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Abstract MIP26/AQP0 is the major lens fiber membrane protein and has been reported to interact with many other
lens components including crystallins, lipid, and cytoskeletal proteins. Regarding crystallins, many previous reports
indicate that MIP26/AQP0 interacts with either only a-crystallin or some specific g-crystallins. Considering the possibly
important role of MIP26/AQP0 in the reduction of light scattering in the lenses, we have further investigated its interaction
with crystallins using confocal fluorescence resonance energy transfer (FRET) microscopy. Specifically, we used MIP26
tagged with a green fluorescence protein (GFP) as a donor and a crystallin (aA-, aB-, bB2-, or gC-crystallin) tagged with a
red fluorescence protein (RFP) as an acceptor. The two plasmids were cotransfected to HeLa cells. After culture, laser
scattering microscopy images were taken in each of the three channels: GFP, RFP, and FRET. The net FRET images were
then obtained by removing the contribution of spectral bleed-through. The pixels of net FRET were normalized with those
of GFP. The results show the presence of measurable interactions between MIP26 and all crystallins, with the extent of
interactions decreasing from aA- and aB-crystallin to bB2- and gC-crystallin. Competitive interaction study using
untagged aA-crystallin shows decreased net FRET, indicating specificity of the interactions between MIP26 and aA-
crystallin. We conclude that all crystallins interact with MIP26, the physiological significance of which may be a reduction
in the difference of refractive index between membrane and cytoplasm. J. Cell. Biochem. 104: 51–58, 2008.
� 2007 Wiley-Liss, Inc.
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MIP26, also known as aquaporin 0 (AQP0), is
the major protein of the lens fiber cell mem-
brane, where its function has been suggested
to be water transport [Varadaraj et al., 1999].
Structural studies indicate that it has six
transmembrane domains and intracellularly
localized N- and C-termini [Gorin et al., 1984;
Reizer et al., 1993]. A mutant MIP26 gene has
been shown to be associated with autosomal

dominant polymorphic and lamellar cataract
[Berry et al., 2000; Francis et al., 2000a], and
missense MIP26 genes E134G and T138R mu-
tants have been identified in dominantly inher-
ited cataracts [Francis et al., 2000b]. These
studies point to a possible role for MIP26 in lens
transparency and cataractogenesis.

Most biological functions require proteins to
form complexes. In the lens, various crystallins
and other lens cytoplasmic proteins associate to
form complexes that serve as refractive index
gradients. The short-range order among crys-
tallins in the lens or in a highly concentrated
protein solution is an example of one protein
interacting with the nearest neighboring pro-
teins [Delaye and Tardieu, 1983]. Other kinds
of interactions among crystallins may exist
in dilute solutions [Mach et al., 1990; Fu and
Liang, 2002; Ponce and Takemoto, 2005].
Interactions between crystallins and cytoskele-
tal proteins also have been suggested [Gopala-
krishnan et al., 1993; Perng et al., 1999; Fujita
et al., 2004]. As for interactions between
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crystallins and membrane protein, reports are
conflicting. Some studies using isolated crystal-
lins and MIP26 suggest binding between MIP26
and a-crystallin [Mulders et al., 1985; Liang
and Li, 1992], but other studies assert that
a-crystallin binds only to lipids [Ifeanyi and
Takemoto, 1989; Cobb and Petrash, 2002a,b]. A
recent study of confocal fluorescence microscopy
provides evidence that two members of the
g-crystallin family interact with MIP26 [Fan
et al., 2005]. Here we seek to confirm and
to quantify the interactions between MIP26
and either a-, b-, or g-crystallin using confocal
fluorescence resonance energy transfer (FRET)
microscopy.

MATERIALS AND METHODS

Preparation of Expression Constructs

pAcGFP-C1 and pDsRed Monomer-C1 vec-
tors were obtained from Clontech (Palo Alto,
CA). MIP26 cDNA in a pYES2 plasmid (a gift
from Dr. Peter Agre of Duke University) was
subcloned into pAcGFP-C1 vector, and crystal-
lin genes from a previous study (aA, aB, bB2,
and gC) [Fu and Liang, 2002] were subcloned to
pDsRed Monomer-C1 vector. The pAcGFP-C1
vector was encoded with a green fluorescence
protein (GFP, lex/lem¼ 475/505 nm), and the
pDsRed Monomer-C1 vector was encoded
with a red fluorescence protein (RFP, lex/lem¼
557/585 nm). The PCR used forward primers
containing XhoI for each crystallin and EcoRI
for MIP26, and reverse primers containing an
EcoRI site for each crystallin and BamHI for
MIP26 (Table I). The resulting constructs
were designated GFP-MIP, RFP-aA, RFP-aB,
RFP-bB2, and RFP-gC.

For the positive and negative controls, p53,
SV40 large tumor antigen (T), and polyoma

virus coat protein (CP) were used. It is known
that p53 interacts with T and not with CP
[Li and Fields, 1993]. Constructs of GFP-p53,
RFP-T, and RFP-CP were prepared by subclon-
ing p53 gene to pAcGFP-C1 using KpnI/BamHI
restriction enzymes, and T or CP gene to
pDsRed Monomer-C1 using XhoI and EcoRI
restriction enzymes (Table I).

Cell Culture

HeLa cells were cultured with the protocol
described in our recent report [Liu et al., 2007].
Briefly, HeLa cells (1� 105/ml) were seeded into
a 35-mm culture dish and co-transfected with
their respective vectors with target inserts
using the lipofactamine 2000 reagent at the
ratio 1:2 (1.6 mg of each cDNA: 3.2 mg of
lipofactamine 2000). For controls, either GFP-
MIP26 or RFP-crystallin construct was trans-
fected alone. After incubation for 48 h, living cell
images were acquired with a Zeiss Laser
Scanning Microscope (LSM) (510 META Axio-
plan 2, Carl Zeiss, Inc., Thornwood, NY).

In the competitive interaction or inhibitory
experiments, an equal amount of the untagged
aA-crystallin cDNA was included in cotransfec-
tion of GFP-MIP26 and RFP-aA-crystallin.

Confocal FRET Microscopy

Confocal images were acquired with a Zeiss
Laser Scanning Microscope (LSM) 510 META
Axioplan 2 confocal microscope (Carl Zeiss, Inc.)
at the Harvard Center for Neurodegeneration &
Repair, Optical Imaging Facility as described
previously [Liu et al., 2007]. Briefly, Images (12-
bit) of multitrack channels with the following
configuration were recorded: an argon/2 laser
(25 mW, T1 and T3¼ 10% of laser exposure)
for the GFP channel (donor excitation/donor

TABLE I. The Forward and Reverse Primers for Subcloning Experiments for
Confocal Microscopy

Forward primers Reverse primers

GFP-p53a AACAAGCTTCACAGGACCCTGTCACCGAGACC A GAA TTCTCAGTCTGAGTCAGGCCC
RFP-Tb CTTCTCGAGCTGGAACTGATGAA TGGGAGC GGGGAATTCAGTTTGGACAAACCAC
RFP-CPb GTTCTCGACTGCG TTGATACCA TGG GGAA TTCTTAGAGACG CCG CTT
GFP-MIPc TCGAATTCGTGGGAACTGCGATCAGC TTTGGATCCCTACAGGGCCTGGGT
RFP-aAc GACCCTCGAGCTGACGTGACCATCCAG AGCCTAGAATTCTTAGGACGAGGGAGC
RFP-aBb AACCCTCGAGCTGACATCGCCATCCAC CAGGAGGAATTCCTATTTCTTGGGGGC
RFP-bB2b GAACCTCGAGCTGCCTCAGATCACCAG GGTCTAGAATTCCTAGTTGGAGGGGTG
RFP-gCb TAGCCTCGAGCTGGGAAGATCACCTTC CGCCGCGAATTCTTAATACAAATCCAC

aThe underlined sequences are for HindIII and EcoRI restriction sites for 50 and 30 primers, respectively.
bThe underlined sequences are for xhoI and EcoRI restriction sites for 50 and 30 primers, respectively.
cThe underlined sequences are for EcoRI and BamHI restriction sites for 50 and 30 primers, respectively.
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emission: GFPex/em) and FRET channel (donor
excitation/acceptor emission: FRETex/em) with
excitation wavelength at 488 nm, and a HeNe 1
Laser (T2¼ 100%) for the RFP channel (acceptor
excitation/acceptor emission: RFPex/em) with
excitation wavelength at 543 nm. The images
were obtained by adjusting the parameters of
the instrument (pinhole, detection gain etc.) to
avoid saturation of the images and the imaging
parameters were kept constant throughout the
experiments. Three sets of cell specimens were
included in imaging: cells transfected with
donor only, cells transfected with acceptor only,
and cells cotransfected with both donor and
acceptor. In each set of experiment, typically
50–100 region of interest (ROI) were chosen
from many cell images.

The LSM images were analyzed as described
before [Liu et al., 2007]. Briefly, the intensities
of total gray values in the three channels, IGFP

(lex/lem¼ 475/505 nm), IRFP (557/585 nm), and
IFRET (475/585 nm) were measured in the same
ROI. After adjustment of threshold, the net
FRET (InFRET) values were obtained by correct-
ing contribution from spectral bleed-through
(SBT) of the donor and acceptor in the FRET
channel with the equation [Xia and Liu, 2001]:

InFRET ¼ IFRET � ðIRFP � aÞ � ðIGFP � bÞ ð1Þ

where a is the coefficient due to SBT of an
acceptor signal to the FRET channel and b is the
coefficient due to SBT of a donor signal to the
FRET channel. SBT arises from overlapping of
spectra: donor SBT from overlapping of part
of the emission spectrum of the donor with
emission spectrum of the acceptor, and acceptor
SBT from overlapping of part of the excitation
spectrum of the acceptor with excitation spec-
trum of the donor (shaded areas in the supple-
mental figure). The two coefficients were
determined with cells expressing RFP-crystal-
lin construct alone (with RED signal but no GFP
signal) or GFP-MIP26 construct alone (with
GFP signal but no RED signal), and were
defined by the following equations:

a ¼ IFRETex=em=IRFPex=em ð2Þ

and

b ¼ IFRETex=em=IGFPex=em ð3Þ

The calculated InFRET values were normalized
with IGFP intensity to make them comparable
among different ROIs and cells.

Statistical Analysis

Data are expressed as the mean�SE from
a minimum of three independent experiments.
Statistical analysis was performed with stu-
dent’s t-test using Sigmaplot statistical analysis
software, with P< 0.05 as the criterion of
significance.

RESULTS

Initial experiments with positive and nega-
tive controls indicated that fluorescence inten-
sity in the FRET channel was significantly
higher in cells expressing positive control
p53-T than in cells expressing negative control
p53-CP (Fig. 1). The nFRET images were also
converted to pseudo-color for assessing the
range of pixel values. In the calculation of net
FRET, the SBT coefficients a and b were
obtained from cells expressing RFP-T (RFP-
CP) or GFP-p53 alone. The two coefficients a
and b were used in calculation of net FRET
according to Equation (1). Finally the normal-
ized InFRET/IGFP values were obtained. InFRET/
IGFP values are significantly larger for p53-T
than for p53-CP (Fig. 2). The results demon-
strate the feasibility of the technique for detect-
ing protein–protein interactions by energy
transfer between two fused proteins.

Fig. 1. Representative confocal LSM images of cells cotrans-
fected with positive (p53-T) and negative (p53-CP) controls.
GFP-p53 and SV40 large tumor antigen (RFP-T) or GFP-p53 and
polyoma virus coat protein (RFP-CP) were cotransfected to HeLa
cells. After culture, LSM images of living cells were taken from
each of the three channels with the following excitation and
emission wavelengths: GFP (475/505 nm), RFP (557/585 nm),
and FRET (475/585 nm). Shown on the top of the columns are the
labels for the images from the three channels (GFP, RFP, and
FRET) as well as nFRET images (red and pseudo-color). Shown on
the left panel are the labels for the positive control GFP(p53)-
RFP(T) and negative control GFP(p53)-RFP(CP). The color
bar represents the relative degree of net FRET shown in the
pseudocolor images.
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LSM images from the three channels GFP,
RFP, and FRET as well as nFRET for MIP26-
crystallin are shown in Figure 3. MIP26 was
localized mostly around the plasma and nuclear
membrane regions with little cytoplasmic
expression, and some large aggregates were
detected. A similar expression pattern has
been reported previously [Fan et al., 2005]. As
for crystallins, while aA- and aB-crystallins
are mostly distributed in cytoplasm, bB2-and
gC-crystallins can be seen throughout the whole
cells. Therefore, ROIs were chosen along the
membrane region.

From ROIs of the nFRET images, the param-
eters IGFP, IRFP, IFRET, InFRET, and InFRET/IGFP

were calculated. The normalized InFRET/IGFP

values were plotted in Figure 4, which indicated
that MIP26 interacted with all crystallins but to
a significantly different extent; aA-crystallin
showed the highest interaction with MIP26.

Competitive interaction experiments using
the untagged aA-crystallin cDNA in the
cotransfection showed a decrease in nFRET
between GFP-MIP26 and RFP-aA, indicating
that the available donor (GFP-MIP26) was
competitively removed by untagged aA-crystal-
lin. The data are included in Figure 4. The
results of competitive binding indicated that
the FRET value became very small relative to
the control p53-CP, but the difference is still
statistically significant (P< 0.001).

DISCUSSION

Our recent study of protein–protein interac-
tions of lens crystallins using tagged GFP and
RFP by confocal FRET provides a good example
of the technique’s versatility [Liu et al., 2007].
In FRET, the energy is nonradiatively trans-
ferred from the donor protein to the acceptor
protein when they are expressed in very close
proximity (20–50 Å) and when donor emission
spectrum overlaps with acceptor absorption
spectrum [Wu and Brand, 1994; Liang and
Liu, 2006]. The other factor of relative orienta-
tion of the donor and acceptor transition dipoles
was usually considered constant and not dealt
with much in the literature. The major problem
in FRET confocal microscopy is the spectral
bleed-through that gives unwanted signal in the
FRET channel, resulting in a higher observed
FRET signal than the actual signal. We used an
approach that removed this contribution with
the control experiments and correction analysis
defined by Equations (1–3) [Xia and Liu, 2001].
The results of negative control (p53-CP) indi-
cate that some negligible signal cannot be
removed and may be treated as background
signal.

Our experimental design is intended to con-
firm the interaction between MIP26 and crys-
tallins. Previous reports have indicated that
interaction sites with crystallins can be either
lipids or MIP26, and both have been demon-
strated to interact with a-crystallin [Mulders
et al., 1985; Ifeanyi and Takemoto, 1989; Liang
and Li, 1992; Cobb and Petrash, 2002a].
Membrane lipids are amphipathic molecules
with hydrophilic or polar head groups and
hydrophobic tails. Most phospholipids are
bilayer structures, in which the polar phos-
phorylated groups are located on the surfaces
and the hydrophobic fatty chains are buried in
the core. The binding between the outer polar
groups and crystallins most likely involves
charge–charge interactions. Therefore, it is not
surprising that only a-crystallin interacts with
membrane lipids [Ifeanyi and Takemoto, 1989;
Cobb and Petrash, 2002a], as a-crystallin has a
greater charge than b- and g-crystallins under
physiological conditions. Since previous reports
have shown interaction between MIP26 and
a-crystallin and some g-crystallins, we feel it
important to extend this investigation.

Protein–protein interactions are dictated by
many factors, such as hydrophobicity, solvent

Fig. 2. Normalized nFRET of the positive control p53-T and
negative control p53-CP. The normalized nFRET values were
obtained by normalizing InFRET with IGFP. The nFRET values
are the average of region of interest (ROI’s) (n¼40) in three
transfection experiments. There was significant difference
between positive and negative control (*P<0.001).

54 Liu and Liang



accessibility, and residue pairing preferences,
which in turn are determined by the amino acid
sequence and protein structural aspects. The
b-sheet domain comprising many b-strands has

been suggested as one of the sites of protein–
protein interactions [Hoskins et al., 2006].
There are plenty of b-strands in crystallins,
containing 30–60% b-sheet conformation based
on CD study [Liang and Chakrabarti, 1982;
Liang et al., 1985]. CD and FTIR spectroscopic
studies also show that MIP26/AQP0 contains a
high amount (30–40%) of b-sheet [Van Hoek
et al., 1993]. The b-sheet domain interaction is
partially responsible for the intra- and inter-
molecular domain association in lens crystallins

Fig. 3. Representative confocal LSM images of cells cotrans-
fected with MIP26 and various crystallins. GFP-MIP26 and each
RFP-crystallin were cotransfected to HeLa cells. After culture,
LSM images of living cells were taken from each of the three
channels with the following excitation and emission wave-
lengths: GFP (475/505 nm), RFP (557/585 nm), and FRET (475/

585 nm). Shown on the top of the columns are the labels for the
images from the three channels (GFP, RFP, and FRET) as well as
nFRET images (red and pseudo-color). Shown on the left panel
are the labels for the pairs of GFP(MIP)-RFP(crystallin). The
color bar represents relative degree of net FRET shown in the
pseudocolor images.

Fig. 4. Normalized nFRET of MIP26 coexpressed with various
crystallins. The nFRET values are the average of region of interest
(ROI’s) (n¼ 50–90) in 3–4 transfection experiments. The last bar
is the result of inhibitory experiments in cotransfection with
additional untagged aA-crystallin cDNA. Significant differences
were observed (*P<0.001 compared with all pairs). The results
from inhibitory experiments are also included, in which an equal
amount of untagged aA-crystallin was cotransfected with GFP-
MIP26 and RFP-aA.
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[White et al., 1989; Koteiche and McHaourab,
1999; Ghosh and Clark, 2005; Liu and Liang,
2006]. In addition to the b-sheet domain
interaction, a hydrophobic interaction may
also be involved, based on observations that
aA- and aB-crystallin have greater hydropho-
bicity [Liang et al., 2000] and thus greater
interactions with MIP26 than bB2- and gC-
crystallin.

Recently, confocal fluorescence microscopy
studies of interactions between rodent lens
MIP26 and g-crystallins were reported [Fan
et al., 2004, 2005]. These studies used mamma-
lian RK13 cells co-transfected with EGFP-
tagged MIP expression plasmid and HcRED-
tagged g-crystallin expression plasmid. Spatial
quantification along a path across the plasma
membrane was performed; evidence for co-
localization included the finding that both
EGFP and HcRed fluorescence peaked at the
vicinity of the plasma membrane. The results
suggest that gE- and gF-crystallins, but not
other g-crystallins (gA, gB-, gC- gD-, and gS-),
were recruited to the membrane by interaction
with MIP26. However, co-localization of two
proteins may not be definite proof of direct
interactions. Confocal FRET microscopy pro-
vides more convincing evidence. It is possible
that the conflicting results between the pre-
vious report and ours on the interaction
between MIP26 and gC-crystallin are due to
different methodology in detection. Further-
more, the functional significance of interaction
between MIP26 and gE/gF-crystallin dimin-
ishes, because the CRYGE and CRYGF genes
in human are non-functional pseudogenes
[Brakenhoff et al., 1990; Heon et al., 1999].

MIP26 is the lens-specific membrane protein;
expression in HeLa cells may be somewhat
different from that in the lens fiber cells. The
majority of expression was in plasma and
nuclear membrane regions, though there was
minor cytoplasmic expression. There were some
protein aggregates in which strong fluorescence
of both donor and acceptor were seen. A similar
expression pattern has been reported in mam-
malian RK13 cells [Fan et al., 2005]. In
calculation of the net FRET, we always chose
the ROI in the membrane regions where strong
fluorescence signals were observed. One may
argue whether the use of HeLa cells in the
present study is appropriate, but considering
that the cells were merely used as hosting media
for detection of protein interaction and not for

studying protein or cell function, the choice of
hosting cells should not be important.

The function of the lens is to focus the image
on the retina, which is achieved by refraction at
interfaces due to difference in refractive indices
[Bettelheim, 2004]. Although refractive index in
the membrane is higher than in the cytoplasm,
the difference decreases from cortex to nucleus
[Michael et al., 2003]. The difference in refrac-
tive index between the membrane and cyto-
plasm gives rise to light scattering in the lens,
but association between membrane and crys-
tallins may decrease the refractive index differ-
ence. Therefore, the amount of light scattering
in the normal lens is very small. The greater
light scattering in aged and cataractous lenses
is due to a large fluctuation in refractive index
from structural changes [Bettelheim, 2004].

A possible interacting site for MIP26 is the
cytoplasmic C-terminal segment (amino acid
sequence from 225 to 263), which has been
reported to be biologically active; it is the
interaction site with some cytoskeletal proteins
and gap junction proteins [Yu et al., 2005;
Lindsey Rose et al., 2006]. The C-terminal
segment also is susceptible to post-translational
modifications including phosphorylation, dea-
midation, and truncation; processes that
increase with age [Takemoto and Takehana,
1986; Schey et al., 2000; Ball et al., 2004]. Since
cleavage in the C-terminal region increases
in the nucleus, the interaction between MIP26
and crystallins should decrease. The decreas-
ed interaction will have minimal effect on
lens biology because there is little difference
in refractive index between membrane and
cytoplasm in the lens nucleus [Michael et al.,
2003].

In conclusion, our results demonstrate that
MIP26/AQP0 interacts with the four major
crystallins (aA-, aB-, bB2-, and gC-crystallins)
and an appreciable increase of interaction is
observed with aA- and aB-crystallins. Our
findings confirm previous reports of association
of MIP26 with crystallins [Mulders et al., 1985;
Liang and Li, 1992; Fan et al., 2005]. The
biological significance of the association is
reduction of differences of refractive index in
the interfaces of membrane and cytoplasm.
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