjected to a modified
Mitsunobu reaction developed by Walker (23) in order to install the maleimide group. The conditions
of this reaction require dissolving triphenylphosphine in freshly distilled tetrahydrofuran under an
atmosphere of N, before cooling to -78 °C. A solution of the diethyl azodicarboxylate was then added
dropwise and stirred several minutes to allow for formation of the betaine. Solutions of either 7 or 8
were then transferred to the reaction vessel along with neopentyl alcohol. Again, the reaction was
allowed to stir several minutes to permit formation of the reactive oxyphosphonium salt intermediate
before adding solid maleimide. The reaction was run overnight at room temperature producing
compounds 3 and 4 (Scheme 1).

The preparation of compound 2 begins with commercially available 4-nitro-1,8-naphthalic anhydride,
9. The anhydride, 9, was dissolved in dimethylformamide with N, N-diisopropylethylamine and stirred
as a solution of N-Boc-ethylenediamine was added via an addition funnel. The starting materials
initially proceed to a ring-opened intermediate formed from the attack of the primary amine on the
anhydride ring-system. The free carboxylate of the intermediate was then activated using the coupling
agents HOBt/HBTU to facilitate ring-closure forming the naphthalimide, 10. A suspension of
compound 10 in isoamyl alcohol was refluxed under N, until fully dissolved, at which point 3-
dimethylamino-propionitrile was added. The reaction was run overnight before isolating the product 11
in good yield. Finally, the Boc protecting group of 11 was removed using a solution of trifluoroacetic
acid in dichloromethane to liberate the free amine, which was subsequently acetylated using
bromoacetyl bromide under conditions similar to those used in generating compound 1 giving the

cysteine labeling agent 2 (Scheme 1).

Scheme 1. Synthesis of 4-DMN Cysteine Modifying Agents (1-4)
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Reagents and conditions: (a) hydrazine monohydrate, ethanol, A, N, (1 atm), 45 min, 87% yield; (b)
bromoacetyl bromide, DIPEA, DCM (dry), -15 °C to room temp, N, (1 atm), overnight, 48% yield; (c)
ethanolamine, ethanol, A, N, (1 atm), 1.5 hrs, quantitative yield; (d) PPhs;, DEAD, neopentyl alcohol,
maleimide, THF, -78 °C to room temp, N, (1 atm), overnight, 22% yield; (e) 2-(2-aminoethoxy)-
ethanol, ethanol, A, N, (1 atm), 1.5 hrs, 98% yield; (f) PPh;, DEAD, neopentyl alcohol, maleimide,
THF, -78 °C to room temp, N, (1 atm), overnight, 24% yield; (g) two steps: 1** N-Boc-ethylenediamine,
DIPEA, DMF, room temp, 1 hr, ond HOBt/HBTU, overnight, 72% yield; (h) 3-dimethylamino-
propionitrile, isoamyl alcohol, A, N, (1 atm), 22 hrs, 74% yield; (1) TFA/DCM (1:1), room temp, 1.5
hrs; (j) bromoacetyl bromide, DIPEA, DCM (dry), -15 °C to room temp, N, (1 atm), 1.5 hrs, 91%
overall yield for steps i and j.

Fluorescent labeling and isolation of calmodulin cysteine mutants. The following procedure was
performed on each of seven cysteine mutants of calmodulin (E11C, S38C, M76C, E87C, N111C,
E114C, and M145C) as well as the wild-type, which served as a control to determine whether any of the
labeling agents exhibited non-specific labeling under the selected reaction conditions. All eight of the
calmodulin constructs were labeled separately with one of the nine fluorophores (Charts 1 and 2)
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examined in this study [4-DMN derivatives 1-4, 7-diethylamino-3-((((2-
maleimidyl)ethyl)amino)carbonyl)coumarin (MDCC), N,N'-dimethyl-N-(iodoacetyl)-N'-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)ethylenediamine (IANBD), 6-bromoacetyl-2-dimethylaminonaphthalene (BADAN),
5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic =~ acid  (IAEDANS), and  1-(2-
maleimidylethyl)-4-(5-(4-methoxyphenyl)oxazol-2-yl)pyridinium methanesulfonate (PyMPO)] (/6) to
yield the seventy-two possible combinations. Following the expression and purification of each
calmodulin mutant, the protein concentration was adjusted to 100 uM in Tris-buffered saline (TBS, pH
7.4) containing 1 mM of the reducing agent tris(2-carboxyethyl)phosphine (TCEP) and allowed to
incubate at 4 °C overnight. The proteins were then analyzed by SDS-PAGE gel under non-reducing
conditions to confirm that the cysteine mutants were in the fully reduced state. Aliquots of each protein
(0.6 mL) were then transferred to clear 1.7 mL microcentrifuge tubes to which 6 puL of the respective
cysteine labeling agent was added from a 100 mM stock solution in DMSO. The final concentration of
the labeling agent in each reaction was 1 mM. The reaction mixtures were inverted 4-6 times
immediately following the addition of the labeling agent and allowed to react overnight in the dark at 4
°C. The following day, the microcentrifuge tubes containing the reaction mixtures were spun at 16,000
g for 5 min at 4 °C to pellet any insoluble material before transferring the protein solutions to a 0.5 mL
centrifugal filtering device (Millipore Ultrafree®-MC, Durapore PVDF 0.22 um). The samples were
spun again at 16,000 g for 5 min at 4 °C. The excess unreacted labeling agent in each reaction mixture
was then removed using a 5 mL HiTrap™ desalting column obtained from GE Healthcare Life
Sciences. The desalting columns were preequilibrated with TBS buffer (pH 7.4). The eluted fractions
containing the labeled proteins were then quantified using the Bio-Rad protein assay where a stock
solution of wild-type calmodulin of predetermined concentration was used to generate the standard
curve. The labeling efficiency was determined by measuring the absorbance of the fluorophore for each
construct at the corresponding wavelength of maximum absorption (Ayax). The calculated fluorophore

concentration was then compared to the quantified protein concentration to establish the extent of



protein labeling (see Supporting Information Table S1).

Chart 2. Commercially Available Solvatochromic Fluorophores
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Fluorescence studies of calmodulin mutants. Upon isolating the fluorescently labeled calmodulin
constructs, stock solutions of each were prepared at 30 uM in TBS buffer (pH 7.4). Stock solutions of
CaCl, (2 mM), EDTA (5 mM), guanidine hydrochloride (8 M) and the M13 peptide (24) (1 mM) were

also prepared in TBS buffer (pH 7.4) and filtered through a 0.2 pm Nalgene® cellulose acetate syringe



filter prior to use. The fluorescence spectra of each construct were then measured in triplicate under
five different conditions: 1) calmodulin construct only (5 uM); 2) calmodulin construct (5 pM) with
CaCl, (200 uM); 3) calmodulin construct (5 uM) with CaCl, (200uM) plus M13 peptide (10 uM); 4)
calmodulin construct (5 uM) with M13 peptide (10 puM); 5) calmodulin construct (5 pM) with
guanidine hydrochloride (6.67 M). Additionally, each of these experimental conditions included 40 uM
EDTA to ensure that no extraneous calcium, which may have been carried through the protein
preparation, interfered with any of the fluorescence measurements. The samples were loaded in a 96
well black Polysorp Fluoronunc plate from NUNC™ and the fluorescence spectra were measured for
each condition using a SPECTRAmax GEMINI XS plate reader from Molecular Devices. The total
sample volume for each well was 200 pL.. The excitation and emission settings selected for each

construct are listed in Table S2 of the Supporting Information.

Results

The calcium binding protein calmodulin (CaM) (Figure 1a), which has been extensively characterized
by a number of research groups (25), was selected as the model system for a comparative study to
evaluate the performance of the 4-DMN cysteine modifying agents 1-4. CaM is a soluble protein that
responds to sudden influxes of cytosolic Ca®" levels (26) by rapidly chelating as many as four of these
cations through specialized Ca*"-binding motifs called EF-hands. The binding event induces an
allosteric change in the N- and C-terminal domains of the protein resulting in the formation of two
hydrophobic pockets, which can then bind critical hydrophobic residues of certain peptide motifs that
are recognized by the protein (Figure 1b) (25, 27). One advantage to using calmodulin is that the wild-
type protein is devoid of native cysteine residues. This characteristic affords considerable freedom in
selecting discrete sites for cysteine mutagenesis and subsequent modification by a thiol-reactive agent.
The exceptional attributes offered by this unique system provides a useful benchmark for our studies as

numerous research groups (72, 28-32) over the last 30 years have attempted to develop CaM-based
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calcium sensors by labeling the protein at a variety of sites with various solvatochromic probes.
However, despite extensive efforts, the reported changes in fluorescence emission are modest and
typically encumbered by high background fluorescence, which strongly limits the utility of these
constructs in certain applications such as fluorescence microscopy.

Based on careful examination of available X-ray and NMR structures of calmodulin in the apo-state
(33), as well as the calcium-bound (34) and calcium-peptide-bound (35) states, seven sites were selected
for cysteine mutagenesis (Figure 1a). The basis for the selection process was the identification of
residues that are relatively solvent exposed when the protein exists in the apo-state and do not appear to
play an important functional role that might be disrupted through mutagenesis and labeling. By
exploring multiple sites spanning the breadth of the protein structure, it is possible to resolve trends that
are site-dependent from those that are site-independent and better ascertain the robustness of those
trends. Site-directed mutagenesis was performed on the wild-type template to introduce cysteine
residues at two sites on the N-terminal domain (E11C and S38C), two sites within the linker region

(M76C and E87C), and three sites in the C-terminal domain (N111C, E114C, and M145C).
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Figure 1. (a) Crystal structure of the Ca*"-CaM complex deposited by Rupp et. al. (PDB entry 1UP5)
(34). The structure indicates the seven sites selected for cysteine mutagenesis (red). The bound calcium
ions are indicated by spheres (yellow). (b) Ca®" activation of a CaM mutant (grey) can result in the
burying of an attached solvatochromic fluorophore within one of the newly formed hydrophobic
pockets. In response, the fluorophore exhibits a change in one or more of the emission properties.

Subsequent addition of the M13 peptide (cyan) can displace the fluorophore from the pocket through
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insertion of an aromatic side-chain from the phenylalanine or tryptophan residue indicated here using

the single-letter notation for amino acids.

In addition to the 4-DMN derivatives 1-4, five commercially available solvatochromic fluorophores
were also included in this study for comparison (Chart 2). These fluorophores provide a representative
sampling of the major classes of solvatochromic probes that are currently available and commonly used
at this time. The reagents vary fundamentally in size, shape, and hydrophobicity and each exhibits
distinct photophysical properties (/6). For the comparison, we focused on common dyes that were
available as thiol-reactive labeling agents possessing dimensions similar to that of the 4DMN
derivatives. With a total of nine fluorescent labeling agents and seven cysteine mutants of calmodulin,
sixty-three possible fluorescent constructs were prepared for evaluation. The wild-type CaM construct
was included as a control in the labeling experiments, although no significant background labeling was
observed.

In order to gauge the capacity of each labeling agent to report a change in the structural state of the
calmodulin mutants, fluorescence spectra were collected in the presence and absence of saturating
calcium. Additionally, since the Ca®>’-CaM complex is capable of binding certain peptide motifs with
high affinity, a known peptide binding partner commonly referred to as the M13 peptide (24) was also
introduced to the fluorescent constructs, in the presence and absence of calcium, to observe whether
further changes in the emission spectra occur. The constructs were compared by measuring the ratio of
fluorescence intensity at the wavelength of maximum emission of the Ca*"-CaM complex to that of the
apo-state for the three examined conditions (saturating Ca", saturating M 13 peptide, and saturating Ca*"
with the M13 peptide).! The results of these studies are shown in Figure 2.

A common feature observed among most of the cysteine mutants of this study was the tendency to
exhibit higher fluorescence intensity in the Ca**-bound state compared to that of the full Ca**-CaM-M13
peptide complex (Figure 2a-f). This propensity for the labeled constructs to display a diminished

fluorescent signal in the presence of a native peptide-binding partner was general for all of the
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solvatochromic fluorophores, with exception to the two charged species IJAEDANS and PyMPO
included in this study. The effect is attributed to a process of competitive displacement in which the
fluorophore and ligand both compete for occupancy of the same hydrophobic binding site thereby
increasing the average exposure of the fluorophore to the surrounding solvent environment. However,
this behavior was by no means a rule as many constructs included in this study, particularly those of the
M145C mutant (Figure 2g), exhibited the greatest fluorescence intensity for the Ca**-CaM-M13 peptide

complex.
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Figure 2. (a-g) Histograms indicating the fluorescence results obtained from the seven cysteine mutants
examined in this study. The vertical bars represent the ratio of fluorescence intensity measured at the
wavelength of maximum emission under the condition that yielded the brightest state for each construct
with respect to that of the apo-state. The fluorophores are indicated along the horizontal axis below the
associated results. For each condition, saturating levels of Ca®" and/or the M13 peptide were used. The

indicated errors represent the 90% confidence intervals determined from three trials.

A number of key trends emerged from the fluorescence screen. One among these was a pronounced
dependence of the measured fluorescence change on the linker type for the 4-DMN series of compounds
1-4. For instance, the E11C mutant exhibited a strong bias for the shortest linker of the series (4 A)
whereas the trend was the reverse for the S38C mutant, which yielded the best response with linkers of
intermediate to longer length (6-9 A). This result was largely site-dependent and yielded no clear
pattern for determining the optimal linker type a priori. Hence, the process of identifying a construct
with the desired fluorescence properties may best be accomplished through an empirical approach
utilizing the set of 4-DMN labeling agents as a combined suite.

The next revealed trend was the marked ability of the calmodulin cysteine mutants labeled with the 4-
DMN derivatives, 1-4, to produce greater signal increases in response to the presence of saturating
calcium (or calcium plus the M13 peptide) over those modified by the other dyes considered in the
study. Although in some cases these differences were modest, the overall trend demonstrated that this
property was robust and relatively site-independent. This is particularly apparent for the S38C mutant
(Figure 2b) labeled with compound 3, which showed a greater than one hundred-fold increase in
emission intensity upon binding calcium. Among the commercially available fluorophores, IANBD was
the closest by comparison exhibiting only a fifteen-fold increase in intensity. Although the influence of
linker type, which played a crucial role in obtaining optimal results with the 4-DMN fluorophore, was
not examined when comparing the other commercial fluorophores, the limiting factor for those dyes was

largely due to the high degree of intrinsic fluorescence that each exhibits in aqueous environments. This
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high background effectively reduces the maximum attainable signal-to-noise ratio despite these dyes
being good fluorophores.

Results of the study also suggest that certain factors known to enhance hydrophilicity can negatively
influence the capacity of a solvatochromic fluorophore to respond to perturbations within the local
topology of the protein surface. This was particularly apparent among the two charged dyes included in
the series (IAEDANS and PyMPO). Neither dye displayed significant changes in emission properties
when the associated cysteine mutants were exposed to combinations of Ca** and the M13 peptide. By
bearing a formal positive or negative charge, the energetic cost of desolvating these fluorescent species
may negate any benefit gained by burying the aromatic ring systems deep within a hydrophobic pocket
formed as the result of a conformational change to the protein structure. This would greatly impact the
equilibrium of the buried versus solvated state making these probes less sensitive to such structural
dynamics despite otherwise exhibiting good solvatochromic properties. Although this trend was
relatively site-independent for the mutants of the calmodulin protein, it is expected that these probes
could be better suited for applications where the possibility of charge complementarity exists or where
other molecular driving forces are responsible for the partitioning of the probes between two distinct

environments (36).

Discussion

In developing this series of 4-DMN cysteine labeling agents, an essential question we wished to
address was whether there was value in utilizing an assortment of linker types or if this simply
introduced an element of redundancy. The results of this study strongly indicate that the linker type
does play a critical role in influencing the magnitude of the fluorescent response. For a solvatochromic
probe to function optimally, it must directly interact with a feature of interest. If this feature happens to
be a hydrophobic pocket located far from the point of attachment on the protein surface, then a longer

linker would clearly be favored over one that is unable to reach (Figure 3a). However, a caveat of using
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a longer linker is that the greater range may inadvertently increase the probability that the fluorophore
will encounter and bind a shallow hydrophobic patch that is unaltered by the structural state of the
protein. Such a static interaction would produce and undesirable increase in the fluorescence
background. In this instance a shorter linker could prove better suited (Figure 3b). In fact this appears
to be the case for mutant E11C where compound 1 produced a much greater increase in fluorescence
intensity than compound 4 upon the addition of saturating Ca®". Both constructs displayed comparable
emission intensities in the Ca*" bound state. However, the apo-state of the construct labeled with 4
exhibited a fluorescence background that was roughly five-fold greater than that of the construct with

the shortest linker resulting in the smaller observed increase.
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Figure 3. (a) Attachment point P; is located far from a hydrophobic pocket formed upon a structural
change in the protein. Here, a longer linker is preferred to a shorter one. (b) Attachment point P is
located near the hydrophobic pocket formed in response to a structural change. Such sites may favor
shorter linkers as longer linkers could tend to allow the fluorophore to encounter non-specific
hydrophobic patches that remain static with regard to the dynamics of protein topology. This would

result in higher background fluorescence.
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Interference by background fluorescence is a phenomenon that affects all solvatochromic
fluorophores and extends beyond the model system used in this study. Solvatochromic fluorophores
often display somewhat different emission properties when appended to globular proteins such as
calmodulin.’ A bulky hydrophobic fluorophore protruding into the surrounding solvent environment
demands a large enthalpic cost due to disruption of the dense network of hydrogen-bonded water
molecules. Consequently, the probe will exhibit a strong tendency to associate with any hydrophobic
clefts or pockets formed by structural elements within the immediate vicinity to minimize this exposure.
The degree of background fluorescence associated with these non-specific interactions is largely site-
dependent for a fluorophore of a given linker-type. This interference is further compounded by any
intrinsic fluorescence already produced by the probe in water. A convenient method we have developed
for measuring the background resulting from such effects involves comparing the emission spectra of
the construct under both natured (TBS buffer pH 7.4) and denatured conditions (TBS buffer pH 7.4 with
6.67 M guanidine hydrochloride). This was performed with all sixty-three fluorescently labeled
calmodulin constructs and the results summarized in Figure S2 of the Supporting Information.
Although site-dependent background fluorescence appeared to be a critical limitation to many of the
commercial dyes, this issue proved much less consequential for the 4-DMN derivatives due to the
negligible degree of intrinsic fluorescence exhibited by these probes in water.

An ideal site for labeling would be one that precludes the solvatochromic fluorophore from forming
any surface associations of this sort until a structural change in the protein has occurred. In practice,
however, identifying an optimal labeling site is often challenging even when exceptional structural data
for the protein is available. As a result, screening of a strategically selected series of cysteine mutants is
typically required. When applied in combination with the series of 4-DMN labeling agents, this
approach allowed us to readily identify a number of fluorescent mutants that respond sensitively and
selectively to the formation of the Ca*"-CaM complex. Additionally, although the 4-DMN labeled

M145C mutants showed only a modest selectivity for the Ca>"-CaM-M13 peptide complex over that of
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the Ca’"-CaM complex, it is possible that a more extensive screen could yield a construct with greatly

improved properties permitting access to a set powerful sensors of either state.

Conclusion

In this study, the 4-DMN derivatives 1-4 were evaluated and compared with five other well-
established solvatochromic fluorophores to address a number of critical factors pertaining to the
successful application of such tools in detecting specific types of bimolecular interactions. These
factors include the importance of linker type, the influence of hydrophobicity, and the deleterious effects
of high intrinsic fluorescence.

Due to the rarity in which solvatochromic fluorophores exhibit the maximum potential fluorescence
changes when used in many biological applications, the large intrinsic fluorescence exhibited by many
of these probes in aqueous environments represents a critical issue that can ultimately be limiting. This
matter is further compounded by the strong tendency for these probes to show a marked enhancement in
fluorescent signal when appended to proteins as a result of non-specific topological interactions.
Because the 4-DMN derivatives possess such low intrinsic fluorescence in water, these effects are
significantly less consequential.

Linker variety is a fundamental component to designing sensors that incorporate solvatochromic dyes
and is a feature that is not typically examined systematically. Often, the linker is considered a passive
component of fluorescent labeling agents, serving merely to connect the dye to the target molecule
without interfering with native properties like function or solubility. Here, we demonstrate that linkers
play a more active role and can be a vital element in the optimization of the fluorescent response.
When applied in combination with cysteine-scanning mutagenesis, the number of fluorescent constructs
is greatly expanded thereby increasing the potential for obtaining a sensor with the desired properties.
We therefore present this series of labeling agents as a combined suite that offers the excellent

properties of the 4-DMN dye in a format ready to meet the strict demands required by a wide spectrum
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of applications ranging from high-throughput screening assays to fluorescence microscopy.
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Footnotes:

1. For the fluorescent constructs of the M145C CaM mutant, all fluorescence measurements were
made at the wavelength of maximum emission for the Ca**-CaM-M13 peptide complex instead of the of
the Ca*"-CaM complex since this state generally exhibited greater emission intensity.

2. We have observed similar effects in our work with SH2 domains, PDZ domains and the regulatory

light-chain of myosin.
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