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Two-Photon Fluorescent Probes for Biomembrane
Imaging: Effect of Chain Length

Hwan Myung Kim,” ¥ Bo Ra Kim,"” Hyo-Jung Choo,” Young-Gyu Ko,” Seung-Joon Jeon,®
Chul Hoon Kim,"” Taiha Joo,*? and Bong Rae Cho*"

Two-photon fluorescent probes for the cellular membrane, de-
rived from 6-acyl-2-aminonaphthalene as the fluorophore and
hexanoyl (CH), lauryl (CL), and stearyl (CS) groups as the receptor,
have been synthesized. Their photophysical properties and utility
as membrane probes were also studied. Whereas CH cannot be
used as a membrane probe due to its high water solubility, CL
and CS are useful two-photon probes for membrane lateral heter-

Introduction

Currently there is interest in the development of efficient two-
photon probes for application in two-photon microscopy
(TPM). TPM, which employs two near infrared photons for exci-
tation, has attracted much attention in biological imaging
because it offers a number of advantages over one-photon
microscopy (OPM), such as increased penetration depth
(>500 pm), lower tissue auto-fluorescence and self absorption,
and reduced photodamage and photobleaching.' The extra
penetration that TPM affords is particularly important in avoid-
ing artifacts of surface preparation in tissue imaging; cells
damaged through preparation can extend >70 um into the in-
terior of brain slices.”” However, most of the one-photon fluo-
rescent probes presently used for TPM have small TP action
cross-sections (®9) that limit their use.>® Therefore, there is a
pressing need to develop efficient TP probes for specific appli-
cations.

K. Simons etal. proposed that ordered rigid domains of
lipids (termed lipid rafts) exist on cell membranes. Lipid rafts
are rich in cholesterol (CHL) and glycosphingolipids, and carry
various membrane proteins and receptors.”® Consequently,
they serve as a platform to support the various biological
functions of living cells.”'¥ However, the existence of such
domains in biological membranes has never been proven.
Hence, it is important to develop new biophysical tools to
study the lateral heterogeneity of the biological membrane.
Recently, we reported a new membrane two-photon probe for
membrane lateral heterogeneity, 6-dodecanoyl-2-[N-methyl-N-
(carboxymethyl)aminolnaphthalene (C-laurdan, CL). This probe
showed several advantages over laurdan, including greater
sensitivity to solvent polarity, brighter two-photon fluorescence
images, and a more precise reflection of the cellular environ-
ment."® The stronger two-photon excited fluorescence (TPEF),
the symmetrical generalized polarization (GP) distribution
curve, which could be deconvoluted into two curves with simi-
lar shape and area, and the dramatic decrease in the high GP
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ogeneity, as they can easily stain cells, emit fluorescence with
high sensitivity to the environment polarity, and are capable of
imaging the membrane lateral heterogeneity in live cells. More-
over, CS is more likely to be located in the plasma membrane
due to its negligible water solubility. Our results show that the
liquid ordered-like domain covers 31-35% of the cellular surface.

curve without changing the low one by treatment with
methyl-B-cyclodextrin (MBCD) were found to have added use-
fulness. One of the drawbacks of this probe is that it not only
stains membranes but also stains the cytosol. To develop a
membrane probe that preferentially locates itself in the plasma
membrane, we have designed a probe with longer hydrocar-
bon chain, 6-stearoyl-2-[N-methyl-N-(carboxymethyl)amino]-
naphthalene (C-steardan, CS). Because the lipid raft is believed
to be thicker than other parts of the plasma membrane,"” this
probe might have a preference for this domain due to favora-
ble hydrophobic interactions. For comparison, the shorter
chain analogue, 6-hexanoyl-2-[N-methyl-N-(carboxymethyl)ami-
nolnaphthalene (C-hexadan, CH) has also been studied.

In this paper, we present the synthesis of a series of CL de-
rivatives with different chain lengths and the effects of the
structural variations on the photophysical properties, GP distri-
bution curves, and GP images in the vesicles and cell.
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Results and Discussion

Synthesis

CH and CS were prepared in 30-40% overall yields from 1 and
3 by the same procedure as reported for CL (Scheme 1).'¢
Reactions of 4 and 6 with methyl bromoacetate followed by

hydrolysis afforded CH and CS.
c:5H11 1) Ct-,H11 (4)
C11Ha3 (5)

Ci1H23 (2)
Ca7H3s (3) o Cq7Hz5 (6)

R
b
HO\n/\ =CgHq¢ (CH)
N

o | Ciy1Ha3 (CL)
Cy7H35 (CS)

Scheme 1. a) Na,S,0;/MeNH,HCI/NaOH/H,0; b) i: BrCH,CO,CH,/proton-
sponge/MeCN, ii: KOH/EtOH.

Spectroscopic properties in solution and model membranes

To assess the feasibility of using these compounds as TP
probes for membrane lateral heterogeneity, we investigated
following requirements: 1) sufficient water solubility for stain-
ing without the formation of aggregates within the cell, 2) en-
vironment-sensitive fluorescence, 3) capability to distinguish

membrane, and 4) a significant two-photon cross-section in
the 700-1000 nm range, which is necessary to obtain a clear
TPM image at low dye concentration.

The water solubilities of CH and CS were determined by
measuring their fluorescence intensities as a function of con-
centration."” The solubility decreases as the alkyl group chain
length increases (CH(20 pm) > CL(3.0 pm) > CS(~0 um), see Fig-
ure S1 in the Supporting Information. This indicates that intro-
ducing carboxylic acid moiety provides water solubility if the
alkyl group chain length is not too long.

The sensitivity of the probes to the polarity of the environ-
ment has been assessed by comparing the emission spectra in
different solvents and model membranes. The fluorescence
spectra of CH and CL show gradual bathochromic shifts with
increasing solvent polarity (cyclohexane < DMF < EtOH < H,0,
see Figure 1A and B). The A" increases by more than 100 nm
as the solvent is changed from cyclohexane to water; this indi-
cates a high sensitivity to solvent polarity. A similar result is ob-
served for CS, although the emission is too weak to measure
the A" in H,0 due to its poor solubility (Figure1C and
Table 1).

The emission spectra of the probes in the model mem-
branes were significantly influenced by the alkyl group chain
length. The spectra of CH in 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC, gel phase, Ly), "' DPPC/40 mol% CHL
(1) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/
sphingomyelin (SM)/CHL (1:1:1, raft mixture, I, + 1)*2? show
a main band at 510-514 nm and a shoulder at 438 nm. The
former can be attributed to the probes in water, as it shows

the liquid ordered (l,) and liquid disordered (l;) domains in the  the same /1;'1ax as those in water, whereas the latter is most
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Figure 1. Normalized emission spectra of (A) CH, (B) CL and (C) CS in cyclohexane, DMF, EtOH, and H,0. Normalized emission spectra of (D) CH and (E) CL in
the phospholipid vesicles composed of DPPC, DPPC/40 mol% cholesterol, DOPC/sphingomyelin/cholesterol (1:1:1), and DOPC at 25+ 0.5°C. F) Normalized

emission spectra of CS in the same vesicles and DBPC.
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Table 1. Spectral data of CH, CL and CS.

Solvent y (Ofal }.ﬂ [b] q)[c] A (2)(d1 S le] [0} [f]
max max max 'max max
CH CL cs CH CL cs CH CL cs CH CcL cs CH CL cs CH CL cs
c-Hex 349 348 347 409 409 410 0.08 0.10 0.07
DMF 370 369 372 444 444 444 0.18 0.36 1.00 780 780 780 190 170 920 35 60 90
EtOH 383 385 383 493 493 492 033 0.43 0.96 780 780 780 150 150 85 50 65 80
H,O 382 381 344 515 512 nd 0.41 0.1 nd

tion. The values for CL are taken from ref. 16.

[a,b] Ak Of the one-photon absorption and emission spectra in nm. [c] Fluorescence quantum yield. [d] 4., of the two-photon excitation spectra in nm.
[e] The peak two-photon absorptivity in 107°° cm*s/photon (GM). The experimental uncertainty is of the order of 10-15%. [f] Two-photon action cross-sec-

likely due to the probes in the rigid domain (Figure 1D). In
vesicles composed of DOPC (I)),%? CH shows a A" at 499 nm,
similar to those of CL and CS in DOPC (Figure 1E and F). This
limits the utility of CH as a membrane probe because it neither
exclusively resides in the membrane nor equally represents the
I, and Iy domains. This is presumably due to its shorter alkyl
group chain length, which increases water solubility and de-
creases hydrophobic interactions.

On the other hand, the emission spectra of CL show discrete
A" at 443 and 486 nm in DPPC/CHL and DOPC, respectively
(Figure 1e). Moreover, the emission spectrum of the CL in the
raft mixture is broad and almost the same as the sum of the
spectra in DPPC/CHL and DOPC; this indicates that CL equally
reflects the |, and |y domains in the vesicles.

The emission spectrum of CS in DOPC is nearly identical to
that of CL despite the longer chain length of CS. In DPPC/CHL,
however, CS shows appreciable bathochromic shift compared
with CL. This indicates that the fluorophore of CS might be
located closer to the hydrophilic lipid head groups probably
because it is positioned away from the hydrocarbon layer of
DPPC/CHL due to the longer alkyl groups. This interpretation is
supported by the nearly identical A" of CS in 1,2-dibehenoyl-
sn-glycero-3-phosphocholine (DBPC) and CL in DPPC/CHL (Fig-
ure 1E and F). It is to be noted that the probes experience a
similar environment when embedded in lipids with similar hy-
drocarbon lengths. Moreover, the emission spectrum of CS in
the raft mixture is broad and almost the same as the sum of
the spectra in DBPC and DOPC, that is, CS accurately reflects
the rigid and fluid domains in the vesicles. This can be attribut-
ed to the favorable interactions between the carboxylate
moiety of CS and water molecules near the lipid head
group,™® which may lead to the homogeneous distribution of
CS in the model membrane and thus avoid aggregation. The
observation of the photoselection effect in all of the GUVs la-
beled with CS is consistent with this interpretation (vide infra).
For direct information about the probe location, quenching
experiments might be needed.”®

A similar temperature-dependent result was observed in the
raft mixture. As the vesicles were gradually heated from 15 to
25 to 45°C, the A" of CH remained the same at 510 nm,
whereas the shoulder at 438 nm decreased. This is expected,
as the vesicles should become more fluid at a higher tempera-
tures. Moreover, the spectra of CL and CS at 25°C are broad
and almost the same as the sum of the spectra at 15 and 45°C
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(Figure S2); this provides additional evidence for the usefulness
of these probes.

The emission spectrum of CS in 293T cells is similar to that
of CS in DPPC/CHL, except that it is broader (Figure S3). This
indicates that the polarity of the cell is similar to the polarity
of DPPC/CHL, although the cell interior is more heterogene-
ous.”” Upon treatment with MBCD, the spectrum red-shifts.
The value of A" was found to be between the values ob-
served for DPPC/CHL and DOPC (Figure S3).

Time-resolved fluorescence (TRF) allows the study of the
interactions that take place between the fluorophore excited
state and its environment as well as their dynamics."®** We
have measured TRF to account for the spectral differences of
laurdan and related compounds in different vesicles. It is well
established that the sensitivity of the probe molecules to the
dipolar nature of the environment originates from the intramo-
lecular charge transfer (ICT) and the solvation of the ICT
state.'*?*?"! |n this case, the emission may originate from the
locally excited (LE) state, the ICT state before solvation (ICT*),
and the ICT state after the solvation (dielectric relaxation). For
laurdan in vesicles, however, Parasassi et al.”® argued against
the LE/ICT model, and suggested that the LE state does not
contribute to the emission spectrum; this implies that the ini-
tially excited state is the charge transfer state. Here, we adopt
the LE/ICT model, as it satisfactorily accounts for all the station-
ary and time-resolved fluorescence data presented here and in
our previous work."® In addition, an ICT process was also ob-
served for laurdan in vesicles in a TRF study.”” Nevertheless,
the blue emission may still originate from both LE and ICT¥,
although the red emission must be due to the ICT/solvation
process.

The ICT/solvation process can be best demonstrated by an
increase in the TRF signal detected at the long wavelengths of
the emission spectrum. The TRFs of CS (Figure S4 and Table S1)
in DPPC/CHL are qualitatively different from those in other
vesicles; this indicates that the environment surrounding the
chromophore in DPPC/CHL is very different from the environ-
ment surrounding it in other vesicles. For other vesicles, how-
ever, the TRFs of CL and CS display similar results, as expected
from the stationary spectra. The TRF of CS in DBPC shows that
it does not undergo ICT/solvation or emit from the LE/ICT*
state, whereas CS in DOPC and raft mixture undergoes ICT/sol-
vation to give the red shifted emission spectra. In DOPC, the
ICT/solvation process and the population decay of the LE state
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are faster than those in the the raft mixture to give rise to a
red emission band almost exclusively. In the raft mixture, how-
ever, the emission occurs from both the LE/ICT* and ICT states,
which results in a broad spectrum. Similar results were report-
ed for CL in vesicles.'™ Thorough inspection, however, reveals
some differences. In DOPC, the ICT/solvation of CS is faster
(90 ps) than that of CL (330 ps) and has a slightly weaker inten-
sity at 430 nm, which is the wavelength at which the LE/ICT*
emits (Figure 1E and F). Also, ICT/solvation does not occur for
CS in DBPC, whereas a small portion of CL in DPPC undergoes
ICT/solvation. These results indicate that the environment
around CS in DBPC is more homogeneous than that of CL in
DPPC.

Although the emission spectra of CL and CS in DPPC and
DPPC/CHL are similar, the addition of CHL makes the GUVs
more fluidic, which results in an increase of the emission
around 510 nm due to the ICT/solvation processes. The influ-
ence of CHL on the emission spectra, however, is smaller for
CS than it is for CL as shown in Figure 1. The TRF data are also
consistent with the stationary emission spectra. The TRF of CL
in DPPC/CHL shows a rise when detected at 490 nm, whereas
no rise component was observed for CL in DPPC. In addition,
the TRF at 490 nm for CS in DPPC/CHL (Figure S4) does not
show a noticeable rise component.

The TRFs of CS embedded in cells (Figure S5 and Table S1)
do not show a rise component at 490 nm indicating that the
ICT/solvation does not occur for CS. This is in sharp contrast to
CL embedded in cells, in which a solid ICT/solvation was ob-
served. Also, CS embedded in cells shows rather weak wave-
length dependence. Thus, we expect that the GP distribution
curves for CS will be narrower than those for CL. Treatment
with  MPCD, which destroys lipid rafts, removes the fast
(100 ps) decay component, and the wavelength dependence
becomes similar to that in DOPC. Interestingly, TRFs of CS em-
bedded in cells are quite similar to TRF in DPPC/CHL and sug-
gest that the environments for the chromophore in both sam-
ples are similar. (Most of the CS is located in | -like domains of
cells, where the environment for CS is close to that for CS in
DPPC/CHL). This in turn suggests that I-like domains in the
cells are very similar to vesicles composed of DPPC/CHL. The
close resemblance of the fluorescence spectra of CS in DPPC/
CHL and cells corroborates this conclusion (Figure S3).

The two-photon cross-sections (dp) of CH, CL, and CS in
ethanol are in the range of 85-150 GM (1 GM=10""cm*s/
photon) at 780 nm. Similar values were obtained in DMF
(Table 1, Figure S7). In H,0, the d,,, value of CL is 320 GM at
820 nm, whereas that of CS could not be measured due to its
insolubility. Moreover, the two-photon action cross-sections of
these probes are in the range of 35-90 GM in DMF and etha-
nol, which are sufficient to obtain bright images by TPM
(Table 1).

Two-photon excitation with polarized light provides detailed
information about the location of the probes in the bilayer.'®%
Giant unilamellar vesicles (GUVs) composed of DPPC, DPPC/
CHL, DOPC/SM/CHL (1:1:1 or 2:2:1)%%3"Y or DOPC revealed a
weak fluorescent area perpendicular to the excitation polariza-
tion (Figure S8). This shows that the probes are located parallel
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to the lipid molecules (the photoselection effect). This out-
come can be attributed to the favorable hydrophilic interac-
tions between the carboxylates and the water molecules near
the lipid head groups in addition to the hydrophobic interac-
tions between the probes and lipid molecules. This result un-
derlines the importance of the carboxylic acid moiety oriented
as parallel alignment in both fluid and rigid domains in the
membrane (vide supra).

GP images of model membranes

The sensitivity of the probes to the membrane polarity was
assessed by using generalized polarization (GP) images.l'¢3238
The GP values have been calculated by using Equation (1),
where 004600 aNd 70530 are the fluorescence intensities at
400-460 nm and 470-530 nm, respectively, and G is the sensi-
tivity correction factor of the two different wavelength ranges
(see the Experimental Section).l's37:38

The GP images of the equatorial sections of GUVs labeled
with CH, CL, and CS reveal GP values ranging from —0.45 to
0.42 (Figure 2 and Table 2). In DPPC, the GP distribution curves
are narrow and the center GP values are 0.20, 0.41, and 0.37
for CH, CL, and CS, respectively (Figure 2 and Table 2). The
much smaller GP value for CH indicates that it over-represents
the |y domain because of the shorter alkyl group chain length
(vide supra). On the other hand, the center GP value of CS in
DBPC GUVs is 0.42, which is nearly identical to that of CL in
DPPC. In other words, the probes experience similar environ-
ment when embedded in lipids with similar hydrocarbon
lengths (vide supra). In DPPC/CHL, the GP distribution curves
are similar to those obtained in DPPC. The center GP values in
DPPC/CHL are slightly smaller than those in DPPC (0.12, 0.32,
0.27 for CH, CL, and CS, respectively), due to the slight increase
in fluidity (Figure 2 and Table 2). Moreover, the GP distribution
curves are broader in DOPC than in DPPC/CHL, with center GP
values of —0.45, —0.35, and —0.34 for CH, CL, and CS, respec-
tively (Figure 2 and Table 2). Also, the GP value of CH is smaller
than others; it over-represents the |y domain (vide supra). In
contrast, the center |GP| values of CL and CS in DOPC are
similar to those in DPPC/CHL; this indicates that CL and CS can
equally represent the |4 and |, domains.

Similar results were observed in the raft mixture. The GP dis-
tribution curve of CH-labeled GUVs is skewed toward the low
GP region (Figure 2), whereas it is more symmetrical when
stained with CL and CS (Figure 2). When the GP curves for CH-,
CL-, and CS-labeled GUVs are fitted to a bimodal distribution,
the center GP values are —0.17/0.08, —0.14/0.18, and —0.13/
0.17, respectively (Table 2). The center GP values of CH are
smaller than others, and the low GP distribution curve of CH is
much broader than the high one (Figure 2), which limits its
utility as the membrane probe. In contrast, the |GP| values
and the widths of the low and high GP curves for the CL- and
CS-labeled GUVs are alike, indicating that they can reflect the
two domains more accurately (Figure 2 and Table 2).

In DOPC/SM/CHL (2:2:1),2%3Y the emission spectra of all
compounds are nearly the same as those measured in the raft
mixture, except that there is an appreciable decrease in the
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Figure 2. A) GP images of the equatorial section of single GUVs composed of DOPC, DOPC/sphingomyelin/cholesterol (1:1:1), DPPC/40 mol % cholesterol,
DPPC, and DBPC labeled with CH, CL and CS at 2540.5°C. Scale bars, 30 um. The images for CL are taken from Ref. [15] except for DPPC/cholesterol. B) GP
distribution curves of DOPC (purple), DPPC/cholesterol (orange), DPPC (red) and DBPC (black) fitted to single component and of DOPC/sphingomyelin/choles-
terol (1:1:1) fitted to bimodal distribution (green). The curves for CL are taken from ref. 16 except for DPPC/cholesterol.

Table 2. Two Gaussian distributions of deconvoluted stacks of GP images.
Sample Probe Center 1% Width 1% Center 2 Width 2 Coverage 2,%
DOPC CH —0.45 (0.003)" 0.44 (0.007)*
cL —0.35 (0.003)" 0.32 (0.006)"
cs —0.34 (0.002) 0.36 (0.005)"
raft mixture CH —0.17 (0.083) 0.33 (0.010) 0.08 (0.009) 0.20 (0.016) 26
CL —0.14 (0.012) 0.29 (0.014) 0.18 (0.012) 0.29 (0.014)
cs —0.13 (0.019) 0.28 (0.018) 0.17 (0.017) 0.26 (0.015) 24
DPPC/40 mol % CHL CH 0.12 (0.003)" 0.44 (0.006)"
CL 0.32 (0.002)" 0.30 (0.004)"
cs 0.27 (0.002)" 0.35 (0.004)"
DPPC CH 0.20 (0.002)" 0.39 (0.005)"
CL 0.41 (0.001) 0.24 (0.003)"
cs 0.37 (0.002)" 0.36 (0.005)"!
DBPC cs 0.42 (0.003)" 0.26 (0.006)"
293T Cell CL —0.037 (0.015) 0.36 (0.016) 0.33 (0.014) 0.34 (0.014) 31
CL-MBCD —0.001 (0.042) 0.43 (0.040) 0.28 (0.044) 0.28 (0.080) 9
cs —0.070 (0.006) 0.25 (0.007) 0.22 (0.005) 0.27 (0.007) 35
CS-MBCD —0.055 (0.009) 0.31 (0.012) 0.17 (0.005) 0.18 (0.010) 14
[a—d] The center GP values of low- and high-GP regions and their width in the GP curves fitted to two Gaussian distributions except otherwise noted. The
numbers in the parenthesis are the standard deviation. [e] The center GP values and their width in the GP curves fitted to single component. [f] DOPC/
sphingomyelin/cholesterol (1:1:1) and the values for CL are taken from ref. [16], except for DPPC/cholesterol.
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shorter wavelength bands due to the enhanced fluidity (Fig-
ure S9). Moreover, the GP images of the GUVs labeled with all
compounds revealed the discrete domains of |, and |4 phases
with the center GP values of —0.34/0.11, —0.34/0.34, and
—0.29/0.29, respectively (Figure S10). Here again, CH over-rep-
resents the |y domain, while CL and CS equally reflect both
domains.

The combined results reveal that CL and CS are useful two-
photon probes for the lipid rafts as they can exclusively reside
in the membrane, equally reflect the Iy and |, domains in the
model membrane, and exhibit significant two-photon action
cross-sections.

GP images of cells

TPM images of the CL- and CS-labeled 293T cells reveal that CS
is preferentially located in the plasma membrane (Figure 3¢),
whereas CL is distributed in both plasma membrane and cyto-
sol (Figure 3a). The high and low GP curves of CL are symmet-
rical and well separated from the intersection at 0.15; this
probe equally reflects lg- and I,-like domains in the cells. On
the other hand, the high GP curve of CS is appreciably taller
than the low one, indicating that it has a greater tendency to
be located in the I,-like domains of the cell as revealed by TRF
experiment (vide supra). When the cells were treated with
MBCD, a drug that destroys the lipid raft by removing CHL
from the plasma membrane, the high GP curve, centered at
GP=0.22-0.33, decreased significantly while no alteration was
observed in the low GP curve (Figure 3b,f and 3d,h, Table 2).
Therefore, the high GP domain can readily be attributed to the
l,-like domains.

To unambiguously determine whether the high GP domains
in the CL- and CS-labeled cells are indeed the I-like domains,

the high GP images were co-localized with the fluorescence
image of ganglioside Gy, which is known to be highly en-
riched in the raft domains,*® by co-staining the cells with CL
(or CS) and BODIPY-Gy,;. As shown in Figure S11c and S11f, the
two images merged well, confirming that the high GP image
reflects the | -like domains. Hence, the direct visualization of
the membrane lateral heterogeneity is clearly shown with TPM
by using CL and CS as the probes. Therefore, it can be con-
cluded that CL and CS are useful two-photon probes that can
represent the |y and I, domains in the cell membrane. Of these
two, CS can better reflect the plasma membrane. These results
underline the importance of alkyl group chain length and the
head group carboxylic acid moiety for the design of efficient
two-photon probes of membrane lateral heterogeneity.

To demonstrate the utility of these probes, TPM images
were obtained of individual 293T cells labeled with 2 um CL
and CS. The GP distribution curves of each section of the cells
reveal that the GP value increases gradually from bottom to
the top of the cells (Figures S12 and S13). The total surface
areas covered by high GP domains of CL- (GP>0.33) and CS-
labeled (GP>0.28) cells are 31 and 35%, respectively. When
the cells were treated with MBCD, the value decreased to 9
and 14 %, respectively. These results indicate that the | -like do-
mains cover 31-35% of the cell surface and are enriched on
the top edge of the cell. A similar value was reported for CL-
labeled A431 cells."®

Conclusions

A series of two-photon probes have been developed based on
6-acyl-2-aminonaphthalene as the fluorophore and hexanoyl,
lauryl, stearyl groups as the receptor for the membrane and
their photophysical properties as well as their utility as the
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Figure 3. GP images of CL-labeled 293T cells A) before and B) after treatment with 10 mm MBCD for 30 min. GP images of the CS-labeled 293T cells C) before
and D) after treatment with MBCD. Scale bar, 30 um. GP distribution curves of CL-labeled 293T cells E) before and F) after treatment. GP distribution curves of

CS-labeled 293T cells G) before and H) after treatment.
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membrane probe were studied. The results show that CH
cannot be used as the membrane probe because it neither ex-
clusively resides in the membrane nor equally represent the Iy
and |, domains. On the other hand, CL and CS are excellent
two-photon probes for the membrane because they can equal-
ly reflect the two domains and are capable of imaging the
membrane lateral heterogeneity in live cells. Moreover, CS has
a greater tendency to be located in the plasma membrane due
to the poor water solubility, whereas CL partitions into both
plasma membrane and cytosol. Finally, our results show that
the I -like domains cover 31-35% of the cell surface.

Experimental Section

Synthetic reagents were purchased from Sigma-Aldrich and used
without further purification. All solvents were from Riedel-de Haén
(Seelze, Germany) and Sigma-Aldrich and were distilled prior to
use. DPPC, DOPC, and SM were from Avanti Polar Lipids (Alabaster,
AL, USA). CHL was from Sigma-Aldrich. Synthesis of C-laurdan was
reported previously."® Synthesis of other compounds is described
below.

6-Hexanoyl-2-methoxynaphthalene was synthesized using a pre-
viously published method.”” 2-Methoxynaphthalene (10.0 g,
63.2mol) was added to a solution containing AICI; (10.1 g,
75.9 mmol) in nitrobenzene (150 mL). Distilled hexanoyl chloride
(10.4 mL, 75.9 mmol) was slowly added to this solution with stir-
ring at 10-13°C. After addition of the hexanoyl chloride was com-
pleted, the mixture was stirred at 5°C for 2 h and then room tem-
perature for 12 h. The reaction mixture was cooled in an ice bath,
poured into ice water (300 mL), and treated with HCl (50 mL of
35%, aq). The product was extracted with chloroform, excess nitro-
benzene was removed in vacuo, and the product was purified by
crystallization from MeOH. Yield 10.7 g (66%); m.p. 67 °C; IR (KBr):
1664 cm™'; '"H NMR (300 MHz, CDCl,): 6 =8.40 (d, J=2 Hz, 1H), 8.02
(dd, J=9, J=2Hz, 1H), 7.85 (d, J=9 Hz, 1H), 7.76 (d, J=9 Hz, 1H),
7.20 (dd, J=9, J=2Hz, 1H), 7.15 (d, J=2 Hz, TH), 3.95 (s, 3H), 3.07
(t, J=7.5Hz, 2H), 1.79 (quint, J=7.5 Hz, 2H), 1.40 (m, 4H), 0.93 (t,
J=7.5Hz, 3H); elemental analysis calcd (%) for C;;H,,0,: C 79.65, H
7.86; found: C 79.42, H 7.56.

6-Octadecanoyl-2-methoxynaphthalene was obtained in 53%
overall yield from 2-methoxynaphthalene and octadecanoyl chlo-
ride according to above procedure for 6-hexanoyl-2-methoxynaph-
thalene. m.p. 88°C; IR (KBr): 1663 cm™"; '"H NMR (300 MHz, CDCl;):
0=28.40 (d, J=2Hz, 1H), 8.01 (dd, J=9, J=2Hz, 1H), 7.85 (d, J=
9Hz, 1H), 7.76 (d, J=9Hz, 1H), 7.20 (dd, /=9, J=2Hz, 1H), 7.16
(d, J=2Hz, 1H), 3.95 (s, 3H), 3.06 (t, J=7.5 Hz, 2H), 1.78 (quint, J=
7.5 Hz, 2H), 1.34 (m, 28H), 0.88 (t, J=7.5 Hz, 3H); elemental analy-
sis calcd (%) for C,oH,,0,: C 82.02, H 10.44; found: C 82.52, H
10.26.

6-Hexanoyl-2-hydroxynaphthalene (1). HBr (48%, 58.4g, 0.72
mol) was added to a solution containing 6-hexanoyl-2-methoxy-
naphthalene (8.4 g, 32.8 mmol) in glacial acetic acid (300 mL). The
mixture was stirred at 100°C for 12 h. Excess acetic acid was re-
moved in vacuo, and the residue was taken up in ethyl acetate
and washed with dilute NaHCO; and brine. The organic layer was
dried with MgSO, and the solvent was removed in vacuo. The
product was purified by column chromatography using ethyl ace-
tate/hexane (1:3). Yield 5.7 g (72%); m.p. 148°C; IR (KBr): 3360,
1664 cm™'; 'H NMR (300 MHz, CDCl,): 6 =8.41 (d, J=2 Hz, 1H), 7.99
(dd, /=9, J=2Hz, 1H), 7.87 (d, J=9 Hz, 1H), 7.70 (d, J=9 Hz, TH),
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7.19 (d, J=2H, 1Hz), 7.18 (dd, J=9, J=2Hz, 1H), 5.44 (brs, 1H),
3.07 (t, J=7.5Hz, 2H), 1.79 (quint, J=7.5Hz, 2H), 1.40 (m, 4H),
0.92 (t, J=7.5 Hz, 3H); elemental analysis calcd (%) for C,;H,50,: C
79.31, H 7.49; found: C 79.72, H 7.16.

6-Octadecanoyl-2-hydroxynaphthalene (3) was obtained in 58%
overall yield from 6-octadecanoyl-2-methoxynaphthalene accord-
ing to above procedure of 1. m.p. 100°C; IR (KBr): 3362, 1662 cm™';
'H NMR (300 MHz, CDCl,): 6=8.41 (d, J=2 Hz, 1H), 7.99 (dd, J=9,
J=2Hz, 1H), 7.87 (d, J=9Hz, 1H), 7.71 (d, J=9Hz, 1H), 7.18 (d,
J=2Hz, 1H), 7.17 (dd, J=9, J=2Hz, 1H), 5.43 (brs, 1H), 3.06 (t,
J=7.5Hz, 2H), 1.78 (quint, J=7.5Hz, 2H), 1.29 (m, 28H), 0.89 (t,
J=7.5Hz, 3H); elemental analysis calcd (%) for C,H,,0,: C 81.90, H
10.31; found: C 81.22, H 10.86.

6-Hexanoyl-N-methyl-2-naphthylamine (4). MeNH,-HCl (7.6 g, 93.0
mol) was added to a mixture of 1 (4.5g, 18.6 mmol), Na,S,0;
(7.1 g, 37.2 mmol), NaOH (3.7 g, 93.0 mmol), and H,O (100 mL) in a
pressure tube and the mixture was stirred at 140°C for 72 h. The
product was collected by filtration, washed with water, and puri-
fied by column chromatography using ethyl acetate/toluene (1:50)
as the eluent. Yield 29g (61%); m.p. 121°C; IR (KBr): 3360,
1663 cm™'; 'H NMR (300 MHz, CDCl,): =831 (d, J=2 Hz, TH), 7.93
(dd, J=9, J=2Hz, 1H), 7.71 (d, J=9 Hz, 1H), 7.63 (d, J=9 Hz, 1H),
6.91 (dd, J=9, J=2Hz, 1H), 6.77 (d, J=2Hz, TH), 4.14 (brs, TH),
3.03 (t, 2H, J=7.5Hz), 2.97 (s, 3H), 1.79 (quint, 2H, J=7.5 Hz), 1.39
(m, 4H), 0.92 (t, J=7.5Hz, 3H); elemental analysis calcd (%) for
C,,H,,NO: C 79.96, H 8.29, N 5.49; found: C 79.26, H 8.55, N 5.70.

6-Octadecanoyl-N-methyl-2-naphthylamine (6) was obtained in
48% overall yield from 2 according to above procedure of 3. m.p.
96°C; IR (KBr): 3376, 1663 cm™'; "H NMR (300 MHz, CDCl,): 5 =8.31
(d, J=2Hz, 1H), 794 (dd, /=9, /=2 Hz, 1H), 7.73 (d, J=9 Hz, 1H),
7.64 (d, J=9Hz, 1H), 6.96 (dd, /=9, J=2Hz, 1H), 6.86 (d, J=2 Hz,
1H), 4.10 (brs, 1H), 3.03 (t, J=7.5 Hz, 2H), 2.98 (s, 3H), 1.77 (quint,
J=7.5Hz, 2H), 1.28 (m, 28H), 0.88 (t, J=7.5Hz, 3H); elemental
analysis calcd (%) for C,0H,sNO: C 82.21, H 10.71, N 3.31; found: C
82.08, H 10.77, N 3.71.

CH. Methyl bromoacetate (1.4g, 8.8 mmol), 4 (1.5g, 5.9 mmol),
and proton sponge (1.9 g, 88 mmol) in MeCN (50 mL) were re-
fluxed under N, for 18 h. The product was extracted with ethyl
acetate, washed with brine, and purified by crystallization from
EtOH to obtain light yellow powder. Yield 1.4 g (72%); m.p. 76°C;
'H NMR (300 MHz, CDCl,): 6=8.33 (d, J=2 Hz, 1H), 7.94 (dd, J=9,
J=2Hz, 1H), 7.81 (d, J=9 Hz, 1H), 7.65 (d, J=9 Hz, 1H), 7.09 (dd,
J=9, J=2Hz, 1H), 6.88 (d, J=2Hz, 1H), 4.22 (s, 2H), 3.74 (s, 3H),
3.20 (s, 3H), 3.03 (t, J=7.5 Hz, 2H), 1.78 (quint, J=7.5 Hz, 2H), 1.39
(m, 4H), 092 (t, J=7.5Hz, 3H). A mixture of this intermediate
(0.8 g, 2.4 mmol) and KOH (1.0 g, 25 mmol) in EtOH (50 mL) was
stirred for 5 h. The resultant solution was concentrated and diluted
with ice-water (100 mL) and concentrated HCl (aq) was added
slowly at <5°C until pH 3. The resulting precipitate was collected,
washed with distilled water, and purified by crystallization from
chloroform-petroleum ether. Yield 0.5g (66%); m.p. 148°C;
'H NMR (300 MHz, CDCl,): =8.33 (d, J=2 Hz, 1H), 7.94 (dd, J=9,
J=2Hz, 1H), 7.81 (d, J=9 Hz, 1H), 7.65 (d, /=9 Hz, 1H), 7.10 (dd,
J=9, J=2Hz, 1H), 6.90 (d, /=2 Hz, 1H), 4.25 (s, 2H), 3.20 (s, 3H),
3.04 (t, J=7.5Hz, 2H), 1.78 (quint, J=7.5Hz, 2H), 1.39 (m, 4H),
0.92 (t, J=7.5Hz, 3H); *CNMR (100 MHz, [Ds]DMSO): 6 =199.9,
1724, 149.8, 137.8, 131.5, 130.7, 130.6, 130.3, 125.5, 116.8, 116.6,
105.7, 105.4, 53.8, 38.1, 31.7, 24.6, 22.8, 14.6; IR (KBr): 3275-2420,
1710, 1663 cm™'; elemental analysis calcd (%) for C;gH,;NO;: C
72.82, H 7.40, N 4.47; found: C 72.60, H 7.76, N 4.54.
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CS was obtained in 60% overall yield from 6 according to above
procedure of C-hexadan. m.p. 69°C; IR (KBr): 3285-2425, 1710,
1663 cm™'; '"H NMR (300 MHz, CDCl,): 6=8.32 (d, J=2 Hz, TH), 7.93
(dd, /=9, J=2Hz, 1H), 7.81 (d, J=9 Hz, 1H), 7.65 (d, J=9 Hz, TH),
7.10 (dd, J=9, J=2Hz, 1H), 6.91 (d, /=2 Hz, TH), 4.24 (s, 2H), 3.20
(s, 3H), 3.04 (t, J=7.5Hz, 2H), 1.76 (quint, J=7.5 Hz, 2H), 1.29 (m,
28H), 0.87 (t, J=7.5Hz, 3H); *CNMR (100 MHz, [Ds]DMSO): 6 =
200.6, 175.3, 151.5, 137.5, 131.2, 131.1, 129.7, 126.8, 125.3, 124.8,
115.8, 106.3, 100.2, 54.3, 40.1, 38.7, 30.2, 30.1, 30.0, 29.9, 29.8, 29.7,
29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 25.2, 22.9, 14.6; elemental analysis
caled (%) for C3,H,;NO;: C 77.29, H 9.83, N 2.91; found: C 77.81, H
9.98, N 2.54.

Spectroscopic measurements. Absorption spectra were recorded
on a Hewlett-Packard 8453 diode array spectrophotometer, and
the excitation and fluorescence spectra were obtained with
Aminco Bowman series 2 luminescence spectrometer from Spec-
tronics (USA) with excitation at 365 nm. A polarizer was placed in
the emission path of the fluorometer to eliminate Wood's anom-
aly."” The fluorescence quantum yield was determined by using
Coumarin 307 from (Exciton, Dayton, OH, USA) as a reference by
the literature method.*?

Time resolved fluorescence (TRF). Time correlated single photon
counting (TCSPC) method was used to record picosecond TRF.
Output of a home-built cavity-dumped Kerr lens mode-locked Ti:
sapphire laser running at 760 nm was doubled to generate the
excitation pulses at 380 nm. A 200 um thick sample cuvette was
installed on a home-made temperature-regulated cuvette holder.
Fluorescence at the magic angle was detected by a thermoelectri-
cally cooled microchannel plate photomultiplier tube (Hamamatsu,
R3809U-51). Instrument response function has a width of 42 ps full
width at half maximum to provide ~8 ps time resolution with
deconvolution.

Water solubility. Water solubility was determined by adding small
increments of the dye solution in DMSO to a cuvette containing
H,O (3.0 mL). In all cases, the DMSO content was maintained at
0.2%. The maximum concentration in the linear region in the plot
of fluorescence intensity against the dye concentration was taken
as the solubility (Figure S1).

Measurement of two-photon cross-sections. The two-photon
cross-section (8) was determined by using femtosecond fluores-
cence measurement technique as described by Lee.* Samples
were dissolved in DMF (or EtOH) at concentrations of 5.0 um and
the two-photon induced fluorescence intensity was measured by
using fluorescein (8.0x 107°m, pH 11) as the reference, whose two-
photon properties have been well characterized in the literature.®

Vesicle preparation. Vesicles for the measurements of one photon
excitation and fluorescence spectra were prepared by the solvent
evaporation method® To grow GUVs, the electroformation
method was employed."®**? An imaging chamber (designed for
field stimulation, RC-21BRFS, Warner Instruments Co. (Hamden, CT,
USA) modified for vesicle preparation (two parallel platinum elec-
trodes separated between their surfaces 1 mm) was employed for
this experiment. The temperature was measured inside the cham-
ber at the platinum wires, using a digital thermometer with a pre-
cision of 0.1°C. The probe in DMSO was added to the sample
chamber after the vesicles were formed. The probe ratio in the
vesicle was kept greater than 300:1.

Cells. 293T cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with penicillin/streptomycin and fetal
bovine serum (10%) in a CO, incubator at 37°C. To test the co-
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localization of ganglioside Gy,, and high GP image of CS (or CL),
293T cells were treated with BODIPY-G,; (150 nm, Molecular
Probes) and CS or CL (2 pum) for 40 min at 4°C, fixed with formalde-
hyde (3.7%), and observed in a spectral confocal multiphoton
microscope.

One- and two-photon fluorescence microscopy. One- and two-
photon fluorescence images were obtained with spectral confocal
multiphoton microscopes (Leica TCS SP2) with a x100 oil-immer-
sion objective, numerical aperture (NA)=1.30. For one-photon
fluorescence microscopy, an Ar laser (488 nm excitation, 500-
520 nm emission for BODIPY-G,;) was used as the excitation
source. Two-photon fluorescence microscopy images of the CL and
CS-labeled GUVs and cells were obtained by exciting the probes
with a mode-locked titanium-sapphire laser (780 nm, Coherent
Chameleon, 90 MHz, 200 fs). To obtain images at various wave-
lengths, internal PMTs were used to collect the signals in an 8 bit
unsigned 512x512 pixels at 400 Hz scan speed. The intensity
images of CL and CS were recorded with the emission in the range
of 400-460 nm and 470-530 nm with two channels of PMTs. The
relative sensitivities of the two channels were determined for each
experiment by using 0.5 um CL and CS in DMSO, and the G-factor
in Equation (1) was calculated. For GP function images, a quarter
wave-plate was aligned and placed before the microscope to mini-
mize the polarization effects of the excitation light.

GP image analysis. To quantify the emission spectral changes in
the giant unilamellar vesicles (GUVs), the GP values in Equation 1
have been calculated for each pixel by measuring the fluorescence
intensities at 400-460 nm and 470-530 nm.['®3738

la00-460)—=G X l(470-530)

GP = M

la00-460) + G X la70_530)

Here, G is the sensitivity correction factor for the two different
wavelength ranges. Background values, defined as less than 7% of
the maximum intensity, were set to zero and colored black (float
type). GP distributions were obtained from the histograms of GP
values of the images and fitted to one or two Gaussian functions
by the nonlinear fitting algorithm (Origin 7.0).
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