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1.  Introduction

Diacylglycerol acyltransferase 1 (DGAT1) is a polytopic 
integral membrane protein [1–3] found in the endo-
plasmic reticulum (ER) phospholipid bilayer, where 
this enzyme is recruited for the synthesis of triglycerides 
in many organisms. Although DGAT1 is seen as an im-
portant potential therapeutic target for treating obesi-
ty-related diseases [4] and other metabolic disorders in 
humans [5–7], due to its very hydrophobic nature, there 
is little structural information, i.e. no crystal structure is 
available for it or any close homolog enzyme.

Recent studies with the bovine DGAT1 have used 
bioinformatics approaches to identify regions of this 
protein that are identical to portions of other enzymes 
acting on the same substrates (acyl-CoAs and diacylg-
lycerols) [8], which include a conserved motif between 
the DGAT1 and acylcholesterolacyltransferase (ACAT) 
and a potential substrate binding site which suppos-
edly interact with diacylglycerols. Moreover, biophysi-
cal methods have been used to investigate the interac-
tion of the putative binding sites of the bovine DGAT1 
with substrates for the triglyceride synthesis and model 

membranes [8]. Since the corresponding regions of the 
peptides must play an important role in substrate rec-
ognition and binding, an understanding of the driving 
forces that promote the folding and/or conformational 
changes in these regions of the enzyme can contribute 
to a clearer understanding of how the activity of DGAT1 
is controlled. Given that DGAT1 represents an interest-
ing target for metabolic diseases, it is important that its 
structure-activity relationships are fully characterized.

Fluorescence spectroscopy methods are widely 
employed for investigations of molecular processes, 
such as protein conformation and dynamics [9]. Studies 
utilizing intrinsic protein fluorescence are usually based 
on investigations of excitation/emission spectra, quan-
tum yields, polarizations/anisotropies and excited state 
lifetimes of the amino acid tryptophan (Trp), the aro-
matic residue that usually dominates protein fluores-
cence and which is used as a sensitive probe to study the 
conformational dynamic of its microenvironment. In 
the present study, both steady-state and time-resolved 
fluorescence methodologies were used to investigate 
the structural flexibility of the synthetic peptides of the 
DGAT1 enzyme and to analyze their conformational 
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Abstract
The conformational behavior of synthetic peptides corresponding to the putative binding sites of the 
diacylglycerol acyltransferase 1 enzyme (a polytopic integral membrane protein) was investigated 
using steady-state and time-resolved fluorescence spectroscopies. Three small linear peptides with 
13, 15 and 22 amino acid residues, containing one, two and three Trp residues, respectively, were 
studied in aqueous solution, in the absence and presence of model membranes. The high flexibility 
and unordered conformation of the peptides in solution were confirmed by the low Trp polarization 
values, the high accessibility to water-soluble quencher, and the fast rotational correlation times of 
the Trp residues. However, upon binding to the lipid systems, the Trp residues were incorporated 
within the acyl hydrophobic core and their lifetimes and rotational correlation times increased. 
Phasor plots were employed to analyze intensity decay of peptide-lipid binding and provided a 
trajectory, in phasor space, that lies along a line connecting the points of the free and bound peptide. 
This trajectory was analyzed to determine the association constant of the peptide to the model 
membrane.
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behavior upon interaction with model membranes. 
These biophysical approaches provide useful insights 
into the interaction of DGAT1 with biomembranes and 
its access to substrates.

2.  Experimental section

2.1.  Synthetic peptides and model membranes
The three small peptides, named Sit1 (356FGDREFYRD-
WWNSES370), Sit2 (379NIPVHKWSIRHFY391) and Sit1 
and 2 (356FYRDWWNSESGSGHKWSIRHFY391) were 
synthesized as described in Lopes et al [8]. Peptide con-
centration was determined by measuring the absorb-
ance at 280 nm, using molar extinction coefficients of 
12 490, 6 990 and 19 480 M−1 cm−1 for Sit1, Sit2 and Sit1 
and 2, respectively.

Surfactant stock solution of sodium dodecyl sul-
fate (SDS), N-hexadecyl-N, N-dimethyl-3-ammo-
nio-1-propanesulfonate (HPS) or cetyltrimethylam-
monium bromide (CTABr) were prepared in 10 mM 
sodium phosphate (PBS, pH 7.2). All surfactants were 
purchased from Sigma-Aldrich (St Louis, MO).

2 2. Intrinsic tryptophan emission spectra
The steady-state emission spectrum of each peptide 
(7 μM) in PBS (pH 7.2) and/or in the presence of deter-
gents (10 mM) was measured on an ISS PC1 spectro-
fluorimeter (ISS Inc., Champaign, IL) with excitation 
performed at 300 nm, using 8 nm slits for both excita-
tion and emission and 1 cm pathlength quartz cuvettes 
(Hellma USA Inc., Plainview, NY). Emission spectra, 
viewed through a parallel polarizer, were recorded from 
310 to 450 nm in 1 nm intervals, at 25 °C, with the tem-
perature controlled via a circulating water bath (Fisher 
Scientific, Pittsburgh, PA). Final emission spectra were 
corrected for the wavelength-dependent response of 
the emission optics [9].

2.3.  Fluorescence polarization studies
The excitation polarization spectra of the DGAT1 
peptides in aqueous solution (PBS, pH 7.2) and in the 
presence of 50% glycerol (Fisher Sci.) at 25 °C, and in 
100% glycerol at 5 °C, using a 0.3 cm pathlength quartz 
cuvette (Hellma) were collected on an ISS PC1 spec-
trofluorimeter (ISS Inc., Champaign, IL), using cal-
cite polarizers. Emissions at wavelengths longer than 
338 nm were viewed through longpass filters. Excita-
tions were performed over the wavelength range from 
260 to 310 nm. Fluorescence polarization (P) was de-
termined as a function of the parallel I( ) and the per-
pendicular ⊥I( ) fluorescence intensities, according to the  
equation: [9]

=
−  
+

⊥

⊥

I I

I I
P� (1)

2 4. Determination of quantum yield
The relative quantum yield of each peptide was de-
termined using L-Trp (Sigma-Aldrich) as a standard  

(Φ = 0.14) [10]. Measurements were performed with 
the samples in PBS (pH 7.2) or in the presence of mi-
celles by adjusting the optical density of each peptide 
and the standard to <0.05 at 300 nm, using 1 cm path-
length quartz cuvettes, with 300 nm excitation with ver-
tical polarized light, and 8 nm slits. Emission spectra 
were collected from 310 to 450 nm in triplicate, using 
8 nm slits, with the polarizers at magic angle conditions 
(parallel excitation and 55° emission). Alternatively, to-
tal fluorescence intensity (I‖ + 2I┴) was also collected for 
each sample, using parallel polarized excitation.

2.5.  Fluorescence quenching assays
The degree of exposure of the Trp residues of the 
DGAT1 peptides to the aqueous environment upon 
lipid binding was monitored by acrylamide quenching 
assays. Aliquots (2.5 μL) of an acrylamide stock solution 
(8 M) were titrated into a cuvette containing 2 mL of 
each peptide (1 μM) in the range from 0 to 0.1 M. Exci-
tation was set at 295 nm and emission spectra were re-
corded from 305 to 450 nm in duplicate, in the absence 
or in the presence of the micelles (10 mM), through 
WG320 nm emission filters (to minimize Raman con-
tributions), using 8 nm slits, at 25 °C. The Stern–Volmer 
quenching constants (K

sv
) were obtained from the slope 

of the curves using the equation: [9]

  = +F

F
K Q1 [ ]0

SV� (2)

where F
0
 and F are the fluorescence intensities in the ab-

sence and in the presence of quencher (Q), respectively 
and K

SV
 is the Stern–Volmer quenching constant. The 

observed intensities were corrected for dilution.

2.6.  Fluorescence titration assays
The binding of the Sit1 peptide to the micelles was 
measured on an ISS PC1 spectrofluorimeter (ISS Inc., 
Champaign, IL) with excitation performed at 280 nm 
with a 280 nm interference filter (Semrock Inc., Roch-
ester, NY) in the excitation path, using 2 mm slits, and 
a 1 cm pathlength quartz cuvette, at 25 °C. Initially, the 
free peptide Sit1 (0.5 μM) in PBS was titrated into the 
formed micelles of HPS and CTAB (13 mM), and the 
corresponding emission spectra were recorded from 
310 to 450 nm, in 1 nm intervals, through 330 nm long-
pass filters. Polarizations and total fluorescence intensi-
ties were monitored at wavelengths longer than 338 nm 
through a longpass filter. Subsequently, the solution in 
the cuvette was diluted twofold, in order to maintain 
the peptide concentration constant, and throughout 
the titration the emission spectra and total fluores-
cence intensities were recorded. The dilution was per-
formed until the critical micelle concentration of each 
surfactant was reached. The observed polarization (P) 
was related to the fraction of peptide bound (x) with 
the equation: [9]

=
− −

− − + − − −
( )

( ) ( )
x

P P P

P P P g P P P

(3 )

(3 ) ( 1) 3 ( )

b f

b f f b
� (3)
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where P
b
 and P

f
 are the bound and free polarization, 

and g is the quantum yield enhancement factor.

2.7.  Time-resolved fluorescence measurements
The lifetimes and dynamic polarizations (time-decay 
anisotropy) of the DGAT1 peptides were determined 
using frequency domain time-resolved fluorescence 
performed on an ISS Chronos fluorometer (ISS Inc., 
Champaign, IL) using a 300 nm LED for excitation 
(passed through a 295 nm (+/ −  10 nm) interference 
filter (Semrock)) and p-terphenyl (Sigma-Aldrich) 
dissolved in ethanol of HPLC/spectrophotomet-
ric grade (Sigma-Aldrich) as a reference (lifetime of 
1.04 ns).

The phase shifts and the relative modulations of 
the emitted light were monitored at 20 light mod-
ulation frequencies from 30 to 200 MHz, at 25 °C 
(controlled with a circulating water-bath), moni-
toring emissions at wavelengths longer than 338 nm 
through a longpass filter and magic angle polariz-
ers with the peptide Sit1 (8 μM) in PBS and in the 
presence of micelles of HPS and CTAB at peptide 
to lipid molar ratios of 1:1600, 1:800, 1:400, 1:200, 
1:100, and 1:50. Lifetime data were analyzed using 
discrete, Lorentzian and Gaussian distribution mod-
els, judging the goodness of fit of the measured phase 
and modulation data by the value of the reduced χ2 
[11]. In addition, the phasor approach [9, 12, 13] was 
employed to examine the complex decay of the pep-
tides upon lipid binding. The phasor approach has 
been described in detail elsewhere, but briefly, using 
either frequency domain or time domain data, a pha-
sor plot may be constructed which provides a sim-
ple geometrical representation of the time-resolved 
data. The basic concept for frequency domain data 
is as follows. Given phase (Φ) and modulation (M) 
values at a particular light modulation frequency, 
two values, termed S and G, can be calculated by 
the expressions: G = M cosΦ and S = M sinΦ (These 
parameters were first described by Gregorio Weber 
[14]). Using these G and S values, one can construct a 
plot as shown in figure 2(c). These types of plots have 
been called phasor plots [12], polar plots [15] and AB 
plots [16–18]. The perimeter of this curve is known 
as the ‘universal circle’, and all single exponential life-
times must fall somewhere on this circle. Multiple 
exponential decays will give rise to points inside this 
universal circle [9]. Phasor diagrams have been used 
to investigate both the intensity decay and the time-
decay anisotropy of proteins and other fluorophores 
[13, 16, 19–23].

Dynamic polarization measurements [11] were 
performed with excitation at 300 nm with the peptides 
in aqueous solution, 50% glycerol and in the presence of 
the micelles at 1:1600 peptide to lipid molar ratio. Emis-
sion was monitored at wavelengths longer than 338 nm 
using a longpass filter for the vertically and horizontally 
polarized components of fluorescence intensity, at 20 
frequencies from 20 to 250 MHz.

2.8.  Effects of temperature and quencher on the 
lifetime
The excited state decay of the peptide Sit1 in aqueous 
solution and in the presence of HPS micelles (10 mM) 
was examined as a function of temperature ranging 
from 20 to 45 °C (controlled with a circulating water-
bath) in 5 °C steps, allowing 10 min incubation at each 
point. In addition, the effect of 0 − 0.1 M acrylamide 
at 25 °C on the excited state decay of Sit1 in aqueous 
solution and in the presence of the HPS micelles was 
investigated. Lifetime analysis using discrete models, 
Lorentzian distribution and the phasor approach were 
performed to elucidate the effects of temperature and 
quencher.

3.  Results and discussion

3.1.  Peptides in aqueous solution
The quantum yield of Trp residues in folded proteins 
has been found to vary from near zero to 0.35 [24, 25]. 
The relative fluorescence quantum yield of the DGAT1 
peptides in aqueous solution at 25 °C was determined to 
vary from 0.05 to 0.14 (Supplementary table 1 (stacks.
iop.org/MAF/3/025003)). Previous work with the 
DGAT1 peptides (Sit1, Sit2 and Sit1 and 2) has demon-
strated their disordered structure in aqueous solution 
[8]. In agreement with the lack of regular structure of 
the peptides, their corrected emission spectra in PBS 
(figure 1(a)) presented emission maximum centered at 
355 nm, suggesting that the Trp residues in each peptide 
are in a polar environment (likely exposed to the aque-
ous environment).

The low polarization values (~0.05) observed in the 
excitation polarization spectra (below 300 nm) of the 
peptides in PBS (figure 1(b)) indicated the fast rota-
tion of the Trp residues, due to their high local mobility, 
which was similar to that expected for the free fluoro-
phore in solution, or when it is located within a very 
flexible/unfolded region of a polypeptide. These results 
correlated well with previous data [8].

Table 1.  Rotational correlation coefficients of the DGAT1 peptides 
in aqueous solution.

Sample θ
1

θ
2

x
1

x
2

χ2

PBS (pH 7.2), 25 °C

Sit1 1.83 0.15 0.035 0.26 0.984

Sit2 1.21 0.079 0.068 0.28 0.509

Sit1 and 2 1.60 0.068 0.075 0.22 0.624

average 1.54 0.98 0.059 0.25

50% glycerol, 25oC

Sit1 3.06 0.114 0.116 0.18 0.447

Sit2 3.44 0.112 0.129 0.22 0.651

Sit1 and 2 3.89 0.106 0.125 0.18 0.384

average 3.46 0.110 0.123 0.19

r
0
 values were determined for Sit1 (0.30), sit2 (0.35), and Sit1 and 

2 (0.30) in 100% glycerol, at 5 °C with excitation at 300 nm.
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Increasing the viscosity of the solution with 50% 
glycerol (data not shown), increased the polarization 
values and resulted in an increase in all polarization val-
ues of the DGAT1 peptides. The shifts were due to the 
reduction of the rotation diffusion of the Trp residues 
in this solvent. Moreover, when the solvent viscosity was 
increased further (with 100% glycerol) and when pep-
tides were incubated at low temperature (5 °C), the polar-
ization values were even higher (figure 1(b)), suggesting a 
significant reduction of the fluorophore mobility in this 
condition, due to the reduction of the peptide rotation.

Interestingly, in this environment of low tempera-
ture and higher viscosity, it was possible to observe an 
additional depolarization, i.e. beyond that expected by 

rotational diffusion, of the fluorescence at the region 
from 260 to 300 nm in Sit1 and Sit1 and 2. Given 
that Sit1 and Sit1 and 2 contain 2 and 3 Trp residues, 
respectively, while Sit 2, has only one tryptophan, it is 
likely that the additional depolarization in this region 
occurred via transfer of the excited state energy between 
the Trp residues (homo-transfer) in peptides contain-
ing more than one tryptophan residue. In addition, 
when the excitation was performed near the red-edge of 
the absorption band of the Trp (>300 nm), the polariza-
tion curves of the three peptides converged. This lack of 
homoenergy transfer upon excitation near the red-edge 
of the absorption band of Trp is a phenomenon known 
as the Weber red-edge effect [26, 27].

Figure 1.  (a) Corrected parallel polarized emission spectra of the peptides Sit1 (black), Sit2 (red), and Sit1 and 2 (blue) in PBS,  
pH 7.2 and (b) excitation polarization spectrum of the peptides in PBS at 25 ºC (closed squares) and in 100% glycerol at 5 °C  
(open squares).

Methods Appl. Fluoresc. 3 (2015) 025003
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The excited state lifetimes of the Trp in the DGAT1 
peptides were measured with time-resolved fluores-
cence using the frequency domain method. Figure 2(a) 
is a frequency-response curve that shows on x-axis the 
range of frequencies (from 20 to 250 MHz) used for 
excitation of Sit2 in aqueous solution, the respective 
phase delay of the emission measured on each point 
(on left-y-axis), and the ratio between the modulation 
of the emitted light to that of the exciting light (on right 
y-axis). Using the phase delay and the modulation ratio 
one can determine a phase lifetime (τ

P
) and a modula-

tion lifetime (τ
M

), when both are equal at all modula-
tion frequencies, the fluorescence decay is single expo-
nential. The decay of the intensity of the peptides in 
aqueous solution could not be well-fitted by a single 
exponential model, and two or three discrete exponen-
tials were used for analyzing their decay. For Sit2 (figure 
2(a)), the decay times which fitted best  were 3.3, 1.3 and 
0.14 ns, with fractional intensities of 54, 36 and 10%, 
respectively. The lifetime heterogeneity determined for 
the single-Trp peptide at neutral pH, as observed in Sit2, 
is a common feature of single-tryptophan containing 
proteins and peptides [24, 28]. An alternative approach 
to analyze the lifetime of tryptophan residues based on 
protein dynamics was proposed in terms of multiple 
interconverting conformations [29], in which a con-
tinuous distribution of decay times can result from the 
interconversion between the Trp conformations. The 
physical basis for the distributions resides in the inter-
conversion between conformations, each characterized 
by a quasi-continuum of energy substates, which place 
the tryptophan residue in different environments. The 
observed lifetime heterogeneity, according to this line 
of reasoning, is thus a function of the interconversion 
rates and hence the assignment of a discrete lifetime 
component to a particular protein conformation may 
be an over simplification. For Sit1 and Sit1 and 2, the 
presence of multiple Trp of course adds to the complex-
ity of the intensity decay.

The fluorescence lifetimes of the Trp emission in 
each peptide were higher in 50% glycerol than in PBS. 
The decay of the Trp emission in Sit2 (figure 2(a)), for 
instance, could be fitted with three exponentials of 5.7, 2.3 
and 0.38 ns, representing 43, 43 and 14%, contributions 
to the intensities, respectively. The complete analysis of 
the complex excited state decay of the Trp in each peptide 
using a discrete model are given in supplementary table 2 
(stacks.iop.org/MAF/3/025003). In addition, the use of 
Lorentzian and Gaussian distribution models (supple-
mentary tables 3–4 (stacks.iop.org/MAF/3/025003)) 
to fit the excited state decay of the peptides showed the 
increase of the central lifetimes and the broadening of the 

distribution when viscosity was increased.
Analysis of the dynamic polarization (time-decay 

anisotropy) of the peptides in aqueous solution 
revealed a multiexponential behavior, due to the pres-
ence of multiple rotational modes of their Trp residues, 
which can be seen as a mixed global and localized dif-
fusion of the fluorophore. All three peptides presented 

two fast rotational correlation times (table 1), with 
averages of 1.54 ns and 98 ps. The dynamic polarization 
of Sit2 in PBS (figure 2(b)) shows a continuous increase 
of the delta phase values with the increase of modula-
tion frequency, in agreement with the fast correlation 
times (1.21 ns and 79 ps) for this peptide. The longer 
rotational correlation time is attributed to the rotation 
of the entire molecule (global motion) in the solution, 
while the more rapid component may be attributed 
to the internal rotation involving Trp (local motion). 
These two values are in good correlation with the 
dynamic polarization of the Trp residue in the antimi-
crobial peptide mellitin [30], which is an unstructured 
monomeric 26-residue peptide in solution, where two 
rotational modes were observed, one with a rotational 
correlation time of about 160 ps and the other of 1.7 ns. 
The curve of dynamic polarization for the peptides in 
the presence of 50% glycerol was clearly altered from 
that in PBS (figure 2(b)), suggesting the reduction of 
the rotational diffusion of the fluorophore, due to an 
increase in the longer rotational correlation time to 
3.46 ns.

Analysis of tryptophan fluorescence decay itself is 
not trivial and the presence of multiple Trp residues 
in a protein/peptide complicates this analysis. This 
heterogeneity of single tryptophan proteins has been 
attributed to emission from different rotamers of the 
indole rings. However, it is now known that the lifetime 
of tryptophan in proteins is affected by many processes, 
which enhance the non-radiative decay rate, includ-
ing solvent quenching, excited state proton transfer, 
excited state electron transfer, intersystem crossing, and 
quenching by excited state proton or electron transfer 
by several amino acid residues as well as peptide bonds 
[11]. Disulfide bonds have also been implicated in tryp-
tophan quenching. Hence, analysis of the lifetime data 
multiple discrete components or in terms of distribu-
tion models is not straightforward. The phasor method 
provides an alternative graphical way to facilitate the 
investigation of such complex systems and to provide a 
model-free approach where data fitting is not required 
to investigate the effects of various conditions on the 
intensity decay [13, 19, 21, 23, 31].

Phasor diagrams were thus employed to view the 
fluorescence intensity decay of the DGAT1 peptides 
in aqueous solution. For each peptide, all the phasor 
points obtained using different modulation frequencies 
were within the universal circle, indicating that their 
intensity decays are not single exponentials. In addition, 
the points on the phasor plot for Sit2 in the presence of 
glycerol (figure 2(c)) showed a counterclockwise move-
ment compared to the points at the same frequencies in 
PBS, reflecting that the higher the viscosity, the higher 
the average excited state lifetimes of the peptides.

In a similar way, the phasor treatment of the 
dynamic polarization of Sit2 (figure 2(d)), changed to a 
more pronounced curved, that can be interpreted as the 
reduction of the rotational mobility of the Trp residues, 
or the dominance of one of the rotational modes over 

Methods Appl. Fluoresc. 3 (2015) 025003
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Figure 2.  Frequency domain time-resolved fluorescence measurements of (a) intensity decay and (b) dynamic polarization of Sit2 
in PBS (black) and in 50% glycerol (blue). Variation of phase (closed symbols) and modulation (open symbols) of Trp residue were 
monitored as a function of frequency (from 20 to 250 MHz); Phasor plots of the (c) intensity decay and (d) dynamic polarization of 
Sit2 in PBS (black) and in 50% glycerol (blue).

Methods Appl. Fluoresc. 3 (2015) 025003



7

J L S Lopes et al

the other [23]. Similar behaviors were observed for the 
fluorescence intensity decay and dynamic polarization 
of the peptides Sit1 and Sit1 and 2 in PBS/glycerol on 
the phasor diagram (supplementary figure 1 (stacks.
iop.org/MAF/3/025003)).

3.2.  Peptides in the presence of membrane models
The interaction of the DGAT1 peptides with zwit-
terionic, negatively charged or positively charged 
surfactants resulted in blue shifts of the fluorescence 
emission maxima (supplementary figure 2 (stacks.iop.
org/MAF/3/025003)). In order to better investigate 
the different binding of the peptides in this membrane 
model other fluorescence properties were investigated. 
The excitation polarization spectra of the peptides in 
the presence of the detergents (supplementary figure 2 
(stacks.iop.org/MAF/3/025003)), indicate the binding 
of Sit1 in all types of surfactants, as evidenced by the 
reduction in the mobility of its Trp residues in the three 
models used. With the other two peptides (Sit2 and Sit1 
and 2), the increase of polarization was more evident in 
the surfactant with the negatively charged head group, 
suggesting that an electrostatic attraction between these 
peptides with negatively charged surfaces can modu-
late their interaction, in agreement with previous data 
[8], which describe the binding of Sit1 to the acyl-CoA 
molecule via the acyl chain of the substrate, while the 
binding of Sit 2 to membranes can be modulated by the 
presence of negatively-charged domains at the surface.

Solute fluorescence quenching in model mem-
branes is often controlled by the degree to which small 
solute quenchers (like acrylamide) are partitioned into 
the hydrocarbon-like subphases of these structures, 
and by the diffusion coefficient of the quencher within 
the subphases [32]. The Stern–Volmer quenching 
constants for acrylamide (table 2) determined for the 
peptides in aqueous solution were higher (average of 
9.7 M−1) than in the presence of the model membranes, 
reflecting that binding to the micelle has reduced the 
exposure of the Trp residues to the quencher, probably 
due to the access of the Trp within the acyl core of the 
micelles or at the lipid-water interface. Sit1 and Sit1 and 
2 showed a very similar behavior (supplementary fig-
ure 3 (stacks.iop.org/MAF/3/025003)), with a partial 
insertion on the zwitterionic and positively-charged 
micelle, and a deeper insertion when interacting with 
the negatively charged surfactant. The access of the 
quencher to the Trp-residue of Sit2 is not altered in the 
presence of the positively charged micelle, which was 
the only condition in which the same quenching con-
stant for the peptide in aqueous solution was found. 
However, in the presence of the negatively charged sur-
factant, Sit2 presented the lowest K

SV
 value (3.5 M−1); 

suggesting the deepest insertion of the Trp occurred in 
this model membrane.

When bound to the membrane models, the excited 
state lifetime of the peptides could be described in 
terms of only two exponential terms (supplementary 
figure 4 (stacks.iop.org/MAF/3/025003)), whose 

components were increased over those of the free pep-
tide, assuming average values of 5.4 and 1.5 ns, sug-
gesting that the local environment of the Trp residues 
changes upon binding to the model membrane. Fig-
ure 3(a) shows the increase of the excited state decay 
of Sit2 in the presence of the zwitterionic micelle. 
The reduction of the number of lifetime components 
when a Trp-containing peptide is bound to a mem-
brane model has previously been suggested to be due 
to the reduction of the number of rotamer forms of 
the Trp residues in the peptide. Similar fluorescence 
decays were found in a series of single-Trp containing 
peptides when forming peptide-lipid complexes [33], 
in which only two exponential terms of average values 
of 6.9 and 2.7 ns with fractional amplitudes of 30 and 
70%, respectively, were required for good fits upon 
binding to the membrane model. In addition, the 
dynamic polarization curves of the peptides bound 
to the micelles (figure 3(c)) revealed the reduction 
of the rotational modes of the Trp residues, due to 
the decreased mobility of the peptides in the peptide-
lipid complexes.

Phasor plots of the excited state decay (figure 3(b)), 
and dynamic polarization (figure 3(d)), of the peptides 
bound to the lipid systems showed a behavior similar 
to that observed in the solution of high viscosity, in 
which a counterclockwise shift of the points within the 
universal circle and a more closed curve were observed, 
respectively. The movement of the points on the phasor 
diagram revealed that the mobility of the Trp residues 
was clearly reduced upon binding to the micelles.

The relative quantum yield of the peptides (sup-
plementary table 1 (stacks.iop.org/MAF/3/025003)) 
increased by about 5-fold in the presence of the zwit-
terionic (HPS) or cationic (CTAB) micelles, but it was 
reduced by about 4-fold upon binding to the negatively 
charged surfactant (SDS). As the quantum yield of the 
peptides was significantly altered upon interaction with 
the model membranes, a quantum yield enhancement 
factor was considered to correct the expressions relat-
ing the fluorescence parameters [9]. Steady-state fluo-
rescence methods were applied to monitor the bind-
ing of the Sit1 peptide in the micelles in terms of the 
movement of the spectral center of mass (figure 4(a)), 
polarization (figure 4(b)) and total intensity changes 
upon binding to the lipids. The binding curve was fit-
ted and an average K

d
 ~ 1 mM was found. Individual 

values are in supplementary table 5 (stacks.iop.org/
MAF/3/025003).

Table 2.  Acrylamide quenching constants (K
SV

) of the DGAT 
peptides free and bound to the model membranes.

Sit1 Sit2 Sit1 and 2

K
SV

 (M−1) K
SV

 (M−1) K
SV

 (M−1)

PBS (pH 7.4) 9.1 9.1 11

10 mM SDS 4.8 3.5 4.1

10 mM HPS 7.6 7.7 8.0

10 mM CTAB 7.7 9.5 7.7
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Figure 3.  (a) Phase delay (closed symbols) and modulation ratio (open symbols) of the excited state lifetime of Sit1 in aqueous 
solution (black) and in the presence of micelles of HPS (red) and (b) dynamic polarization of the peptides Sit1 in the presence of the 
zwitterionic micelles (red) and (c and d) their respective phasor diagrams.
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3.3.  Phasor analysis of peptide-lipid complexes
Phase/modulation studies were performed as a func-
tion of temperature, from 20 to 45 °C, with Sit1 in PBS 
and in the presence of the HPS micelles (supplementary 
figure 5(a)) (stacks.iop.org/MAF/3/025003). These data 
were analyzed with a Lorentzian distribution fit (sup-
plementary table 6 (stacks.iop.org/MAF/3/025003) ), 
which showed a gradual decrease of the central values of 
the distribution (from 1.9 to 1.1 ns) as the temperature 
was increased, i.e. faster excited state decays of Sit1 were 
obtained at elevated temperatures, and in addition, the 
full-width half-maximum of the distributions were also 
reduced (from 1.6 to 0.7 ns) as a consequence of the tem-
perature elevation (supplementary figure 5(c) (stacks.

iop.org/MAF/3/025003)). This decrease in the width of 
the distribution as a function of temperature elevation is 
in agreement with the observations described for single-
Trp proteins [28, 34]. The Arrhenius plot of the fluores-
cence lifetime data (supplementary figure 5(d) (stacks.
iop.org/MAF/3/025003)) was performed with the cen-
tral lifetime of the Lorentzian distribution fits, and gave 
Arrhenius activation energy (Ea) of ~1.9 kcal mol−1 for 
the peptide in aqueous solution and 1.37 kcal mol−1 for 
the peptide bound to the micelles.

The phasor diagram of these data (supplementary 
figure 5(b) (stacks.iop.org/MAF/3/025003)) for points 
at different temperature but the same light modula-
tion frequency (100 MHz) shows that the higher the 

Figure 4.  Effect of the lipid binding on the (a) emission spectra and (b) anisotropy of the Trp residues of Sit1 in zwitterionic micelles 
used in the range of 1:100 (red) to 1:1600 peptide (blue) to lipid molar ratio. Intermediate peptide to lipid molar ratio is in gray.
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temperature, the shorter the lifetimes, with points pre-
senting a trajectory that goes along the universal circle. 
Similar shape trajectories were observed in the absence 
and in the presence of the model membrane.

Frequency-domain time-resolved fluorescence data 
were obtained with Sit1 in the presence of the quencher 
acrylamide (figure 5(a)). A discrete model was used 
here, and showed that both longer and shorter compo-
nents of fluorescence lifetimes of Sit1 were decreased 
in the presence of the quencher (supplementary table 7 
(stacks.iop.org/MAF/3/025003)). The classic form of 
the Stern–Volmer equation (given in equation (2)) is 
equal to the ratio τ

0
/τ, where τ

0
 and τ are the lifetimes of 

the fluorophore in the absence and in the presence of 
the quencher, respectively. However, a straightforward 

interpretation of the Stern–Volmer relation is valid only 
when a simple monoexponential decay is observed, 
which was clearly not the case in the Trp residues of the 
DGAT1 peptides. A mean lifetime from the two-com-
ponent analysis, weighted for their respective fractions 
was obtained and analyzed into a linear curve in the 
Stern–Volmer plots, with values of 8.4 and 4.6 M−1, for 
the peptide in PBS and in the presence of HPS micelles, 
respectively (supplementary figure 6 (stacks.iop.org/
MAF/3/025003)). The quenching trajectory on the 
phasor diagram, both in aqueous solutions and in the 
presence of the micelles of HPS (figure 5(b)), is in agree-
ment with the reduction of the lifetime in the presence 
of the quencher, and show trajectories along the univer-
sal circle for the free and bound peptide.

Figure 5.  (a) Phase delay (closed symbols) and modulation ratio (open symbols) of the excited state lifetime of Sit1 in aqueous 
solution (black) and in the presence of micelles of HPS (blue) throughout the acrylamide titration. Red and green curves correspond 
to the 0.1 M acrylamide in the free and lipid bound peptide, respectively. Intermediate acrylamide concentrations are in gray, and 
(b) phasor diagram for the quenching assays with Sit1 free (black) and bound to HPS (blue). Points are for modulation frequency of 
50 MHz.
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Figure 6.  Phasor plots of the (a) free and bound state of Sit1 in the HPS micelles and (b) intermediate points throughout the titration. 
Points are for modulation frequency of 30 MHz. (c) Straight line connecting the points on the phasor diagram and (d) Bjerrum plot 
for titration of Sit1 in the HPS micelles.
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The binding of Sit1 in the micelles of HPS was mon-
itored by following the points on the phasor diagram 
of the free and bound state of the peptide (figure 6(a)), 
and throughout the titration of the zwitterionic micelle 
(figure 6(b)). Comparing the points of each single fre-
quency (30 MHz are shown), it was possible to deter-
mine a straight line trajectory connecting the two points 
of the free and bound peptide (figure 6(c)), revealing 
that any points during the titration can be described by 
a linear combination of the two states of the peptide. 
Plotting the points of the titration as a function of the 
concentration of the lipids (figure 6(d)), gave K

d
 of the 

peptide to the micelles with an average of ~1 mM, which 
correlated well to the dissociation constants determined 
by steady-state approaches. The phasor plot, in addi-
tion to being a rapid and facile qualitative approach for 
investigating the complex decay of multifluorophores 
systems, like proteins, can be applied for determining 
quantitative parameters of the interaction of those 
complex systems (proteins) with their ligands (lipid 
systems), by monitoring the trajectory of the points in 
the phasor diagram. Similar treatment was employed 
for the binding of Sit1 in the CTAB micelles (supple-
mentary figure 7 (stacks.iop.org/MAF/3/025003)).

4.  Conclusions

Steady-state and time resolved fluorescence methods 
are useful techniques to study the high flexibility and 
the disordered state of the DGAT1 peptides in aque-
ous solution and are suitable approaches to monitor the 
conformational changes of these peptides when bound 
to the lipid systems, which resulted in significant reduc-
tion of the mobility of their Trp residues.

In this sense, in the system investigated here, the 
putative binding sites of DGAT1, which were predicted 
to be allocated into a large luminal extramembranous 
loop of the enzyme [8], exhibited interactions at the 
membrane surface; however, all peptides were able to 
access the hydrophobic core of the lipid systems, pos-
sibly for assessing their lipid substrates (acyl-CoAs and 
diacylglycerols). Knowledge of the dynamics of the 
DGAT1 peptides in different environments (especially 
those that mimic the membrane-bound state of the 
enzyme) and the factors that can affect their dynamics 
provide new insights related to the regulation of this 
important enzyme, which may be useful in the design of 
compounds which can modulate the activity of DGAT1.
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