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Fluorescence-based detection of single biomolecules in solution and at room temperature has
opened new avenues for understanding biological mechanisms. Single-molecule fluorescence
spectroscopy(SMFS of biomolecules requires careful selection of fluorophores, sites of
incorporation, and labeling chemistries. SMFS-compatible fluorophores should permit extended,
uninterrupted observations of fluorescence with high signal-to-noise ratios; more stringent
considerations apply for specific methodologies, such as fluorescence resonance energy transfer and
fluorescence anisotropy. Strategies for site-spedificitro labeling of small proteins exploit the
reactivity of the amino acid cystein€ys), allowing incorporation of one or more fluorophores;
labeling of closely spaced Cys residues using bis-functionalized fluorophores allows probing of the
orientation of individual protein domains. Fior vitro labeling of large proteins, the options include
peptide ligation, intein-mediated labeling, puromycin-based labeling, unnatural amino acid
mutagenesis, and reconstitution from individual subunits or subunit fragment® Wuo analysis,

one can use proteins that are labeleditro and then incorporated in cells; genetic encoding of
specific protein sequences can also leadirtovivo labeling, either byin vivo targeting by
fluorophores or by biosynthesis of protein fusions with natural fluorophores such as the green
fluorescent protein. The existing methods, along with others under development, will bring SMFS
to the mainstream and advance significantly our understanding of vital biological
processes. €002 American Institute of Physic§DOI: 10.1063/1.1521158

I. INTRODUCTION the rotary stepper motor protein F1-ATPa8¢he sliding of

kinesin on microtubule$;*?the translocation of RNA poly-
The past decade marked one of the most exciting sciefnerase(RNAP) molecules on double-stranded DNAthe

tific developments born of the interaction of physics, chemormation of ribozyme intermediatéd and the real-time in-

istry, and biology: the ability to perform real-time, room- fection of a cell by single virus particlés.

temperature observations of individual biomolecules by |n this article, we describe the properties of SMFS-

using optical microscopy techniques described as singlecompatible fluorophores, list considerations for popular as-

molecule detectiofSMD)." SMD eliminates the ensemble- says, provide examples of site-specific labeling strategies

and time-averaging present in conventional biochemical anghat enabled SMFS observations, and conclude with a look at

biophysical assays. SMD can uncover and analyze subpop#uorophores and labeling strategies that can answer future
lations and distributions hidden in heterogeneous systemghajlenges.

probe conformational dynamics of biomolecules under equi-
librium conditions, an otherwise impossible task due to lack
of syr)chronlgatlon; and explore comple>.<'re_act|0n klngtlcsll_ PROPERTIES OF SMFS-COMPATIBLE
and biochemical pathways under nonequilibrium conditions
. . . FLUOROPHORES

Several excellent reviews exist on the topié.

A popular method for probing single molecules is single-  Optical detection of single fluorescently labeled biomol-
molecule fluorescence spectroscoiBMFS. SMFS moni-  ecules using SMFS is based on thousands to millions of
tors the structure, dynamics, and interactions of bIQChemlCahser-induced excitation—deexcitation cycles of the fluoro-
systems(e.g., intramolecular and intermolecular distancesphore between the ground state and the first excited elec-
domain orientations, binding stoichiometry, equilibrium tronic state®*’ A list of fluorophores often used for SMFS,
binding constants through measurements of fluorescencealong with characteristic properties, is provided in Table I.
properties of individual species, such as fluorescence emiguorophores compatible with the demanding nature of
sion intensity, lifetime, polarization, and quantum yléﬂi SMFS fulfill most of the photophysical and photochemical
SMFS has allowed striking visualizations of single biomol-criteria set for ensemble fluorescence spectroscopy and mi-
ecules at work, including the rotation of the rotor subunit of croscopy measuremefts’ (high extinction coefficient, high
guantum vyield, large Stokes shift, high photostabjitgs

3 Author to whom all correspondence should be addressed. Electronic maivell as additional Pmp_erties specific to _SMF—%Desirable
kapanidi@chem.ucla.edu fluorophore properties include the following.
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TABLE I. Characteristic properties of selected fluorophores used for SMFS.

Absorbance Extinction Emission
maximum coefficient maximum Quantum Laser line
Fluorophore (nm) (ecm™iM™Y (nm) yield (nm) Photostability
GFP 395 30000 509 0.8 457 Good
470 7 000
Fluorescein 490 67 000 520 0.5-0.9 488 Poor
Alexa-488 495 80 000 520 0.5-0.9 488 Moderate
Tetramethyl- 554 85000 585 0.2-0.5 514 532 Good
rhodamine
Cy3 550 150 000 585 0.2 514 532 Good
Texas Red 596 85 000 620 0.5 514 532 Good
Cy5 650 250 000 670 0.15 633 Moderate

A/alues were taken from Refs. 16 and 17, manufacturers of reactive forms of the fluoropkoiesular
Probes, Amersham Pharmacia Bioteair measured in our laboratofgee Ref. 80

A. Brightness decrease in the signal intensity, rendering them unsuitable for
0S_,MFS. The lifetime of a triplet state can be shortened dra-
@atically(by a factor of 16— 1) through quenching by the
ground triplet state of molecular oxygefQ;);'° however,
since the oxygen concentration is often minimized to delay

yield of the fluorophore at the wavelength of emission,phOtOdeStrUCtion of the f_Iuorophore, a compromise has t(.) be
Qr:1® for typical SMFS-compatible fluorophorese reached between removing oxygen and quenching the triplet
~20000 cnil M- 1 andQ.>0.1. Although less bright ]fl’aco_ state'® This dilemma can be addressed by using reagents that
rophores can be detected using SMFS, the above-stated ct as both oxygen scavengers and triplet-state quenchers for

rameters set limits for the extraction of reliable biologicala specific fluorophore.

information from SMFS experiments. These limits currently

eliminate fluorophores that are useful for ensemble fluoresP. Signal stability and fluorescence intermittency

cence or phosphorescence, such as the fluorescent amifi®linking” )

acid tryptophan, the environmental probes dansyl and  pepending on their rotational freedom, fluorophores can
IAEDANS, and the phosphorescent probes eosin and erythpteract transiently with their local environment to yield
rosin. Brightness can be affected significantly by local envisiates associated with variable emission spe¢spectral
ronment. and buffer conditiongpH, vi§cosity, _concentration jumps”) or quantum yield. Although such transitions are ef-
of organic solvents accurate evaluation of brightness shouldicient reporters of the local environment, they can obscure

be performed with the fluorophore incorporated at the site of;,gre interesting, dynamic processes. Moreover, some of the

Brightness is a measure of the rate of fluorescence ph
tons emitted by the fluorophore, and is represented by th
product of the extinction coefficient of the fluorophore at the
wavelength of excitatiorse,., and the fluorescence quantum

interest and in the appropriate assay buffer. states adopted by the fluorophore can be lanoto seconds
_ _ and exhibit low quantum yield“dark” states), resulting in
B. Singlet-state saturation fluorescence intermittency that reduces the detectable signal

During the excitation—deexcitation cycle of a single @d obscures time trajectories of fluorescence.
fluorophore, a transition from ground to excited state occurs
due to matching of the excitation wavelength to a fluoro-E. Resistance to photodestruction

phore transition, whereas a transition from excited to ground . . : .
Every organic fluorophore is prone to irreversible photo-

state occurs due to photon emissifinorescenceor thermal destruction(due to elusi hotochemical " inl
deactivation. Since in SMFS the prerequisite for reexcitation estructionidue 1o elusive pnotochemical reactions, mainty

of a single fluorophore is the relaxation to the ground state,pﬂoio'?'dg“wcl)ég’ Ilmlmtgblthefl total hnumber QI Sirgl'téEd
the maximum number of emitted photons is limited by thePNOONS, -compativle Tuiorophores em

rate of fluorescence .2 Therefore, fluorophores with rela- photons before photodestructibrithe quantum yield for

: - -~ photodestruction (or “photobleaching’) varies greatly
;l(;/relsylvfggrt fluorescence lifetime®.5-5 ng are preferable among quorophore%l, with the series fluoresceinCy5

< Cy3<tetramethylrhodamine being a general rule for the
photostability of common fluorophores. Depending on the
time scales of the observation and the processes studied, re-
Intersystem crossing from the singlet excited state of thesistance to photobleaching ranges from desirable to essential.
fluorophore to the triplet stat@n excited state lasting up to For example, surface-immobilized fluorophores that report
several milliseconds that is characterized by a spin-forbiddeon long time trajectories of complex biochemical reactions
transition to the ground statean lead to saturation that is should possess correspondingly long photosurvival times
even more severe than singlet-state saturation. For sontkat allow probing of several time scales along the reaction
fluorophores, efficient intersystem crossing leads to a largeoordinate.  Photosurvival can be extended with

C. Triplet-state saturation
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various methods that minimize triplet-state oxygen and its 100 1
highly reactive metaboliteésuch as singlet oxygeftO,],
hydroxyl-radical OH"] and hydrogen peroxideH,0,]); this

is performed through deoxygenatibhuse of molecular-
oxygen scavengers (such as n-propyl gallate,
p-phenylenediamine, or the glucose oxidase/catalase sys
tem), singlet-oxygen scavengerssuch as carotenoigls
oxygen-metabolite scavengefsuch as ascorbic acid, cys-
teine, and imidazole and reducing agentgsuch as
B-mercaptoethanpf+’
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. . . . . FIG. 1. Dependence of the dynamic range of fluorescence resonance energy
Reduction of background and its associated noise is thf?ansfer(FRE'l’) on the Foster radius},. The numbers present at the left of

central theme of all SMFS method§®’ The signal-to-  each curve correspond to iRy of each curve(in A). The dotted lines
background ratidSBR) and the signal-to-noise rati®NR,  delineate the regime of maximum sensitivity for each pair with diffeRt
as it refers to background-associated npmgnify the abil- ~ D—A. donor-acceptor.
ity of the optical system to detect single molecules with high
statistical accuracy; high SBR and SNR allow reliable deter- . .

S channel detectors that allow simultaneous detection of pho-
mination of several fluorescence parameters, such as fluores- ; : .

e . ) tons of multiple wavelengths, generating spectral informa-
cence lifetime and anisotropy. To increase SBR and SNR for. . . .
o ion for a single molecule as a function of tirffe.
SMFS, one should select excitation sources, fluorophores,
and optics that discriminate fluorescence from background
arising from Rayleigh scattering, Raman scattering of Waterm(')g'j'roH(ésRnl\'gH$1ES§A%HT FLUOROPHORE
impurities in reaction buffers and reaction chambers, and, ilE
the case of cells, autofluorescence of cellular components. In the case where distances within single biomolecules
Fluorophores emitting at the far-red portion of the spectrumhave to be monitored, the technique of FRET can be used.
can be distinguished easily from most sources of backFRET is a nonradiative physical process that occurs due to
ground, and are preferable for studies with cells and turbidveak interactions between the transition dipoles of two
samples. Also, fluorophores with large Stokes shifts alloncomplementary fluorophores, a don@)(and an acceptor
easy discrimination of fluorescence from Rayleigh scattering(A). FRET allows measurements of distances between sites
spaced by 20—100 223 The efficiency of energy transfer

G. Size of fluorophore and linker (E) is inversely proportional to the sixth power of the dis-

Fluorophores with small and short rigid linkers are pref-tance R) betweenD andA:

erable because they tend to be less perturbative to their local
environment and to contain less “fluorophore noigélc-
tuations of the fluorescent properties of a single qu_orophor%vhereRo is the Foster radius, characteristic of tiBe—A pair
due_ to unknown and uncontrolled Cf_‘?‘”ges of its Iocaland the conditions of the solution; f=R,, E=50%. R,
environmerft). Moreover, use of hydrophilic fluorophores re- depends, in part, on the relative orientationDofand A di-
duces hydrophobicity-driven aggregation and unpredictabl oles cémpoum’jed in the orientation facte® since x2
binding to hydrophobic protein surfaces, thus reducing th cannc;t be measured experimentally for a sirigLeA pair
uncertainty in the determination of the location of the ﬂuo'extreme values o2 (which range from 0 to 4, with 2’/3
rophores and improving the accuracy of fluorescence res .

) cb’eing the value for an isotropic distribution of dipole orien-
nance energy transféFRET)-based distance measurements.tations can complicate the distance measurement severely.

Therefore, FRET-based distance measurements benefit from

rapid reorientation of the fluorophores since it minimizes un-

certainties associated with dipole orientation. The rotational
Matching the properties of the optical system to thefreedom of the fluorophores can be evaluated using steady-

properties of the fluorophof® used for SFMS is a critical state and time-resolved fluorescence anisotfépyand un-

consideration. The large variety of existing cw lasers in thecertainty limits can be set for eadh—A pair2®?’

400-700 nm range provides flexibility in choosing an exci-  To maximize the FRET sensitivity in detecting static and

tation source; recently introduced all-solid-state pulsed laserdynamic heterogeneity, tHe, values for aD—A pair should

at the popular wavelengths of 532 and 635 nm are convdie in the linear range of thE—R dependence curve, with the

nient and powerful light sources for time-resolved analysidwo extreme-distance end points lying in the rangeRg.7

on single molecules. Customized optics supplement the longfR<1.5R,. This is a consequence of the steepR®)/

list of available microscopy filters and allow efficient dis- distance-dependence of FREFig. 1). For example, for a

crimination of fluorescence from samples containing two oD —A pair with Ry=40 A, E changes dramatically foR

more fluorophores; this ability has been extended by multivalues borderingR,: E is 85% for R=30A, 50% atR

E=[1+(R/Ry)®] 1,

H. Compatibility with laser excitation sources, optical
components, and detectors

Downloaded 11 Dec 2002 to 169.232.130.170. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10956  J. Chem. Phys., Vol. 117, No. 24, 22 December 2002 A. N. Kapanidis and S. Weiss

=40 A, and 21% aR=50A; thus, the dynamic range is IV. CHEMISTRIES FOR SITE-SPECIFIC LABELING
~28-60 A (note: measurements Bf,_,>60 A are, in part, WITH FLUORESCENT PROBES

hindered due to the tendency of several acceptsush as Currently, most SMFS experiments are performiad
the cyanine fluorophore Cy3o exist in nonabsorbing, non- yitro, using fluorophores introduced extrinsically after bio-
fluorescent staté§. Furthermore, ©—A pair of Ry=70 A synthesis and purificatioff. It is possible to use SMFS to
has no discriminating ability for distances in the 25-45 Astudy biomolecules without protein labeling, as has been per-
range since for the entire randgepf 100%. Extensive tables formed in enzymatic-turnover studies of cholesterol
with R, values forD—A FRET pairs are availabfé. oxidasé' (where fluorescence arose from the oxidized form
If no high-resolution structural information is available of the enzyme cofactgrand in nucleotide-binding studies on
for evaluation of possible distances, one can consider ththe molecular motor myosif (where fluorescent derivatives
diameter of the protein of intereétreating it as a globular of nucleotides were usg¢dThese cases are protein specific
protein, unless it shows dimensional anisotiofy estimate and often require complementary and orthogonal labeling of

a range of distances. Moreover, one can prepare seve@gd't'gﬂal cor?polrllents todegt;iact mformtatldnbvwg Ia?el-
D—A pairs, with each pair featuring the same donor but dif-"g With genetically encoded Tuorescent probes 1S aiso pos-

ferent acceptoror vice versy thereby exploring a wide sible, and its anticipated use in SMFS will allow unprec-

R . L . edented mechanistic investigations in the natural milieu of
ranges ofR, values. Considering the high extinction coeffi- the cell

gients ahd good quantum vyields required for efficient' detec- Although the exact site or the high site-specificity of
tion of single fluorophores, the range of measurable dlstancnge"ng is not required for some imaging applicatidépeo-
extends to~100 A; however, due to the special photophysi-yided that labeling does not affect functionalitysite-
cal properties of SMFS-compatible fluorophores, it becomespecificity becomes an important issue when precise distance
challenging to measurshort distances R<30 A). For ex-  or orientation information is sought. Stochastar nonspe-
ample, theR, for the D—A pair fluorescein-Cygtwo fluo-  cific) labeling is inadequate to extract reliable biological in-
rophores with apparently small spectral oveylap~44 A.2°  formation and should be restricted to the preliminary stages
The inability to probe the short-distance regirtie-10 A), of SMFS assay development. This was the case during
however, might soon be addressed by use of electron-transfERET-based analysis of conformational dynamics of the en-
molecular ruleré. zyme staphylococcal nucleag&Nase,®® where the donor

In contrast to FRET, fluorescence anisotrdp) ex-  Was incorporated in a site-specific fashion, and the acceptor

plores conformational dynamics and relative orientation ofV@s |ncorsporateSdNnonsrp:;llf(ljcallyf on lysine rsslldqes ththe
protein elements by probing the transition dipole of rigidly enzyme. since Siase surface-exposed lysines, the

attached fluorophores. To achieve this, a fluorophore Witﬁaxact sites of incorporation are unknown. Moreover, the final

short fluorescence lifetimggo minimize fluorescence depo- labeled product contained several specibsonly SNase
o . . Ny P (major species D—A SNase(with the acceptor in each of
larization during the time scale of fluorescence emissioml

! e S several sites D—A—A SNase(with the acceptors in two of
considerable hydrophobicitito favor hydrophobic interac- e\ erg| sites and minor species with higher degree of label-

tions with protein functionalities instead of solvatjas in- ing. The labeled proteins allowed the development of
troduced at each of various sites on proteins, and the emyroundbreaking methodology; however, no reliable biologi-
semble FA is used to determine the site with the greatesial information could be extracted from these studies.
restriction of fluorophore movement due to noncovalent in-  Site-specific labeling of biomolecules with fluorophores
teractions with the local protein surfaces. Typical anisotropyrequires careful choice of labeling chemistry, optimization of
values used for single-molecule FA range from 0.25 to 0.32he labeling reaction and rigorous characterization of the la-
(with limiting anisotropy for a single-dipole fluorophore be- beled biomolecules for labeling efficiency, site-specificity,
ing in the 0.36—0.4 rangeFluorophore immobilization can and retention of functionality. Labeling nucleic acids is easy,
also be achieved in a rational and predictable fashion b@nd several fluorophores or reactive groups can be intro-

using intramolecular crosslinking of bis-functional deriva- duced using automated solid-phase synthesis. In this article,
tives of fluorophores. we will focus on strategies for site-specific labeling of pro-

S‘t_eins, multiprotein complexes, and protein—nucleic acid
mplexes with one or more fluorophores.
The most common method for site-specific labeling of

Other assays also have special requirement
Fluorescence-lifetime-based assays, which are useful fS°
“gating” the short-lived cellular autofluorescence and for . . . : o .

. . . . grotelns with fluorophores is theysteine-specific labeling
separating mixture components with different fluorescenc

lifeti benefit f f h i | f with thiol-reactive reagentsDuring this reaction, proteins
: et!mes, enetit from “_O“?p ores with long fluorescence,, i surface-exposed cysteiri€ys) residues are covalently
lifetimes; however, the lifetimes should not be too long,

i (i i > ] modified by maleimide, iodoacetamide, or other reactive
since this will shift the onset of singlet-state saturation toconjugates of fluorophoré&3435 This is the method of

lower excitation intensities. Several fluorophores can als@noice for small proteins <500 residues since Cys is a
serve as sensors of the local environment, measuring expgare amino acid, and can be substituted easily with other
sure to solventpH, and ion concentration; a combination of amino acids using site-directed mutagenéSis, standard
sensors with FRET or FA probes allows multiparametermolecular biology technique.

analysis of complex systems. If the protein of interest has no Cys residues, the exact
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site of incorporation is selected after inspection of a high- @) (b)
resolution three-dimensional structygenerated using x-ray

crystallography or nuclear magnetic resonarered consid-

eration of the question to be addressed. Labeling should no ey CHsy
perturb the enzymatic activity or the accurate spatial arrange
ment of the protein sequendalso known as the “protein

fold”). Subsequently, an existing amino adidreferably B

having a side chain of charge, size, and hydrophobicity simi- eyl TMR
lar to that of Cy$ at the site of choice is substituted by a Cys

using site-directed mutagene&fs. Urf /(:“"

If the unmodified protein has a single preexisting Cys, ’C,L ,f:j‘
structural information, along with measurements of the sur- '
face accessibility of Cys side chaifill determine whether ’
the existing Cys can be used; otherwise, the preexisting Cy:
can be converted to the structurally similar amino acid
serine, and the procedure for Cys-free proteins can be fol-
lowed. (©) (d)

SMFS experiments using single-surface Cys proteins la-
beled using thiol-specific reagents include imaging of single
myosin molecules using low-background epifluorescence 90"
microscopy?’ imaging of single myosin molecules, as well
as individual cycles of adenosino-triphosph&d P, which
serves as a biological energy soyrbénding and hydrolysis
(“ATP turnovers”) by total internal reflection fluorescence

S aE » O

microscopy(TIRFM);3” and imaging of single kinesin mol-  dichroic il

ecules as they move processively along microtubtfiés: i A Y

terestingly, labeling efficiencies as low as 10% were instru e

mental in establishing new biological information using

SMFS.38 FIG. 2. Strategy for fluorescent labeling and observation of kinesin

Fluorophores incorporated on surface Cys residues cafolecules prepared using intramolecular cross-linking of two appropri-
| become efficient reporters of the orientation of |Oca|at8|-y spaced (_:ys residugs) Structgres of th(_a ﬂuorophpres used to label
also . p . a single cysteinéCys174 and a pair of proximal cysteing€ys169 and
protein structure. Tetramethylrhodamin€TMR)-labeled  cys174. TMR, tetramethylrhodamine: BSR, bj$N-iodoacetyl)-
myosin featuring high anisotropy allowed the differentiation piperazinyl-sulfonerhodamine(b) Model of kinesin motor domain show-
between conformational states of myogﬁ_o In an exten- ing the positions of the selected proximal cysteines; the arrow represents the

. . . orientation of microtubules. ADP, adenosine diphos Schematic of
sion of the seminal experiments that demonstrated the rotqh' ; ero by ine diphosphie '

he epifluorescence microscope used for the polarization measurements.
tion of F1-ATPasey-subunit, Kinosita and co-workers used a AoM, acousto-optical modulator; EOM, electro-optical modulator; ICCD,
single fluorophore(instead of a long and extremely bulky intensified charged-coupled device caméd.Schematic showing the ran-
fluorescent actin filamehto probe the rotation process by dom or?entation of axonemes on thg plane of th_e microscope. The dotted

. . . . . arrow lines of 0° and 90° denote the two excitation polarizations used to
single-fluorophore angular |mag|ﬁ811n this case, the site of probe the orientation of the axonemes and associated kinesin molecules.
fluorophore incorporation was chosen after several cycles qReprinted from Ref. 43 with permission from the Biophysical Sogiety
trial and error that resulted in maximization of the fluores-
cence anisotropy in the labeled protein.

The orientation of a single dipole can be fixed not onlykinesin intermediates during translocatlofiFig. 2). Sosa
through noncovalent interactions of the fluorophore with theand co-workers used the crystallographic structure of
local environment, but also biytramolecular cross-linking  kinesirf* [Fig. 2(b)] to design a kinesin derivative with Cys
of two appropriately spaced Cys residusgith a bis- residues spaced by 16 A, a distance suitable for cross-
functional Cys-reactive fluorophore. This approach has beelinking by the bis-functional reactive fluorophore
used only for proteins with an existing high-resolution struc-bis- (N-iodoacetyl)- piperazinytsulfonerhodamine [BSR;
ture. Intramolecular cross-linking restricts the local rotationalFig. 2(@); compare with the mono-functional TMR fluoro-
mobility of the fluorophore significantly, allowing monitor- phorg. Site-directed mutagenesis was used to prepare the
ing of the orientation and dynamics of protein domains orprotein derivative by substituting eight of the nine preexist-
other protein structural elemerftsMore importantly, knowl- ing Cys residues of kinesin with alanine residukseping
edge of the protein structure permits precise design of thenly Cys174 and by introducing a second Cys at position
exactorientation of the fluorophore relative to the protein or Cys169. The two Cys lie on either side of a shBrsheet
to an interacting molecule; such a selection is not possiblgFig. 2(b)], orienting the transition dipole of BSR to be al-
for immobile fluorophores attached to a single Cys. This apmost perpendicular (75°) to the long axis of microtubules,
proach was introduced in studies of the myosin light-chainand tangential to a radius centered on the microtubule
orientation relative to actin filaments by ensemble fluorescylinder®? The double-Cys kinesin was labeled using a low
cence polarizatioh and was employed recently in studies of reactive fluorophore-to-protein molar ratid:1; which is
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10-100-fold lower than typical reactive fluorophore-to- or biosynthetic peptide fragmerft&:>° Peptide ligation en-
protein molar ratios used for labeling of single-Cys proteins compasses various techniques that allow chemical or enzy-
to ensure stoichiometric labeling of the site; initial labeling matic covalent linking of peptides in aqueous solutions. Use
of the first Cys increased the local concentration of the secef peptides carrying fluorescent probes or other reporter
ond reactive group of BSR around the second, unreactegroups and modifications yields protein molecules that are
Cys, and allowed BSR cross-linking to generate BSR-kinesisite-specifically labeled at multiple sites. The most estab-
(labeling efficiency: 60%—75% Mass spectrometry of pro- lished version of peptide ligation is the native chemical liga-
tein digestion products verified the presence of cross-linkstion, a two-step reaction that occurs between a first peptide
although it is not clear what was the exact fraction of crosscontaining aC-terminal thioester and a second peptide con-
linked kinesin in the labeled kinesin product. The spacingtaining anN-terminal Cys[Fig. 3(@)]. In the first, reversible
and exact orientation of Cys side chains was critical, and thetep, theN-terminal thiol of the second peptide attacks the
margin for error was small; a similar kinesin derivative with electrophilic center of the thioester of the first peptide, link-
the two Cys spaced by six residu&ys168 and Cys174lid  ing the two peptides. In the second, irreversible step, an in-
not result in intramolecular cross-linking. BSR-kinesin wastramolecular transfer reaction generates a peptide bond
functional and polarization-TIRFNIFig. 2(c)] shows that it [R;—(C=0)-NH-R,] between the two fragments. The
binds to microtubules with the expected orientatidfig.  striking property of this system is that only tiNeterminal
2(d)]. Analysis of microtubule-bound BSR-kinesin dynamics Cys participates in the second, spontaneous reaction, allow-
uncovered a previously unknown disordered state of kinesiing any number of Cys to be present in virtually any position
in the presence of adenosine-diphospl&®P), and led to  of the two peptidesvithout interference
new structural models that describe the translocation mecha- |f both peptides are prepared using solid-phase peptide
nism of kinesin and the chemical-mechanical coupling dursynthesis, small proteins or protein domaing to ~100
ing each step. residues, due to the 50-residue limit for reliable peptide syn-

Analysis of static or dynamic heterogeneity in protein thesig can be assembled. Using the conformationally as-
sampleddue to the presence of distinct subpopulations or tasisted version of peptide ligatiofi;>* which allows rapid and
conformational dynamigsusing single-pair FRET requires efficient linking of peptides under conditions that favor the
the incorporation of two complementary, SMFS-compatiblefolded conformations of the assembled peptides, Deniz and
fluorophores within a single protein. Initially, this seems co-workers prepared a doubly labeled version of chymot-
easily attainable by generating a pair of appropriately spacef|psin inhibitor 2(CI2), a 64-residue protein that serves as a
surface-exposed Cys residues (Gy€ys—protein),  model for the folding of single protein domaiffsFragment
and statistical labeling of the two sites with two distinct (1-39CI2 featuring a C-terminal thioester[functionality
fluorophores. However, this is true only for dual-Cys pro- R—(C=0)-SR] was synthesized and labeled at the
teins with sites of incorporation of the same enVifOﬂ-N-terminus(position ) using TMR-succinimidyl estefan
ment, making SMFS an excellent option for studying ho-amine-reactive fluorophoreFragment(40-64CI2 was syn-
modimeric proteingsymmetric dimers of two identical sub- thesized carrying al-terminal Cys(Cys40, a prerequisite
units or protomerswith one surface-exposed Cy®r pro-  for reaction with theC-terminal thioester of thé¢1-39CI2
tomer (Cys—Cys/—protein). Statistical labeling of fragment. The peptides were ligated under folding condi-
Cys,—Cys/—protein will generate the following species: tions, and Cy5(an efficient FRET acceptor for TMRwas
Cyf—Cyﬁ,—protein, the equivalent C?SCyﬁ—protein, incorporated into the resultind-64)CI2 using disulfide ex-
the donor-only species CysCys,—protein (which can change(a typical thiol-specific reactidf) of CI2 with an
serve as the perfect donor-only control for FRET measureactivated Cy5-disulfide. Donor—acceptor-labeled CI2 was
ments, especially after photodestruction of one of the twaised to observe folded and unfolded subpopulations by
donor fluorophorgs and the acceptor-only species single-pair FRET.
Cysf—Cyﬁ,—protein(which can serve as an acceptor-only Larger proteins ¥100 residuescan be labeled using
contro). SMFS differentiates easily amorig—A, D-only, peptide ligation to link short, fluorescently labeled synthetic
andA-only species, and can use tBe-A species for analy- peptides to larger “recombinant(i.e., prepared by biosyn-
sis of structure and dynamicgvith D-only and A-only  thesis in bacteriaproteins. To achieve this, as in fully syn-
present as internal contrpldHowever, homodimeric proteins thetic peptide ligation, one should generate proteins with
constitute a special case; the local environment for two ran€-terminal thioesters and peptides withterminal Cys. To
domly chosen Cys in other proteins is different, and statistigenerate a protein with @-terminal thioester, chemists bor-
cal labeling results in the nonequivalent speciesrowed a few ideas from the biological process of protein
Cys.—Cys$—protein and Cys-Cys) —protein, which have splicing, the remarkable self-cleaving activity of several
to be resolved, either by purification before data acquisitiomaturally occurring proteins. In a process resembling an “in-
(e.g., using liquid chromatograpfy*® or by “optical” pu- verted” peptide ligation, certain proteins go through a series
rification during data analysis. Both of the purification pro- of isomerizations and group-transfer reactions to excise an
cedures are very difficult or protein specific; to our knowl- internal protein fragmentan “intein”) that is nested be-
edge, this approach has not been used in SMFS. tween two protein fragmeniSexteins”); ligation of the ex-

An elegant general method to incorporate one or moreeins yields the final protein produffig. 3(b)]. Modulation
distinct fluorophores within a single protein involvesptide  of the cleavage reaction through protein engineéfirtghas
ligation, the assembly of full-length proteins from synthetic resulted in inteins that promote only the first step of splicing
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FIG. 3. Principles of peptide ligation
and protein splicing(a) Example of a
(b) HS, peptide ligation reaction that yields a
0 EXTEIN 2 long peptide product through the ini-
EXTEIN 1 ﬁ INTEIN )J\ coo’ tial reaction of aC-terminal thioester
H3N® ﬁd“ NH (in peptide 2 with the thiol of an
o I\n/NHz N-terminal cysteindin peptide 2 and
subsequent isomerization. The pep-
Step 15 raversible S=>N acyl tFanEfor o tides can carry various internal func-
’ o tional groups, since such groups do
not interfere with the ligation reaction.
N (b) Example of protein splicing that
5 yields a shorter, processed peptide
I EXTEIN 2 . through a multistep reaction that leads
HaN" ST ) \ ’NTE’UI\NH coo to the excision of the central portion
g H2N NE (“intein” ) of the initial peptide or pro-
2 tein. (Adapted from Ref. 46 with per-
Step 2: reversible trans-thioesterification o mission from Elsevier Sciende.
+_ EXTEIN EXTEIN1 ll
HgN s \f)

EXTEIN 2 .
HS INTEIN N —Coo

HaN NH,

Step 3: irreversible N-->8 acyl transfer HS INTEIN
and succinimide formation NH

(o] |/
EXTEIN 1 Il EXTEIN 2
HaN* c_ M coo

and allow formation ofC-terminal thioesters through inter- ciency and site-specificity of labeling were outstanding
molecular reactions with excess of thiols. Intein-mediated >95%; Fig. 4b)]; the protein yield was relatively low
labeling was used for site-specific labeling B§cherichia  (~0.1 mg/L of cultured cells but adequate for several en-
coli RNAP for systematic, FRET-based, structural analysis obemble fluorescence and SMFS experiments. Fluorescein-
RNAP and RNAP—DNA complexe¥>°Each of thew and  RNAP was used to show that, contrary to the held belief, the
B’ subunits were labeled aftén vivo assembly of RNAP initiation factor o’° can remain associated with RNAP be-
core enzymes containing the modifiador 8’ subunits; the yond the transition of the enzyme from the initiation to the
modified subunits had an intein module for labeling, and arelongation mode of transcription.

affinity tag (CBD: chitin binding domaiin for capturing the Proteins can also be labeled using cell-free RNA trans-
modified RNAP on a solid suppofFig. 4a)]. While immo- lation systems that covalently attaflborescent derivatives
bilized, a reaction of the transient thioester moiety of theof the antibiotic puromycirio the C-terminus of the coded
modified RNAP with Cys-fluoresceiriFig. 4(a), middle protein (Fig. 5. Puromycin inhibits protein synthesis by
panel simultaneously cleaved th@-terminal intein, incor-  binding to theA site (the site where the incoming aminoacyl-
porated aC-terminal fluorescein group, and eluted the la-transfer RNA[tRNA] bindg of the ribosome(the protein-
beled RNAP from the solid suppoffig. 4(a), left-hand synthesis factory of the cgjlit can also covalently link the
panel. Fluorescein-RNAP was fully functional, and the effi- translated protein and the messenger RINRNA).%° How-
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FIG. 4. Intein-mediated labeling of RNA polymerad@NAP). (a) Incorporation of fluorescein in RNAP core. Left-hand side; Intein-medi&edrminal
incorporation of fluorescein using Cys-fluorescein. Center; synthesis of Cys-fluorescein. Right-hand side site-specific incorporation af fitored¢aP
core atB' 1377, B8 643 or B 937, anda" 235. CBD, chitin binding domain; F, fluoresceing Hhexahistidine.(b) Labeled RNAP core. Denaturing
polyacrylamide electrophoresis gel of RNAP core derivatives labelgd 4877, 8 643, 8 937, ora'' 235. Single bands demonstrate the high specificity of
labeling. (Reprinted from Ref. 57 with permission from Elsevier Sciehce.

ever, for mRNAwithout a stop codor(the triplet of nucle- complementary sequences in the protein-coding BR&x-
otides in mMRNA that provides the signal for termination of tensions of this method allowed protein modification
protein synthesis and release of the complete polypeptideivo.?%%” Incorporation of unnatural amino acids permits di-
chain, the ribosome stalls and allows covalent modificationrect or indirect introduction of fluorophores. Direct incorpo-
of the nascent polypeptide chain by puromy®ifi? If the ration is performed by using unnatural amino acids with
puromycin is supplied as a conjugate with a fluorophorefluorescent side chains; however, the introduced fluorophores
then the targeted protein becomes fluorescent. This methate restricted to derivatives of intrinsic protein fluorophores
was used to incorporate fluoresc&iand Cy%?[Fig. 5a)] in (such as 7-aza-tryptophan, a tryptophan derivatigad are
proteins, with efficiencies of up te 90% 52 SMFS assays of not SMFS-compatible. Indirect incorporation is performed
kinesin movement on microtubules showed that Cy5-labelethy using unnatural amino acids with nonproteinogdini.,
kinesin prepared using puromycin behaves similarly to unlaabsent in naturally occurring protejneactive groups, such
beled kinesirf? reinforcing the notion of the nonperturbing as the ketone carbonyl group; such groups allow selective,
character ofC-terminal labeling. Although the yield of la- site-specific labeling in a postsynthetic fashion. This was
beled protein is lower compared to the intein-mediated prodemonstrated by the site-specific labeling of a single-ketone
tein yields, puromycin-mediated labeling is well-suited for protein with fluorescein hydrazid®8.Despite the power of
SMFS analysis of proteins, since the high sensitivity ofthe approach, it has not been used widely for preparing la-
SMFS allows several assays with a simple, 2 h preparation dfeled proteins mainly due to the very low yields of tine
labeled protein(Fig. 5); however, protein characterization vitro transcription/translation reactiote.g., large-scalén
using conventional assays becomes complicated due to thtro reactions to generate a keto-protein resulted 0 g
low protein yield. The generality of the method dependsprotein® >100-fold lower than the typical amount of re-
partly on the availability of various fluorescent derivatives of combinant proteins that are prepared from a small-scale bac-
puromycin; controlled-pore glass with puromycin groups,terial culture.
convenient for solid-phase synthesis of fluorescent puromy- A popular way to label large multiprotein or nucleopro-
cin derivatives, is commercially availabl&len Research, tein complexes is to label components of the complex and to
Sterling, VA. assemble the complex iy vitro reconstitution from purified
Unnatural amino acid mutagenesaso usesin vitro  componentsFor example, a hypothetical four-subunit pro-
transcription/translation for site-specific labeling of tein with subunit composition ABCD can be site-specifically
proteins®*~®5Amino acids with side chains carrying reporter labeled at subunits A and B by site-specific labeling of sub-
or functional groups can be incorporated at any positiorunit A with fluorophore Fl(to prepare AY); site-specific
within a protein by using synthetic amino-acylated tRNA andlabeling of subunit B with fluorophore F@o prepare B?);
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and mixing labeled subunits"A and B2 with purified, un-
labeled subunits C and o prepare the desired”ABF°CD).

This can also be achieved by subunit exchange of an unla-
beled component with excess of a labeled compofeiqt,
ABCD+ A1 AFIBCD+A). Once more, it is critical to es-
tablish that fluorescent labeling does not adversely affect the
assembly of the complex. This method is especially useful
for large proteins, such as myo3li® and RNAP'8 For
myosin, the regulatory light chain(RLC) was site-
specifically labeled and subsequently exchanged with unla-
beled RLC, allowing probing of myosin conformational
states. For RNAP, subunit’® was labeled with thiol-reactive
fluorophores and incubated with unlabeled RNAP dste-

unit composition8’ Ba,w) to form RNAP holoenzyméfor
oc—DNA FRET experiments within RNAP-DNA
complexed”9), or with fluorescein-labeled RNAP cotéor
RNAP core~»o FRET experiments within RNAP holoen-
zyme or RNAP-DNA complex&§®9. The method has re-
vealed the existence of subpopulations of RNAP—DNA com-
plexes with different behavior relative to promoter eséape
and allowed investigation of asynchronous processes in tran-
scription.

The reconstitution approach is not limited to assembly of
complexes using labeled individual subunits, but extends to
assembly of complexes using labefegigmentsof individual
subunits(“split subunits”), thus allowinginternal labelingof
very large protein subunitdn an illustration of this concept
(Fig. 5), the B subunit of RNAP was internally labeled at
each of two positiong643 and 93Y by preparing B(1-
643-F/ andB(1-937-F (using intein-mediated labelingand
by reconstituting 8(1-643-F/B(644-1342]-RNAP core and
[3(1-937-F/(938-1342]-RNAP corein vitro.>” This comple-
mented a panoply of site-specific labeling methodologies that
resulted in incorporation of fluorophores at 4 sites in RNAP
core, 20 sites in’°, and 3 sites on DNA, allowing measure-
ment of a large set of interprobe distances by ensemble
FRET and yielding a detailed picture of RNAP holoenzyme
and the RNAP—-DNA open complex in solution.

V. SITE-SPECIFIC LABELING OF PROTEINS
IN LIVING CELLS

In vitro analysis of biological processes has led to for-
mulation of elaborate models about the mechanisms operat-
ing in the living cell.In vivo analysis of such processes is
essential for the validation of the proposed models, and for
the understanding of additional processes that cannot be rep-
licatedin vitro due to inability to account for all interacting
components. Observation of SMFS-compatible fluorophores
in living cells is more complicated thaim vitro, primarily
due to the cellular autofluorescenc¢duorescence back-

FIG. 5. Preparation of puromycin-labeled kinesin for single-molecule analyground in the cell due to naturally occurring fluorophores

sis of motility. (a) Structure of Cy5-puromycin conjugatdn) Schematic of
the procedure. Messenger RNA without a stop codon is prepared using an
vitro transcription system containing the gene for kinesin; addition ahan

the difficult control of the fluorophore concentration, and the
multitude of interactions that can interfere with the fluoro-

vitro translation mix and Cy5-puromycin and incubation allow formation of phore detection. There are three major strategies for using
C-terminally-labeled kinesin. After purification, the enzyme is diluted and site-specifically labeled proteins to perform SMFS in living

used for motility assays performed on surface-immobilized microtub(dges.
Fluorescent kinesin molecules moving along microtubitep panel are
visualized using TIRFM. Scale bar, Am. [Reprinted from Ref. 62 with

permission from the FEBS sociely.

cells.
In the first and most popular strategy, the labeled pro-
teins are prepareth vitro, and are introduced into the cell
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through a variety of cell-loading techniques, such as endocy-
tosis, permeabilization, or microinjection. This strategy has
allowed SMFS observations of the epidermal growth factor
(EGP dimerization by monitoring FRET between Cy3-EGF

(@)

‘ Evanescent Field (~100 nm) I

and Cy5-EGF® imaging of single g-galactosidase mol- Medium
ecules(with ~5 Alexa-488 fluorophores per molecula the

cell nucleus?® and detection of diffusing proteins and nucleic Q Cell _
acids (as fluorescence burgtsvithin living cells’® The in = Coverslip
vitro-labeled biomolecules can also be large structures, such Ig?'mersion

as virus particles. Labeling of adeno-associated viruses with

a single far-red fluorophoreCyb5) allowed real-time TIRFM Objective Lens

trajectories of the viral infection pathway in living cells, 100x, NA=1.4_
starting with the initial contact of virus with the cell surface, 1‘ +
continuing with its journey through the cytoplasm, and con-

cluding with invasion of the nucleus. Ar* Laser (488 nm)

In the second strategy, a high-affinity protein—ligand in-
teraction is used foin situ labeling of specific sequences or (b)
structures in the cell. This task is much more difficult than
vitro labeling, since the site-specificity of the reagent should
be exceptional to avoid nonspecific binding or incorporation
to the tens of thousands of different biomolecules found in
the cell; the labeling reagent should also be nontoxic and
cell-permeant. This strategy was used for labeling of single
ion channels on the membrane of Jurkat cells, where Cy5-
labeled toxin targeted individual channélsA variation of
this strategy allows covalent labeling of proteins in living
cells by targeting a 4-Cya-helical motif incorporated to the
targeted protei? The validity of this strategy has been dem-
onstrated with the fluorescein-related reagent FLA8tb-
rescein arsenical helix binderand has been extended re-
cently to a second fluorophore. FLASH-based labeling can
be used in conjunction with genetically-encoded fluorescent
proteins for real-time FRET measurements in living cells.
However, this strategy is limited to two fluorophores, and, in
some cell lines, is not applicable due to nonspecific interac-
tions with other Cys-rich protein7§’. Another variation,
termed “epitope tagging,” uses expression of single-chain I I ' l
antibodies at specific intracellular locatiortas receptor-
antibody fusion proteins and labeling of specific sites Time (S)
through high-affinity interactions of the antibody with fluo-
rescent conjugates of its ligaitiThe last two variations of ~FIG. 6. Single-molecule imaging of GFP-cadherin in living celts.Sche-

the in situ labeling strategy have not been used yet formatic of the chamber-objective assembly used for the objective-type TIRFM
SMFS measurements. The cell membrane facing the coverslip is illuminated by the

. . . evanescent wave generated by the total internal reflection of the 488 nm
In the third strategy, the fluorophore is a genetically €n-aser excitation beantb) Image of membrane showing immobile and dif-

coded fluorescent protein, such as the green fluorescent prising molecules exhibiting GFP fluorescence. The single arrowhead points
tein (GFP from the jellyfishAequorea victorigd® According to a possible monomeric GFP-cadherin species, whereas the double arrow-

. . . ead points to a possible dimeric GFP-cadherin species. The dimmer spots
to this method, the DNA sequence coding for GFP is place_(gre attributed to diffusing species Scale barurh. (c) Single-step pho-

immediately adjacent to the sequence coding for the proteifpleaching of monomeric GFP-cadherin species. The arrow points to the
of interest. During biosynthesis, the protein will be preparedexact timing of photobleachingReprinted from Ref. 76 with permission

as a “GFP-fusion” protein(i.e., a hybrid protein containing from the Biophysical Society.

GFP and the protein of interesand thus, it will be fluores-

cent. After the DNA is introduced to the cells, the cells syn-

thesize the GFP fusion, which then travels to the cellulabe introduced at the protein termini and can cause perturba-
structures or compartments that it normally occupies. Varitions due to its large siz€38 amino acids in lengthFur-

ants of GFPR(blue, cyan, and green/yellovor other geneti- thermore, its limited brightness and its spectral overlap with
cally encoded fluorescent proteins can also be used, allowincgllular autofluorescence complicates SMFS. Nonetheless,
flexibility in terms of excitation and emission wavelengths, the first observation of single GFP-fusion proteins in living
and generating genetically encodBd-A pairs forin vivo  cells was reported recentfy(Fig. 6). Using TIRFM [Fig.
FRET. However, use of GFP has its limitatioffst can only ~ 6(a)], single copies of a GFP fusion of the adhesion protein

—
O
-~

Fluorescence
Intensity (AU)
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cadherin(E-cad-GFP were observed on the membrane of It is not an exaggeration to say that the best probes for
fibroblast cells, and their oligomerization status was investiSMFS might already be on the shelves, since thousands of
gated. To allow the observation of single copies of E-cadfluorophores have never been screened for performance in
GFP, the cell line was optimized to minimize the concentra-SMFS (although they have been evaluated for use in en-
tion of biosynthesized E-cad-GFP, and the coverslip-semble fluorescence assaysligh-throughput characteriza-
proximal membrane was exposed to the evanescent wave ftion of the available libraries of fluorophores for compatibil-

a few seconds to reduce the concentration of the fluoresceity with SMFS could generate a new category, the “SMFS-
species(by photobleaching thus allowing observation of optimal” probes. Such a comprehensive search could also
individual, well-separated fluorescent sppEg. 6(b)]. His-  generate rules that will allow the rational design of SMFS-
tograms of fluorescence intensity for individual spots showeatompatible fluorophores. This effort should be accompanied
distributions of quantized fluorescence intensity; spots exhibby a quest for reagents that both extend photobleaching life-
iting the basic quantized intensitpresumably monomers of time of fluorophores and quench triplet states.

E-cad-GFP also display single-step photobleaching, which Site-specific labeling strategies of greater convenience
serves as a diagnostic test for observing a single fluorophorand speed should also be pursued. One way to label recom-
Based on these results, an oligomerization-induced trappiniginant proteinsn vitro or in vivo is to target “affinity tags”
model was proposed for the mechanism of cell-adhesioiishort sequences introduced usually at protein termini to al-

structure formation. low rapid purification, similar to the FLASH-based site-
specific labeling strategy. Another sequence that can be tar-

VI. NEW FLUOROPHORES AND NEW CHEMISTRIES geted is the amino acid sequence Hithexahistidine tag’)

FOR IN VITRO AND IN VIVO LABELING that binds tightly to transition-metal complexes. Targeting of

&—IisG by (Ni?"-nitrilotriacetic acid)-fluorophore conjugates
labeling with SMFS-compatible fluorophores is still a limit- was reported recentf}, however, the. |nteragt|on of ks

ing step in establishing SMFS assays. Since the popularity ovf”th the fluorophqre conjuga?es had d|'ssouat|0.n .constants of
SMFS for analysis of biomolecules is growing rapidly, >300 nM, requiring a large increase in the affinity to make

SMFS is likely to be used extensively for the analysis ofthe approach useful for SMFS. This might be possible by

numerous human proteins. However, the vast number of pI,oqsing the concept outlined in the construction of antibodies

teins found in the human proteom(@0 0004000 the with “infinite affinity.” ’® During this remarkable feat of pro-
large number of multiprotein and other multicomponenttein engineering, the high-affinity, noncovalent antibody—

complexes, and the intricate network of transient protein_I|gand interaction was used to increase the effective local

protein interactions involved in the structural, regulatory, andoncentrations of complementary reactive groups placed on

communication network of the cell, underlines the need fmeach.component, resultl_ng n covgle_nt linkage of antibody
new fluorophores and new labeling strategies. and ligand and preventing dissociation. In general, to use

Fluorescent semiconductor nanocrystelC; or quan- tafgnlty-labr(]allng tfqr Ia;?}eltlng cg‘ “V,:Eg cells, IttI?I necessarty |
tum dotg comprise a novel family of fluorophores for label- 0 devise chemistries that render the reagent fiuorescent only

ing biomoleculed”-"® NC possess several advantages oVef’;lfter|ncorporat|on to the site of interest, thus minimizing the

conventional organic fluorophores, such as broad excitatioRaCkground of unincorporated reagent that will otherwise

spectra, narrow and tunable emission spectra, long ﬂuoreg_verwhelm the SM'_:S signal. . .
We conclude with a note on the potential of the genetic

cence lifetimes, and high resistance to photodestruction. d orib wral . id i i
However, bioconjugation and cell-targeting chemistries for*© el (Expgns_lor( Y un.rt1a ura .?m'r% a}_c| T/\L/j agenezs
NC are still immature, and the intermittency of their fluores-€VOlutionize In VIVO Site-Spectlic 1abeling. Yvang and co-

cence complicates their use. However, since NC define \Cz\l/orkers have recently developed a sophisticated strategy that

particularly active area of research, it is certain that excitinqﬁombmeS novel nuglelc acidskRNA moleculel anq engl-
future developments are on the horizon. eered enzyme&@mino-acyl tRNA synthetasg$or in vivo

Another challenge for both physicists and chemists is thé:.lte-spemflc incorporation of two unnatural amino acids

. 6 . 7 .
exploration of the UV wavelength range for SMFS. Ability ,EL_' 3-[2|-fntz:]pthz]-ali?r|]né ohr O-mke'thI-Lt-tyr(;)s(ljnt@) In pro-
to operate in the UV will allow smaller, less perturbative ens. IS breéakihrough work 1S extended 1o encompass

fluorophores to be used, and will extend the available emis§Ide chains with SMFS-compatible fluorophores, it will es-

sion range for SMFS, allowingimultaneousprobing of a sentially miniaturize the genetically encoded fluorophores,

larger set of fluorophores. Currently, SMFS uses only ver)Py reducing the number of additional amino acid residues

bright fluorophores with emissions confined in the 450—7OdeqUired forin vivo fluorescence from 23&or GFP to 1

nm spectral range. SMFS in the UV requires the developgthe single unnatural amino agidThis advance will help

ment of brighter UV fluorophores with large Stokes shifts, asunrg\_/el the deep secrets of the cell and open new avenues for
well as reliable, intense, and inexpensive UV laser sources.e.xCltlng research.
Innovative ways to amplify and to detect the faint signal of
intrinsic protein fluorophoregsuch as tryptophan and its red-
shifted analogs or of DNA-structure-sensitive fluorophores The authors thank 3en Doose for the critical reading of
(such as 2-aminopurini@ reporter of DNA double-heliciy ~ the manuscript, Dr. Richard H. Ebright for helpful discussion
or intercalating dyeswill create further opportunities for and access to unpublished data, and Joanne Tang for editorial
multiparametric analysis of complex systems. assistance. This work was funded by the National Institutes
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