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Abstract Determination of the depth of membrane pene-

tration provides important information for studies of membrane

protein folding and protein–lipid interactions. Here, we use a

combination of molecular dynamics (MD) simulations and

depth-dependent fluorescence quenching to calibrate the

methodology for extracting quantitative information on mem-

brane penetration. In order to investigate the immersion depth

of the fluorescent label in lipid bilayer, we studied 7-nitrobenz-

2-oxa-1,3-diazole (NBD) attached to the lipid headgroup in

NBD-PE incorporated into POPC bilayer. The immersion

depth of NBD was estimated by measuring steady-state and

time-resolved fluorescence quenching with spin-labeled lipids

co-incorporated into lipid vesicles. Six different spin-labeled

lipids were utilized: one with headgroup-attached Tempo probe

(Tempo-PC) and five with acyl chain-labeled n-Doxyl moieties

(n-Doxyl-PC where n is a chain labeling position equal to 5, 7,

10, 12, and 14, respectively). The Stern–Volmer analysis

revealed that NBD quenching in membranes occurs by both

static and dynamic collisional quenching processes. Using the

methodology of Distribution Analysis, the immersion depth

and the apparent half-width of the transversal distributions of

the NBD moiety were estimated to be 14.7 and 6.7 Å, respec-

tively, from the bilayer center. This position is independently

validated by atomistic MD simulations of NBD-PE lipids in a

POPC bilayer (14.4 Å). In addition, we demonstrate that MD

simulations of the transverse overlap integrals between dye and

quencher distributions can be used for proper analysis of the

depth-dependent quenching profile. Finally, we illustrate the

application of this methodology by determining membrane

penetration of site selectively labeled mutants of diphtheria

toxin T-domain.
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Abbreviations

NBD-PE 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl)

Tempo-PC 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phospho(TEMPO)choline

n-Doxyl-PC 1-Palmitoyl-2-stearoyl-(n-Doxyl)-sn-

glycero-3-phosphocholine

POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine

LUV Large unilamellar lipid vesicle

FRET Förster resonance energy transfer

MD

simulation

Molecular dynamics simulation

DA Distribution analysis

COM Center of mass
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(Kaback and Wu 1999). One of the methods that allows for

quantitative determination of bilayer penetration is depth-

dependent fluorescence quenching with lipid-attached

quenchers (London and Ladokhin 2002). The principal

method for extracting quantitative information on trans-

verse distribution of the fluorophore is Distribution Ana-

lysis (DA), (Ladokhin 1997; London and Ladokhin 2002;

Ladokhin 1999a, 2014) the main assumptions of which

were recently validated in the context of pseudo-quenching

analysis of MD simulation of a model tryptophan-con-

taining compound (Kyrychenko et al. 2013). Here, we

further validate the quantitative DA approach using

experimental and computational approaches applied to the

model lipid-attached fluorophore compound NBD-PE.

Among a variety of fluorescent lipids, NBD-function-

alized phospholipids have been widely utilized as fluores-

cent analogs of native lipids to measure membrane polarity

(Chattopadhyay and London 1988); (Chattopadhyay and

Mukherjee 1999b), hydrogen bonding (Greiner et al. 2009),

and lateral diffusion (Shrive et al. 1996) as well as lipid

heterogeneity (Armstrong et al. 2003); (Pucadyil et al.

2007); (Vaish and Sanyal 2011). Lipids and cholesterol

analogs labeled with an NBD fluorophore have also been

used to detect the presence of lipid domains in cell mem-

branes (Stubbs et al. 1989). NBD-labeled phospholipids

have often been applied to determine the depth position of

other fluorophores within membranes by FRET (Feigenson

1997); (Posokhov and Ladokhin 2006); (Loura 2012).

Despite the broad application range of NBD-PE probe, a

limited number of studies have attempted to characterize its

structure in the membrane environment and the immersion

depth of the NBD groups (Mazères et al. 1996). Fluores-

cence (Loura and Ramalho 2007) and NMR (Huster et al.

2003) experiments, as well as molecular dynamics (MD)

simulations (Loura et al. 2008) have shown that when a

polar NBD fluorophore was covalently attached to a fatty

acyl chain, it could cause backfolding of the entire chain of

the host lipid molecule toward the membrane interface

(Loura and Prates Ramalho 2011). Therefore, it has been

suggested that the location of an NBD group in a mem-

brane often reflects its intrinsic properties rather than the

nature and attachment positions in host lipids (Skaug et al.

2009); (Filipe et al. 2011).

In our recent studies, we have developed an integral

approach for depth-dependent quenching of fluorophores in

membranes based on a joint structural refinement using

fluorescence measurements and MD simulations (Ky-

rychenko et al. 2010, 2011, 2013); (Kyrychenko and La-

dokhin 2013). In this study, we used NBD-PE as a

benchmark system for further development and calibration

of a concerted approach, combining fluorescence experi-

ments and MD simulations: In the experimental part, the

immersion depth of the NBD fluorophore was estimated by

depth-dependent fluorescence measurements of NBD-PE

co-incorporated with Doxyl-labeled lipids (Doxyl-PC)

located at graded depths within the membrane. The

immersion depths of the spin probes were tuned by varying

the attachment position of the spin group ranging from

headgroup-labeled Tempo-PC to the acyl chain-labeled n-

Doxyl-PCs. First, we measured steady-state and lifetime

fluorescence quenching of the NBD label by the spin-

labeled lipids. The NBD quenching profiles were found to

be a smooth and predictable function of the attachment

position and hence membrane depths of the spin probe in

the corresponding labeled lipids. Our recent MD studies

indicate that a nitroxide spin probe attached to specific

positions along the acyl chain of phospholipids was not

confined to fixed locations; it was free to span a broad

range of depths within the bilayer (Kyrychenko et al.

2013). In this work, we used these MD-estimated depths of

the spin probes to calculate the immersion depth of the

NBD group by using the Distribution Analysis (DA)

method (Ladokhin 1997, 1999a, b).

In the computational part, we carried out MD simula-

tions of NBD-PE lipids inserted into an equilibrated POPC

bilayer in water. Free, 160-ns long MD sampling allowed

us to estimate the distribution profile of the NBD group

within the membrane. This profile could be directly com-

pared to that of the experimental quenching dependence

approximated by the DA Gaussian profile. The MD-esti-

mated depth of the NBD fluorophore was found to be in

good agreement with the DA-calculated experimental

depth, pointing to a promising role for a concerted spec-

troscopy/MD approach in predicting the structure of fluo-

rescent lipids in a membrane. We illustrate the application

of this approach by determining the depth of bilayer pen-

etration of the P378C and N366C mutants of diphtheria

toxin T-domain.

Materials and Methods

Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),

1-palmitoyl-2-stearoyl-(n–Doxyl)-sn-glycero-3-phosphocho-

line (n–Doxyl–PC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho(TEMPO)choline (Tempo-PC), and 1,2-dipalmitoyl-

sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-ben-

zoxadiazol-4-yl) (NBD-PE) were obtained from Avanti Polar

Lipids (Alabaster, AL). IANBD ester was from Invitrogen

(Carlsbad, CA). To prepare samples for depth-dependent

fluorescence measurements, NBD-PE, spin-labeled PCs, and

unlabeled POPC lipids were first dissolved in chloroform

solution and then dried under a high vacuum for *12 h. The

dried lipid mixtures were dissolved in 50 mM sodium
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phosphate buffer, pH 8, and vortexed to disperse the lipids.

Large unilamellar vesicles (LUV) of 0.1 lm diameter were

prepared by extrusion (Mayer et al. 1986). Lipid concentra-

tions of stock solutions were determined according to the

procedure of Bartlett (1959).

Fluorescence Measurements

Fluorescence was measured using an SPEX Fluorolog FL3-

22 steady-state fluorescence spectrometer (Jobin–Yvon,

Edison, NJ) equipped with double-grating excitation and

emission monochromators. The measurements were made

in a 2 9 10 mm cuvette oriented perpendicular to the

excitation beam and maintained at 25 �C using a Peltier

device from Quantum Northwest (Spokane, WA). For

NBD measurements, the excitation wavelength was

465 nm and the slits were 5 nm. Fluorescence decays were

measured with a time-resolved fluorescence spectrometer,

FluoTime 200 (PicoQuant, Berlin, Germany), using a

standard time-correlated single-photon counting scheme

(Posokhov and Ladokhin 2006). Samples were excited at

375 nm by a subnanosecond pulsed diode laser, LDH 375

(PicoQuant, Berlin, Germany), with a repetition rate of

10 MHz. Fluorescence emission was detected at 535 nm,

selected by a Sciencetech Model 9030 monochromator,

using a PMA-182 photomultiplier (PicoQuant, Berlin,

Germany) (Kyrychenko et al. 2009). The fluorescence

intensity decay was analyzed using FluoFit iterative-fitting

software based on the Marquardt algorithm (PicoQuant,

Berlin, Germany).

Preparation and Labeling of Single-Cys Mutants of T-

domain

pET15b plasmid containing the diphtheria toxin T-domain

gene with mutation C201S has been used as a template for

mutagenesis. Introduction of point Cys mutations for spe-

cific labeling with NBD derivatives was performed by site-

directed mutagenesis with the QuikChange site-directed

mutagenesis kit from Stratagene (Cedar Creek, TX) and

verified by DNA sequencing with T7 primer. Protein

expression was performed in BL21 DE3pLys Escherichia

coli cells, and recombinant protein synthesis was induced

by the addition of 0.8 mM IPTG at OD600 = 0.5, after

which cells were grown at 25 �C overnight. Purification

included affinity chromatography on Ni–NTA resin from

Qiagen (Valencia, CA) and gel filtration on a Sepharose 12,

1 9 30 cm column from GE Healthcare (Giles, U.K.), in

PBS buffer containing 0.1 mM EDTA. The purity of

preparations obtained was analyzed by SDS-PAGE. For

determination of protein concentrations, we used a molar

extinction coefficient of 17,000 M-1 cm-1 at 278 nm.

Labeling with NBD dye was performed using a standard

procedure for the thiol-reactive derivatives (Rodnin et al.

2008; Kyrychenko et al. 2009).

Molecular Dynamics Simulation Setup

NBD-PE lipids were studied in a 1-palmitoyl-2-oleoyl-

phosphatidylcholine (POPC) bilayer. The initial configu-

ration of an equilibrated POPC bilayer composed of 128

lipids was used from our previous studies (Kyrychenko

2010; Kyrychenko et al. 2010, 2011). In the initial system,

4 POPC lipid molecules were randomly selected for NBD

labeling. The NBD labels were inserted into the equili-

brated bilayer and attached to the selected POPC lipids.

The labels were inserted into a bilayer one-by-one, so that

after adding of each spin label, unfavorable interatomic

contacts were removed by steepest descent energy mini-

mization, and a short MD re-equilibration was performed

for 50 ps. An equal number of the labeled lipids were

inserted into each leaflet. The prepared system was finally

composed of 124 POPC molecules with 4 NBD-PE lipids

randomly inserted among the bilayer, corresponding to

4 mol % of bilayer labeling. The system was hydrated with

4217 water molecules (lipid-to-water ratio 1:33). The ini-

tial membrane system was equilibrated for 10 ns, and the

MD simulations were carried out for 160 ns.

A MD force field of a POPC bilayer was based on the

parameters presented by Berger et al. (1997). In POPC and

NBD-PE lipids, all carbon atoms of CH2 and CH3 groups

with non-polar hydrogen atoms were treated as united

atoms. In the case of NBD-PE, we used the same force field

parameters for the glycerol backbone and acyl chains of the

PE lipid moiety as those used for an unlabeled POPC lipid

molecule. The bond length and angle parameters for the

NBD probe were optimized by density functional theory

calculations at the UB3LYP/cc-pVDZ level. Partial char-

ges needed for Coulomb interactions were derived from the

UB3LYP/cc-pVDZ electron densities by fitting the elec-

trostatic potential to point (ESP) charges. The simple point

charge (SPC) model (Hermans et al. 1984) was used for

water. MD simulations were carried out at the constant

number of particles, constant pressure P = 1 atm, and

constant temperature T = 303.15 K (NPT ensemble).

Three-dimensional periodic boundary conditions were

applied with the z axis lying along a direction normal to the

bilayer. The pressure was controlled semi-isotropically, so

that the x–y and z dimensions of the simulation box were

allowed to fluctuate independently from each other, keep-

ing the total pressure constant. Thus, during MD simula-

tions, the membrane area and thickness were therefore free

to adjust under the NPT condition. The reference temper-

ature and pressure were kept constant using the Berend-

sen’s weak coupling scheme (Berendsen et al. 1984) with a

coupling constant of sT = 0.1 ps for the temperature
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coupling and sP(x - y) = sP(z) = 1.0 ps for the pressure

coupling. Electrostatic interactions were simulated with the

particle mesh Ewald (PME) (Darden et al. 1993) approach

using a long-range cutoff of 1.4 nm. The cutoff distance of

Lennard–Jones interactions was also equal to 1.4 nm. All

bond lengths were kept constant using the LINCS routine

(Hess et al. 1997). The MD integration time step was 2 fs.

The MD simulations were carried out using the GRO-

MACS set of programs, version 4.5.5 (Van Der Spoel et al.

2005). Molecular graphics and visualization were per-

formed using VMD 1.8.6 (Humphrey et al. 1996).

Results and Discussion

Depth-Dependent Fluorescence Quenching

The steady-state and lifetime fluorescence of NBD-PE

incorporated into POPC lipid vesicles were examined in

the absence and in the presence of spin-labeled lipids. To

probe specific depths within a membrane, a series of six

different spin probes was used, in which either Tempo or

Doxyl spin quenchers are covalently attached to a

phospholipid molecule (Fig. 1a). NBD-PE and the lipid-

attached spin quenchers were incorporated into POPC lipid

vesicles by co-extrusion. The concentration of 1 mol %

NBD-PE was constant, while the molar fraction of each

spin quencher was gradually varied from 0 to 0.3, respec-

tively. Fluorescence spectra and lifetime decays of NBD-

PE measured in the absence and in the presence of two

spin-labeled probes, namely, Tempo-PC and 12-Doxyl-PC,

are shown in Fig. 1b–e. The spin moiety of these probes is

known to reside at shallow and deep locations within a

membrane (Kyrychenko and Ladokhin 2013), so that they

are expected to quench the headgroup-attached NBD

fluorophore of NBD-PE to different degrees. Figure 1b–e

shows that, in the case of both Tempo-PC and 12-Doxyl-

PC, the gradual increase in the concentration of the

quenchers results in the systematic decrease in steady-state

intensity, which is also accompanied by lifetime shortening

of the NBD fluorescence. At any given concentration of the

quenchers, the quenching efficiency measured by both

intensity and lifetime was found to be stronger for Tempo-

PC as compared to those of 12-Doxyl-PC. To explore

lifetime shortening of NBD due to the depth-specific

quenching in a quantitative way, we subjected all the decay

curves to deconvolution analysis. It has been reported

previously that an NBD probe attached to lipids or proteins

reveals multi-exponential fluorescence decays in hetero-

geneous membrane environment (Posokhov and Ladokhin

2006; Mukherjee et al. 2004; Loura and Ramalho 2007);

(Greiner et al. 2009). The best fits to all the NBD decays

were obtained using a sum of two exponentials. In

quantitative analysis, we used amplitude-weighted average

lifetimes (sa) calculated as described previously (Posokhov

and Ladokhin 2006).

Figure 1b and d shows that in the presence of 30 mol %

of Tempo-PC and 12-Doxyl-PC in LUVs, the normalized

fluorescence intensity of NBD-PE was decreased from 1.0

up to 0.36 and 0.57, respectively. In accordance with this

decrease, the lifetime of NBD-PE was also shortened from

5.37 ns up to 2.86 and 3.25 ns, as shown in Fig. 1c, e.

Stern–Volmer Analysis

In order to determine the static and dynamic contributions

to NBD-PE quenching by a series of depth-specific

quenchers, we calculated the ratios of both the fluorescence

intensities (F0/F - 1) and lifetimes (s0/s - 1). Figure 2

shows examples of plots of F0/F - 1 and s0/s - 1 on the

mole fraction of Tempo-PC and 12-Doxyl-PC quenchers in

POPC bilayers. Applying the Stem–Volmer equation

allows us to derive the apparent Stem–Volmer quenching

constant, KSV. As shown in Fig. 2, the ratios of steady-state

intensities and lifetimes differ significantly for these

two quenchers at all mole fractions. The total Stern–Vol-

mer quenching constant KSV(total), measured in a steady-

state fluorescence quenching experiment, contains contri-

butions from both ‘‘static’’ and ‘‘dynamic’’ quenching:

KSV(total) = K(static) ? KSV(dynamic). Measuring life-

time quenching allows one to extract a pure ‘‘dynamic’’

quenching component KSV(dynamic) and to calculate

K(static) = KSV(total)-KSV(dynamic). As can be noted

from Table 1, in the case of the shallow Tempo-PC, the

‘‘static’’ and ‘‘dynamic’’ components contribute almost

equally to the ‘‘total’’ quenching (KSV(dynamic) = 2.8 1/

M; K(static) = 5.8-2.8 = 3.0 1/M). In contrast, for the

deep 12-Doxyl-PC probe, the overall quenching is domi-

nated by the dynamic mechanism (KSV(dynamic) = 2.2 1/

M; K(static) = 2.6-2.2 = 0.4 1/M).

Our findings point out that the assumption of a purely

static quenching mechanism for calculating depth from

steady-state fluorescence quenching has some limitations

for long-lifetime fluorophores because of thermal motions

in the lipid membrane occurring during the excited-state

lifetime. While this is still a reasonable approximation

when fluorophores with short lifetimes are used, the same

may not be true for probes with long-lived excited states,

such as NBD, pyrene (Sassaroli et al. 1995), and anthra-

cene (Chattopadhyay and Mukherjee 1999a; Haldar et al.

2012). Our recent MD simulations of a series of spin-

labeled lipids in a POPC bilayer have shown that the dif-

fusive reorientational dynamics of the spin groups occurs

on a nanosecond time scale and depends strongly on their

depths within the membrane (Kyrychenko and Ladokhin

2013). The rotational times decrease rapidly from 10 ns for
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the headgroup-attached Tempo moiety up to 2.3 ns for the

deeply located 14-Doxyl group, indicating a progressive

increase in the degree of mobility of the spin group. The

excited-state lifetime of the NBD-PE fluorophore in the

lipid vesicles is about 5.4 ns, so that the spin moiety

attached to the lipid headgroup (Tempo-PC) and the upper

part of the lipid acyl tail (5-Doxyl and 7-Doxyl) remain

relatively rigidly fixed by the membrane environment on

this time scale, leading to the large contributions of the

static quenching. In contrast, the almost pure dynamic

quenching of the NBD fluorophore by the deeper probes

12-Doxyl and 14-Doxyl could be explained by their shorter

relaxation times, characterizing the increase in overall lipid

internal motions down to the bilayer center.

Depth of NBD Fluorophore

The distribution analysis (DA) methodology (Ladokhin

1997, 2014) approximates the transverse quenching profile

(QP) of a fluorophore with a Gaussian function (Eq. 1):

QP hð Þ ¼ G hð Þ þ G �hð Þ

¼ s

r
ffiffiffiffiffiffi

2p
p exp � h� hmð Þ2

2r2

" #

þ s

r
ffiffiffiffiffiffi

2p
p exp � hþ hmð Þ2

2r2

" #

ð1Þ

In the case of analyzing deeply penetrating fluorophores,

a symmetrical second Gaussian is added to account for

Fig. 1 Depth-dependent fluorescence quenching of NBD-PE by spin-

labeled lipids. a Molecular structure of NBD-PE (1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl),

Tempo-PC (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(TEMPO)-

choline), and 12-Doxyl-PC (1-palmitoyl-2-stearoyl-(12-doxyl)-sn-gly-

cero-3-phosphocholine) lipids. Tempo and Doxyl spin labels are

shown in red. Attachment positions of a doxyl moiety along the sn-2

acyl chain of the host lipid are indicated by red arrows. b–e Example

of depth-dependent fluorescence quenching of NBD-PE by Tempo-PC

(b, c) and 12-Doxyl-PC (d, e) measured using steady-state and time-

resolved fluorescence methods. Increasing the spin label concentration

in lipid vesicles resulted in reduction of the fluorescence intensity of

the NBD emission (b, d) and shortening of its excited-state lifetime (c,

e) (Color figure online)

Fig. 2 Examples of Stern–Volmer plots of fluorescence quenching of

NBD-PE incorporated into lipid vesicles composed of various

mixtures of POPC and either Tempo-PC or 12-Doxyl-PC quenchers.

The lines represent the best fit to the steady-state intensity (open

squares and dotted lines) and lifetime (solid squares and solid lines)

data using the Stern–Volmer equation
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trans-leaflet quenching (Ladokhin 1999a). The average

positions of the spin quencher calculated from the center of

the lipid bilayer have previously been determined by MD

simulations of a series of spin-labeled lipids in the model

membrane (Table 2).

Application of the DA approach to depth-dependent

fluorescence quenching of NBD-PE in LUV is presented in

Fig. 3. The NBD fluorophore was found to be located

below the membrane interface and its distribution along the

bilayer normal is relatively broad, suggesting a high degree

of thermal mobility. Due to strong trans-leaflet quenching

observed in the middle of the bilayer, the double-Gaussian

fitting function was used. Applying DA to steady-state and

lifetime quenching data, the membrane depth hm of the

NBD group is found to be 14.9 ± 0.6 Å and 14.6 ± 0.5 Å,

respectively.

Previously, fluorescence quenching of NBD-PE by spin-

labeled lipids analyzed with the parallax method has

indicated an external location of the NBD group, about

14.2 Å from the center of 1,2-dioleyol-sn-glycero-3-phos-

phocholine (DOPC) bilayers (Chattopadhyay and London

1987). Using the same depth-dependent quenching

technique, however, a much shallower location of about

18.9 Å has been reported for the same system when

another set of spin quenchers was used (Abrams and

London 1993); (Kachel et al. 1998). Another study, which

also used the parallax method, reported penetration depth

of 20.3 Å for the NBD group in NBD-PE (Mukherjee et al.

2004). (Note that our published experimental and compu-

tational results demonstrate that the parallax method is

prone to substantial systematic errors (Ladokhin 1997,

Fig. 3 Distribution analysis of penetration depth of NBD-PE. NBD-

PE quenching by spin-labeled lipids embedded in phospholipid

vesicles measured using steady-state (triangles) and lifetime

(squares) fluorescence. The spin-labeled lipids were Tempo-PC, 5-,

7-, 10-, 12- and 14-Doxyl-PCs. The immersion depths of their spin

groups within the bilayer have been estimated by the MD simulations

as given in Table 2. Samples were prepared containing 1 and

30 mol % of NBD-PE and the spin-labeled lipids, respectively. Solid

lines are the fitting curves of the distribution analysis (Ladokhin 1997,

1999a, 1999b) utilizing Eq. 1. The double-Gaussian fitting parameters

hm and r represent average position and depth heterogeneity of the

NBD group calculated from the bilayer center

Table 1 Steady-state and lifetime quenching of NBD-PE containing varying molar fractions of spin-labeled quenchers in POPC lipid vesicles

Quencher Steady-state quenchinga (F0/F)-1 Lifetime quenchinga (s0/s)-1

Molar fraction of quenchers KSV
b Molar fraction of quenchers KSV

b

0.075 0.15 0.30 0.075 0.15 0.30

Tempo-PC 0.423 0.805 1.762 5.8 0.193 0.377 0.878 2.8

5-Doxyl-PC 0.462 0.909 2.176 7.0 0.294 0.539 1.148 3.8

7-Doxyl-PC 0.370 0.791 1.678 5.5 0.160 0.444 0.982 3.2

10-Doxyl-PC 0.352 0.731 1.450 4.8 0.155 0.436 0.925 3.0

12-Doxyl-PC 0.216 0.415 0.763 2.6 0.152 0.346 0.652 2.2

14-Doxyl-PC 0.202 0.346 0.681 2.3 0.135 0.303 0.619 2.0

a F0/F and s0/s are the ratios of the fluorescence intensities and amplitude-weighted average lifetimes of 1 mol % NBD-PE incorporated into

LUVs in the absence and in the presence of the spin quenchers, respectively. In the absence of the quenchers, the amplitude-weighted average

lifetime s0 was measured to be 5.37 ns (Fig. 1c, e)
b Steady-state and lifetime Stern–Volmer quenching constants for NBD-PE co-incorporated into LUVs containing varying molar fractions of

Tempo-PC and n-Doxyl-PCs. In the text, the steady-state and lifetime quenching constants are referred to as KSV(total) and KSV(dynamic),

respectively

Table 2 MD-estimated immersion depths of the spin labels of

Tempo-PC and n-Doxyl-PC lipids incorporated into a POPC bilayer

(Kyrychenko and Ladokhin 2013)

Spin-labeled lipid Depth (Å) Half-width at half-height (Å)

Tempo–PC 18.2 4.8

5–Doxyl–PC 12.1 3.0

7–Doxyl–PC 11.5 3.0

10–Doxyl–PC 10.1 3.8

12–Doxyl–PC 6.4 4.8

14–Doxyl–PC 2.9 4.8
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1999a; London and Ladokhin 2002; Kyrychenko et al.

2013; Ladokhin 2014). In addition, the more external

location of the NBD groups found in the later studies could

be due to the use of the shallower spin quencher, Tempo-

PC. Recently, we have shown that the Tempo group of

Tempo-PC lipids incorporated into the bilayer spans a

broad region, ranging between 14.4 and 18.2 Å from the

bilayer center (Kyrychenko and Ladokhin 2013), which

could cause the largest uncertainty in the calculation of the

fluorophore depth.

MD Simulations of NBD-PE in a POPC Bilayer

To test and validate our experimental depth-dependent

quenching data, we carried out control MD simulations of

NBD-PE lipids incorporated into the POPC bilayer. To

build an initial configuration, we attached an NBD fluo-

rophore to the choline moiety of lipid molecules, which

were randomly selected from the equilibrated POPC

bilayer in water (two from both the upper and lower leaf-

lets). In these four lipids, the rest of the phospholipid

molecule (the choline moiety and double bond of the oleoyl

chain) was modified to transform POPC into NBD-PE.

Figure 4a shows two MD simulation snapshots of the

NBD-PE lipids incorporated in the POPC bilayer taken at

the beginning (t = 0 ns) and the end (t = 160 ns) of the

MD sampling. At t = 0 ns, the NBD groups of all four

NBD-PE lipids were faced toward bulk water, Fig. 4a.

During MD simulations, all were gradually moved from

bulk water deeper into the bilayer interface. The average

immersion depth of the NBD moiety was calculated from

transverse mass density distributions and found to be

14.4 Å, as shown in Fig. 4b.

The earlier MD simulations of NBD-chain-labeled

phosphatidylcholine (NBD-PC) inserted into the fluid

phase DPPC bilayer have revealed that despite covalent

attachment to the acyl chain, the NBD fluorophore could

loop to the transverse location closer to the interface (Loura

and Ramalho 2007); (Loura et al. 2008). The simulations

have demonstrated that due to the chromophore polarity

and the acyl chain flexibility, the NBD moieties in both C6-

NBD-PC and C12-NBD-PC derivatives were found to

move to the water–lipid interface, favoring residence at

13.1 and 13.8 Å from the bilayer center (Loura and Ra-

malho 2007). Recently, NBD-labeled fatty amines, pos-

sessing varying alkyl chain length, NBD-Cn (where

n varied from 4 to 12), have been simulated in a POPC

bilayer (Filipe et al. 2011). For all NBD derivatives

inserted in the bilayer, the equilibrium location of the NBD

fluorophore was found to be at 14–14.5 Å from the bilayer

center. Thus, the previous MD studies agree overall that

when the NBD group is attached to either the long

hydrocarbon chain or the headgroup of the host molecule,

it predominantly occupies a location within the bilayer

shallower than that which would be expected solely from

the chemical structure of the fluorescent probe molecule.

These findings also correlate with the transverse location of

the NBD group in NBD-PE at 14.4 Å from the center of the

POPC bilayer, as revealed by our MD simulations.

Depth-Dependent Overlaps between NBD and Spin

Quenchers

We have recently shown that the overlaps between the

transverse distributions of a fluorophore and quenchers

could be used to reconstruct the depth-dependent fluores-

cence quenching profile in membranes (Kyrychenko et al.

2013). Such a simplified approach assumes that the

quenching of the fluorophore is proportional to the fluo-

rophore-to-quencher distribution overlap, so that the most

Fig. 4 Distribution of NBD-PE in a bilayer. a MD snapshots of the

POPC bilayer composed of 124 POPC molecules and four randomly

inserted NBD-PE lipids taken at the beginning (t = 0 ns) and the end

(t = 160 ns) of MD sampling. Bilayer shown in stick representations

is olive, the NBD-PE lipids are gold, and water molecules are blue.

The NBD fluorophore is shown using van der Waals representation.

b The transverse mass density distribution of the NBD group within

the bilayer. The distribution was averaged for the last 70 ns of the MD

sampling. The distribution peak position (the depth from the bilayer

center) and the half-width are 14.4 and 3.2 Å, respectively (Color

figure online)
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efficient quenching occurs when NBD and spin quenchers

are both located at the same depth within a membrane.

Figure 5a shows the transverse distribution of NBD and

those of Tempo and a series of n-Doxyl spin probes (data

taken from (Kyrychenko and Ladokhin 2013)). To nor-

malize the occurrence probability of NBD and the various

spin probes within a membrane, an area under each profile

was normalized to 100 %. The probability of NBD being

quenched by the particular spin quencher was estimated by

calculating the overlap of their transverse distributions as

shown in Fig. 5b. The overlap areas correlate well with the

experimental depth-dependent quenching of NBD-PE

measured using the spin-labeled lipids in LUV (Table 1).

The overlap areas between NBD and the spin probes

decrease in the order 5-D[ 7-D & Tempo[ 10-D[ 12-

D[ 14-D.

To calculate the quantitative quenching probability, the

overlap areas were integrated and plotted against the MD-

estimated depth of the spin quenchers (Table 2) as shown

in Fig. 6a. Using the distribution analysis method, the

depth of the NBD moiety was estimated by fitting the

overlap integrals to the three-parameter Gaussian function,

Eq. 1. The DA yields an immersion depth of hm = 14.7 Å,

which is in good agreement with the peak position of

14.4 Å of the NBD distribution derived by direct MD

simulations of NBD-PE in the POPC bilayer. This value

also agrees perfectly with the experimental depth of the

NBD group measured for NBD-PE in LUVs (Fig. 3).

We have recently developed an approach for refining

immersion depths via extracting ‘‘static’’ depth profiles by

utilizing a combination of steady-state and time-resolved

depth-dependent fluorescence quenching (Kyrychenko and

Ladokhin 2014). Figure 6b shows that the calculated

Fig. 5 MD-simulated depth probability profiles. a Transverse depth

distribution of the NBD fluorophore and the spin probes (Tempo and

Doxyl referred to as 5-D, 7-D, 10-D, 12-D, and 14-D for n-Doxyl-PCs

where n = 5, 7, 10, 12, 14, respectively) taken from Fig. 4 and ref

(Kyrychenko and Ladokhin 2013). b The most efficient quenching

will occur when NBD and spin quenchers are both located at the same

depth within a membrane, which could be quantitatively estimated by

their overlap areas. These overlap areas correlate well with exper-

imental depth-dependent quenching of NBD-PE by spin-labeled lipids

in a bilayer

Fig. 6 Overlap-estimated depth compared to direct MD simulation.

a The depth of the NBD moiety estimated using the overlap

quenching integrals of NBD with the particular spin quenchers

(integral bars color-coded as shown in Fig. 5) is compared with the

direct MD simulation of NBD-PE in the bilayer. The overlap integrals

were fitted by the Gaussian function with the fitting parameters hm

and r representing average position and depth heterogeneity of the

NBD fluorophore in the lipid bilayer. b Depth-dependent profiles

plotted for lifetime quenching (squares) and ‘‘static’’ quenching

(circles) calculated as the difference between total and dynamic

quenching (triangles and squares in Fig. 3)
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‘‘static’’ quenching profile became narrowed compared to

the ‘‘dynamic’’ one, due to elimination of thermal motions

of the NBD group in membranes occurring during its

excited-state lifetime. Figure 6b also demonstrates that the

‘‘static’’ profile is characterized by hm = 14.7 Å, and it

agrees well with the MD-estimated distribution of NBD in

membranes.

Application of DA to Fluorescence Quenching

of Diphtheria Toxin T-Domain

In past years, we have used a series of NBD-labeled single-

cysteine mutants of the T-domain of diphtheria toxin to

study its acid-induced binding and insertion into lipid

membranes (Ladokhin et al. 2004), (Kyrychenko et al.

2009; Rodnin et al. 2008, 2010). The T-domain has two

hydrophobic a-helices TH8 and TH9, which form a

transmembrane hairpin. Here, we illustrate the application

of the DA methodology by examining steady-state and

time-resolved depth-dependent quenching of NBD-labeled

mutants N366C and P378C. According to the X-ray

structure of the soluble T-domain (Bennett and Eisenberg

1994), these labels will be positioned in the middle and at

the end of the TH9 helix. According to our previous Ly-

soUB topology measurements (Kyrychenko et al. 2009),

this helix adopts a transmembrane conformation in the

inserted form, which is expected to place the probe

attached at position 366 close to the bilayer center, and the

one attached at position 378 close to the interface. In both

cases, the T-domain samples carrying mutations were tes-

ted to maintain normal binding to lipid vesicles and the

normal ability to insert into lipid vesicles, as verified by the

blue shift in its native tryptophan fluorescence upon asso-

ciation with lipid vesicles at low pH.

The membrane depth of the NBD probe attached at

positions 366 and 378 was examined by depth-dependent

fluorescence quenching. The steady-state and time-

resolved quenching were measured for the samples con-

taining 1 lM of the labeled protein and 1 mM of LUV

composed of POPC:POPG in the ratio of 3:1 ? 30 mol %

of spin-labeled lipids after 2 h incubation in 50 mM

phosphate buffer at pH 4.5. To determine the transverse

Fig. 7 Fluorescence quenching of NBD-labeled T-domain. Distribu-

tion analysis of depth-dependent fluorescence quenching profiles of

P378C-NBD and N366C-NBD mutants of the T-domain obtained

with a series of the spin-labeled lipids (Tempo-PC and n-Doxyl–PCs

with n = 5, 7, 10, 12, and 14). Panels a–b show application of the DA

methodology to steady-state (‘‘total’’ quenching, open triangles) and

lifetime (‘‘dynamic’’ quenching, open squares) fluorescence quench-

ing and ‘‘static’’ quenching. (c–d) A deconvolution of the ‘‘static’’

fluorescence quenching (filled circles) was calculated as the differ-

ence between total quenching and dynamic profiles (Kyrychenko and

Ladokhin 2014). The single Gaussian depth distributions are shown as

shaded profiles
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position of the NBD probe in the lipid bilayer, we con-

structed depth-dependent quenching profiles where steady-

state and lifetime quenching efficiencies (F0/F)-1 and (s0/

s)-1 are plotted against the depth of the spin quenchers

(Fig. 7a, b). Quantitative information on membrane pene-

tration of NBD was extracted from these depth-dependent

quenching data using the distribution analysis (DA)

methodology. Solid lines in Fig. 7a, b show that the steady-

state and lifetime quenching could be well fitted by a pair

of mirror-symmetric Gaussian functions (one for each

leaflet, Eq. 1) to take into account transverse distributions

of lipid and protein moieties originating from the thermal

motion in the bilayer. In addition, to reduce the quenching

contribution from the transverse diffusion of a probe

occurring during the excited-state lifetime, we deconvo-

luted pure ‘‘static’’ quenching by subtracting the

‘‘dynamic’’ lifetime quenching component from the total

steady-state quenching (Kyrychenko and Ladokhin 2014).

Figure 7c, d shows that this procedure leads to narrower,

better-defined quenching profiles for the NBD probe

compared with those obtained by traditional steady-state

quenching experiments. The NBD fluorophores attached at

positions 378 and 366 were found to be at depths of about

14.5 and 6.9 Å from the bilayer center, which indeed

corresponds to the expectation for the transmembrane

conformation of TH9.

Summary

In this study, we present a refinement of the methodology

for determining membrane penetration via a combination

of fluorescence spectroscopy and MD simulations using

dye-labeled lipid, NBD-PE, as a model. We utilize steady-

state and time-resolved depth-dependent fluorescence

quenching of NBD with six different spin-labeled lipids

with a quencher position varying systematically along a

phospholipid molecule ranging from the lipid headgroup

(Tempo-PC, in which a nitroxide Tempo probe is attached

to a choline moiety of phospholipid) to acyl chain methy-

lene carbons (n-Doxyl-PC, in which Doxyl moiety is

covalently introduced to n-th carbon atoms of sn-2 acyl

chain with n = 5, 7, 10, 12, and 14, respectively) (Fig. 1a).

In order to more accurately define the position of the spin

quencher groups of Tempo-PC and n-Doxyl-PCs within the

membrane, we utilized our refined depth scale that was

recently derived by direct molecular dynamics (MD) sim-

ulations of a series of spin-labeled lipids in the model

membrane (Kyrychenko and Ladokhin 2013).

Using the Distribution Analysis (DA) method (Ladokhin

1997, 2014), the immersion depth of the NBD fluorophore

was estimated to be at hm = 14.7 Å from the bilayer

center. In addition to experimental quenching data, we

validated the DA results by MD simulations of the depth

distribution of the NBD fluorophore of NBD-PE incorpo-

rated into the POPC bilayer: the depth and the distribution

half-width of the NBD moiety were determined to be 14.4

and 3.2 Å, respectively. Moreover, we demonstrated that

the quenching profile of the NBD probe in the bilayer could

be alternatively derived by estimating area overlaps

between the MD-estimated depth distributions of NBD and

each of the spin quenchers, calculated previously (Ky-

rychenko and Ladokhin 2013). Finally, we illustrated the

application of the DA methodology by determining mem-

brane penetration of site selectively labeled mutants of

diphtheria toxin T-domain, confirming the transmembrane

conformation of TH9 helix in its membrane-inserted form.
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