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Abstract

Fluorescence spectroscopy is a powerful method for monitoring protein folding in real-time with
high resolution and sensitivity, but requires the site-specific introduction of labels into the protein.
The ability to genetically incorporate unnatural amino acids allows for the efficient synthesis of
fluorescently-labeled proteins with minimally perturbing fluorophores. Here, we describe recent
uses of labeled proteins in dynamic structure determination experiments and advances in unnatural
amino acid incorporation for dual site-specific fluorescent labeling. The advent of increasingly
sophisticated bioorthogonal chemistry reactions and the diversity of unnatural amino acids
available for incorporation will greatly enable protein folding and stability studies.

Graphical abstract

Introduction

Fluorescence spectroscopy can be used to study protein structural dynamics by harnessing
two distance-dependent interactions between chromophores, Férster resonance energy
transfer (FRET) and photoinduced electron transfer (PET). [1,2] FRET and PET studies of
protein conformational change offer a combination of structural and temporal resolution that
is difficult to achieve using other methods. FRET interactions depend on the geometries and
spectral characteristics of donor and acceptor chromophores, allowing for distance
measurements on the 1-10 nm scale. PET quenching interactions occur on shorter length
scales (0.5-2 nm). Recent developments in double site-specific labeling of proteins have
dramatically increased the ease with which one can introduce the probes necessary for FRET
and PET experiments.

Fusions of intrinsically fluorescent proteins or of tag constructs such as HaloTag,[3] SNAP-
tag,[4] CLIP-tag,[5] and TMP-tag[6] have been widely applied in FRET-based studies of
protein folding, protein-protein interactions, and protease activity. [7] However, protein tags
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can be perturbing to the processes being studied, owing to the size of the label relative to the
protein of interest. [8,9] Smaller label strategies include fluorogenic bisarsenical dyes that
are selectively chelated by tetracysteine motifs and chemoenzymatic labeling using
enzymatic recognition of short peptide sequences.[10-12] Such methaods rely on insertion of
a 5-15 amino acid sequence, which may still be disruptive to native protein structure and
function.

The desire for non-perturbing, single residue labels has brought about a wide array of
reagents used for protein conjugation, including classic Cys-selective reagents like
maleimides.[13-15] However, such techniques are typically only suitable for systems lacking
endogenous cysteine or which are amenable to mutation to obtain a single reactive position.
A variety of strategies for introducing labels using unnatural amino acids (Uaas) have been
developed, with the techniques pioneered by Schultz now established as the most broadly
accessible methods for site-specific incorporation of Uaas.[16,17] Insertion of a Uaa is
accomplished by a mutant aminoacyl tRNA synthetase capable of transferring the Uaa onto
a cognate tRNA for ribosomal translation (Figure 1). To be site-specific, this tRNA must
recognize an “unassigned” codon such as a stop codon or a four base codon. The Uaa may
either be intrinsically fluorescent[18-21] or modified by a so-called bioorthogonal reaction
that is selective in the presence of biological functional groups.[15] The FRET or PET
quenching of intrinsic protein fluorescence (e.g. Trp) by incorporation of Uaas has also
served as a useful strategy for biophysical characterization of proteins /n vitro. [22]

Several groups have reported useful strategies for dual incorporation of fluorescent probes
through selective cysteine conjugation and Uaa incorporation. [23-26] Though readily
applicable with a minimum of manipulation for Uaa incorporation, these strategies still have
many of the limitations of standard labeling because they use Cys. Here, we focus on recent
work in which Uaa mutagenesis has been employed in a sequence-independent manner to
obtain site-specific dual incorporation of chromophores for studies of protein folding.*
While these newly-developed methods have not yet seen significant application by the
protein folding community, we highlight a few recent studies of protein folding and stability
to illustrate their potential impact.

Ligation/Uaa Labeling

Chemical protein synthesis allows for precise modifications to the resulting protein
molecule. [27,28] A combination of Uaa mutagenesis in an expressed protein fragment,
along with chemical synthesis of a modified N- or C-terminal sequence, can allow for direct
incorporation of two specific modifications through expressed protein ligation (EPL). Our
laboratory has focused on the semisynthetic incorporation of a backbone thioamide as a
minimal protein alteration for fluorescence-based studies. [29] Thioamides serve as FRET or
PET-based quenchers for a variety of fluorophores. [30,31] We have incorporated thioamides
into full-length proteins through synthesis of either an N-terminal or C-terminal thiopeptide
fragment, which is then ligated to the expressed protein fragment containing a fluorophore

*Additional excellent developments in protein double labeling have been made by Edward Lemke and coworkers. We have limited our
discussion of these articles here, as they are summarized in the chapter by Nikic and Lemke in this volume.
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(Figure 2). We have applied our technigues to study the misfolding of the Parkinson’s
Disease associated protein a-synuclein (aS) via quenching of tryptophan fluorescence[32]
as well as the Uaas p-cy anophcnylalaninc[33] and acridon-2-ylalanine (unpublished
results). The resulting constructs would necessarily contain a cysteine residue at the EPL
site, but we have eliminated this restriction through ligation and alkylation to yield a native
methionine[34] and through the development of thioamide-compatible desulfurization
conditions (unpublished results). The combination of EPL and Uaa mutagenesis is the most
general double labeling method, since the synthetic portion may contain groups that cannot
be incorporated cotranslationally. However, it can be labor intensive and low-yielding, and
efforts to improve efficiency are ongoing in our laboratory.

Dual Uaa Labeling

Dual Uaa incorporation into proteins has previously been achieved by cell-free translation
systems in response to three and four base codons, allowing for incorporation of
fluorophores for proof-of-principle studies in the calcium-binding protein calmodulin (CaM)
and the enzyme dihydrofolate reductase. [35,36] Although cell-free systems are amenable to
a variety of Uaas, protein yields can be limited, making cell-based expression systems
desirable. Cotranslational insertion of two Uaas into a protein in cells requires the use of two
mutually orthogonal Uaa synthetase/tRNA pairs which must also be orthogonal to the
endogenous translational machinery. Derivatives of the M. jannashiityrosyl tRNA
synthetase and M. barkeri or M, mazei pyrrolysl tRNA synthetase fulfill these criteria for
expression in £. coli. Each of these synthetase/tRNA pairs has been frequently employed for
the incorporation of a single Uaa. [17]

In recent years, dual stop codon suppression using orthogonal synthetase/tRNA pairs has
been used to produce doubly labeled proteins. Liu and co-workers utilized amber/ochre
(UAG/UAA) suppression for the dual incorporation of p-azidophenylalanine (Azf) and 2-
amino-8-oxononanoic acid (Oxo) into glutamine binding protein.[37] These residues were
site-specifically labeled in a one-pot reaction using fluorescein-dibenzocyclooctyne (Azf)
and hydroxylamine-coumarin (Oxo) for ensemble FRET studies. A study by Park and
colleagues used amber/opal (UAG/UGA) suppression to incorporate A-
propargyloxycarbonyl-lysine (Pok) and p-acetylphenylalanine (AcF) into CaM. [38] The
dual-functionalized CaM was labeled in one pot using Cy3-hydrazide (Acf) and Cy5-azide
(Pok), and the resulting construct was analyzed by ensemble and single molecule FRET
(SmFRET) in the presence or absence of Ca2* and M13 binding peptide. However, the
efficiency of dual suppression techniques like these is limited by truncation at the UAG
codon due to competition with release factors or incorporation of natural amino acids in
response to the suppressed codon. [39,40] Efforts to solve the “truncation problem,” have
included deletion of release factors or reassignment of all UAG stop codons in the
bacterium. [41,42]

In an important step forward in dual Uaa incorporation, Chin and colleagues developed a
platform utilizing orthogonal ribosomes, which are not responsible for synthesis of the
proteome and thus can be manipulated in ways that would otherwise be lethal to the host
cell. [43] They developed a ribosome which decodes both a UAG codon and a four base
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codon to guide insertion of two Uaas into a protein at specific, independent positions (Figure
3). [44] This orthogonal dual-incorporation system has recently been applied to generate
CaM containing norbomyl-lysine (NorK) and tetrazinyl-phenylalanine (TetPhe). This protein
was labeled in a one-pot reaction using a BODIPY-F1 tetrazine (NorK) and BODIPY-TMR
cyclooctyne (TetPhe). [45] The resulting double-labeled protein was employed in FRET
studies of conformational changes in CaM upon titration with Ca2*. Subsequent work
utilizing the dual incorporation of propargyltyrosine for copper-catalyzed “click” labeling
and a cyclopropene-functionalized Uaa for tetrazine-inverse electron demand Diels Alder
labeling in CaM demonstrated the general applicability of this dual-Uaa incorporation
system. [46]

FRET Studies in Biological Systems

In addition to highlighting advances in labeling, we also wish to highlight recent
experiments in protein folding and stability that were carried out with older labeling
techniques which could benefit from more facile or less perturbing labeling strategies.

The first type of experiment uses FRET to define the ternary structures of dynamic protein
complexes from subunits previously characterized at higher resolution by crystallography or
NMR. Seidel has established sophisticated methods taking advantage of fluorescence
intensity, lifetime, polarization and wavelength information obtained from SmMFRET
measurements to build models using maximal information on the donor and acceptor
chromophores.[47] For example, they recently used FRET (as well as double electron-
electron resonance spectroscopy) to build a model of the dimer of the immune defense
protein human guanylate binding protein 1 in the presence of GTP.[48] FRET measurements
using an Alexa488 and Alexa647 pair were used to drive molecular modeling of the dimer,
in particular an a13-a.13 helical interaction, that would not have been anticipated from
docking crystal structures of the monomers (Figure 4A). For complexes with more than two
subunits, one can make a series of pairwise FRET measurements with different components
labeled, or take the more ambitious approach of Hugel and co-workers, which used a four-
color FRET system to investigate the heat shock protein system HSP90, including
cochaperone p23 and nucleotides. [49] Their design utilized Cys-maleimide labeling of
HSP90 monomers and hydrazide labeling of AcF incorporated into p23, in conjunction with
fluorescently-labeled ATP. The four-color FRET system allowed them to generate a model
of the assembly of the HSP90 complex with p23, and its ATP-dependent conformational
rearrangements. The ability to encode multiple Uaas would allow such studies to include
intraprotein distance measurements as well as interprotein measurements.

A second area in which FRET is particularly useful is the study of intrinsically disordered
proteins (IDPs), or disordered protein regions. These proteins are insufficiently ordered for
study by crystallization or NMR, but FRET can still be used to determine inter-residue
separation because it can be sampled on short timescales and/or on the single molecule level
where no conformational averaging takes place. To identify the conformational ensemble of
disordered regions of the tumor suppressor protein p53, Fersht and coworkers used extensive
mutation to enable labeling at single engineered Cys sites in either the N-terminal domain
(NTD) or DNA-binding domain for sSmFRET and time-resolved FRET studies.[50] The
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combined observations indicated an extended NTD conformation with a ~20-residue
polyproline-11 type helix, and intramolecular interactions between the NTD and DNA
binding domain but not between the NTD and C-terminus (Figure 4B). Of particular interest
are amyloidogenic IDPs, such as aS and tau, which have been implicated in a number of
neurodegenerative diseases. Rhoades and co-workers have undertaken de novo structure
determination studies of a.S and tau using large numbers of pairwise FRET measurements to
define distance constraints for coarse-grained computational modeling. [51,52] A recent
study of tau provided some structural understanding of the well-established effect of heparin
in accelerating amyloid fibril formation. Heparin binding leads to a loss of long-range
interactions between the N- and C-termini and between each terminus and the microtubule
binding region (Figure 4C).

FRET studies are ideally suited for monitoring co-translational protein folding, which
requires temporally defined studies. A 2004 study by Johnson and co-workers utilized FRET
pairs incorporated at amber and Lys codons using semi-synthetic tRNAs to examine co-
translational folding of transmembrane sequences in nascent polypeptides. [53] Importantly,
judicious experimental design, including placement of a single Lys C-terminal to the amber
codon, was required to accomplish this. This allowed observation of helical folding while
still in the ribosomal exit tunnel, a landmark finding. Recently, Shan has built on this work
with FRET studies of the interaction of the ribosome-nascent chain complex (RNC) with
membrane insertion machinery, such as the bacterial signal recognition particle (SRP) and
SRP receptor FtsY.[54] Synthetase-based co-translational incorporation of the intrinsically
fluorescent Uaa, 7-hydroxycoumaryl ethylglycine, allowed for a minimum of chemical
manipulation of the RNC complex. A FRET partner, BODIPY-F1, was introduced in the
SRP M-domain or N-domain through site-selective cysteine labeling (Figure 4D).[55] These
and other FRET experiments demonstrated a step-wise mechanism of cargo transfer:
engagement of the SRP M-domain with the RNC, formation of an early targeting complex
including FtsY, followed by formation of a closed targeting complex and cargo transfer.
[56,57]

Finally, FRET is very useful for studying dynamic proteins in which some states have
defined structures, but many complex rearrangements are necessary for function, such as ion
channels. A 2013 study utilized co-translational incorporation of the fluorescent Uaa 3-(6-
acetylnapthalen-2-ylamine)-2-aminopropionic acid and cysteine labeling with a rhodamine
acceptor to investigate voltage-gated potassium channel channel dynamics. [58] FRET
measurements made in conjunction with electrophysiology allowed for a time-resolved
description of channel gating. An SmFRET study of cleft closure in the A-methyl-D-
aspartate receptor glycine binding domain (NMDA-GBD) was enabled by dual
incorporation of AcF and stochastic labeling with hydrazide-functionalized Alexa Fluor 555
and Alexa Fluor 647 (Figure 4E).[59] The use of AcF was essential because NMDA-GBD
has three disulfide bridges and removal of an endogenous free Cys proved deleterious to
recombinant expression in £. coli. FRET measurements showed different levels of domain
closure in antagonist-, partial-agonist- and agonist-bound states of the NMDA-GBD. While
this study used dual incorporation of the same amino acid, the ability to site-specifically
introduce two different Uaas using Liu or Chin’s methods would have been highly
beneficial.
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There is strong interest in the biophysics community in the ability to incorporate
fluorophores directly, or through selective chemical modification, for the efficient synthesis
of proteins containing FRET pairs. As briefly illustrated here, such labeled proteins can be

u
C
d

sed in tracking conformational changes, modeling structures of dynamic ternary
omplexes, or even generating low resolution de novo structures of disordered proteins. New
evelopments in labeling using Uaa mutagenesis in combination with EPL or bioorthogonal

reactions enable facile dual Uaa incorporation or use of minimally-perturbing probes like
thioamides. These strategies should enable researchers to generate libraries of precisely
labeled constructs for mapping dynamic protein structures to understand these important
systems that are refractory to traditional structural techniques.
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Figurel.
Complementary strategies for generating fluorescently labeled proteins using Uaa

mutagenesis that rely on genetic encoding of the protein of interest with a nonsense codon
and an orthogonal tRNA/synthetase pair to incorporate the Uaa cotranslationally. Top:
Incorporation of a fluorescent Uaa leads directly to fluorescently labeled protein. Bottom: A
complementary strategy based on Uaa incorporation and subsequent functionalization allows
for modular fluorophore incorporation.
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Figure2.
Double-labeled proteins produced through Uaa mutagenesis and expressed protein ligation.

(A) Incorporation of N-terminal thioamides through semisynthesis. (B) Incorporation of C-
terminal thioamides through expressed protein ligation, where the expressed fragment is
fused to a C-terminal intein. (C) Measurements of protein compaction in the presence of
trimethylamine-N-oxide (TMAO) using a-synuclein containing a cyanophenylalanine (F*)
and a thioamide (Thio-Ala, AS or Thio-Phe, F5) FRET pair; subscript indicates position in
the a-synuclein sequence.
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Figure 3.
Ribosomal incorporation of two Uaas using an evolved orthogonal ribosome. (A) Schematic

representation of dual incorporation of TetPhe in response to a stop codon (UAG) and of
NorK in response to a four base codon (AGUA). CaM was then labeled and FRET
observations made. (B) Unnatural amino acids NorK and TetPhe are incorporated and
subsequently labeled with a BODIPY-fluorescein-derivatized tetrazine (NorK) or BODIPY-
tetramethylrhodamine derivatized cyclooctyne. (C) FRET efficiency increases as Ca2* is
added to doubly labeled CaM.
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Figure 4.
FRET based studies of protein folding and interactions. (A) FRET and double electron-

electron resonance based observations of close spatial proximity between two a 13 helices in
the human glutamate binding protein 1 homodimer. (B) Schematic model of full length p53
conformations; DNA binding domain is shown in green or cyan, tetramerization domain
shown in gray, N-terminal domain in salmon, and C-terminus in yellow. (C) Model for tau
conformational changes in the presence of heparin based on SmFRET and coarse-grained
modeling. (D) FRET -pair systems for studying transmembrane sequence (TMS) folding in
ribosomal nascent chain complex (RNC) and RNC-signal recognition particle (SRP)
interaction during cotranslational translocation to membranes. (E) Comparison of SmMFRET
histograms of NMDA glycine binding domain (GIuNl) in the presence of full agonist
glycine (green) or partial agonist 1 -amino-1-cyclobutane carboxylic acid (ACBC; orange).
Inset: crystal structure of the GIuNI agonist-binding domain showing AcF side chains (grey)
and native Cys (magenta, disulfide; yellow, free Cys) in stick form; arrow indicates domain
closure. (B) Reproduced from ref. [50] , Copyright 2009, National Academy of Sciences.
(E) Adapted from ref. [59], Copyright 2015, the American Society for Biochemistry and
Molecular Biology.
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