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Abstract The green fluorescent protein YFP-H148Q is sensi-
tive to halides by a mechanism involving halide binding and a
shift in pKa. However, a limitation of YFP-H148Q is its low
halide sensitivity, with Kd s 100 mM for Cl3. Indicators with
improved sensitivities are needed for cell transport studies,
particularly in drug discovery by high-throughput screening, and
for measurement of Cl3 concentration in subcellular organelles.
YFP-H148Q libraries were generated in which pairs of residues
in the vicinity of the halide binding site were randomly mutated.
An automated procedure was developed to screen bacterial
colonies for improved halide sensitivity. Analysis of 1536 clones
revealed improved anion sensitivities with Kd down to 2 mM for
I3 (I152L), 40 mM for Cl3 (V163S), and 10 mM for NO3

3
(I152L). The anion-sensitive mechanism of these indicators was
established and their utility in cells was demonstrated using
transfected cells expressing the cystic fibrosis transmembrane
conductance regulator chloride channel. ß 2001 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction

Chloride is the major anion in cellular compartments. The
measurement of chloride transport is important in de¢ning
mechanisms of £uid secretion, neurosynaptic transmission,
and cell volume regulation. Our laboratory has developed a
series of halide-sensitive chemical £uorescent indicators of the
quinolinium [1] and pyrido[2,1-h]-pteridin [2] classes. How-
ever, fundamental limitations of chemical-type indicators for
cellular applications are the need for cell loading and washing,
imperfect indicator retention in cells, and the inability to tar-
get the indicator to speci¢ed subcellular locations.

Based on the halide binding properties of yellow £uorescent
variants (YFP) of the green £uorescent protein (GFP) [3], we
recently reported the halide sensitivity mechanism and cellular

applications of mutant YFP-H148Q [4]. YFP-H148Q £uores-
cence is pH-sensitive, with a pKa of 7.1 in the absence of Cl3

which increases by 0.7 pH units at 400 mM Cl3. At a constant
pH of 7.5, YFP-H148Q £uorescence decreases V2-fold with
increasing Cl3 with a Kd of 100 mM, and by up to 85% with
increasing I3 with a Kd of 21 mM. Biophysical measurements
suggested a unique halide binding site in the YFP molecule
distinct from but near to its triamino acid chromophore [4].
Recently, the crystal structure of the YFP-H148Q/I3 complex
was solved, revealing at least 10 residues in the vicinity of the
I3 binding site [5].

The low sensitivity of YFP-H148Q £uorescence to Cl3 is a
signi¢cant limitation in its application to measurements of
cellular Cl3 concentration and transport. Because of the in-
terior negative cell membrane potential cytoplasmic [Cl3] is
generally less than 40 mM, and although no information is
available, [Cl3] is not likely to be much higher in organelles of
the endosomal and secretory compartments. Although I3 can
be substituted for Cl3 in some transport measurements, the
moderate sensitivity of YFP-H148Q £uorescence to I3 re-
quires substantial concentrations of I3 (V100 mM) to pro-
duce acceptable signal changes. Iodide is not a native cellular
constituent and at high concentrations can inhibit transport
processes and manifest cell toxicity. Exchange of NO3

3 for Cl3

is a preferred approach to measure cystic ¢brosis transmem-
brane conductance regulator (CFTR)-mediated halide trans-
port ; however, the sensitivities of YFP-H148Q to Cl3 and
NO3

3 are comparable and low. The purpose of this study
was to identify YFP mutants with improved properties com-
pared to YFP-H148Q. By screening a targeted set of YFP
mutants, we discovered mutants with substantially improved
Cl3, I3, and NO3

3 sensitivities, including a mutant in which
the Kd for Cl3 was lower than that for I3 and another in
which Cl3 and NO3

3 sensitivities were su¤ciently di¡erent to
permit transport measurements using NO3

3 /Cl3 exchange. The
YFP mutants were characterized and their application to mea-
surements in living cells was demonstrated.

2. Materials and methods

2.1. cDNA expression libraries for random site-speci¢c YFP
mutagenesis

Mutagenesis was performed using the polymerase chain reaction-
based QuickChange1 Site-Directed mutagenesis kit (Stratagene).
Plasmid pEYFP encoding the enhanced YFP (EYFP = GFP-S65G/
V68L/S72A/T203Y, Clontech) [6] was used as template. The mutation
H148Q was introduced in the coding region of pEYFP to generate
plasmid pEYFP-H148Q for use as template for engineered and ran-
dom mutagenesis. Three mutational libraries were generated in which
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residues at positions 150 and 152, 161 and 163, and 201 and 203 were
randomly mutated. Using pEYFP-H148Q as template, 52-mer primers
were designed to randomly mutate amino acids in pairs by introduc-
ing random codons (NNN) at speci¢ed locations.

2.2. Screening of YFP mutants
The mutational libraries were transformed into JM109 Escherichia

coli (Promega) and plated on LB plates supplemented with 50 Wg/ml
ampicillin and 1 mM IPTG. Plates were incubated at 37³C for 24 h
followed by a further 24 h at 4³C. Colony density was 200^300 per
plate. Individual £uorescent bacterial colonies were identi¢ed using
ultraviolet illumination and transferred to 96-well microplates con-
taining 200 Wl per well of LB medium supplemented with 50 Wg/ml
ampicillin and 1 mM IPTG. In addition to selecting visibly £uorescent
colonies, 200^300 additional colonies from the libraries were chosen.
Bacteria in 96-well plates were incubated overnight at 37³C in a shak-
er incubator. Replicate microplates and LB/agar plates were generated
using a microplate replicator (Fisher).

Bacteria in 96-well master plates were lysed in situ by incubation
(30 min, 4³C) with 20 Wl of 10 mg/ml lysozyme in 25 mM HEPES,
25 mM MES (pH 7.5) and three freeze-thaw cycles. 10 Wl of lysate per
well was then transferred to 96-well plates containing 170 Wl of 25 mM
HEPES, 25 mM MES (pH 7.5). Halide sensitivities of YFP mutants
were determined automatically using a FLUOstar Galaxy microplate
reader (BMG LabTechnologies, Inc.) equipped with HQ500/20X
(500 þ 10 nm) excitation and HQ535/30M (535 þ 15 nm) emission ¢l-
ters (Chroma Technology Corp.) and syringe pumps. Additions of
NaCl or NaI (0.5 M or 1 M stocks in 25 mM HEPES, 25 mM
MES, pH 7.5) were done to titrate halide concentrations from 0 to
200 mM for Kd determination.

2.3. Puri¢cation of recombinant YFP mutants
Coding regions of selected YFP mutants were subcloned into plas-

mid pRSET B, which contains a 6-histidine N-terminal tag (Invitro-
gen), at BamHI/EcoRI sites. E. coli BL21(DE3) cells were trans-
formed, plated onto LB plates containing 100 Wg/ml ampicillin,
cultured for 24 h at 37³C, and stored for 48 h at 4³C. Proteins were
puri¢ed to homogeneity (judged by gel electrophoresis) using Ni-NTA
agarose resin (Qiagen) according to the manufacturer's instructions,
except that NaCl was replaced by Na gluconate in all bu¡ers. Follow-
ing puri¢cation, bu¡er exchanges were done using Centricon Plus20
ultra¢ltration units with 10 000 molecular size cut-o¡ (Amicon).

2.4. Determination of halide sensitivities and pKa
Solutions of puri¢ed YFP mutant proteins were measured in the

BMG plate reader to determine halide a¤nities and pKa. Anion titra-
tions were performed in triplicate in 50 mM Na phosphate bu¡er (pH
7.35) containing 400 mM total concentrations of Na gluconate and
the Na salt of the anion of interest. Dissociation constants (Kd) were
determined from £uorescence (F) titrations using the equation
F = a[X3]/(Kd+[X3])+b, where [X3] is halide concentration and 13b/
a is the fractional decrease in £uorescence at high [X3]. pH titrations
were performed in triplicate in 25 mM MES, 25 mM HEPES, 150 mM
Na Cl3/gluconate bu¡ers in the pH range 5^10. The pKa was deter-
mined using the equation F = A+B[1+10�pKa3pH�nH ]31, where nH is the
Hill coe¤cient.

2.5. Spectroscopic and kinetic measurements
Absorbance measurements were performed on a Hewlett-Packard

8452 diode array spectrophotometer. Fluorescence spectra were ob-
tained using a Fluorolog spectro£uorimeter (Spex Industries). Fluo-
rescence lifetimes were determined using an SLM 48000 MHF £uo-
rimeter by multi-frequency phase-modulation £uorimetry (488 nm
excitation, s 520 nm emission) using £uorescein in 0.1 N NaOH as
reference (lifetime 4.0 ns). Molar extinction coe¤cients and quantum
yields were determined relative to YFP using the standardized con-
ditions of Cubitt et al. [7] at pH 8.0 in 10 mM Tris, 10 mM EDTA.
Proteins were centrifuged (100 000Ug for 30 min) prior to determi-
nations and it was assumed that the YFPs were pure and fully ma-
tured. Protein concentrations for computation of molar extinction
coe¤cients were determined using the Bio-Rad Protein Assay Reagent
with bovine serum albumin as standard. Kinetic measurements of
YFP^Cl3 association and dissociation were done on a Hi-Tech
SF51 stopped-£ow apparatus using 500 þ 10 nm excitation ¢lter and
530 nm long-pass emission ¢lter. The time course of mutant YFP

£uorescence (in 50 mM Na phosphate bu¡er, pH 7.35) was measured
in response to rapid changes in solution [Cl3] from 0 to 40 mM and
from 40 to 20 mM.

2.6. Cell measurements
The coding sequences of selected mutant YFPs were subcloned into

mammalian expression plasmid pcDNA3.1 (Invitrogen). Swiss 3T3
¢broblasts expressing wild-type human CFTR were plated on cover-
glasses (18 mm diameter) and transfected with 1 Wg of plasmid using
Lipofectamine1 (Gibco BRL) according to the manufacturer's in-
structions. Cells were grown at 37³C (95% air, 5% CO2) using
DME H-21 medium. After 24^48 h, the coverglasses were mounted
in a custom built low-volume cell chamber for perfusion at 8^10 ml/
min at 37³C. Cell £uorescence was measured continuously on an in-
verted epi£uorescence microscope (Nikon Diaphot) using a dry objec-
tive (Leitz, 25U, NA 0.35), ¢lter cube (500 þ 10 nm excitation,
535 þ 15 emission, 515 nm dichroic (Chroma)) and photomultiplier
detector. Cl3/I3 and Cl3/NO3

3 exchange protocols were performed
by switching the perfusate between phosphate-bu¡ered saline
(137 mM NaCl, 2.7 mM KCl, 0.7 mM CaCl2, 1.1 mM MgCl2,
1.5 mM KH2PO4, 8.1 mM Na2HPO4, pH 7.4) and solutions in which
speci¢ed amounts of NaCl were replaced by NaI or NaNO3.

3. Results

Random mutations were introduced in the six hydrophobic
residues lining the YFP-H148Q halide binding site in an at-
tempt to modify the polarity and/or size of the cavity and thus
halide binding a¤nities. We used degenerate primers to pro-
duce YFP-H148Q libraries containing mutations in residue
pairs valine 150 and isoleucine 152, valine 163 and phenyl-
alanine 165, and leucine 201 and tyrosine 203. After growth
on IPTG agar plates, approximately 20% and 40% of colonies
were £uorescent for the Val150/Ile152 and Val163/Phe165

Fig. 1. Strategy for generating and screening of YFP mutational li-
braries. Indicated pairs of amino acids were randomly mutated us-
ing appropriate primers. Transformed bacterial colonies were trans-
ferred to 96-well microplates for growth, lysis and titration. See
Section 2 for details. Inset: photograph of a section of a plate
showing arrayed bacterial colonies with di¡ering amounts of £uores-
cence.
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libraries, respectively, and most of the colonies were £uores-
cent for the Leu201/Tyr203 library. Random sequencing of
colonies revealed an excellent diversity of mutations.

An e¤cient screening protocol was developed to measure
halide sensitivities of the expressed YFP mutants (Fig. 1).
Bacterial strains and growth conditions were established to
express YFPs in bacteria grown in 96-well microplates. After
generation of replica 96-well microplates, bacteria were e¤-
ciently lysed in situ by digestion with lysozyme followed by
repeated freeze-thaw. Bacterial debris after lysis remained on
the bottom of the wells and so aliquots of the clear lysate
could be transferred to secondary 96-well plates for halide
titrations in a £uorescence plate reader.

Screening of 480 colonies from the Val150/Ile152 library
gave YFP mutants with signi¢cantly di¡erent Cl3 and I3

a¤nities compared to YFP-H148Q, some of which are listed
in Table 1. The I152L mutant had the lowest Kd for I3

(3 mM). Another mutant, V150A/I152L, was also strongly
I3-sensitive (9 mM) but qualitatively less £uorescent. Screen-
ing of 672 colonies from the Val163/Phe165 library revealed

two mutants with improved I3 sensitivity ^ V163A/F165Y
(Kd = 15 mM) and V163T/F165Y (Kd = 5 mM), the latter
being less £uorescent. Interestingly, mutant V163S had in-
creased Cl3 sensitivity and decreased I3 sensitivity with re-
spect to YFP-H148Q (Kd = 62 mM and 107 mM for Cl3 and
I3, respectively). Screening of the third library (384 colonies)
revealed no mutants with improved halide sensitivities. Titra-
tions with NO3

3 generally revealed Kd values intermediate to
those for Cl3 and I3 (not shown), with the exception of I152L
which had a Kd for NO3

3 (16 mM) that was much closer to
that of I3. Table 1 also shows that substantially lower Cl3

and I3 sensitivities were produced by introduction of hydro-
philic amino acids at positions 150 and 163.

Three YFP mutants with potentially useful halide a¤nities
for cellular applications (V150T, I152L and V163S) were pu-
ri¢ed (see inset Fig. 2) and analyzed further. Cl3, I3 and NO3

3
titrations are shown in Fig. 2. A¤nities for a series of anions
are summarized in Table 2, along with nanosecond £uores-
cence lifetimes and molar extinction coe¤cients, quantum
yields and kinetic analysis for the rates of Cl3 association
and dissociation. Anion a¤nities determined here at pH
7.35 and constant ionic strength were slightly di¡erent from
those in Table 1. The order of sensitivities to halides and
nitrate were similar to that for YFP-H148Q except for
V163S. Quantum yields were comparable, but molar extinc-
tion coe¤cients were somewhat lower for the mutants com-
pared to YFP-H148Q. However, it should be noted that mo-
lar extinction coe¤cients were determined at pH 8.0 using the
standardized method of Cubitt et al. [7] such that YFP var-
iants with lower pKa values will appear brighter than variants
with higher pKa values; after correction for pKa, `bright-
nesses' of the mutants and YFP-H148Q were comparable.

Further spectroscopic evaluation of YFP-H148Q mutant
proteins is shown in Fig. 3. Peak excitation and emission
wavelengths of the I152L mutant were 513 and 525 nm
(Fig. 3A), similar to those of V150T and V163S (not shown).
Nanosecond £uorescence lifetimes were similar for the mu-
tants (Table 2), and not signi¢cantly altered by [Cl3] indicat-
ing a static quenching mechanism. The absorbance of each
YFP-H148Q mutant was strongly a¡ected by anion addition
(e.g. NO3

3 e¡ect on I152L, Fig. 3B), indicating that anions
a¡ect £uorescence by changing molar extinction coe¤cients.

Table 1
Halide sensitivities of YFP mutants

Mutant KCl (mM)a KI (mM)

No mutation 197 20
I152L 88 3
V150A/I152L 61 9
V150T 262 11
I152Y 132 13
V163G 136 72
V163S 62 107
V163T 124 21
V163L 77 21
V163N 107 6
V163A/F165Y 168 15
V163T/F165Y 55 5
V150Q/V163S 190 115
V150S/V163S 169 149
V150S/V163T 92 117
V150T/V163Q 288 127
V150T/V163S 253 152
aCl3 and I3 a¤nities (KCl and KI) were measured in 96-well micro-
plates at pH 7.5 as described in Section 2. Each well contained a
bacterial lysate with YFP-H148Q containing additional single or
double mutations.

Fig. 2. Titrations of puri¢ed YFP-H148Q mutants V150T, I152L and V163S to Cl3, I3 and NO3
3 . Titrations were carried out at pH 7.35 as

described in Section 2. See Table 2 for ¢tted halide a¤nities. Inset: SDS^PAGE of puri¢ed YFP mutant proteins.
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The absorption peaks at 513 nm and 410 nm correspond to
the £uorescent deprotonated and non-£uorescent protonated
forms of the chromophore, respectively. As found for YFP-
H148Q [4], indicator pKa decreased with increasing [Cl3] (Fig.
3C); for I152L, the pKa was 6.95 in the absence of Cl3, in-
creasing to 7.70 and 7.89 in the presence of 75 and 150 mM
Cl3, respectively. For V163S, the pKa increased from 7.27 at
0 mM Cl3 to 7.97 at 75 mM Cl3, and 8.18 at 150 mM Cl3

(data not shown). Fitted Hill coe¤cients (nH) for all pH titra-
tions were in the range 0.9^1.05. Cl3 binding and unbinding
rates were comparable for YFP-H148Q and the V150T mu-

tant (Fig. 3D, see Table 2 for exponential time constants), but
substantially more rapid for I152L and slower for V163S.
Together, these results suggest that £uorescence quenching
of the YFP mutants occurs by static anion binding which
results in a shift in pKa and consequent decrease in absor-
bance.

The I152L mutant, which had the best I3 and NO3
3 sensi-

tivities, was introduced into a mammalian expression vector
to test its applicability to cellular anion exchange measure-
ments. Transient transfection of Swiss 3T3 ¢broblasts express-
ing CFTR gave cells that were brightly £uorescent with a

Table 2
Fluorescence properties of puri¢ed YFP mutants

YFP-H148Q YFP-H148Q YFP-H148Q YFP-H148Q
V150T I152L V163S

Halide sensitivities and pKa
a

KCl (mM) 106 258 85 39
KBr (mM) 100 145 25 82
KNO3 (mM) 36 91 10 51
KI (mM) 11 11 1.9 62
KF (mM) 2.7 10 2.3 0.85
pKa 6.70 7.55 6.92 7.23
Fluorescence properties
O (M31 cm31) 71 000 43 500 52 200 45 300
Qy 0.59 0.63 0.60 0.59
df (ns) 3.1 2.9 2.8 3.4
YFP^chloride binding kinetics
dassoc (ms) 286 190 54 1932
ddissoc (ms) 280 237 55 2138
aHalide a¤nities (KX) and pKa values of puri¢ed YFP-H148Q mutants were measured. Also shown are molar extinction coe¤cients (O), quan-
tum yields (Qy) and nanosecond £uorescence lifetimes (df ), as well as exponential time constants for YFP^Cl3 association (dassoc) and dissocia-
tion (ddissoc). See text for explanations.

Fig. 3. Mechanistic analysis of anion binding to puri¢ed YFP-H148Q mutant proteins. A: Excitation and emission spectra of the I152L mu-
tant. B: Absorbance spectrum of I152L at indicated [NO3

3 ]. C: Fluorescence pH titrations of I152L done at indicated [Cl3]. D: Cl3 association
and dissociation kinetics of indicated YFP-H148Q mutants measured by stopped-£ow £uorimetry. See text for explanations.
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uniform cytoplasmic and nuclear staining pattern (Fig. 4A).
Replacement of 20 mM Cl3 by I3 produced a slow decline in
£uorescence due to basal CFTR activity, which increased rap-
idly with addition of the adenylate cyclase activator forskolin
(Fig. 4B). The maximum £uorescence decrease of 53 þ 2%
(S.E.M., n = 4) (upper curve) was much greater than that of
6 10% for an identical experiment done with YFP-H148Q
(lower curve). Last, given the signi¢cant sensitivity of I152L
to NO3

3 , CFTR activity was also studied using a Cl3/NO3
3

exchange protocol, which was again much less sensitive with
YFP-H148Q (Fig. 4C). Replacement of 100 mM Cl3 by NO3

3
in I152L transfected cells showed a £uorescence decrease of
53 þ 4% (n = 9) (Fig. 4C).

4. Discussion

The motivation for the mutagenesis done here was the need
for improved GFP-based halide indicators for cellular appli-
cations such as the measurement of intracellular Cl3 concen-
trations and cell membrane halide transport, particularly in
the context of drug discovery by high-throughput screening.
Screening of a focused set of YFP mutational libraries yielded
indicators with di¡erent halide sensitivities and brightness, but
with similar pKa values and £uorescence spectra. Mutants
with substantially improved I3 and NO3

3 sensitivities over
YFP-H148Q were found, permitting the measurement of cel-
lular halide transport by Cl3/NO3

3 exchange or by Cl3/I3

exchange using low I3 concentrations.
Analysis of the expressed mutated YFPs revealed a wide

range of halide sensitivities, even with single amino acid sub-
stitutions, such as the replacement of isoleucine with leucine

at residue 152. Many of the mutants had an I3 a¤nity greater
than that of YFP-H148Q. The I152L and V150T mutants, as
well as many of those listed in Table 1, have an anion selec-
tivity sequence I3 sNO3

3 sBr3 sCl3, corresponding to a
lyotropic sequence which is often found in halide binding
proteins such as chloride channels [8,9]. This behavior sug-
gests a weak ¢eld strength in the anion binding pocket. Ac-
cordingly, anions with lower dehydration energy such as I3

(283 vs. 347 kJ/mol for Cl3, [9]) are favored. Although Cl3

has a smaller ionic radius than I3, it is more strongly bound
to adjacent water molecules and therefore less able to enter
the protein pocket. The large increase in I3 a¤nity in I152L is
probably due to a steric e¡ect ^ a small change in cavity size
may accommodate the large I3 anion much better.

An interesting ¢nding was the identi¢cation of a YFP mu-
tant, V163S, in which the sensitivity to Cl3 was greater than
to I3. The unusual selectivity sequence for V163S
(Cl3 sNO3

3 s I3 sBr3) may result from a more hydrophilic
environment in the binding pocket. Interestingly, the relatively
slow Cl3 binding and unbinding kinetics found in stopped-
£ow experiments suggest an increased energetic barrier, con-
sistent with a conformational change in the anion binding
cavity. Crystallographic information will be needed to resolve
this issue. In terms of biological applications, the V163S mu-
tant should permit the measurement of [Cl3] in organelles of
the endosomal and secretory pathways, in which [Cl3] is
predicted to be V25^40 mM, in the range of the Cl3 Kd

of 39 mM of the V163S mutant but much lower than that
of s 100 mM for YFP-H148Q. The challenge will be to cor-
rect [Cl3] for pH di¡erences, which will require the generation
of chimeric GFP-based indicators where [Cl3] and pH are
measured in parallel.

A chimeric YFP-CFP (cyan £uorescent protein) was re-
cently reported for monitoring intracellular changes in Cl3

associated with neuronal activity [10]. However, this probe
has the limitation of very low Cl3 sensitivity. The YFP mu-
tants identi¢ed here with greatly improved Cl3, I3 and NO3

3
sensitivities will permit the design of sensitive dual-wavelength
halide sensors for ratio imaging and cell cytometry applica-
tions.
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Fig. 4. CFTR-mediated halide transport in YFP-H148Q/I152L
transfected CFTR-expressing 3T3 ¢broblasts. A: Confocal £uores-
cence micrograph of transfected cells. B: Time course of £uores-
cence in response to exchange of 20 mM Cl3 for I3 and addition
of forskolin. C: Time course in response to exchange of 100 mM
Cl3 for NO3
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