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Fluorescent, Sequence-Selective Peptide
Detection by Synthetic Small Molecules

Chao-Tsen Chen, Holger Wagner, W. Clark Still*

Small organic sensor molecules were prepared that bind and signal the presence of
unlabeled tripeptides in a sequence-selective manner. Sequence-selective peptide bind-
ing is a difficult problem because small peptides are highly flexible and there are no clear
rules for designing peptide-binding molecules as there are for the nucleic acids. The
signaling system involved the application of fluorescence energy transfer and provided
large, real-time fluorescence increases (300 to 500 percent) upon peptide binding. With
it, these sensors were sensitive enough to detect unlabeled cognate peptides both in
organic solution and in the solid state at low micromolar concentrations.

Chemosensors, small molecules that sig-
nal the presence of analytes, typically
have two components, a receptor site that
selectively binds an analyte and a readout
mechanism that signals binding (1). Re-
ceptor components range from simple
metal-chelating molecules (2) to synthetic
host molecules (3-6) or, in the case of
biosensors, to proteins or protein frag-
ments (7-9). By coupling such molecules
to a sensitive fluorescent readout system,
molecular sensors have been devised for
analytes ranging from metal ions to simple
organic compounds including monosac-
charides (3, 4), creatinine (5), aromatic
hydrocarbons (6), and cyclic adenosine
monophosphate (7). Here we describe
synthetic chemosensors for tripeptides
dissolved in the organic solvent chloro-
form (CHCI,). The chemical structures of
our sensors are based on small-molecule
peptide-binding receptors that were devel-
oped in this laboratory and function as
synthetic analogs of the antigen-binding
sites of immunoglobulins (10—16). For this
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study we equipped them with a sensitive
fluorescence energy transfer (FET) signal
transduction system consisting of a fluoro-
phore (F) and a quencher (Q) that signals
binding fluorescently as a result of changes
in the average separation of F and Q. The
FET readout used here is a particularly desir-
able transduction mechanism because of its
generality and sensitivity (17). Thus, it does
not require that the analyte have some spe-
cial property (for example, be a fluorophore
or quencher) other than the ability to cause
a conformational change upon binding. As
shown in Fig. 1, analyte binding that increas-
es the separation between F and Q causes
enhancement of fluorescence. With the che-
mosensors described here, enhancements are
large enough to be readily visible to the
naked eye.

The peptide-binding receptor compo-
nents of our chemosensors are based on
synthetic, amide-linked oligomers of
isophthalic acid and cyclic trans-1,2-
diamine derivatives that are known to
provide highly sequence-selective recep-
tors for peptidic substrates (10-13, 15).
Such oligomers have structural features
that favor peptide binding including (i)
conformational restriction (fewer low-en-
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ergy receptor conformations), (ii) a con-
cave binding site (allows shape-selective
substrate binding and significant receptor-
substrate contact), and (iii) unassociated
hydrogen bond donors and acceptors
within or near the binding site (provides
spatially localized electrostatic interaction
sites that stabilize particular conforma-
tions of the receptor-substrate complex).
For our isophthalic acid—diamine oli-
gomers, conformational restriction follows
from the isophthalic acid and cyclic dia-
mine components that themselves have
very limited conformational flexibility
and the virtual rigidity of the secondary
amide bonds joining them. Although our
oligomeric receptors contain multiple
amide bonds, the meta substitution of
isophthalic acid (benzene-1,3-dicarboxyl-
ic acid) and the trans stereochemistry of
the diamine components disfavor intramo-
lecular association of hydrogen bond do-
nors and acceptors and thus leave them
available for substrate binding. The con-
cave binding site results from the way the
oligomers fold.

The particular chemosensors we pre-
pared here are shown in Scheme 1 as 1
and 2. [Chemosensor 1 is closely related to
a previously described receptor (1 but with
CO,F substituted by hydrogen and Q sub-
stituted by a linker bound to Disperse Red
1) that selectively bound only two tripep-
tide sequences (D)Pro(L)Val(D)GIn and

~

[

Synthetic receptor F

| |
" h w1\

Fig. 1. Analyte binding to the synthetic receptor
increases the average separation between F and
Q, resulting in enhanced fluorescence.
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(L)Lys(L)Val(D)Pro from a combinatorial
library of 3375 different N-acylated, side
chain—protected tripeptides (10). Chemo-
sensor 2 is a new but related design.
These molecules were synthesized along
lines previously described for related recep-

CONH NHCO
(e
CONH_ NHCO

C
| | 2
L O

Ay

oC CO
N

(e)

J-a

PhCONH

Scheme 1. Functionalized chemosensors 1
and 2. Q is COCzH,N=NCH,NMe,, and F
i (CH,),NH-S0,C,,HsNMe, (Me, methyl; Ph,
phenyl).

tors lacking fluorescent readout systems (10).
We will not detail their syntheses here ex-
cept to note that our chemosensors are
amide-linked adducts of macrocyclic tetra-
amides (compounds 3 and 4) and the differ-

entially diprotected R,R-diaminopyrrolidine
(compound 5) (Scheme 2). These adducts

CONH NHCO
) ()0
CONH  NHCO

3, R=CO,Me
4, R=H
HeN.,
/CNCHZPh
BocHN
5

Scheme 2. Synthetic building blocks used for the
chemosensors [Boc, (CH,),COCO].

were functionalized with Q as the dabcyl
N-hydroxysuccinamide ester and with F as
the dansyl sulfonamide of ethanolamine (for
1) or B-alanine (for 2). Syntheses and char-
acterization data for 1 and 2 are provided as
supplementary material at www.sciencemag.
org/feature/data/974405.shl.

To evaluate the peptide-sensing proper-
ties of 1 and 2, we first determined the
tripeptide  sequences they preferentially
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bound (cognate peptides) using a previously
described solid-phase binding screen with a
combinatorial library of 3375 N-acetylated,
side chain—protected tripeptides in CHCI,
(18). This tripeptide library was prepared on
Merrifield polystyrene (PS) synthesis beads
by the encoded split synthesis method (19),
resulting in a library of beads in which each
bead carried a single tripeptide sequence.
The binding screen involved treating the
bead library with sensors 1 or 2 (~10 uM in
CHCL;) and then selecting and decoding
those beads that bound the sensor. In these
screens, the binding was detected by simple
inspection of the library beads because beads
carrying peptides that bound the sensor ac-
quired the orange color of the sensor’s dabcyl
Q moiety. With 1, the cognate peptides were
found to be the same two peptides men-
tioned above: (D)Pro(L)Val(L)Gln (desig-
nated P1) and (L)Lys(L)Val(D)Pro. Thus, 1
selectively binds one tripeptide sequence for
every ~1600 sequences in the library at a
concentration of 10 uM. Chemosensor 2
was somewhat less selective (binding one
tripeptide sequence per ~400 sequences),
but it did not bind either of the two tripep-
tide sequences bound by 1. Instead, it selec-
tively bound peptides having two L-glu-
tamines flanking a D-amino acid and includ-
ed (L)GIn(D)Asn(L)GIn (designated P2).
Thus, not only was P2 not among the cog-
nate peptides of 1, but P1 was not among the
cognate peptides of 2. Given these findings,
we tested whether 1 would generate a fluo-
rescent signal in the presence of P1 but not
with P2, and conversely whether 2 would
fluorescently sense P2 but not P1.

We measured the fluorescence of 1 and
2 in the presence and absence of solutions
of their cognate peptides (P1 and P2, re-
spectively). The fluorescence spectra (340
nm excitation) of CHCI; solutions of pure
1 and 2 (~30 uM), respectively, showed
99.6 and 99.0% less fluorescence than dan-
syl N-propylamide under the same condi-
tions and indicated highly effective fluores-
cence quenching of F by Q in the unbound
states. However, adding cognate peptides
(P1 and P2 as their N-acetyl, C-n-propyl-
amides) to 1 and 2 resulted in large fluo-
rescence enhancements (Fig. 2). Thus, with
39 uM 1 in chloroform, the addition of one
equivalent of P1 resulted in a >300% in-
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crease in fluorescence, whereas 10 equiva-
lents of P1 saturated the chemosensor to
give a ~500% total fluorescence increase.
With 30 pM 2 and 10 equivalents of P2,
the increase was ~100%. Addition of non-
cognate peptides to 1 or 2 at similar con-
centrations gave little or no fluorescence
enhancement, showing that our chemosen-
sors not only bind peptides at low micro-
molar concentrations but also discriminate
between different peptide sequences. With
chemosensor 1, the discrimination between
Pl and P2 was such that no measurable
change in fluorescence could be detected
when as much as 23 equivalents of noncog-
nate P2 was added. Thus, 1 can detect P1 at
concentrations below 1 wM whereas with
P2 it provides no detectable fluorescence
enhancement even at concentrations 1000
times higher. Chemosensor 2 was less dis-
criminatory but still gave five times the
fluorescence with its cognate peptide P2
than with noncognate P1.

The fluorescence increases accompany-
ing binding could also be used to measure
the binding constants of the chemosensors
with their cognate peptides. Thus, with 1
and P1, a binding constant of 260,000 M~
was found by fluorescence-monitored titra-
tion in CHCI;. Other peptides including
diastereomeric single point mutations of P1
were bound significantly less tightly. For
example, 1 complexed (L)Pro(L)Val(D)GIn
with a reduced binding constant of 25,000
M1, and no binding whatsoever could be
detected with 1 and (D)Pro(D)Val(D)GlIn.
Also, 2 and P2 were significantly bound at
low micromolar concentrations although
aggregation made it impossible to deter-
mine an accurate binding constant.

Given the fluorosensing properties of 1
and 2 in solution, we coupled suitable deriv-
atives of these molecules to solid supports to
produce solid-state fluorescent chemosensors
that could be studied in real time by fluores-
cence microscopy. We synthesized hy-
droxymethylated derivatives of 1 and 2
[where Q was COC(H,N=NCH,N(Et)-
CH,CH,OH (Et is ethyl)] and coupling
these to 100-wm Merrifield synthesis beads
to yield PS-supported chemosensors (PS-1
and PS-2). Intermolecular fluorescence
quenching was minimized by using Merri-
field synthesis beads having only ~0.03

Fig. 2. Fluorescence spec- 9 A B
tra of chemosensors 1 (39 g sensort .o P1 4T sensor2 P2
uM) (A)and 2 (30 uM) B)in - & o] s | s
chloroform titrated by pep- g 1 gzg:ﬂ; fzgg:z
tides P1 and P2. Equiv, 3;3 21 Oequiv| 27 0 equiv
equivalent. el ]
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mmol of reactive functionality per gram of
beads for immobilization of hydroxymethyl 1
or 2. Samples of both PS-1 and PS-2 beads
were fixed to the bottom of a petri dish and
examined with a fluorescence microscope
(340 nm excitation and 510 = 40 nm emis-
sion filters). Figure 3A shows the eyepiece
view in which PS-1 (slightly greenish) and
PS-2 (slightly bluish) fluoresce weakly in the
absence of cognate peptides. When P1 is
added, however, the fluorescence of PS-1
(but not PS-2) dramatically increases (by
~300%) (Fig. 3B). The enhanced fluores-
cence of PS-1 can be reduced to its original
level by washing with CHCl;, and PS-2 can
be made to fluoresce by adding P2 (an in-
crease in fluorescence of 70%) (Fig. 3C).
Although low millimolar peptide concentra-
tions could thus be detected visually with
PS-1 and PS-2, the more sensitive chemo-
sensor PS-1 could detect P1 concentrations
as low as 1 pM by quantitative analysis of a
single bead image obtained with the micro-
scope and a charge-coupled device camera.
These experiments demonstrate the se-
quence-selective optical detection of pep-
tides by a small molecule chemosensor and
should be readily extended to biological (and
other) sensing applications given recent ad-
vances in peptide recognition by synthetic
receptors in water (14-16) and in the prep-
aration of synthetic peptide-binding receptor
libraries (20). In particular, our simple pre-
scription for peptide-binding small mole-
cules and the ready synthetic accessibility of
isophthalic acid-diamine—based receptors
clearly indicates one way to make other che-

Receptor 1
Beads (PS-1)

Receptor 2
Beads (PS-2)

Fig. 3. Fluorescence of chemosensors with and
without their cognate peptides: (A) absence of
peptide, (B) presence of 5 mM peptide P1, and (C)
presence of 5 mM peptide P2.
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mosensing molecules having different pep-
tide-binding properties and selectivities. It
should also be straightforward to integrate
the methods described here with combina-
torial synthesis to prepare solid-state libraries
containing many different kinds of chemo-
sensors that could be screened to find com-
pounds having particular sensing properties
or used in chemosensing devices incorporat-
ing a large, diverse array of selective sensing
elements (21).
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Expansion and Length-Dependent Fragility of
' CTG Repeats in Yeast

Catherine H. Freudenreich, Sara M. Kantrow, Virginia A. Zakian*

Expansion of DNA trinucleotide repeats (TNRs) is the causative mutation in a growing
number of human genetic diseases. Large expansions of a CTG tract were obtained and
shown by genetic and physical assays to be length-dependent sites of chromosome
breakage in Saccharomyces cerevisiae. Deletion of RAD27, which encodes a nuclease
involved in Okazaki fragment processing, caused length-dependent destabilization of
CTG tracts and a substantial increase in expansion frequency. The genetic assay de-
scribed here can be used to evaluate other factors that induce TNR expansion or

chromosome fragility in humans.

Expansion of TNRs has been shown to
cause human genetic diseases, including
myotonic dystrophy, Huntington’s disease,
several ataxias, and fragile X syndrome (1).
As a TNR tract expands, the probability of
further expansion increases. For example, at
the myotonic dystrophy locus, the normal

allele size of 5 to 37 CTG/CAG repeats
(hereafter called CTG) is relatively stable,
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but when tracts reach ~50 repeats, they are
much more likely to expand in the next
generation (1). TNR DNA forms stable
hairpins that cause replication pausing in
vitro (2, 3); it has been proposed that rep-
lication pausing promotes expansion or
contraction in vivo by replication slippage
(4). The five known loci of expanded CCG
repeats in the human genome all share the
additional feature of being fragile sites.
Fragile sites, defined as gaps or breaks in
condensed human chromosomes, are typi-
cally assayed by exposing tissue culture cells
to reagents that slow replication or bind
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