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Abstract

We synthesized phospholipid analogues of phosphatidyl ethanolamine which contains a ruthenium
metal-ligand complex (MLC) covalently bound to the amino group. Two analogues were
synthesized, containing either one (Ru-PE) or two (Ru-PE)) lipid molecules covalently linked to
the MLC by the amino group of the lipid. These MLC-lipid probes display intensity decay times
from 682 to 357 ns, depending on temperature. Importantly, the luminescence MLC groups
display polarized emission, enabling their use for studies of membrane dynamics. The long
intensity decay times allowed measurement of the overall rotation correlation time of lipid vesicles
to several microseconds. The spectral properties of the model membranes containing Ru-PE or
Ru-PE, were independent of the probe-to-lipid molar ratio from 1:20 to 1:100, suggesting minimal
tendency for probe-probe interactions. These MLC-lipid probes can be expected to have numerous
applications in studies of membrane dynamics on the microsecond timescale.

Fluorescence spectroscopy has been widely utilized to study the structure and dynamics of
cell membranes (1-3). Many of these studies have their origin with the pioneering report of
Shinitzky and Weber (4) and subsequent reports (5, 6) which showed that the fluorescence
anisotropy could be used to estimate the microviscosity of the acyl side chain region of
membranes. Subsequently, the membrane probe 1,6-diphenyl-3,4,5-hexatriene (DPH)2 was
introduced as displaying a large change in anisotropy at the phase transition temperature of
membranes (7). The extension of the anisotropy measurements to include time-resolved
anisotropies resulted in increased understanding of the order and dynamics of cell and model
membranes (8-13).

To date, the majority of lipid probes display lifetimes from 1 to 10 ns. The few exceptions
include pyrene (14), which is not particularly useful as anisotropy probe, and coronene,
which displays a lifetime near 200 ns and complex anisotropy decays in membranes (15,
16). However, the need for additional long-lifetime membrane probes is obvious from the
absence of measurements of the overall hydrodynamics of phospholipid vesicles and
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conjugate of Ru(bpy)2(mcbpy) with one PE molecule; Ru-PE2, the conjugate of Ru(bpy)2(dcbpy) with two PE molecules; FD,
frequency domain; DPH, 1,6-diphenyl-1,3,5-hexatriene; NHS, A-hydroxysuccinimide; DMF, dimethylformamide.
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macromolecules complexes. Also, when combined with measurement of fluorescence
resonance energy transfer (FRET), one can expect long-lifetime membrane probes to be
useful for measurements of lipid diffusion across the surfaces of lipid bilayers.

In the present report we describe the first of a class of lipid probes which contain a
luminescent metal-ligand complex. In previous reports we have shown that such complexes
display decay times from 300 ns to 2.3 /s in aqueous solution and when bound to proteins

(17-19). These complexes are molecules of the Ru tris(2,2”-bipyridyl) class [Ru(bpy)% |

where the metal can be Ru, Os, or Rh, and the ligand can be a variety of diimine molecules.
Importantly, when substituted with appropriate ligands the MLCs display polarized
emission, the extent of which is dependent on the rate of rotational motion (17).
Consequently, these complexes can be used to study protein hydrodynamics on the micro
second timescale.

To extend the application of these complexes to membranes, we synthesized two derivatives
of phosphatidylethanolamine containing a covalently bound MLC. The first lipid probe
contains the mono-carboxy derivative Ru(bpy),(mcbpy) which is linked to a single molecule
of phosphatidylethanolamine (PE) (Scheme I). The spectral properties of the initial probe
were described briefly in a preliminary communication (20). In the second lipid probe the
dicarboxy MLC Ru(bpy),(dcbpy) is coupled to two PE molecules. We reasoned that the first
lipid probe was the simplest structure containing a covalently bound MLC, but that a single
covalent bond may allow free rotation of the MLC on the membrane surface. In the second
probe, the MLC is linked to two lipid molecules which may prevent free rotation of the
MLC and thus improved resolution of longer rotational correlation times.

MATERIALS AND METHODS
Synthesis of Ru-PE and Ru-PE;

Ru(bpy),(mcbpy) (360 mg) [described previously (18)] and 51 mg of A-hydroxysuccinimide
(NHS) were dissolved in 1.2 ml of acetonitrile at room temperature. N,V -
Dicyclohexylcarbodiimide (DCC, 120 mg) was then added. The mixture was sealed and
stirred for a few hours. The formed precipitate was removed by filtration through a syringe
filter (Nylon Acrodish, 0.45-um pore size). The filtrate was added to a stirring solution of 2-
propanol. The mixture was kept at —4°C for 1 h. The precipitate, Ru(bpy),(mcbpy)-NHS,
was collected by filtration and washed with dry ether (3 x 5.5 ml) with an approximate 70%
yield. The same procedure was used for the preparation of NHS-ester of Ru(bpy)a(dcbpy).
Ru(bpy),(mcbpy)-NHS (120 mg) was dissolved in 4.5 ml of dry DMF and slowly added to a
stirring solution of PE (80 mg in 10 ml of CHCI3) and triethylamine (6.0 ml) under an argon
atmosphere. The mixture was stirred for 20 h in the dark. The solvents were removed under
vacuum and the product was re-dissolved in 2.5 ml of CHCIl3/MeOH (2/1, v/v). The pure
Ru—PE was obtained by TLC on K6F silica gel plates using CHCl3/MeOH/H,0 (65/25/4,
v/vIv) as the developing solvent with a 15% yield. The R value of the product is near 0.6,
relative to that of PE (0.78). Ru-PE, was prepared in analogy to Ru-PE. The same
developing solvent, CHCl3/MeOH/H,0 (65/25/4), was used to purify Ru-PE,, whose R
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value is near 0.70. The purification by TLC was repeated twice to obtain pure Ru-PE,, with
a final yield of about 2.3%.

Instrumentation

Emission spectra were recorded on a SLM AB2 spectrofluorometer. The frequency-domain
instrumentation (ISS) was used for measurements of the fluorescence intensity and
anisotropy decays. The excitation source was a CW air-cooled argon ion laser (543-AP,
Omnichrome). The laser was amplitude modulated by the electrooptical low-frequency
modulator (K2.LF from 1SS) and was tuned at 488 nm as the excitation wavelength. In those
measurements a 610-nm cutoff filter (Corning 2-61) was also used to isolate the emission of
Ru complexes.

The frequency-domain intensity and anisotropy data were fit to single and double-
exponential decay laws. The intensity decays were described by

—tlt,

1) = Zale ! @
J

where a; are the amplitudes of the intensity decay times z;, with Za; = 1.0. The anisotropy
decays were fit to

—t/0.

0= Y8re @

where girp is the amplitude of the anisotropy decaying with the correlation time &, and 1y is
the anisotropy in the absence of rotational diffusion. The amplitudes of the anisotropy decay
components (7pg;) are restricted so that Zg; = 1.0. The parameter values were recovered as
described previously (21-23).

Preparation of Lipid Vesicles

For vesicle preparation, lipids with a Ru-lipid/DPPG mole ratio ranging from 1:20 to 1:100
were dissolved in CHCIl3/MeOH (95/5, v/v). The lipid-containing solution was kept in a
water bath at a constant temperature (55°C), and the solvent was removed by a stream of
argon. Vesicles were prepared by sonication in 10 mM Tris and 50 mM KCI, pH 7.5, at a
final lipid concentration of 2 mg/ml. The DPPG vesicles in the absence of Ru-lipid did not
display significant signals (<1.5%) under the present experimental conditions. Unless
indicated otherwise, all measurements were performed in the presence of dissolved oxygen
from equilibrium with the air.

RESULTS

Absorption and emission spectra of DPPG vesicles labeled with Ru-PE and Ru-PE; are
shown in Fig. 1. These spectra are similar except for a slightly longer absorption and
emission spectra for Ru-PE,, which contains 4,4"-dicarboxy-2,2”-bipyridine as one of the
ligands. These results are in agreement with previous studies of the mono- and dicarboxy

derivative of Ru(bpy)% * (18). Similar emission spectra were observed independent of
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temperature from 2 to 53°C, except for a progressive decrease in intensity with increasing
temperature. At 25°C the quantum yields of Ru—PE and Ru-PE, in DPPG vesicles, in air
equilibrium, appear to be about 0.044 and 0.034, respectively, as seen by comparison with a

deoxygenated aqueous solution of Ru(bpy)% * with an assumed quantum yield of 0.042 (24).

For the MLC lipid probe to be useful as hydrodynamic probes, the metal-ligand complexes
need to dis play polarized emission. The excitation anisotropy spectra of the parent
compounds Ru(bpy)(mcbpy)*! and Ru(bpy)(dcbpy) are shown in Fig. 1. In the absence of
rotational diffusion, in glycerol/water (6/4, v/v) at =55°C, these complexes display maximal
anisotropies of 0.17 and 0.23, respectively. These values are adequate for measurement of
steady state and time resolved anisotropies. The lower anisotropy of Ru(bpy)2(mcbpy)*t is
consistent with earlier reports of this complex coupled to proteins (18). In these earlier
studies (17, 18) we found that the excitation anisotropy spectra were similar for the MLC
probes as the free carboxylic acids or when covalently linked to the amino groups of
proteins. Hence we expect the anisotropy spectra of the parent MLCs to reflect that of the
lipid probes, which could not be measured directly due to low solubility in glycerol/water.

Frequency-domain intensity decays of the two lipid probes are shown in Fig. 2. These
decays are closely approximated by a single exponential decay. The mean decay times of the
two lipid probes are comparable and range from 682 ns at 2°C to 357 ns at 53°C (Table 1).
These long decay times suggest that these probes can be used to measure rotational motions
in membranes to nearly 2 /s, or about three times the mean decay time. Such long
correlation times are typically measured from the phosphorescence anisotropy decay of
eosin or erythrosin (25-28). However, the use of phosphorescence requires the rigorous
exclusion of oxygen. In contrast, the MLC-lipid probes are only moderately sensitive to
dissolved oxygen. For instance, at 4 and 45°C the decay times increased by about 8 and
25%, respectively, upon removal of dissolved oxygen. Hence, exclusion of oxygen is not
needed when using these probes.

We examined the steady state anisotropies of DPPG vesicles labeled with Ru-PE or Ru-PE,
over a range of temperature spanning the transition temperature of 41°C. The anisotropies
decrease progressively with increasing temperature as expected for thermally activated
motions (Fig. 3). However, there is no sharp phase transition of the type seen with DPH-
labeled membranes. This suggests that the MLC-lipid of the probe is localized at the lipid—
water interface, as suggested from the chemical structure (Scheme ). The anisotropies of
Ru—-PE; are consistently larger than those of Ru—-PE, as expected from the higher
fundamental anisotropy of Ru(bpy)»(dcbpy) and possibly due to less segmental motion of
the MLC covalently bound to two PE molecules.

To determine the usefulness these probes for microsecond membrane hydrodynamics we
examined the frequency-domain anisotropy decays of DPPG vesicles labeled with Ru-PE
(Fig. 4) or Ru-PE; (Fig. 5). Analysis of these data in terms of a double-exponential
anisotropy decay are summarized in Table 2. For Ru-PE,, the anisotropy decays display
both a short (*100 ns) and long (1.5 ms) correlation time. These longer correlation times
are consistent with those expected for over all rotational diffusion of phospholipid vesicles
with diameter from 200 to 300 A. For instance, vesicles with a diameter of 250 A are
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expected to display a correlation time near 2020 ns (Table 3), which are similar to those
obtained from the FD anisotropy data in Fig. 5 (Table 2). The amplitude of the longer
correlation time decreases above the phase transition temperature, suggesting free motion of
the probe. The fractional amplitude of the short correlation time remains relatively constant
with temperature, suggesting that local probe motions contribute to the anisotropy decay at
all temperatures.

Similar but less definitive results were obtained for DPPG vesicles labeled with Ru-PE (Fig.
4 and Table 2). The anisotropy decays again show a short component near 150 ns and a
longer correlation time from 6 to 15 /5. There is considerable uncertainty in these longer
correlation times because of the smaller funda mental anisotropy of Ru(bpy),(mcbpy)*1
(Fig. 1), the smaller fractional amplitude of the long component to the anisotropy decay
(Table 2), and the difficulty of measuring a 10-4s correlation time with a 400-ns decay time.
Nonetheless, these long correlation times are consistent with those expected for
phospholipid vesicles with diameters of 400-500 A, which may be present in our sonicated
lipid dispersions. The contribution of a long component in the anisotropy decay was
observed for Ru—PE in an earlier communication (20) and described as a nonzero anisotropy
at long times (/o).

Another important characteristic of a lipid probe is the extent of labeling possible without
spectral changes due to probe—probe interactions. We examined the emission spectra,
anisotropies, intensity, and anisotropy decays of labeled DPPG vesicles where the probe-to-
lipid molar ratio was varied from 1-t0-20, 1-to-50, and 1-to-100. We found no significant
changes in any of these spectral properties at these molar ratios. This suggests that the MLC
lipid probes display the favorable property of minimal interactions. This absence of probe—
probe interaction is consistent with the large Stokes’ shift of the emission seen in Fig. 1.

DISCUSSION

The MLC-lipid probes described in this report can be regarded as the first of many such
probes with different spectral properties. For instance, it is known that the decay time of
ruthenium MLCs can be increased to several microseconds by the use of diphenyl-
phenanthroline ligands (19, 29), and that the absorption maxi mum can be shifted to 650 nm
by the use of osmium in place of ruthenium (30-34). It is also possible to increase the
quantum yield of such complexes to near0.5 by the use of osmium coupled to phosphine and
arsine ligands (33, 36), and that such complexes display lifetimes of several microseconds.
Additionally, life times as long as 14 ms have been reported for rhenium complexes with
suitable ligands (37-39). We have recently found that the rhenium complexes also display
polarized emission (40), and can thus be expected to be useful for measurement of
microsecond anisotropy decays.

The long lifetime of the MLC-lipid probes may also allow measurement of lateral diffusion
of lipids in membranes. Such measurements are not possible with ns probes due to the
limited extent of diffusion during the excited state lifetime. While translational diffusion in
membranes is often measured using fluorescence recovery after photobleaching, there has
been controversy about the measured values (41, 42), and in dependent measurements of
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lipid diffusion would be valuable. Lateral diffusion in membranes should be measurable by
the use of acceptor-labeled lipids. In such measurements the diffusion coefficient can be
recovered from the intensity decay of the donor, as described previously for linked and
unlinked donors-acceptor pairs (43, 44). The rates of lipid diffusion can thus be compared

wi

In

th theoretical predictions (45-47).

summary, MLC-lipid probes can be designed with a range of emission wavelengths,

lifetimes, and quantum yields, and can have wide ranging applications for studies of the
dynamics of model and cell membranes.
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Absorption and emission spectra of Ru-PE (—) and Ru-PE; (- - -) in DPPG vesicles at 20°C.
Also shown is the excitation anisotropy spectra of the parent compounds Ru(bpy),(mcbpy)

*1 (—) and Ru(bpy),(dcbpy) (- - -) in glycerol/water at —55°C.
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Temperature-dependent steady state anisotropies of DPPG vesicles labeled with Ru-PE or
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Frequency-domain anisotropy decays of Ru-PE in DPPG vesicles.

Anal Biochem. Author manuscript; available in PMC 2019 December 12.

Page 11



1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

8.0
Ru(bpy), (dcbpy)-PE;

Exc.488nm, Em.> 610 nm

DIFFERENTIAL
PHASE ( degrees)

0.20F
0.15F+
0 > 2.C
L
Eg 0.10}
25
52 31°C
S « 0.05
W
o) L1t tg11 ! 1 o1 11 aeal 1 L
0.03 0.1 0.3 10 3.0

FREQUENCY (MHz)

FIG. 5.
Frequency-domain anisotropy decays of Ru-PE, in DPPG vesicles.

Anal Biochem. Author manuscript; available in PMC 2019 December 12.

Page 12



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

|c|)

CH;

|‘T

|O|

SCHEME 1.

CNH— CHzCHzP —0

Page 13
O
CH;——OC (CH2)14CH3

TH—O(i (CH3)14CH3

T CH; O

CNH“"‘“CH;CH;T —10

o"

Ru(bpy),(mepy)-PE-lipid

CH,—O E(CH:) 14CH3

H——O0  (CH2)14CH3

? CH, (0}

—O0C (CH2)14CH3

H(CHz)nCHs
?——Cﬂz rj)

CNH_CHzCH;P —0

o

Ru(bpy)2(dcpy)-PE-lipid

Structures of the two MLC-lipid probes: Ru(bpy).(mcbpy)-PE (Ru-PE) and

Ru(bpy)2(depby)-PE>(Ru-PEy).

Anal Biochem. Author manuscript; available in PMC 2019 December 12.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lietal.

TABLE 1

Page 14

Fluorescence Lifetimes (ns) of Ru(bpy),(mcbpy)-PE and Ru(bpy),(dcbpy)-PE> in DPPG Vesicles at Various

a
Temperatures

Temperature (°C)

Ligand 2 10 20 31 35 41 53

mcbpy 682 593 518 — 463 — 357
dcbpy 616 550 487 456 — 408 405

aSqutions were in equilibrium with the air.
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TABLE 2

Rotational Correlation Times and Amplitudes for Ru(bpy)2(mcbpy)-PE and Ru(bpy),(dcbpy)-PE, in DPPG
Vesicles at Various Temperatures

Ru(bpy)z(mcbpy)-PE  Ru(bpy),(dcbpy)-PE;
T(C) 6(n9) rodi 6k (ns) Todi

2 163 0.10 133 0.062
5795 0.083 1761 0.145
10 181 0.085 135 0.064
>14410 0.063 1337 0.112
20 107 0.081 99 0.087
>15450 0.038 1393 0.071
31 — 117 0.082
1569 0.041

35 124 0.061 —

>10000 0.001

41 — 92 0.080
53 100 0.033 84 0.055
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TABLE 3

Calculated Rotational Correlation Times for Membrane Vesicles of Various Diameters®

Diameter (A)
200 250 300 400 500 600

6(ns) 1034 2020 3490 8272 16156 27918

a . L . . . .
Rotational correlation times (&) were calculated from the Stokes Einstein equation 8= nV/RT, where n =1, cPis the viscosity, 7=297°K, and V'
is the volume.
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