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ABSTRACT We show that ﬂuorescence lifetime imaging microscopy (FLIM) of green ﬂuorescent protein (GFP) molecules in
cells can be used to report on the local refractive index of intracellular GFP. We expressed GFP fusion constructs of Rac2 and
gp91phox, which are both subunits of the phagocyte NADPH oxidase enzyme, in human myeloid PLB-985 cells and showed
by high-resolution confocal ﬂuorescence microscopy that GFP-Rac2 and GFP-gp91phox are targeted to the cytosol and
to membranes, respectively. Frequency-domain FLIM experiments on these PLB-985 cells resulted in average ﬂuorescence
lifetimes of 2.70 ns for cytosolic GFP-Rac2 and 2.31 ns for membrane-bound GFP-gp91phox. By comparing these lifetimes with
a calibration curve obtained by measuring GFP lifetimes in PBS/glycerol mixtures of known refractive index, we found that the
local refractive indices of cytosolic GFP-Rac2 and membrane-targeted GFP-gp91phox are ;1.38 and ;1.46, respectively, which
is in good correspondence with reported values for the cytosol and plasma membrane measured by other techniques. The
ability to measure the local refractive index of proteins in living cells by FLIM may be important in revealing intracellular spatial
heterogeneities within organelles such as the plasma and phagosomal membrane.

Received for publication 19 December 2007 and in ﬁnal form 16 January 2008.
Address reprint requests and inquiries to Cees Otto, Tel.: 31-53-489-3159; E-mail: c.otto@utwente.nl.

Fluorescence lifetime imaging microscopy (FLIM) has
become a robust technique in biochemistry and cell biology for
the Förster resonance energy transfer detection of molecular
interactions between protein molecules labeled with donor and
acceptor members of the ﬂuorescent protein (FP) family (1,2).
Besides a sensitivity to molecular interactions (e.g., via energy
transfer or collisions), ﬂuorescence lifetimes of ﬂuorophores
are generally also dependent on other microenvironment parameters such as pH, viscosity, refractive index, and the presence of ions. Whereas viscosity has been shown not to affect
the ﬂuorescence lifetime of green ﬂuorescent protein (GFP)
(3), Suhling et al. and Borst et al. have reported that the
refractive index of the microenvironment does inﬂuence the
ﬂuorescence lifetimes of GFP (4) and cyan and yellow ﬂuorescent proteins (FPs) (5). FP lifetimes were further shown by
these groups to satisfy the Strickler-Berg relationship (Eq. 1)
between refractive index and ﬂuorescence lifetime (6),
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in which t 0 is the natural radiative lifetime (related to the
ﬂuorescence lifetime t via the ﬂuorescence quantum yield
f ¼ t/t 0), kr is the radiative rate constant, n is the refractive
index, I is the ﬂuorescence emission, n~ is the wavenumber,
and e is the extinction coefﬁcient.
Although FLIM on FP chimeras is now one of the most
suitable optical microscopy techniques to investigate molecular
interactions between proteins in living cells, little is known about
the effect of different intracellular refractive indices on FP
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ﬂuorescence lifetimes. To investigate whether the Strickler-Berg
relationship is satisﬁed by GFP in living cells, which would imply
that FLIM can be used to sense local intracellular refractive
indices, we stably expressed enhanced GFP fusion constructs of
Rac2 and gp91phox in human myeloid PLB-985 cells by retroviral
transduction (see Supplementary Material). These cells also
expressed a monomeric red FP (7) chimera of p67phox which
might serve as a Förster resonance energy transfer acceptor in
future experiments aimed at studying the molecular interactions
between gp91phox or Rac2 and p67phox in living cells. Gp91phox,
p67phox, and Rac2 are all subunits of the multimeric phagocyte
NADPH oxidase enzyme that plays a critical role in the innate
immune response against invading microorganisms (8). Upon
NADPH oxidase activation, which occurs when leukocytes
ingest microorganisms by phagocytosis, oxygen is reduced by
gp91phox to superoxide (O
2 ). Superoxide is subsequently
converted to other reactive oxygen species such as peroxide and
hypochlorite, which contribute to the killing of the phagocytosed microbes. We have previously investigated (9,10) the
dynamic behavior of GFP-Rac2 in resting and phagocytosing
PLB-985 cells by ﬂuorescence correlation spectroscopy and
ﬂuorescence recovery after photobleaching (FRAP) experiments, respectively. Whereas GFP-Rac2 displays a random
translational diffusion in the cytosol in resting cells (10), we
found that it is continuously being translocated to the phagosomal membrane in cells ingesting zymosan particles (9). At the
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membrane of the phagosome, Rac2 has been shown to bind to
membrane-embedded gp91phox, which is a necessary interaction for NADPH oxidase activation to occur (11). In this
study, we investigated GFP-Rac2 and GFP-gp91phox by FLIM
because their intracellular locations in resting cells (Rac2 is
cytosolic and gp91phox is membrane-bound) might give rise
to different ﬂuorescence lifetimes caused by different local
refractive indices.
We ﬁrst veriﬁed the subcellular localization of GFP-Rac2
in GFP-Rac2/p67phox-mRFP PLB-985 cells and GFP-gp91phox
in PLB-985 cells by confocal ﬂuorescence microscopy. As
shown in Fig. 1 A, GFP-Rac2 is indeed cytosolic in resting
cells. This was further conﬁrmed by ﬂuorescence loss in
photobleaching experiments, which showed that repetitive
photobleaching of a small cytosolic region causes all of the
ﬂuorescence in these cells to disappear (see Supplementary
Material). As expected, confocal microscopy showed that
p67phox-mRFP is also cytosolic in resting GFP-Rac2/p67phoxmRFP PLB-985 cells (results not shown).
As shown in Fig. 1 C, GFP-gp91phox is mainly localized to
the plasma membrane but also to intracellular vesicles of ;0.5
mm in diameter. This is consistent with reported subcellular
fractionation assays on PLB-985 cells (12) and with previous
microscopy studies of immunoﬂuorescently-labeled gp91phox
in ﬁxed PLB-985 cells (13) and also shows that N-terminal
tagging of gp91phox with GFP does not prevent the targeting
of gp91phox to its functional sites, i.e., the plasma membrane
and vesicular membranes. In COS-7 and Chinese hamster
ovary cells (which, in contrast to PLB-985 cells differentiated
into neutrophil-like cells, are nonphagocytic cells), GFP-

gp91phox has also been reported to localize in the plasma
membrane and intracellular membranes (14).
We next performed frequency-domain FLIM experiments
on resting GFP-gp91phox, GFP-gp91phox/p67phox-mRFP, and
GFP-Rac2/p67phox-mRFP PLB-985 cells using a wide-ﬁeld
ﬂuorescence microscope equipped with a Lambert Instruments
Fluorescence Attachment for lifetime imaging (see Supplementary Material). A blue light-emitting diode (lmax ¼ 468 nm)
modulated at 40 MHz was used to excite GFP. Fluorescence
detection was performed by a combination of a modulated (40
MHz) image intensiﬁer and a charge-coupled device camera,
providing a spatial resolution of ;0.35 mm/pixel in FLIM
images. A narrow emission bandpass ﬁlter (520/35 nm) was
used to allow detection of GFP only and suppress any ﬂuorescence emission from mRFP attached to p67phox. FLIM
measurements were calibrated by a 10-mM solution of rhodamine 6G, the lifetime of which was set to 4.11 ns (15). Fig. 2,
B and D, show representative FLIM images of resting GFPgp91phox and GFP-Rac2/p67phox-mRFP cells, respectively.
It is clear from these images that the average lifetime of
membrane-bound GFP-gp91phox is signiﬁcantly reduced compared to cytosolic GFP-Rac2 in PLB-985 cells. By averaging
FLIM data of many cells, the ﬂuorescence lifetime histograms
shown in Fig. 3 were obtained. The highly overlapping blue
and green histograms indicate that the presence of p67phoxmRFP does not inﬂuence the lifetime of GFP-gp91phox in GFPgp91phox/p67phox-mRFP cells. We therefore also assume that
the red curve in Fig. 3 is representative for GFP-Rac2 only,
despite the presence of p67phox-mRFP in these cells. Gaussian
ﬁtting of the histograms in Fig. 3 resulted in average lifetimes of
2.31 6 0.25 ns and 2.70 6 0.20 ns for GFP-gp91phox and GFPRac2, respectively. To relate the observed ﬂuorescence

FIGURE 1 Confocal ﬂuorescence images (A and C) of GFPRac2/p67phox-mRFP (A) and GFP-gp91phox (C) PLB-985 cells.
Corresponding bright-ﬁeld images are shown in B and D.

FIGURE 2 Fluorescence intensity (A and C) and FLIM (B and D)
images of GFP-gp91phox (A and B) and GFP-Rac2/p67phox-mRFP (C
and D) PLB-985 cells. The lifetime scale bar ranges from 1 to 4 ns.
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