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Abstract The fluorescence polarization technique that Prof. Weber developed at

Cambridge University between the late 1940s and early 1950s has had a tremen-

dous impact on our understanding of the structure and dynamics of macromolecules

and in the analysis of proteins interactions and detection of target proteins in

biologically complex samples. His decision to develop dimethylaminonaphthalene

sulfonyl chloride (Dansyl-Cl) as the first probe for fluorescence polarization studies

was brilliant, as its long fluorescence lifetime and well-defined dipole are ideally

suited to study protein conjugates as large as 100 kDa. Indeed, after almost 70 years,

the Dansyl group is still the probe of choice for in vitro applications of fluorescence

polarization. Unfortunately, Dansyl is not very suitable for related studies in living

cells, primarily because it requires excitation in the near ultraviolet, while the in vivo

labeling of a target protein with Dansyl group is challenging. We have developed a

new class of genetically encoded fluorescent protein that may help to overcome these

limitations. The lumazine-binding protein (LUMP) harbors a fluorescent probe with a

cerulean-colored emission that like Dansyl has a long excited state lifetime (14 ns).

Moreover, LUMP has a smaller mass than GFP that allows us to genetically append

capture sequences as large as 20 kDa and still generate a fusion protein with sufficient

dynamic range in the fluorescence polarization value to quantify the amounts of the

free and target-bound states in an equilibrium. In this article, I will compare and

contrast key features of Dansyl and LUMP as probes for fluorescence polarization

studies and discuss the potential of using LUMP and related encoded proteins to

advance the application of fluorescence polarization to analyze target proteins and

protein interactions in living cells.

G. Marriott (*)

Department of Bioengineering, University of California-Berkeley, Berkeley, CA, USA

Lawrence Berkeley National Laboratory, Berkeley, CA, USA

e-mail: marriott1@berkeley.edu

D.M. Jameson (ed.), Perspectives on Fluorescence: A Tribute to Gregorio Weber,
Springer Ser Fluoresc (2016) 17: 271–286, DOI 10.1007/4243_2016_17,
© Springer International Publishing Switzerland 2016, Published online: 21 May 2016

271

mailto:marriott1@berkeley.edu


Keywords Dansyl chloride • Fluorescence polarization • Lumazine-binding

protein

Contents

1 Design of Small-Molecule Fluorescent Sensors for Target Proteins . . . . . . . . . . . . . . . . . . . . . . 274

2 Fluorescence Sensors of Protein Hydrodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

3 Small-Molecule Probes for FA-Based Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

4 Genetically Encoded Fluorescent Proteins for FA-Based Measurements . . . . . . . . . . . . . . . . . 278

5 New Genetically Encoded Proteins for FA-Based Analysis of Proteins . . . . . . . . . . . . . . . . . . 279

6 FA-Based Protein Sensors of GTP-Bound Cdc42 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

7 Microscope-Based FA Imaging of LUMP Fusion Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

8 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284

One of the highlights of my undergraduate experience in the department of bio-

chemistry at Birmingham University (UK) was the final year research project. I was

particularly interested in pursuing the project that was offered by Prof. John Teale

who had developed a number of thiol-reactive fluorescent dyes that he wanted to

use to prepare fluorescent protein conjugates. Recognizing my strong interest in

fluorescence, Prof. Teale suggested that I should read papers on fluorescence

spectroscopy, including a paper on thiol-reactive fluorophores published by

Gregorio Weber [1]. A year after graduating from Birmingham, I applied to PhD

programs in the USA – after discussing my choices with Prof. Teale, I decided to go

to Urbana where I was lucky enough to end up working in Prof. Weber’s laboratory
[2]. I remember soon after joining the group, I had a conversation with Prof. Weber

about some of the physical biochemistry courses I had taken at Birmingham with

Prof. John Teale – on mentioning Teale’s name, he told me about Teale’s dry humor

– the only story I remember was the time when they were in line at the canteen in

the Scala Theatre at Sheffield University waiting for the invariable Friday lunch

offering of fish and chips, when Teale told Weber “you know Gregorio, ever since I

arrived at Sheffield I have become a cod-fearing man.”

I learned a lot of new techniques in the Weber lab, including projects that

involved the chemical synthesis of fluorescent probes and site-specific labeling of

proteins with reactive fluorescent probes and their applications to study protein

dynamics. This early chemical synthesis experience had a great impact on my later

research program that over time has led to the development of a wide variety of

sensor molecules, including thiol-reactive probes that we have used for quantitative

analysis of proteins and their complexes over multiple scales of time and distance

[2–5]. I thought I would use the invitation to contribute to this dedicated volume to

Gregorio Weber to compare and contrast the properties and performances of

synthetic and genetically encoded fluorescent probes for fluorescence

polarization-based analysis of macromolecules. The history of this probe develop-

ment for polarization studies began with 1,8-Dansyl-chloride (Fig. 1a), a probe that
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Weber designed and synthesized at Cambridge in the latter part of the 1940s. This

probe was introduced in the second of his 1952 papers in the Biochemical Journal
on the theory and practice of fluorescence polarization [6, 7]. Weber relayed to me

the difficulties he had in preparing Dansyl chloride that were finally overcome in a

beautifully simple and high-yield reaction that I repeated in my first chemical

synthesis in the Weber lab. The reactive sulfonyl chloride of

1,8-dimethylaminonaphthalene sulfonic acid was prepared by grinding solid

forms of 1,8-Dansyl sulfonic acid, a light brown flaky material, with phosphorous

pentachloride using a mortar and pestle for 15 min. The final step involved

solubilizing the liquefied reaction mix in a small volume of acetone, which was

poured slowly over a beaker of ice cubes – the product precipitates on the ice as a

yellow-colored mass – the yellow precipitate has a mesmerizing brilliance and

unique hue.

Dansyl chloride has been used as a label for many other applications in biology

and chemistry, including the first fluorescence-based method for protein sequenc-

ing. In his recollections of life on the first floor of the MRC building in Cambridge,

Brian Hartley described two important discoveries he made using the Dansyl

chloride probe he received from Gregorio Weber [8]. The first discovery with

Fig. 1 Molecular structures of probes discussed in this article. (A) 1,8-Dimethylamino-8-

naphthalenesulfonylchloride (Dansyl chloride). (B) N-(Iodoacetylaminoethyl)-8-naphthylamine-

L-sulfonic acid (1,8-IAEDANS). (C) 1-Pyrenebutyric acid N-hydroxysuccinimide ester. (D)

Ribityl-lumazine. (E) Flavin mononucleotide
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Vince Massey was to show Dansyl chloride reacted quickly with the active site

serine (Ser-65) in chymotrypsin, which resulted in an orange fluorescent conjugate

that was one of the first examples of fluorescent active site titrant [9]. The second

application was in protein sequencing [10], where the Dansyl chloride was reacted

with the α-amino acid residue in a peptide – the peptide was hydrolyzed and the

mixture of amino acids applied to one side of a 2-sided polyamide sheet. The other

side of the polyamide sheet was spotted with a solution containing all

20-Dansylated amino acids that were separated using a 2D-chromatographic sepa-

ration technique [10]. The position of the N-terminal fluorescent amino acid from

the peptide was compared to the positions of the 20 known amino acid derivatives

of Dansyl that had been separated on the reverse side of the side of the plate. The

identity of the N-terminal residue in the peptide was revealed by the overlap of

fluorescent spots on each side of the plate.

In this article I will compare and contrast small-molecule synthetic probes and

genetically encoded fluorescent proteins as probes for fluorescence polarization

measurements. Attention is focused on the properties of 1,8-Dansyl, the prototyp-

ical small-molecule probe for fluorescence polarization [7, 11], which is compared

and contrasted with genetically encoded fluorescent proteins including GFP and

lumazine-binding proteins [12].

1 Design of Small-Molecule Fluorescent Sensors for Target

Proteins

Fluorescent sensors including those incorporating 1,8-Dansyl [7] have been widely

used to determine the size and shape of macromolecules, to detect target proteins,

and to study protein interactions in complex samples [1, 2, 7, 11]. For these latter

applications, the fluorescent sensor should exhibit marked differences in one or

more properties of the emission between the free and target-bound states. Better

still is if these differences are based on an absolute parameter of the fluorescence

emission, which we consider as the quantum yield of fluorescence, the lifetime of

the excited state, the energy of the emission, or the polarization of the fluorescence.

Other absolute measures include changes in the rate of an excited state reaction,

including those associated with FRET, excimer formation, and deprotonation.

Dansyl probes are highly valued for fluorescence-based investigations of protein

interactions. Protein complexation will often result in appreciable changes of the

quantum yield, lifetime, and the energy of the emission. This feature arises in part

because of the long fluorescence lifetime of 1,8-Dansyl (13–16 ns) [7], which

makes it sensitive to dynamic events in its immediate environment, including

quenching by nearby residues, while its excited state dipole is sensitive to both

general and specific solvent effects [13]. Interestingly, 2,5-Dansyl has a fluores-

cence lifetime of ~32 ns, which should make it even more sensitive to dynamic

quenching events [14].
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2 Fluorescence Sensors of Protein Hydrodynamics

Weber developed the theory and experimental technique that relates values of the

polarization of the fluorescence to the size and shape of the molecule [6, 7]. More-

over, the increase in the fluorescence polarization value of a sensor on complex

formation with a larger target molecule can be predicted accurately using the

Perrin–Weber equation [6, 12], a feature that simplifies the design of new FA

sensors, especially when compared to that for a FRET-based sensor [13, 14]. Deter-

minations of the fluorescence anisotropy value of appropriately labeled ligands or

proteins have been widely used to quantify target proteins or protein interactions

[15] – this popularity is a consequence of several factors that include the ability to

record accurate measurements of the FA value using steady-state instrumentation

under “no-wash” conditions. Before we consider the suitability of small-molecule

and genetically encoded fluorescent proteins as probes for fluorescence polarization

studies, it may be useful to review some of the essential relationships that relate the

fluorescence polarization value to the size (and/or shape) of a probe-labeled protein

[6, 7]. I will start by replacing the term fluorescence polarization with fluorescence
anisotropy (FA), as the latter is easier to manipulate mathematically. FA values are

computed using Eq. (1) from measurements of the polarized components of fluo-

rescence emission of the sensor (Ipara and Iperp) in response to vertically polarized

excitation of a solution composed of mixtures of the free and target-bound states of

the sensor [2]:

FA ¼ Ipara � Iperp= Ipara þ 2Iperp
� � ð1Þ

The FA value increases in the sensor-target complex because of its larger volume

and slower rate of tumbling in solution [6, 15]. This is shown schematically in

Fig. 2. The Perrin–Weber equation [3, 4] expressed in terms of FA values is

r0=r ¼ 1þ τf=τcð Þ ð2Þ

where r is the measured FA value and r0 is the limiting FA value, which depends on

molecular properties of the probe molecule and the angle between the absorption

and emission transition dipole moments. This limiting value is usually recorded

from a dilute solution of the probe in a viscous solvent such as glycerol at �20�C.
The excited state lifetime is given by τf, while τc is the rotational correlation time,

which is the time it takes for a sphere to rotate through 1 radian [12] (Fig. 2) – the

rotational correlation time is related to the hydrodynamic volume V according to

Eq. (3) [6, 7]:

τc ¼ ηV=RT ð3Þ

where η is the solvent viscosity and T is the temperature in Kelvin. Equations (2)

and (3) show that a suitable probe or protein conjugate for FA-based analysis of a
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target protein would have a small molecular volume and a τf/τc ratio of unity or less.
τc can also be related to the mass of a spherical protein according to τc¼ η MW

(ν + h)/RT, where R¼ 8.314� 107 erg.mol�1 K�1, η is the viscosity, MW is the

molecular weight of the spherical protein, ν is the partial specific volume of 0.74,

and h is the degree of hydration 0.3 ml H2O/g protein. We will now consider the

suitability of some small-molecule fluorescent probes and larger genetically

encoded fluorescent proteins.

3 Small-Molecule Probes for FA-Based Measurements

1,8-Dansyl is well suited for fluorescence polarization studies when used as a

fluorescent analogue of a ligand for a target protein or when conjugated chemically

to a sensor protein [7]. In particular, 1,8-Dansyl has one of the longest lifetimes

(~13 ns) of any small-molecule fluorescent probe, and the direction of the dipole in

the molecule is well defined and leads to a relatively uniform anisotropy value at

red side of the S0–S1 excitation band (340–350 nm). Another useful feature of

Dansyl chloride results from the coupling of the sulfonyl chloride to the ε-amino

group on a lysine residue, which produces a short and rigid link that allows the

probe to report primarily on the hydrodynamics of the protein molecule [7]. On the

other hand, fluorophores having longer and flexible links to the protein allow the

probe to experience a range of local and rapid motions that contribute in a complex

manner to the depolarization.

The nonlinear relationship between the calculated FA value and the molecular

volume (and mass) for fluorescently labeled spherical proteins is revealed by fitting

equations (2) and (3) for different fluorescent lifetime values (Fig. 3). The plots

clearly reveal the nonlinear relationship between FA and molecular weight. The

relationship between the predicted FA value and the mass of a spherical protein

Fig. 2 Schematic

representation of the photo

selection of fluorescent

probes using polarized

excitation of the sample,

and subsequent tumbling

and reorientation of dipoles.

Lower left shows the change
in the average orientations

of a dipole at the instant of

excitation and after the

decay
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conjugated with 1,8-Dansyl is shown in Fig. 3. In particular, the FA curve for a

20 kDa protein chemically coupled to a single 1,8-Dansyl probe is considered,

which is easily achieved by treating proteins with a single cysteine residue with the

thiol-reactive probe IAEDANS [1] (Fig. 1b). Using a fluorescence lifetime for the

Dansyl of 14 ns, one can calculate the FA for a spherical 20 kDa Dansyl conjugate

as 0.140 (blue dotted line in Fig. 3). The range of FA values between the free and

bound states of this conjugate sensor (0.140� 0.001 to the limiting anisotropy of

~0.325 [1]) would allow one to conduct accurate FA-based binding studies with

target proteins larger than 80 kDa (Fig. 3). In his classic 1952 Biochemical Journal
paper, Weber exploited the FA-properties of 1,8-Dansyl to study the hydrodynamic

properties of native and denatured ovalbumin and BSA (35 kDa and 68 kDa) [7]. In

addition to providing Dansyl chloride to Hartley, Weber also collaborated with

Kenneth Bailey, who with his student T.C. Tsao and G.S. Adair described fluores-

cence polarization studies on Dansyl-tropomyosin that were performed by Prof.

Weber [16]. They reported the tropomyosin molecule has two rotational diffusion

constants (ρ) where ρ¼ 3τc of 6.3� 106 s�1 (159 ns) and 1.9� 108 s�1 (5.3 ns) that

correspond to rotations about the short axis and long axis of the molecule, respec-

tively. Separately Tsao acknowledged Prof. Weber in two 1953 studies for his
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Fig. 3 Simulations of the dependence of FA value for a spherical protein on its mass for different

values of the excited state lifetime of the probe
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unfailing help in the application of fluorescence polarization to study the size of

subunits in myosin [17] and actin [18]. In both studies, he prepared Dansyl

conjugates of each protein and used the Perrin plot to determine the size of the

subunits. While he was successful in assigning correct molecular weights to the

heavy and light subunits of myosin [17], his calculation of the mass of the spherical

actin monomer was somewhat high at 70 kDa [18].

It is quite remarkable that in the almost 70 years since Prof. Weber introduced

the 1,8-Dansyl probe [7], it is still one of the most suitable probes for FA-based

analysis of proteins and their complexes. While pyrene (Fig. 1c) and related

symmetrical polyaromatic hydrocarbons can boast even longer excited state life-

times, they have low limiting anisotropy values, with excitation anisotropy spectra

that are often characterized by sharp changes in the anisotropy value [19].

4 Genetically Encoded Fluorescent Proteins for FA-Based

Measurements

Unfortunately, 1,8-Dansyl is not a very useful probe for FA-based analysis of

proteins in living cells. This limitation arises from the low molar extinction

coefficients of Dansyl conjugates, which are on the order of 4–6,000 M�1 cm�1

[7] compared to >100,000 M�1 cm�1 for probes optimized for imaging single

molecules [20]. Moreover, excitation of the Dansyl group requires near ultraviolet

light (<350 nm), which may result in photocytotoxicity, while also exciting natural

fluorescent molecules in cells, including free and protein-bound NADH and flavin

mononucleotide. Perhaps the biggest drawback in using small-molecule

fluorophores as probes for FA-based analysis of protein interactions in living

cells are the difficulties associated with probe delivery and chemical coupling to

a target protein in the cytoplasm. It is for this reason perhaps that most studies

described to probe protein interactions in living cells use genetically encoded

fluorescent proteins with excitation spectra in the visible region of the electromag-

netic spectrum. However, GFP-like fluorescent proteins are unsuitable for

FA-based imaging of target proteins in living cells for reasons given in the

following section.

In spite of the dearth of suitable probes, fluorescence anisotropy holds great

promise as a technique to image and quantify specific proteins and their interactions

in living cells [11, 15, 21–23]. Unfortunately, the large mass and short lifetime of

GFP and related proteins make them unsuitable as probes for FA-based determi-

nations of target proteins. This limitation may be best appreciated with reference to

the simulations shown in Fig. 3. This time the predicted FA values for a 20 kDa

capture appended to GFP (~30 kDa) is considered. With a mass of ~50 kDa and a

fluorescent lifetime of ~2 ns, the predicted steady-state FA value of the free fusion

protein in buffer at 20�C is already 0.340, which agrees almost exactly with the

experimentally determined FA value for GFP [24]. The small dynamic range in FA
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values for this fusion protein (0.340–0.390) coupled with the nonlinear response of

FA value with mass in this plateau region would make it difficult to record

accurately a change in the FA value of GFP in complexes with larger proteins.

5 New Genetically Encoded Proteins for FA-Based

Analysis of Proteins

The lumazine-binding protein (LUMP) from Photobacterium leiognathi is a 20 kDa
polypeptide composed of two structurally homologous spherical domains (α and β),
with the α-subunit binding 6,7-dimethyl-8-(10-D-ribityl) lumazine (ribityl-

lumazine; Figs. 1d and 4) close to its surface with a dissociation constant of

16 nM at 20�C [25–27]. Ribityl-lumazine is synthesized within bacteria and most

nonmammalian cells – when these cells are transfected with a gene encoding the

α-subunit of LUMP, they produce large amounts of the fluorescent LUMP (Fig. 5a).

The absorption spectrum of the lowest energy (S0–S1) transition of purified LUMP

is similar to CFP and has a maximum at 420 nm (23,810 cm�1) and a full width half

maximum of 3,468 cm�1. LUMP functions as a FRET acceptor in complexes with

marine bacterial luciferases, and it is consequently highly optimized as a FRET

acceptor probe, shifting the color of the bioluminescence to a cerulean color

(Fig. 5a, b) [12, 25, 26]. This optimization also includes respectable fluorescence

quantum yield (Φf¼ 0.55) and, most importantly, one of the longest excited state

lifetimes of any natural fluorescent proteins [12, 26].

Fig. 4 High-resolution

structure of LUMP showing

the surface location of the

bound ribityl-lumazine

probe [25]
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The FA excitation spectrum of purified LUMP (20 kDa) in a viscous medium

(75% sucrose) shows a fairly uniform S0–S1 transition that extends from 380 nm to

480 nm, with a limiting FA value of 0.350 (Fig. 5c). The limiting FA value of

LUMP increases to 0.360 when measured at an even higher viscosity [26]. The

theoretical maximum FA value of 0.400 is not attained for ribityl-lumazine bound

to LUMP presumably because the absorption and emission dipoles are not colinear

[25]. The Perrin–Weber plot for LUMP shows a linear plot from which the

fluorescence lifetime is calculated as 13.25 ns (Fig. 5d), which is similar to that

measured using fluorescence lifetime imaging microscopy (13.6 ns; FLIM; Fig. 5e)

[12]. The predicted FA value of LUMP at 20�C is computed using Eq. (2) as 0.133

(τf¼ 13.6 ns, r0¼ 0.360 [26]) and assumes τc¼ 8.0 ns, which is based on the

assumption that τc increases by 1 ns for every 2.5 kDa increase in mass. The

experimentally determined FA value of LUMP is 0.166� 0.002, suggesting that

the protein molecule is not strictly spherical. The change in FA values between free

LUMP at 1 cP (0.166) and its limiting FA value (0.360) is the largest recorded

difference in FA values for a genetically encoded fluorescent protein – the

corresponding change for GFP would be ~0.050 [24].

The simulations in Fig. 3 illustrate why LUMP and its fusion proteins are

suitable probes for FA-based analysis of target proteins [12]. Referring to the

purple-colored trace, the predicted FA value for fusion protein composed of

LUMP fusion and a 20 kDa capture proteins (40 kDa in total) is ~0.195, which is

close to the mid-range of FA values for LUMP – this value could in principle

increase to the limiting FA value of 0.360 in complexes with very large proteins.

For example, the FA value of this sensor would increase to 0.281 on binding to an

80 kDa target protein and reach 90% of the limiting FA on binding to a 325 kDa

protein (τc¼ 140 ns).

6 FA-Based Protein Sensors of GTP-Bound Cdc42

A LUMP-based FA sensor for GTP-bound Cdc42 was developed by appending the

32 amino acid GTPase-binding domain (GBD) from kinase ACK1 (human acti-

vated Cdc42 kinase 1: residues 448–489) [12] to the N-terminus of LUMP via a

flexible six-amino acid linker (GSGSAS; Fig. 6a). LUMP-GBD (25 kDa) binds to

Cdc42 specifically with a Kd of 23 nM [26]. The FA value of unbound LUMP-GBD

is 0.176� 0.004 and increases to 0.207� 0.002 (Δ ~ 18%) when bound in a stoi-

chiometric complex with GTP-Cdc42. The FA values for the free and bound states

of this LUMP sensor agree with those calculated from the Perrin–Weber equation.

Thus, using τf as 13.6 ns, and a limiting FA of 0.360, the free and bound forms of

the FA sensor (with masses of 25 kDa and 47 kDa) with calculated τc values of
10 ns and 19 ns, respectively, would result in calculated FA values of 0.155 and

0.212. Once again these values indicate that the LUMP-GBD molecule is not

strictly spherical. Regardless the sensor allows one to conduct accurate titrations

of a fixed concentration of LUMP-GBD with increasing amounts of GTP-bound
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Cdc42 (Fig. 6b), with saturation occurring at equimolar concentrations of Cdc42

and GBD-LUMP (10 μM).

7 Microscope-Based FA Imaging of LUMP Fusion Proteins

Having demonstrated the suitability of LUMP and its fusion proteins as genetically

encoded FA sensors of target proteins, we subsequently showed that FA measure-

ments on the same fusion proteins can be carried out using a slightly modified

confocal fluorescence microscope (Zeiss 700). In particular, microscope-based

imaging of the polarized fluorescence emission of LUMP was used to compute

FA images to quantify the distribution of free and bound populations of a LUMP

sensor in a sample [28]. A confocal fluorescence microscope was modified to

incorporate two film polarizers that were placed in the emission path [12]. The

intensity image of LUMP emission shows that the probe is largely localized to the

outer surface of the 80 μm NTA-agarose beads, where it presumably binds to the

surface coupled NTA. The polarized images of the emission of LUMP in the sample

were first registered and then analyzed using Eq. (1) to generate steady-state-

polarized emission images of His-tagged LUMP (23 kDa) in a field of

nitrilotriacetic acid (NTA)-functionalized agarose beads. The FA values of

His-tagged LUMP at the surface of the bead cluster are around 0.310 (Fig. 7b),

which is within 14% of the limiting FA value. This result suggests that LUMP

molecules are almost completely immobilized when bound to NTA-beads.

An FA image of His-tagged LUMP in solution with agarose beads lacking the

NTA-group shows a uniform FA value of 0.185, which corresponds to the unbound

LUMP probe. This study highlights an important benefit of using FA images to map

the distributions of different molecular forms of the LUMP probe. In particular,

Fig. 6 Fluorescence anisotropy-based binding study of LUMP-GBD to Cdc42. (a) Cartoon of

crystal structures of LUMP and GBD-Cdc42. (b) Fluorescence anisotropy plot of GBD-LUMP

versus titrated equivalents of Cdc42 in 20 mMHEPES, pH 7.9, 150 mMNaCl, 2 mMGTP at 20�C
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since FA values are additive, we can estimate the fraction of LUMP molecules that

are free or that interact transiently with the agarose bead in the FA image. Thus,

fractional contributions of each species to the total intensity can be calculated

according to the relationship (rmeasured¼ r1 f1 + r2 f2), where r1 is the FA value of

LUMP that is transiently immobilized of fractional intensity f1, r2 is the FA value of

unbound LUMP within the bead of fractional intensity f2, and f1 + f2¼ 1. This

feature of FA imaging is useful as it can be used to quantify the fractions of two

populations of the probe in a sample, whereas the intensity image would indicate

the presence of a single and uniform population of LUMP molecules. In this

particular study, the FA value of His-tagged LUMP outside of the bead is 0.185

(Fig. 7b). The latter value arises from a mixture of free LUMP (0.185) and LUMP

molecules that bind transiently and nonspecifically to the bead (0.310) – an FA

value that is obtained from a study of NTA-agarose beads. Using the relationships

above, the percentages of free and transiently bound LUMP within agarose beads

are calculated as 76% and 24%, respectively.

8 Concluding Remarks

To date it has not been possible to use FA methods to quantify target proteins or

their complexes in living cells. This limitation arises because small-molecule

fluorophores with long-lived excited states are generally unsuitable for studies in

living cells, owing to their requirements for UV excitation and associated photo-

toxicity and the considerable challenge of directing these probes to target proteins

in the cell. Genetically encoded fluorescent proteins offer a chance to overcome

these limitations, but their large mass and short lifetimes would severely limit the

Fig. 7 Fluorescence

anisotropy image of

His-tagged LUMP on Ni-

NTA-agarose beads with an

average FA value on the

beads of 0.310
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dynamic range of FA values between the free and bound states of the probe.

Interestingly, FA-based measurements of homo-FRET can be used to map changes

in the distributions of GFP-fusions with proteins that exist in monomeric or dimeric

states [23]. LUMP and related proteins that bind tightly to flavin mononucleotide

(Fig. 1e) and combine long-lived excited states with smaller mass than GFP hold

great promise in advancing the FA approach to the study of protein complexes in

living cells. These imaging studies can be conducted on most commercial confocal

fluorescence microscopes with minor modifications. The FA imaging studies on

LUMP conducted by our group were carried out using low numerical aperture

(NA) objectives that do not result in a “high-NA effect.” In any case, our studies

have shown that any high-NA effect within polarized images of fluorescence

recorded with high-NA objectives can be corrected for quite easily and used to

generate high-resolution FA images of a labeled sample [29].

LUMP is unique among genetically encoded fluorescent proteins in being

sensitive changes in protein hydrodynamics and molecular volume. While Dansyl

has been a popular probe for FA-based determinations of target proteins in vitro, we

believe that LUMP, with its similar fluorescence lifetime, holds even greater

promise for quantitative FA analysis of target proteins both in vitro and in vivo.

This advantage derives in part from the more favorable excitation condition for

LUMP compared to Dansyl. Moreover, the quality of a specific FA sensor can be

greatly enhanced by encoding large capture sequences onto the C-terminus of

LUMP. In principle it should be possible to generate a library of LUMP-based

FA sensors with each member harboring a common LUMP probe and a sequence

unique to each protein in an organism. LUMP and related genetically encoded FA

sensors [12] also offer an attractive alternative to genetically encoded FRET-based

sensors for high-throughput screening, quantitative imaging, and analysis of target

molecules in biological systems. FA sensors are far easier to design compared to

FRET fusion proteins, as they are composed of a single fluorescent probe linked to a

specific capture sequence. Moreover, since FA values are additive, and given the

large differences in FA values between the free and target-bound states of LUMP-

based FA sensors, one can read out the amounts of the free and bound states of a

sensor at any pixel in an FA image.
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