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Abstract: Protein—protein interactions, as well as peptide—peptide and peptide—protein interactions are fields of study of growing
importance as molecular-level detail is avidly pursued in drug design, metabolic regulation and molecular dynamics, among other
classes of studies. In membranes, this issue is particularly relevant because lipid bilayers potentiate molecular interactions due
to the high local concentration of peptides and other solutes.

However, experimental techniques and methodologies to detect and quantify such interactions are not abundant. A reliable,
fast and inexpensive alternative methodology is revisited in this work.

Considering the interaction of two molecules, at least one of them being fluorescent, either intrinsically (e.g. Trp residues)
or by grafting a specific probe, changes in their aggregation state may be reported, as long as the fluorophore is sensitive to
local changes in polarity, conformation and/or exposure to the solvent. The interaction will probably lead to modifications in
fluorescence intensity resulting in a decrease (‘quenching’) or enhancement (‘dequenching’). Although the presented methodology
is based on static quenching methodologies, the concept is extended from quenching to any kind of interference with the
fluorophore.

Equations for data analysis are shown and their applications are illustrated by calculating the binding constant for several

data-sets. Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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MOLECULAR INTERACTIONS OF PEPTIDES

Interactions between molecules, namely proteins and
peptides, are fundamental to many biochemical pro-
cesses, assuring the proper function of the cell [1].
Knowing how to quantify and analyze these interactions
is of crucial importance. Targeting sites that modulate
protein—protein interactions, for instance, represents
an ongoing challenge for drug discovery [2].

The importance of studying related proteins and their
eventual interaction with other molecules has increased
[3], but few experimental techniques and methodologies
have been developed to detect and quantify such
interactions.

FLUORESCENCE SPECTROSCOPY TO EVALUATE
PEPTIDE AND PROTEIN INTERACTIONS

Some spectroscopy techniques are available to study
these phenomena [4]. Surface Plasmon Resonance is
a powerful technique, but needs dedicated expensive
equipment [5], while Circular Dichroism (CD) can
only report dimerization in case the association of
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molecules involves extensive conformational changes
[6]. The possibility of false negative tests in CD is
a serious drawback of the technique. Nevertheless,
fluorescence spectroscopy can be used to study the
association of peptides and proteins with other peptides
and proteins, or even lipids or nucleic acids, thus
becoming a powerful tool for monitoring biological
events and elucidating the structure and function of
biomolecules [1,7]. Such studies take advantage of the
high sensitivity of fluorescence for measurements in
dilute solutions, and an ubiquitous availability of the
necessary equipment [8].

To evaluate these interactions, the fluorophore in
the peptide/protein should display spectral features
and/or quantum yield sensitive to local changes in
polarity, intra-molecular interactions and/or expo-
sure to the solvent, so that peptide—peptide or pro-
tein—protein associations lead to changes in a photo-
physical parameter [4]. This can be achieved by an
intrinsic fluorescent amino acid residue, usually tryp-
tophan, which is frequently present in proteins and
peptides (typical in antimicrobial and cell-penetrating
peptides, for instance [9]), or by grafting a specific probe
[10].

Four parameters have been used to quantify protein
interactions invitro and invivo: polarization [11],
lifetime, average energy (spectral shifts) and quantum
yield [4].
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These photophysical parameters can be mea-
sured using steady-state or time-resolved techniques.
Although time-resolved analysis may provide a more
complete information, data analysis is more demand-
ing, and in some cases, the complexities of the decays
may render the methodologies extremely complicated.
Therefore, we will focus on steady-state data.
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(DE)QUENCHING

Considering two molecules, at least one of them having
a fluorophore group, if the contact interaction between
both leads to a change in the fluorescence intensity
being measured, either decreasing - ‘quenching’ — or
enhancing - ‘dequenching’ — then, the change can be
used to quantify and monitor the interaction.

The methodology reviewed in this paper consid-
ers a fluorescent peptide, F, and the associating
(de)quencher molecule, Y, which can be a pep-
tide/protein, for instance. However, the methodology
can be generalized to any molecule that interferes with
the fluorophore’s fluorescence property being detected.

Both static and dynamic quenching require molecu-
lar contact of the quencher with the fluorophore [12].
We will focus on common static-quenching method-
ologies, which consider the association between the
molecules prior to the excitation of the fluorophores
[13]. Nevertheless, the concept is extended from
quenching to any kind of interference with the fluo-
rophore that may result in an alteration of the quantum
yield due to association with other molecules, the inter-
ference species.

Herein, we report a method for studying molecular
peptide association interactions using adapted known
quenching equations.

METHODOLOGY

Static quenching is a frequent complicating factor in
the analysis of quenching data, but can also be a
valuable source of information about binding between
the fluorescent molecule and the quencher [8]. If the
fluorophore, F, and the interference specie, Y, associate
to form a complex, the system is described by the
association constant, K;, which in the case of 1:1
stoichiometry is [13]:

F+ Y—=FY
[FY]

- 7 1
(FIIY] M

b

J. Pept. Sci. 2008; 14: 401-406
DOI: 10.1002/psc



Some authors generalize this equation to the possi-
bility of different stoichiometric proportions [14,15]. For
the sake of simplicity, we will restrict our analysis to
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Therefore:
—b++vb?%—4ac

the 1:1 stoichiometry.
Recalling that the total concentration of fluorophore
and interferent is given by:

[F1+ [FY] = [F]; and [F] + [FY] = [F]; 2

and considering X; the molar fraction due to total
concentration of i in solution:

[F]

= m Xry +Xp=1) 3

X

Equation (1) can be rewritten as:

1

Xp=——
T 1¥ YK

(€))

In the classical static-quenching equation the flu-
orescence quantum yield of the complex, ¢ry is nil,
¢ry =0, so, Iy x Xp, Iy being the measured fluorescence
emission intensity in the presence of interferent. There-
fore: Ir ﬁY]Kb & % =1+ [Y]K,, where I, is the
fluorescence intensity in the absence of quencher. In
conditions where [Y]~ [Y]; (i.e. K, is small enough),
a linear Stern-Volmer relationship (I/lr vs. [Y]) is
obtained.

From Eqns (2) and (3):

[F]-[Y]=[F]; - [Y]: &
[Y]=[Y]: - [Fl:Xpy (5)

Replacing [Y] in Eqn (4):
X2 (IF1:Kp) — Xy (1 + Kpl[ Y1 + KpFlp) + KplY], =0 (6)

For the sake of clarity, Eqn (6) can be simplified to
the notation of a quadratic equation of:

ax’>+bx+c=0 (7)

where a = [F|;Kp, b= 1+ Kp[Y]; + Ku[Fl; and ¢ = K,[Y];

2a

Considering that the complexation of Y in FY
may change the fluorescence intensity of F, either
decreasing (quenching) or enhancing (dequenching),
the measured fluorescence emission intensity in the
presence of interferent is: I =Ir+ I ry & Xplr +
Xrylipy), where I, p and I py are the intensities which
would be measured if every fluorescent molecule were
free or bound, respectively. So,

I (XF+XFYII“—FYY> =1+ (‘Z;—FFY - 1>Xpy )
t,

Adopting a Stern—Volmer formulation:

lo _ L _ 1 10,

L 1+<‘Z)—W—1>XW
F

Other authors have used equivalent equations to
report interactions between molecules [16-18].

The case of static-quenching is obtained by setting
¢ry = 0:

I 1 1
2= (11)

If_l_XFY_ b+ +vb% - 4ac

1
+ 2a

i.e., In/Ir depends on [Y];, [F]; and K.

However, a linear relationship is not obtained at
variance with classical Stern-Volmer plots, so there
is no reason to work with the reciprocal of I;. Data sets
for illustrative results from the literature were fitted
with the reciprocal of Eqn (10), having [F]; and [Y]; as
known values (Figure 1 and Table 1).

A more general situation would be the one involving
two fluorescent molecules. The derivation procedure is
similar:

g+ JF —afn

of Upry —Ir + Iy ry — Iy) (12)

-k =1Ir—

Table 1 Affinity of several interference species with intrinsic or extrinsic fluorescent peptides. Binding constant, Kj, and ®ry/®r
were obtained by fitting Eqn (10) to the experimental data presented in Figure 1

Peptide Interference Ref. Kp(um—1) Py /PF
(Fluophore) species

USP7 (Trp) P53355_393 (Monomer) [17] 0.079 + 0, 002 1.657 + 0.006
P53311-303 (tetramer) 0.113 40,002 1.636 £ 0.004
TnC (1,5-IAEDANS) Tnlgs_115 [16] 2.010+0, 286 2.1324+0.038
Tn1104_115 0.351 +£0.151 1.916 £0.185
HCII (TNS) Heparino_per [18] 0.399 + 0.040 1.401 +0.015
Heparingg_mer) 1.1684+0.104 0.723 + 0.006
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The parameters f, g and h being:

=Ky
g=—[Kp([Y];+ [FD) + 1]
h = Kp[F][Y]:

where I; is the total fluorescence intensity and Ir and
Iy are the intensities in the absence of the interference
specie, Y, and fluorophore, F, respectively.

DATA ANALYSIS

Several experimental results were found which report
molecules’ interaction [14-25]. To illustrate how
Eqn (10) can be used to fit interactions between any
two molecules, three datasets have been chosen. Two
of them focus on peptide—peptide interaction, having
as a fluorophore the amino acid residue tryptophan
[17] or a probe [16]. The other [18] refers to a peptide-
interference species interaction (Figure 1).
Equation (10) can be rewritten as:

I Al Al
i=1+<¢—”—1>XW©—f= = Xry (13)
Ip oF Io Ip

where Al is the fluorescence intensity change upon
addition of Y and AlL,.,x the maximal fluorescence
intensity change. This equation, however, disregards
the useful information obtained from ¢py/¢p.

Ubiquitin-specific protease 7 (USP7) or herpes-
associated ubiquitin-specific protease (HAUSP) was first
identified by virtue of its interaction with herpes simplex
virus type 1 immediate early protein (ICPO) [26,27]. It
is also known as the target of another herpes virus
protein, namely, the EBNA1 protein of Eppstein-Barr
[28]. Although this protein is most known for its
interaction with herpes virus proteins, the main cellular
function of USP7 is the regulation of the turnover of p53
[29].

Peptide-binding titrations of p53 fragments, contain-
ing USP7-binding sequence (355-393) alone or both
USP7-binding sequence and tetramerization domain
(311-393), with USP7 were analyzed by Holowaty et al.
[17]. (Figure 1(a)). Because the pb53 peptides do not
contain any tryptophan residue in its sequences, the
intrinsic fluorescence properties of USP7 were used
and the changes in fluorescence signal enabled the
measurement of the degree of binding between p53 and
USP7. Very similar ®ry/®r and K;, were obtained for the
interaction of USP7 with p53 monomer and tetramer
peptides (Table 1), indicating no significant differences
in the mode of binding of these two fragments with
USP7.

Troponin (Tn) is a Ca®?"-dependent protein complex
that is involved in the regulation of the vertebrate
skeletal muscle contraction. Tn consists of three

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 1 Interaction of several interference species with
intrinsic or extrinsic fluorescent peptides. Changes in fluo-
rescence emission intensities at fixed peptides’ concentrations
were obtained with increasing concentrations of the interfer-
ence species. Fitting Eqn (10) to the experimental data gave the
binding curves shown. (a) Titration of p53 peptides (containing
amino acid residues 311-399 or amino acid residues 355-399)
into a solution of 1.0 um USP7, followed by tryptophan fluores-
cence at 350 nm, using an excitation wavelength of 295 nm
[17]. (b) Titration of Tnl peptides (Tnlg4-115 or Tnlgg_115) into
a solution of 1.0 um Cys98 IEDANS-labeled TnC in the pres-
ence of Ca?t. Excitation was at 340 nm and the emission
spectra were recorded from 340 to 650 nm [16]. (c) Heparin
(26-mer or 10-mer) titrations into a solution of 0,25 um HCII
and 10 um TNS. Excitation was at 330 nm and fluorescence
emission spectra were collected from 360 to 500 nm [18].
(b) and (c) Each datum point represents the relative emission
area.
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subunits: Tnl, TnC and TnT. While TnT anchors the
troponin complex to the thin filament; Tnl (inhibitory
protein) binds actin and inhibits the actomyosin Mg?*-
ATPase and TnC (Ca2+—binding protein) releases the
inhibitory effect of TnI [30-33].

After binding of Ca?*, localized conformational
changes in both C- and N-domains of TnC occur,
resulting in the exposure of hydrophobic residues, thus
permitting the interaction with Tnl [34-36].

Mapping studies have identified the inhibitory region
of Tnl in the position 96-115 of its sequence [37] and
the binding site for the inhibitory region on the C-
domain of TnC [38-40].

Tripet’s work consisted in the interaction of IEDANS
labeled TnC (on the C-domain) with Tnl fragment
peptides (Figure 1(b)) [16]. As shown in Table 1, Tnl
fragment 96-115 (which corresponds to the full
inhibitory region) has a higher binding affinity to
TnC relative to the 104-115 fragment of Tnl (which
corresponds to a partial segment of the inhibitory
region). ®ry /P is similar for both peptides, suggesting
a similar mode of action, i.e. the peptides interact with
the labeled C-domain of TnC with similar docking.

Heparin cofactor II (HCII) is a GAG-activated inhibitor
of thrombin that circulates in the blood at very
high concentration [41-45]. Because HCII lacks an
intrinsic fluorescence signal, O’Keeffe etal. used
an extrinsic fluorescence probe, TNS (environment-
sensitive probe that binds weakly with HCII) to
determine the binding constant of HCII to heparin
[18]. Heparin binding to HCII-TNS causes a change
in the environment of HCII-bound TNS [18,21]. TNS
fluorescence changes depended on the length of
heparin (Figure 1(c)). In chains smaller than 13
monosaccharide units (minimal heparin size to fully
occupy the heparin-binding site on HCII) a fluorescence
enhancement - ‘dequenching’ — was observed, which is
the case of 10-mer heparin, ®py/®Pr > 1. At variance,
for larger heparin units, a fluorescence quenching
(Pry/®r < 1) was reported, being 26-mer heparin, the
example presented in Table 1.

The apparent increase in the binding affinity for the
26-mer heparin chain can be understood as a statistical
effect of the number of overlapping HCII sites available,
due to the nonspecificity of the binding of heparin to
HCII [18]. Considering the enormous change in TNS
fluorescence, visualized in the value of ®py/®p, it is
probable that in the case of the larger heparin not
only the affinity but also the binding mode/docking are
affected.

DISCUSSION

In the present work, a frequently overlooked but
valuable tool, with a broad utility to analyze interactions
between two molecules having as the only requirement
one of them being fluorescent, is revisited. The

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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methodology is of general use and can be applied
directly to the quenching or dequenching data, with
no assumptions regarding the associated peptides’
quantum yield. The binding constant, K, and ®py/®r
of some illustrative data were revisited using the
proposed methodology. ‘Affinity’ (K,) effects can be
distinguished from conformational effects (likely to
affect the fluorescence quantum yield). Therefore, a
resourceful methodology that can be used in most cases
was present.

The equations can be used in membranes to a certain
extent as long as local concentrations in the lipid media
are used, i.e. accounting for partition of the peptides
[46,47].
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