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Aims and Scope

Fluorescence spectroscopy, fluorescence imaging and fluorescent probes are indis-
pensible tools in numerous fields of modern medicine and science, including
molecular biology, biophysics, biochemistry, clinical diagnosis and analytical and
environmental chemistry. Applications stretch from spectroscopy and sensor tech-
nology to microscopy and imaging, to single molecule detection, to the develop-
ment of novel fluorescent probes, and to proteomics and genomics. The Springer
Series on Fluorescence aims at publishing state-of-the-art articles that can serve as
invaluable tools for both practitioners and researchers being active in this highly
interdisciplinary field. The carefully edited collection of papers in each volume will
give continuous inspiration for new research and will point to exciting new trends.






Preface

A plethora of reviews, popular science books, and scientific textbooks have been
written on the significance of fluorescent proteins in the life sciences. More than
30,000 references can be found in bibliographic databases which refer to at least
one among the members of this protein family (see Fig. 1). Most of these narrate on
how fluorescent proteins may be used to label gene products, how they may be
visualized in cellular compartments by fluorescence microscopy, or how they may
be expressed in individual cells, thus provoking novel findings in ontogenesis. In
most of the experiments described, fluorescent proteins are being exploited as
miniaturized light bulbs, the length scale is that of microns, and the time scale is
that of seconds or longer. There is no doubt that fluorescent protein technology has
revolutionized life sciences in that proteins have become universal and standard
tools in molecular biology laboratories.

A minor fraction of roughly 5% of all publications deals with the nanoscopic
properties of fluorescent proteins (FPs) acting as light bulbs. Early achievements
include the crystallographic analysis of their molecular structure [1, 2], the discov-
ery of excited-state proton transfer in the naturally occurring FP [3, 4], and the
erratic light emission of individual members of FPs [5, 6]. Especially the last
experiments, along with low temperature studies [7, 8], have revealed that FPs
exhibit a tremendous heterogeneity in terms of structure and dynamics.

It is therefore not astonishing that FPs have had a large impact on other areas of
biophysical research, e.g., in studies on protein folding [9-11]. However, the
irregular emission of light by FPs also has impacted experiments in the life
sciences: most operators of fluorescent protein technology, whom I was talking
to, were concerned about weird experimental features like rapid initial fading in
time-lapse microscopy, sometimes with sudden fluorescence recovery, or changing
FRET-ratios upon continuous illumination. Such annoying findings can be traced
back to the wealth of light-driven processes in the proteins, and I am quite sure that
more surprises of that kind have been experienced by others. It should be empha-
sized here that such “strange” photodynamics have initiated seminal studies on
protein diffusion and high-resolution microscopy [12—14].

vii
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Fig. 1 Number of references related to fluorescent proteins (database: web-of-science). The
number of articles dealing with Green Fluorescent Protein has reached saturation now at a level
of typically 2,000 articles per year for almost a decade. Those on the Red Fluorescent Proteins are
still increasing

Volumes 11 and 12 of the Springer Series on Fluorescence deal with various
aspects of fluorescent proteins. The first volume (Fluorescent Proteins I) is devoted
to the molecular, i.e., mainly optical, properties of fluorescent proteins. In the first
part, the primary processes leading to fluorescence are discussed: excitation, relax-
ation, and other processes in the excited state and in emission. Fluorescence
proteins are treated as “ordinary” fluorophores, and one article is highlighting our
opportunities to circumvent the synthetic limitations given by nature. The second
part focuses on the mechanisms that make the difference to conventional fluoro-
phores: isomerization, protonation, as well as reversible and irreversible photo-
chemical reactions. The knowledge on how these processes are affected by the
surrounding of the FP allows for tailoring it with respect to spectacular applications,
applications that are not conceivable with “ordinary” fluorophores.

In the second volume (Fluorescent Proteins II), the key aspect is on applications.
Its first part is giving an overview on how many unconventional photophysical
properties latently exist in naturally occurring and how double-resonance experi-
ments enable the information to be extracted from microscopy data in an unprece-
dented way. More on high-resolution microscopy will be found in forthcoming
volumes of this series. Quantitation, a central objective of analysis, is the compre-
hensive caption of the articles in the next part. We may state, justifiably, that
researchers have reliable tools at hand to quantify some of the most abundant
ions after more than a decade of development. Other physiological parameters of
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overwhelming importance like the transmembrane potential still need to experience
this development. The last part reports on three examples of utmost biological
relevance and how ultrasensitivity in bioanalysis, i.e., single-molecule technology,
is merged with FP technology. This combination has resulted in an understanding of
processes on a molecular level and in detection limits that were not even thought
of some 15 years ago.

A preface is also always the occasion to deeply acknowledge the support by
others. First of all, I have to thank my family who tolerated my commitment to this
experience. I also would like to express my thanks to my coworkers, to my
colleagues, and to the representatives of Saarland University for their understand-
ing. In times of growing competitiveness in many academic areas, it is not self-
evident to dedicate a substantial amount of time to such a book project. For the
same reason, I especially appreciate the immense work of all authors of these two
volumes who are all passionate, but busy scientists and who (more or less) volun-
tarily spared no pains to complete their manuscripts in a wonderful and highly
professional way. By now, it also may be appropriate to apologize for my e-mail
bombardments!

Saarbriicken, Germany Gregor Jung
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One-Photon and Two-Photon Excitation
of Fluorescent Proteins

R. Nifosi and V. Tozzini

Abstract Fluorescent proteins (FPs) offer a wide palette of colors for imaging
applications. One purpose of this chapter is to review the variety of FP spectral
properties, with a focus on their structural basis. Fluorescence in FPs originates
from the autocatalytically formed chromophore. Several studies exist on synthetic
chromophore analogs in gas phase and in solution. Together with the X-ray
structures of many FPs, these studies help to understand how excitation and
emission energies are tuned by chromophore structure, protonation state, and
interactions with the surrounding environment, either solvent molecules or amino
acids residues. The increasing use of FPs in two-photon microscopy also prompted
detailed investigations of their two-photon excitation properties. The comparison
with one-photon excitation reveals nontrivial features, which are relevant both for
their implications in understanding multiphoton properties of fluorophores and for
application purposes.

Keywords Fluorescent proteins - Chromophore structures - Computational
studies - Isolated chromophores - Multiphoton spectroscopy - Structure-property
relationship - Spectral tuning
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1 Introduction

By the term fluorescent proteins (FPs), it is customary to indicate all fluorescent
homologues of the original Aequorea victoria green fluorescent protein (GFP or
avGFP). An accessory protein of the bioluminescence system of jellyfish A. victo-
ria, avGFP was discovered as early as the 1960s [1]. Thirty years later, with the
cloning of the gene [2] and the demonstration that its expression in other organisms
generates fluorescence [3, 4], interest in GFP began to rise dramatically. Since then,
it has triggered a revolution in bioimaging by fluorescence microscopy [5]. Soon,
many other fluorescent and nonfluorescent GFP homologues were discovered in a
variety of sea organisms, such as reef corals and sea anemones [6]. Further
discoveries and mutagenesis engineering have produced a profusion of FPs with
optical properties spanning most of the visible spectrum and beyond.

Fluorescence in FPs stems from the presence of a chromophore moiety, formed
within the conserved B-barrel fold via a mechanism entailing autocatalytic back-
bone cyclization at an internal tripeptide sequence. Distinct postcyclization proces-
sing leads to different chromophore structures. The multiplicity of optical
properties of FPs is surely one of the factors that contribute to their usefulness. It
primarily arises from the different chemical structures of the chromophore. A finer
tuning originates from the noncovalent interactions of the chromophores with the
surrounding molecular matrix.

This chapter focuses on the mechanisms behind this spectral tuning, covering
both experimental and theoretical/computational work. The reader is first presented
with the more familiar case of avGFP. The chromophore structures of other FPs are
described in Sect. 3. The following section surveys various studies on synthetic
analogs of chromophores of FPs in gas phase and in solution. Section 5 provides a
detailed description of spectral modifications due to interactions between chromo-
phore and surrounding protein matrix. Finally, the last section covers two-photon
properties of FPs. Several other reviews on FP optical properties are available,
some treating more exhaustively the variety of GFP-like fluoro and chromoproteins,
and other more focused on application purposes. For recent surveys, see [7-9].

2  avGFP: Structure and Optical Properties

The first to be cloned [2] and functionally expressed in other organisms [3, 4],
avGFP has actually been replaced in most applications by its mutants and homo-
logues. Nonetheless, being one of the best characterized in terms of optical and
photophysical properties, it is a suitable starting point to introduce the concepts
recurring in this chapter.
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2.1 Structure and Chromophore Formation

The 238 amino acid (27 kDa) long sequence of avGFP folds in a compact cylindrical
form called B-barrel, its lateral wall being an 11-stranded B-sheet (Fig. 1) [10, 11].
Several X-ray structural studies support the notion that also all other FPs share the
B-barrel fold. They can differ in quaternary structure, though most natural FPs are
tightly bound tetramers and some are dimers, a feature that initially hampered their
applications. However, mutagenesis studies were able in most cases to produce
viable monomeric variants of the parent proteins.

The B-barrel is capped on both ends by short a-helical sections and traversed by
an o-helix segment. This segment contains the chromophore, a 4-(p-hydroxyben-
zylidene) imidazolinone, originating from the posttranslational cyclization of
three consecutive amino acids at position 65-67, such as Ser, Tyr, and Gly. As
demonstrated by the fact that expression of avGFP gene in other organisms leads to
fluorescence, the posttranslational synthesis of the chromophore does not require
any jellyfish-specific enzyme [3, 4]. It requires, however, exogenous oxygen, in the
absence of which GFP does not develop fluorescence [4, 12].

Chromophore formation (Fig. 2) proceeds within the native fold (i.e., no chromo-
phore is formed under denaturing conditions). It first entails backbone cyclization at
the Ser65-Tyr66-Gly67 tripeptide through nucleophilic attack of the amide group of
Gly67 onto the carbonyl group of Ser65, promoted by Arg96, a conserved residue in
all natural FPs (see [13] and references therein). Molecular oxygen is required for the
subsequent oxidation reaction. One water molecule is also abstracted from
the structure, with most experimental studies supporting the cyclization—oxidation—
dehydration sequence of events [13, 14].

Fig. 1 Tertiary structure of avGFP. The usual cartoon representation is used, where o-helices are
cylinders and B-sheets arrows. The chromophore is shown in a ball-and-sticks representation with
the standard coloration for atom elements (i.e., gray for carbon, blue for nitrogen, and red for
oxygen)
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Fig. 2 Proposed mechanisms of biosynthesis of the GFP chromophore. In the last step of the
reaction, the two relevant protonation states are shown

The mature chromophore consists of two rings, the phenol ring, coming from the
side chain of Tyr66, and the five-member heterocyclic ring (imidazolinone), resulting
from the cyclization of the backbone. The imidazolinone core is a common feature of
all known FP chromophores. The alternating single and double bonds in the bridge
region extend the electron delocalization from the phenolate to the carbonyl of the
imidazolinone. Efficient visible-light absorption is ultimately determined by this
m-conjugated system, i.e., the single—-double bond alternation with connected atomic
p-orbitals.

2.2 Absorption, Excitation, and Emission

The room temperature absorption, excitation, and emission spectra of avGFP are
shown in Fig. 3. Apart from the 278-nm band, which is common to proteins
containing aromatic amino acids, avGFP exhibits a major absorption band at
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Fig. 3 Room temperature absorption (dashed line), fluorescence excitation (dotted line) and

emission spectra (solid line) of avGFP, at room temperature and pH 8.0 (adapted from Kummer
et al. [15])

397 nm and a minor band at 477 nm, due to absorption of the chromophore. Their
relative height depends on proton concentration: increasing pH above 11, the minor
lower-energy band increases at the expense of the higher-energy band. Vice versa,
at pH below 4 the minor energy band is completely depleted [16]. The relative
population in Fig. 3 is rather constant between pH 6 and 11. This behavior arises
from the ground-state equilibrium between two states of the chromophore, differing
in protonation of the phenolic group from Tyr66. The phenolic oxygen of the
chromophore is protonated in the state absorbing at 397 nm (RH in the following)
and deprotonated in that absorbing at 477 nm (state R™). It is commonly accepted
that the two other possible protonation sites in the chromophore, i.e., the nitrogen
and the carbonyl oxygen of the imidazolinone, are deprotonated in both
the absorbing states, thereby giving an overall neutral chromophore in state RH
(GFPn in Fig. 2) and anionic in state R~ (GFPa) [17].

Excitation of state RH leads to a fluorescence spectrum peaking at 510 nm
(Fig. 3), with a rather high quantum yield of 0.79. State R~ yields a similar
fluorescence spectrum, slightly blueshifted and peaking at 503 nm (not shown). In
both cases, fluorescence comes from emission of the singlet excited state of the
anionic chromophore. Excitation of the neutral chromophore results in ultrafast
(4 ps) excited state proton transfer (ESPT) and subsequent emission of the anionic
form [18]. The ESPT acceptor has been identified in (deprotonated) Glu222 [18, 19].

Although the anionic chromophore is the emitting species in both states, the
configuration of the surrounding residues is different and the decay time of the
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excited state (few ns) is too short to allow equilibration, resulting in the observed
slight shift of emission peak (510-503 nm).

3 Chromophores of FPs

Chromophore structures of FPs and their formation mechanisms are summarized in
Fig. 4. The range of excitation and emission wavelengths that they give rise to in
different representative FPs can be read in Table 1.

In all natural FPs discovered so far, the prechromophore tripeptide has a
X-Tyr,-Glys sequence, where X; can be almost any amino acid. Chromophore
formation is inhibited upon mutation of the Gly; [13], suggesting that the peculiar
conformational flexibility of Glycine is necessary at that location. By contrast,
substitution of Tyr, with an aromatic amino acid (Phe, His, or Trp) preserves the
fluorescence. The resulting artificial mutants contain chromophores with the phenol
ring replaced by the corresponding aromatic ring, and have blueshifted excitation
and fluorescence wavelengths with respect to the parent protein. Blue FPs such as
EBFP [118], Azurite [22], and EBFP2 [21] all derive from Y66H avGFP (BFP
chromophore in Fig. 4) with additional mutations to improve folding efficiency,
brightness, and photostability. Y66W avGFP mutants (CFP in Fig. 4) such as
Cerulean [23] and ECFP [11] emit cyan light.

The other determinant of chromophore structure comes from modifications
around the X; a-carbon. With respect to the avGFP chromophore formation mech-
anism, an additional step occurs in DsRed [43] and other red fluorescent proteins
(RFPs), namely the oxidation of the C—N main-chain bond of X;, which leaves an
acylimine substituent at the corresponding position of the imidazolinone ring.
The sequence of events during RFP chromophore self-processing entails first the
oxidation leading to the acylimine substituent followed by dehydrogenation of
the bridging carbon [14]. The acylimine substituent enlarges the extension of the
n-conjugated system, and correspondingly lowers the excitation energy, resulting
in red/orange fluorescence. Analogously to the case of the GFP chromophore,
substituting the Tyr, in this chromophore with Phe or Trp (RFP Y67F and RFP
Y67W in Fig. 4) results in blueshifted spectral properties, with fluorescence in the
blue (mBlueberry2 [21]) and orange (mHoneydew [32]) domain, respectively.

In eqFP611 and Rtms5, the RFP chromophore is in the trans (or E) isomer
instead of the cis (or Z) form normally present in other FPs [39, 44]. It adopts a
coplanar conformation in eqFP611, whereas in Rtms5 it is highly non-coplanar.
This feature is linked with the very different quantum yields of the two proteins,
presumably because noncoplanar conformations favor non-radiative de-excitation
pathways [44].

Further reactions can take place around the acylimine moiety, such as side chain
cyclization by nucleophilic addition of the Thr (in mOrange), Cys (mKO), or Lys
(zFP538) side chain, the latter followed by backbone cleavage [45—47]. Backbone
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Table 1 Optical properties of representative fluorescent proteins

Name" Original | Chromopho = Exc/Abs | Em peak Ext. QYC References
protein re peak (nm) coeff
(nm) 10° M
em™)

GFP Y66F avGFP BFPF 360 442 _ (low) ' 111
EBFP avGFP BFP 371 446 30 0.15 | poa
EBFP2 avGFP BFP 383 448 32 0.56 | py
Azurite avGFP BFP 384 450 26.2 0.55 22)
mKalamal avGFP GFPn 385 456 36 045 | 1
mBlueberry2 DsRed RFP Y67F | 402 467 51 048 | 1
Cerulean avGFP CFP 433 475 43 0.62 [23]
ECFP avGFP CFP 434 476 32.5 0.4 [115]
mTFP1-Y67W amFP486 CFP 424/4409 | 461/4829 13 0.02 | pg
cFP484 (tetr) - GFPa 456 484 353 048 | g
amFP486 (tetr) - GFPa 458 486 40 024 | g
mTFP1 amFP486 = GFPa 462 492 64 0.85 | 4]
EGFP avGFP GFPa 484 507 53 0.6 1201
avGFP R state” - GFPa 477 508 9.5 0.72 | [t16]
avGFP RHstate - GFPn 397 510 (ESPT)! | 25 0.78 | [116]
T-Sapphire avGFP GFPn 399 511 (ESPT) @ 44 0.60 | [23]
Dronpa 22G GFPa 503 518 95 0.85 [26]
EYFP avGFP | GFPa 514 527 84 0.61 | [
Venus avGFP GFPa 515 528 92.2 0.57 [28]
YPet avGFP GFPa 517 530 104 0.77 | 9
PhiYFP (dim) - GFPa 525 537 115 0.60 = [30]
zFP538 (dim) - zFP538 528 538 - 042 | (g
mKO KO mKO 548 561 51.6 0.60 311
mHoneydew DsRed RFP Y6TW | 487/5049 | 537/562¢ 17 0.12 | 32
mOrange DsRed mOrange 548 562 71 0.69 | 32
Dendra pa‘ DendFP | uvKaede 557 575 20 0.72 [33]
EosFP pa (tetr) - uvKaede 571 581 41 0.55 [34]
Kaede pa (tetr) - uvKaede 572 582 60.4 0.33 [35]
DsRed (tetr) - RFP 558 583 57 0.79 [6]
asFP595 pa (tetr) - asFP595 568 595 56.2 <10® | 6
mStrawberry DsRed RFP 574 596 90 0.29 [32]
KFP1 pa (tetr) AsFP595 | asFP595 580 600 59 0.07 | [117
mRFP1 DsRed RFP 584 607 44 025 | [37]
mCherry DsRed RFP 587 610 72 022 | B2
eqFP611 (tetr) - trans RFP 559 611 78 045 = 3]
Rtms5 (tetr) - trans RFP 592 620 80 <10 | B9
mPlum DsRed RFP 590 649 41 0.10 = 401
mNeptune eqFP578 ' RFP 600 650 67 0.20 | B1]
cjBlue - RFP 610 - 66.7 = [42]

“The oligomerization state, i.e., dimer (dim) or tetramer (tetr), is reported for nonmonomeric
proteins

"Chromophore name refers to Fig. 4

°QY = Quantum yield

9Two excitation/fluorescent peaks are present

°RH state and R™ state for avGFP refer to the two bands assigned to neutral (GFPn) and anionic
(GFPa) protonation state of the chromophore

'ESPT in the fourth column indicates that emission from the anionic species takes place after
excited state proton transfer

€pa = after photoactivation
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cleavage also occurs in asFP595 [48, 49]." AsFP595 is normally nonfluorescent and
contains a trans (E) chromophore. Its fluorescent form is accessed either temporar-
ily or permanently by photoactivation (hence the alternative name kindling fluores-
cent protein, or KFP), and contains a cis (Z) chromophore.

A different mechanism of redshifting occurs in Kaede and related proteins (KikGR,
EosFP, Dendra), where UV excitation photoconverts the originally green-emitting
proteins (with a GFP-like chromophore) into RFPs by cleaving the backbone
between main-chain N and Co of the Histidine at X;. The cleavage is followed
by double-bond formation between Co and CP giving rise to the uvKaede chromo-
phore structure [34, 35].

As in avGFP, chromophores with the phenol group exist as either neutral
(protonated phenol) or anionic (deprotonated phenol). The absorption of the neutral
form is always significantly blueshifted with respect to the anionic form. Changing
the buffer pH generally results in a fluorescence titration curve that reveals the
changing equilibrium between these two forms. Several FPs at physiological pH
contain only the anionic chromophore. avGFP and some of its mutants are excep-
tions to this general behavior, because they can present both states, existing in a
persistent equilibrium over a broad pH range.

It is worth mentioning that according to some computational investigations, in
some proteins, such as asFP595, the zwitterionic form (with the imidazolinone
nitrogen protonated) might be the emitting one [51]. In addition, the zwitterionic
and other protonation state such as the cationic form (protonated phenol and
imidazolinone) may be involved in FP photophysics [52]. The cation, however,
exists at too acidic conditions (pH < 2) from studies of chromophore analogs in
solution [17, 53], in which the protein is denatured. Hence, it is not considered
relevant to FPs optical response at physiological conditions.

4 Isolated Chromophores

Synthetic analogs of chromophores of FPs were the starting point for a variety of
experimental and computational studies aiming to examine all the factors influen-
cing optical properties of FPs. Isolated chromophore models in solution are poorly,
if at all, fluorescent at room temperature. However, they become fluorescent when
the temperature is lowered to 77 K [54]. Presumably the conformational freedom at
higher temperature enables non-radiative pathways of de-excitation.

The established experimental model for the GFP chromophore is a p-hydroxy-
benzylidene-2,3-dimethlimidazolone or p-HBDI (Table 2). Such a model encom-
passes the relevant m-conjugated system. It lacks, however, the side chain of X;
(the first residue of the tripeptide). That p-HBDI is a fairly accurate model for the

' AsFP595 chromophore structure has been subject to debate, regarding the possible presence of an
imino (NH) group in place of the keto group at position 2 of the imidazolinone (see discussion in
[50]).
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isolated chromophore is implied by the similarity between its (solution) absorption
spectrum and that of the denatured GFP [61], where the chromophore is presumed
to be completely exposed to the solvent. Varying the solution pH, anionic, neutral,
and cationic forms of p-HBDI are obtained, with pKa ~ 8 for the anionic to neutral
reaction and pKa ~ 2 for the neutral to cationic reaction [17, 57].

Analogous blue fluorescent protein (BFP, with the Y66H mutation), BFPF (BFP,
with Y66F), and cyan fluorescent protein (CFP, with Y66W) chromophore models
were synthesized [55]. Attempts to synthesize models for the RFP chromophore
revealed that the compound with the acylimine group is not stable in solution, due
to the susceptibility of acylimines to nucleophilic attack. Hence, currently available
models for the RFP chromophore, namely p-HBMPI and p-HBMPDI, contain an
olefinic substituent in place of the acylimine group [59].

4.1 Model Chromophores in Gas Phase and in Solution

4.1.1 Gas Phase

Gas-phase absorption spectra of anionic p-HBDI (p-HBDI ) were measured in
photo destruction spectroscopy experiments [56]. Charged molecules trapped in an
electrostatic ion storage ring are irradiated with laser light, and the yield of neutral
fragments, produced by photochemical processes upon photon absorption, is
measured as a function of the excitation wavelength. Using this technique, Andersen
and coworkers reported an absorption peak of 479 nm for p-HBDI™ [56]. Such a
value is very close to the absorption of the R™ state (anionic chromophore) in avGFP.
The authors conclude that, in this protein, the arrangement of the side chains and
water molecules around the chromophore produces a situation more similar to the
gas phase than to solution, where the absorption is blueshifted (see below).

A new set of experiments by Forbes and Jockusch [62] on p-HBDI™ were able to
expand the spectral window of detection, and to distinguish two photo degradation
channels contributing to the total spectrum. One, closely matching the spectrum
previously measured by Andersen and coworkers, corresponds to the loss of one of
the two methyl groups. The other appears at higher energies (peak at 410 nm) and is
attributed to electron detachment. No fluorescence is detected upon excitation [62].

Similar experiments on the anionic p-HBMPI and p-HBMPDI (RFP model
chromophores) yielded absorption peaks at 521 and 549 nm, respectively [59, 63].
The latter value is closer to the absorption maximum of DsRed, at 558 nm [6]. The
spectra also display a well-resolved progression of vibronic peaks with vibrational
spacing of 10 nm (382 cm ') and 16 nm (518 cm ™) for p-HBMPI and p-HBMPDI,
respectively. The width of the spectra is hence due to both vibronic and inhomoge-
neous broadening effects.

Cationic forms p-HBDI [64], p-HBMPI, and p-HBMPDI [63] were also investi-
gated, resulting in peaks at 406, 441, and 448 nm.

The electrostatic storage clearly requires charged molecules. Thereby, the neutral
protonation state, despite relevant to GFP (and other FPs) optical properties, was
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initially neglected. Recently, a model for the neutral chromophore was devised by
adding a methyleneammonioum cation to p-HBDI, charging the molecule at a site
sufficiently detached from the conjugated system. The spectrum of this model
compound peaks at 399 nm [65], close to absorption of the neutral band of avGFP.
How well this model describes the neutral chromophore was discussed in [66].

4.1.2 Solution

With respect to gas-phase experiments, absorption of p-HBDI™ in water is blue-
shifted and exhibits a rather broad band peaking at 425 nm [17, 57] (see Table 2).
In nonpolar solvents, the absorption maximum is at 440 £ 5 nm. Increased solvent
polarity yields redshifted values. The longest wavelength peak, 482 nm, was
recorded in pyridine. The wavelength shift in going from water to pyridine is rather
sizable (57 nm) and corresponds to an energy shift of 2,755 cm ™' (0.34 eV). Using
the multivariant Kamel-Taft fit on the data in these various solvents, one can
extrapolate a value of 437 nm (2.84 eV) for the gas-phase, i.e., a solute with zero
acidic, basic, and polar parameters [57].

The significant solvatochromic shift of the anionic state points to a marked
sensitivity to the surrounding environment. Such sensitivity emerges also when
the chromophore is embedded in the protein matrix: in different FPs, the absorption
corresponding to the anionic chromophore shows a similar, if not larger, range of
variation (see Sect. 5.1). Absorption of neutral and cationic p-HBDI peaks at 368
and 393 nm respectively, and displays a much narrower solvatochromism (variation
of ~20 nm, around 1,000 cm_l).

Besides the main band, reported in Table 2, the absorption spectra of both neutral
and anionic p-HBDI reveal features at shorter wavelength (around 300 and 250 nm
for p-HBDI and at 320 nm for p-HBDI) [55, 57]. Similar blueshifted bands are also
measured in AHBMI (model chromophore of asFP and KFP) [50] and in model
chromophores of BFPF, BFP, [55], and Kaede [60]. Features around 330 nm are
also detectable in red FPs [67]. In avGFP, by contrast, these excitations merge with
the absorption of other aromatic residues in the protein. Excitation to these states is
characterized in some cases by strong two-photon cross-section (see Sect. 6).

As stated above, solvated model chromophores are generally poorly fluores-
cent at room temperature [54, 68]. For instance, the chromophore fluorescence
quantum yield in DMF (dimethylformamide) is 0.00005 [60]. More appreciable
fluorescence is instead displayed by AHBMI and by uvKaede chromophore
models in DMF solution, with fluorescence quantum yields of 0.0021 and
0.005, respectively [50, 60].

4.2 Chromophores of FPs: Computational Studies

Quite a number of theoretical/computational studies were dedicated to the optical
spectra of model chromophores of FPs in the gas phase [66, 69—76]. Attempts to
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include solvent effects were performed using implicit solvent methods [71] or by
considering solvent—solute electronic interactions using liquid-structure simula-
tions [72, 77]. Despite being relatively small molecules (though not so small for
the most sophisticated quantum chemistry methods), there are subtle issues to be
considered when trying to reproduce FPs chromophore optical spectra [66]. What is
usually reported in computational analyses is the vertical excitation energy. This
value is compared with the peak of the experimental spectrum either in the solution
or in the gas phase. Such comparison neglects vibronic and other broadening
effects, which influence the shape and the location of the absorption band. As
long as photon absorption is well described by the vertical excitation picture, the
comparison between the mentioned values is justified. It should be kept in mind,
however, that a complete description requires taking into account vibronic and
inhomogeneous broadening effects.

Starting from the most studied p-HBDI , excitation energies in the gas phase
were evaluated with a broad range of methods summarized in Table 3. All studies
agree that the absorption band is due to excitation from the ground to the first bright
excited state, with a prevalently HOMO — LUMO character, where the HOMO
and the LUMO are © and ©* orbital, respectively. The excitation involves a limited
(0.1e) charge displacement from the phenolate ring to the imidazolinone, and to the
bridging carbon [70] (see Fig. 5). As discussed in [74], this n—n* excitation is
embedded in the photodetachment continuum. The interaction with the ionization
continuum might affect the broadening of the gas-phase spectrum and the photo-
dynamics of the chromophore.

Table 3 Theoretical predictions for GFP chromophore excitation energy, in eV (nm)

Method p-HBDI™ eV (nm) p-HBI™ # eV (nm)
Expt. (gas) 2.59 (479)°

Expt. (sol. ext.) 2.84 (437)° -

MRMP2 2.52 (491)¢ -

MBGFT 2.67 (464)° -

CASPT2 2.67 (464)° 2.63 (471)8
CASPT2 (IPEA) 2.92 (425)" 2.96 (419)"
TD-DFT/SAOP 2.93 (423)! 2.99 (415)!

DMC 3.04 (408)] 3.06 (405)
TD-DFT/B3LYP 3.05 (407)* -

“p-HBI stands for 4-(p-hydroxybenzylidene)imidazolinone, with two hydrogen atoms replacing
the methyl groups of p-HBDI

®Photodestruction experiments [56]

“Extrapolation from Kamel-Taft fit [57]

YMRMP?2 based on sa-CASSCF(14/ 12)/cc-pVDZ, DFT (PBEO/cc-pVDZ) geometry [74]
“Many-body Green’s function theory, DFT(PBE) geometry [75]
fCASPT2/CASSCF(12/11)/6-31 G(d), CASSCF geometry [74]
ECASPT2/CASSCF(12/11)/6-31 G(d), CASSCF geometry [70]
"CASPT2/CASSCF(14/14)/6-31 G(d) with IPEA Hamiltonian, DFT/BLYP geometry [66]
"TD-DFT/SAOP/ETpVQZ, DFT/BLYP geometry [66]

Diffusion Monte Carlo/CASSCF(14/14), DFT/BLYP geometry [66]
“TD-DFT/B3LYP/6-31++G(D), DFT/B3LYP geometry [78]
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LUMO LUMO-HOMO
- Y 9 "
p-HBDI 4
(GFP) e }
RFP
Kaede

Fig. 5 Isodensity surfaces of HOMO, LUMO, and their difference for three chromophore
structures, from Nifosi et al. [71]. In the third column, pink (cyan) regions indicate charge
depletion (increase) upon HOMO — LUMO excitation

The picture emerging from the comparison between gas-phase experimental and
theoretical results on p-HBDI™ would highlight the good performance of highly
correlated methods (CASPT2, many-body Green function, see Table 3), time-
dependent density functional theory (TD-DFT) methods predicting too blueshifted
values. A recent investigation by Filippi and coworkers showed how using a more
accurate zero-order Hamiltonian for CASPT2 (with the IPEA shift) leads to a
significantly blueshifted value [66]. For in-depth discussion of these discrepancies,
the interest reader is referred to [66, 74].

The case of RFP model chromophores (i.e., p-HBMPI™, p-HBMPDI ", and the
RFP chromophore itself) shows similar trends, with TD-DFT predicting blueshifted
values with respect to CASPT2 (Table 4). In contrast to the case of GFP model
chromophores, the experimental photo destruction value lies midway between the
values predicted by the two classes of methods. A better agreement between TD-
DFT and experiment is found for the larger p-HBMPDI model. Likewise, for the
RFP chromophore (not stable in solution) CASPT2 and TD-DFT predictions are in
rather good agreement. CASPT?2 prediction for different isomers yields blueshifted
values for the trans chromophore (180 rotation around t, defined in Table 2) of
around 0.10-0.15 eV, rather uniformly for the various models used [72, 79].

TD-DFT low computational cost makes it an affordable method for a systematic
and homogeneous investigation of the large set of chromophore structures [71].
Using this technique, the trends among the various FPs are reproduced. As already
mentioned, chromophore structure is the principal determinant of the excitation
energy. In term of the computed gas-phase vertical excitation energies, the most
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Table 4 Excitation energies in eV (nm) of anionic RFP model chromophores

Method p-HBMPI™ p-HBMPDI™ RFP chrom.
ex. energy in eV ex. energy in eV ex. energy in eV
(nm) (nm) (nm)
Expt. (gas)* 2.40 (521)* 2.26 (549)* -
CASPT2 2.26 (549)° - 2.20 (564)°
TD-DFT B3LYP 2.68 (463)¢ 2.39 (519)¢ 2.36 (525)°
DFT MRCI - - 2.01 (616)"

“Photodestruction experiments [59, 63]

PCASPT2/CASSCF(12/11)/6-31 G(d), B3LYP geometry [72]

‘CASPT2/CASSCF(12/11)/6-31 G(d), CASSCF geometry, connections saturated with hydrogen
atoms [79]

YTD-DFT B3LYP/631+G*, B3LYP geometry [71]

°TD-DFT B3LYP/631+G*, B3LYP geometry, connections saturated with methyl groups [71]
DFT MRCI, B3LYP geometry [80]

blueshifted is the BFP chromophore (340 nm), whereas the most redshifted is the
uvKaede chromophore at 577 nm. Substantial variations do occur among different
proteins containing the same chromophore (see Sect. 5).

The systematic study allowed the authors to correlate the variation in spectral
properties with the extension of the m-conjugated system. The HOMO — LUMO,
n — w* character of the excitation is confirmed also for non-GFP chromophore
structures (HOMO, LUMO isodensities, and their difference are reported in Fig. 5).
Chromophores with a larger charge displacement, measured as the variation of
dipole moment between the HOMO and the LUMO, generally display a lower
excitation energy (as apparent from Fig. 5, uvKaede involves a larger amount of
charge displacement than p-HBDI ™ and RFP). This observation reframes quantita-
tively the idea that larger m-conjugated systems are associated with lower excitation
energies.

By minimizing the excited state structure at a planar conformation, it is possible
to calculate the emission energy. Such a kind of analysis was performed for p-HBI
and for the RFP chromophore using CASSCF/CASPT2, yielding values of 2.45 eV
(507 nm) [70] and of 1.76 eV (703 nm) [79], respectively. The first value is in good
agreement with the low temperature (77 K) fluorescence peak of a GFP chromo-
phore model® in ethanol (490 nm) [54]. Exploration of the excited state energy
surface reveals the presence of twisted intermediates and nearby conical-intersec-
tions seams [79, 81] that are relevant to the photophysics of the chromophore, for
example explaining their very low emission quantum yield when not embedded in
the protein matrix.

The early study by Niwa et al. used ethyl 4-(4-hydroxyphenyl)methylidene-2-methyl-5-oxo-1-
imidazolacetate, a model chromophore with the methyl group in p-HBDI substituted with
CO2C2Hs.
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5 FPs Spectra: Spectral Tuning by the Protein Environment

The sheer number of FPs discovered and engineered so far eludes an attempt of an
exhaustive review. Rather, this section will highlight the cases of two main families
of FPs, i.e., those containing a GFP-like or an RFP-like chromophore, focusing on
the structural mechanisms operating the spectral shifts. It is useful, before starting
to analyze the single cases, to bear in mind how the interaction between chromo-
phore and environment can influence light absorption and emission. The environ-
ment can act on the chromophore structure by deforming some bond lengths mainly
through hydrogen bonds (H-bonds), and/or by distorting the planarity of the chro-
mophore. In addition, it can differentially stabilize the ground and excited states by
electrostatic interactions. Recent experimental [82] and theoretical [83] studies
were devoted to understanding the tuning of spectral properties by the protein
matrix electrostatic field.

With regard to bond deformation, early Raman spectroscopy studies on the GFP
chromophore in solution and on some avGFP mutants revealed a tight correlation
between the shift in absorption peak and the frequency of a specific Raman-active
band [17]. This correlation was rationalized on the basis of the resonance structures
of the chromophore (depicted in Fig. 6) [84, 85], as arising from the selective
stabilization of one of the two resonance structures by the protein environment.
Variations observed in the Raman spectrum reflect a changing stabilization between
a benzenoid-like resonance structure (I in Fig. 6) and a quinonoid-like resonance
structure (IT). For example, the ubiquitous H-bond between the imidazolinone
carbonyl and conserved Arg at 96 (in avGFP numeration) increases the contribution
from the quininoid form (II), thus lowering the excitation energy. H-bonds to the
phenolate side, by contrast, tend to decrease the contribution of the quininoid form
in the anionic chromophore. Resonance structures are less accessible to the neutral
form of the chromophore, because the protonated phenol enforces a benzenoid-like
structure (the optical properties of the neutral chromophore are accordingly blue-
shifted with respect to the anion).

The same effects can be described in a complementary picture, recalling that
excitation involves charge displacement from the phenolate to the imidazolinone
and to the bridging carbon. H-bonds to the imidazolinone will preferentially
stabilize the excited state, and thus lower the excitation energy. Vice versa,
H-bonds to the phenolate will increase the excitation energy. Other electrostatic
interactions can be involved, particularly in the proximity of the bridging carbon,
another site of charge redistribution. The interplay among these factors can be such
that the final outcome becomes difficult to predict. Nonetheless, this general
scheme is useful to decipher the mechanisms of spectral tuning.

In the RFP chromophore, a third resonance structure is possible (Fig. 6) [79],
thanks to the presence of the conjugated acylimine. H-bonds to this additional site
will tend to lower the excitation energy, stabilizing the excited state charge dis-
placement over the region.



One-Photon and Two-Photon Excitation of Fluorescent Proteins 21

GFP-like chromophore

N_
= N
. Ra >:o
Rs
(0]
F \ n— i
N
0 \
I A Yo
Rs

Fig. 6 Resonance forms of the anionic states of GFP chromophore (fop) and DsRed chromophore
(bottom)

5.1 Proteins with GFP Chromophore

The electronic excitation mostly involves the chromophore region supporting the
electronic m-conjugated system. In the GFP-like chromophores, this encompasses
the phenolic ring and the imidazolinone, while the side chain of the first position in
the tripeptide is not included. Hence, it is justified to consider proteins with a
different residue at this position as having the “same” chromophore, as long as it
does not undergo additional maturation reactions (like, for instance, the acylimine
formation in RFP chromophore).

Starting from the anionic protonation state, Table 5 reports absorption and
emission peaks of the anionic form in different representative proteins all contain-
ing a GFP-like chromophore (GFPa), together with the nature of the residues
surrounding the chromophore at various positions. The proteins can be grouped
according to their absorption/emission features in cyan/teal, green, and yellow. In
order to specify equivalent positions in the sequences of these homologues, we will
use the av prefix, referring to the corresponding position in avGFP after sequence
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alignment. When no such prefix is present, the number refers to the normal position
within the sequence.

5.1.1 Cyan/Teal Group

The cyan/teal group contains FPs isolated from reef corals, such as Discosoma
striata (dsFP483), Anemonia majano (amFP486), and Clavularia (cFP484), as well
as two cFP484 mutants, mTFP0.7 and mTFP1. These cyan-emitting proteins are
naturally tightly bound tetramers; hence, avGFP mutants bearing a Trp at av66 are
more popular as cyan-emitting FPs, their cyan fluorescence being due to a different
chromophore structure (CFP in Fig. 4). Recently, however, the mTFP mutants were
engineered to avoid oligomerization and exist as monomers [89]. Understanding
the origin of the blueshifted spectral properties of this group has proven rather
challenging. The broad absorption/excitation band hints at structural heterogeneity
of either the chromophore or the surroundings [86]. By contrast, the narrower
emission spectrum signals a unique emitting state.

AmFP486, cFP484, and the mTFPs (but not dsFP483) feature a quadrupole
network of salt bridges beneath the chromophore, involving one Arg (at av69),
one His (at av203), and two Glu (at av150 and av222). The His, being hydrogen
bonded on both sides to the Glu, is presumably cationic [87]. In amFP486, substitu-
tion of this His with Thr resulted in redshifted excitation and emission (from 454 to
470 nm in absorption and from 486 to 515 nm in emission), accompanied by a
decline in fluorescence quantum yield and heterogeneity of chromophore structure
[87]. In mTFP1, a major role is played by His163 (av165). Mutation of His163 into
Met abolishes its H-bond with the chromophore phenolate and redshifts the excita-
tion/emission maximum (from 462/492 to 487/503 nm) [89, 91]. Introducing the
further T73A mutation additionally shifts the excitation/emission to 498/515 nm,
possibly by perturbing the quadrupole arrangement supporting the cationic His197
[91]. The quadrupole arrangement is, however, neither sufficient nor necessary for
cyan emission. It is present in Dronpa, a green-emitting FP, and it is missing in cyan
dsFP483, in which His at av203 is replaced by a Thr. However, in dsFP483, a
different charged residue, a lysine (K70), is in close contact with the chromo-
phore-bridging carbon and points toward the phenolate [86], suggesting that such
proximity of a charged residue is indeed necessary.

Inspection of the various chromophore-environment configurations in the rele-
vant X-ray structures (reported in Fig. 7) highlights another important — and
possibly necessary — feature common to these cyan-emitting proteins, namely the
presence and arrangement of three H-bond donors facing the chromophore pheno-
late. Indeed, a water molecule and Ser at position av148 are present in all examined
structures and at H-bonding distance to the phenolate. The third H-bond is provided
either by His at av167 (in dsFP483, cFP484, and in the mTFPs), or by a water
molecule in amFP486, occupying a cavity set empty by the small bulk of Ala at
av167. Neither Dronpa nor cmFP512 (both belonging to the green group), though
featuring the quadrupole arrangement, has all three H-bond donors: His av167 is
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Fig. 7 Relevant residues and water molecules in the chromophore environment of three cyan FPs
dsFP483, amFP486, mTFP0.7 and the green FP Dronpa. The coordinates were taken from the
Protein Data Bank, with codes 3CGL [86], 2A46 [87], 20TB [88], and 2IOV [99]. The Arginine
residue at position av96 is omitted for clarity. The av prefix in the residue number refers to the
corresponding position in avGFP after sequence alignment

replaced by Met in Dronpa (see Fig. 7) and Ser av148 by Ala in cmFP512 (this time
with no emptied cavity).’
The case of the R96M avGFP mutant will be discussed below.

5.1.2 Green Group
In considering the cyan FPs as blueshifted, it is implicitly assumed that the avGFP

chromophore in the gas phase emits green light. Although no emission is detected in
the gas phase [62], the gas-phase absorption would suggest that it is indeed so.

3Somewhat upsetting this picture, Wachter and coworkers pointed out that a very similar arrange-
ment of three H-bond donors would also be present in the immature form of the DsRed protein,
which, however, emits green, not cyan, light [86]. However, no isolated structure of DsRed with
immature green chromophore is available, the X-ray structures being a mixture of mature and
immature structures.
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However, since in avGFP and its green variants, the chromophore is still involved in
relevant interactions with surrounding residues and water molecules, a more accu-
rate picture is that of a cancellation of the various contributions. Computational
studies [85] point at a counteraction between the redshifting H-bond with Arg at
av96 (a conserved residue in FPs, being a requisite for chromophore formation) and
the blue shifting of H-bonds to the phenolate. Slow-maturing ¢vGFP variants with
mutated Arg96 do exist, and also shed light on the relevance of Arg96 on the optical
properties. Getzoff and coworkers [90] structurally solved the mature R96M mutant,
where the H-bond with the imidazolinone carbonyl group is abolished, and replaced
with a, somewhat weaker, H-bond with a water molecule (donor—acceptor distance is
2.9 A in PDB structure 2AWK). In line with theoretical predictions [85], the R96M
mutant displays blueshifted optical properties (Table 5). Its application as a cyan-
emitting protein is, however, severely hampered by the extremely slow chromophore
maturation (months).

5.1.3 Yellow Group

The common feature of proteins in the yellow group is the Tyr or Phe at av203 (see
Fig. 8). The T203Y mutation was introduced in avGFP mutants with the rationale
that an aromatic amino acid at that position would be n-stacked to the chromophore
phenolate, thereby lowering the excitation energy by increasing the polarizability of
the environment around the chromophore [27]. The mutation indeed resulted in
redshifted variants (see Table 5), and X-ray studies confirmed the m stacking
configuration [27]. Notably, the same structural stratagem for redshifting is pre-
sumably at play in a natural FP named phiYFP [30], also featuring a Tyr at av203.

One additional important feature arose from T203Y mutation, i.e., a rather
enhanced extinction coefficient (see Table 1). Similar spectral shifts are obtained
with a phenylalanine replacement in the avGFP T203F mutant [97]. Actually, the
absorption/excitation red shift in these Thr203 mutants is only partially accounted for
by the m-stacking. Indeed, also T203V and T203I mutants show a redshifted absorp-
tion with respect to avGFP (from 477 nm of avGFP to 502 of the T203V and T2031
mutants [97]), associated with the removed Thr203 H-bond to the phenolate. Red-
shifted fluorescence is instead almost totally ascribed to the n-stacked Tyr or Phe.

The case of CpYGFP is worth describing. CpYGFP features a Histidine at av63,
which is stacked above the chromophore (i.e., on the opposite side with respect to
Y203 in the orientation of Fig. 8) and presumably neutral, giving rise to rather
redshifted excitation/emission [96]. Replacement of this His with Thr (the residue
present in the equivalent position in avGFP) blueshifts the excitation/emission to
495/511 nm. Instead, replacement with Phe additionally redshifts to 514/522 nm, as
a consequence of a larger amount of m-stacking.

Both EYFP (enhanced YFP) and CpYGFP X-ray structures show a peculiar
H-bond between Glu at av222 and the imidazolinone of the chromophore. It would
be tempting to assign a role in redshifting to this H-bond. Although X-ray structures
of other yellow-emitting avGFP variants such as E>GFP [19] (PDB Code 2H9W)
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Fig. 8 Relevant residues and water molecules in the chromophore environment of avGFP sgl1
(F64L/1167T/K238N mutant, displaying very similar optical properties to the original avGFP),
CpYGFP, and EYFP. The coordinates were taken from the Protein Data Bank, with codes 2WUR
[100], 2DD7 [96], and 1YFP [27]. The av prefix in the residue number refers to the corresponding
position in avGFP after sequence alignment

display no such H-bond, its involvement in redshifting was assessed in X-ray
studies on DsRed mutants (see below) [45].

5.1.4 Neutral Chromophore (GFPn)

While spectral tuning by the protein matrix on the anionic avGFP chromophore
gives rise to a rather broad range of optical properties, the neutral species seems less
tunable, in line with the findings on isolated chromophores in solution [57] and with
the suppressed contribution of the quinonoid-like resonant structure. The neutral
absorption peak in various avGFP mutants (including the yellow ones) is 400 + 3 nm
[19, 97],4 385 nm in mKalamal (an avGFP mutant [89]), and 388 nm in Dronpa

*In avGFP mutants, such as EYFP, featuring the anionic band only, the neutral band emerges by
decreasing the pH below the protein pKa.



One-Photon and Two-Photon Excitation of Fluorescent Proteins 27

[101]. A particularly redshifted value (415 nm) is achieved in the S65T/H148D
avGFP variant, where the D148 carboxyl oxygen forms a very tight H-bond (distance
2.4 A) with the chromophore hydroxyl group [102].

The emission in variants with a neutral chromophore state is generally achieved
via ESPT; so the emitting state is the anionic chromophore [18]. The fluorescence
of mKalamal, peaking at 456 nm, is, however, due to intrinsic emission of the
neutral chromophore [89].

5.2 Proteins with RFP Chromophore

Like the anionic avGFP chromophore, also the spectral characteristics of the
anionic RFP chromophore are strongly tunable by the protein matrix (Table 6).
Particular care needs to be put in selecting the right variants for the comparison,
because in some DsRed-derived FPs, the chromophore undergoes covalent mod-
ifications that alter its structure. Another caveat concerns the presence of a trans (E)
chromophore instead of the more common cis (Z) conformation, like in eqFP611

Table 6 Proteins containing the RFP-like anionic chromophore

Name Environment residues (DsRed #) Ex. Em. References

drl6 drd4 dr66 dr10 dr83 drl46 dr163 dr197 max max
(m) (nm)

Red

DsRed A% v Q K K S K S 558 583 [6]

DsRed A\ v Q K M S K S 564 602 [103]
K83M

mStrawberry 'V A T K L S M 1 574 596 [32]
(from
DsRed)

mCherry A% A M K L S Q | 587 610  [32]
(from
DsRed)

DsRed v v Q K K S K S 558 583 [6]

DsRed \Y v Q K M S K S 564 602 [103]
K83M

Far red

mKate (from L M M K F S M R 585 635 [104]
eqFP578)

mGrape3 T A M K L S M Y 608 646 [41]
(from
DsRed)

mPlum (from E A M K L S M 1 590 649 [40]
DsRed)

mNeptune L G M K F S M R 600 650 [41]
(from

eqFP578)
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(Table 1). When the X-ray structure is not available, the assignment of the chromo-
phore structure may be doubtful. The chromophore of mOrange and mBanana
contains a structural modification at the acylimine tail; so the blueshifted optical
properties of these FPs cannot be wholly attributed to chromophore—protein non-
covalent interactions. As such, the original DsRed is among the most blueshifted
FPs with the DsRed chromophore structure (Table 6).

Mutation K83M was found to redshift the optical properties by dislocating
Lys70, which in wild-type DsRed is in close contact with the chromophore-bridg-
ing carbon (at 3.6 A distance) [45, 103]. A similar mechanism is at play in mCherry
and mStrawberry, both featuring the analogous K83L mutation. Further redshifting
in these two mutants is provided by the H-bond between protonated E215 and the
nitrogen in the chromophore imidazolinone (see Fig. 9). It is indeed observed that at
basic pH conditions (pKa ~10), at which this H-bond is presumably removed due to
deprotonation of E215, the absorption peak of mCherry and mStrawberry blueshifts
from 584 to 566 nm and from 574 to 548 nm, respectively. A third source of
redshifting is achieved in mCherry/mStrawberry by the additional K163Q/K163M
mutations eliminating one H-bond to the chromophore phenolate.

Like in yellow mutants of avGFP, n-orbital stacking of the chromophore with a
Tyr residue results in a redshift. For instance, the protein mGrape3 with the 1197Y
mutation (corresponding to av203) is remarkably redshifted (608 ex and 646 em).

o \ K163 — M183
) ; DsRed | mPlum
/
| ~Z :
e e b s146
5146 L K70 \
w 4
W
s197 /’_“\\
JE215
\ mCherr — 5 mNeptune
163, ¥ ~__ Meo P
—
! ~ < L‘?‘l
— —y— 7 w28 a7
Pt K10 - 3 \ :
CIECI P ||_ r i ‘ w
w I 5143 =t 4 o
- L *\ /
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1197 (215 / 4
\x R187 /5215

Fig. 9 Relevant residues and water molecules in the chromophore environment of red (DsRed and
mCherry) and far-red (mPlum and mNeptune) FPs. The coordinates were taken from the Protein
Data Bank, with codes 1ZQO [105], 2H5Q [45], 2QLG [106], and 3IP2 [41]. The DsRed structure
contains both mature and immature chromophore conformations. Only the mature chromophore is
shown here. The Arginine residue at position 95 is omitted for clarity
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It is, however, characterized by low quantum yield (0.03) and complex photophy-
sics possibly connected with cis—trans isomerization of the chromophore [41].

As the m-conjugated system in the RFP chromophore reaches down to the
acylimine group, variations in the surrounding environment can also modify the
optical properties. For example, mPlum, one very redshifted DsRed variant, features
(besides the redshifting K163M mutation and the E215-imidazolinone H-bond) a
H-bond between (presumably neutral) Glul6 and the acylimine oxygen. This
H-bond is absent in DsRed and most other mutants, where position 16 is occupied
by hydrophobic amino acids. It is found that mutation of Glu16 strongly affects the
emission peak while leaving the excitation almost unchanged. For example,
replacing Glul6 with Leu blueshifts the emission peak from 649 to 630 nm,
while the excitation peak is only slightly modified from 590 to 588 nm [106].

Likewise, in mNeptune [41], a far-red FP derived from eqFP578 of Entacmaea
quadricolor (not to be confused with eqFP611) [107], the acylimine oxygen is
H-bonded to a water molecule. The slightly blueshifted optical properties of mKate
(another eqFP578 mutant) can be attributed to the absence of this H-bond, caused
by Met41 displacing the hydrogen-bonded water molecule. As is the case with
many FPs, the red shift of mNeptune is, however, the result of multiple entangled
contributions. As a consequence, it may be difficult to predict the outcome of a
mutation. Quite surprisingly, for example, introducing the Tyr at 197 in mNeptune
(R197Y mutant), at the presumably m-stacked position with the phenolate, blue-
shifts, rather than redshifts, the optical response [41].

Chromophore deviation from coplanarity is yet another determinant of optical
properties. In general, distorted chromophore structures are associated with
poor quantum yield of fluorescence. For instance, mCherry is characterized by a
particularly distorted chromophore and a rather low fluorescence quantum yield
(0.22) [7]. Chromophore deviation from coplanarity can be quantified by the twist
around t and ¢ (see Table 2), or also including the tilt angle defined as the deviation
of the phenol oxygen from the perfectly planar chromophore [9].

6 Two-Photon Excitation

Despite their relevance in multiphoton fluorescence microscopy applications, two-
photon spectroscopic features of FPs have been somewhat neglected in the past years,
appearing in few experimental works centered on BFP, CFP, EGFP, and DsRed
[108—110]. More recently, parallel but independent experimental [67, 111, 112] and
theoretical [113] investigations extended such analyses to several other FPs.

Figures 10 and 11 report the two-photon excitation spectra of, respectively, blue/
cyan/green and orange/red FPs. One-photon spectra, suitably scaled in the abscissae,
are also reported for comparison. In all investigated proteins, the long-wavelength
band (i.e., the main excitation band) is active also at two-photon excitation,
implying that the first singlet excitation is characterized by both one and two-
photon oscillator strength. This statement is verified for all chromophores examined
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Fig. 11 Two-photon excitation spectra (red circles) shown along with fluorescence emission
(blue line) and one-photon fluorescence excitation (black line) spectra. The left-ordinate axis
represents the two-photon cross section (o) values in GM (Goeppert—Mayer), and the right-
ordinate axis represents the two-photon brightness, 6, x ¢ (¢ being the fluorescence quantum
yield), in GM. The bottom x-axis represents the laser wavelength used for excitation and the fop x-
axis represents the (one-photon) transition wavelength. The excitation and fluorescence emission
intensities are shown in arbitrary units. From Drobizhev et al. [67]

and for both neutral and anionic species (for instance, mKalamal and mAmetrine
contain the chromophore in the neutral state [21, 24]).

Interestingly, the profile of the two-photon band is generally blueshifted with
respect to the one-photon band and, in certain instances, rather different. Such
difference is presumably due to a different vibronic coupling between one- and two-
photon excitation. For example, interpreting the shoulder about 50 nm to the blue of
the main peak (in mWasabi, G1, G3 of Fig. 10 and in all orange/red FPs in Fig. 11)
as a vibronic peak, it is clear that in two-photon excitation such a vibronic mode is
enhanced. It is worth mentioning that other authors explain the blueshifted two-
photon spectrum as due to the excitation to a different electronic state [114] lying
very close in energy to the first excited state. No such state is, however, found in
quantum chemical calculations (see Sect. 4.2).

Another common feature of the spectra is the presence of two-photon excitation
bands in the high-energy (short-wavelength) side of the spectrum, where the one-
photon spectrum is either featureless or shows only limited one-photon excitation.
These are located below 700 nm in green/cyan/blue FPs (Fig. 10) and start already



One-Photon and Two-Photon Excitation of Fluorescent Proteins 33

e — |

Sn => S1 relaxation o b g b v d o ®
1 ‘.‘ a éﬁ /J!‘ ﬂ,_s}g g\r Sf\'*'“ Sl
e — — ) | - : 9‘{ “_1.-\'_ 1 _— }" % v{_‘f
e =
Homo Y S mort S @
2 photon t fluorescence

absorption

r> @ i N
“}l & - " 4 |
' HOMO-2 ) } X LUMO X \.F(

SO
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the LUMO). From Nifosi and Luo [113]

at 800 nm in red/orange FPs (Fig. 11). Such high-energy bands were revealed first
in DsRed [108, 110] and were instead absent in cyan and green FPs, because of the
limited spectral window examined (750-1,000 nm). Subsequently, thanks to a
broader detection window, they were revealed in blue, green, and cyan FPs, and
reported to give rise to bright and steady fluorescence, with the same spectral
characteristics of the low-energy excitation band.

Theoretical analysis reveals that such bands arise from excitation to higher excited
states of the chromophores (Fig. 12). Despite having low one-photon oscillator
strength, these excitations acquire some two-photon moment mainly from the first
singlet excitation, with a near-resonance enhancement mechanism [112, 113]. The
decomposition into molecular orbitals’ excitations within a TD-DFT framework
reveals that, analogously to the one-photon case, where the dominant excitation is
HOMO — LUMO for all chromophores, a common molecular orbital composition is
also found for these higher excitations (see Fig. 12).

Marchant et al. reported an early application of multiphoton excitation in the
high-energy bands of DsRed [110]. Femtosecond-pulsed irradiation at 4 < 760 nm
readily changes the fluorescence of DsRed from red to green, presumably by
bleaching the red-emitting chromophore within the DsRed tetramer. Thanks to
the three-dimensional localization of multiphoton excitation, DsRed “greening”
could be exploited to optically highlight subcellular compartments in living cells.
More generally, the availability of additional two-photon excitation bands is quite
handy, given that laboratories are only rarely equipped with more than one two-
photon laser. Drobizhev and coworkers suggest an approach for dual color two-
photon imaging, based on the simultaneous excitation of blue and red FPs at
780 nm, corresponding to the low-energy excitation band of the former and the
high-energy excitation band of the latter [111].
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7 Outlook

The range of spectral properties displayed by FPs is surprisingly broad. The factors
determining such variety are the extension of the chromophore m-electron system
and the interactions of the chromophore with the surrounding protein matrix. Using
mutagenesis on the already wide set of natural FPs, the researcher can play with
these two factors to achieve the desired absorption/emission characteristic. The
mechanisms of spectral tuning are understood in general terms. Nonetheless, a
predictive structure—property relationship has proven elusive. Due to the intercon-
nections among the determinants of optical properties, two mutations known to,
say, redshift DsRed fluorescence when included separately into the sequence may
not give rise to additional redshifting when included simultaneously. Properties
such as quantum yield or extinction coefficient are yet more unpredictable.

These difficulties have not prevented an array of remarkable accomplishments in
manipulating FP excitation/emission, from the early generation of blue- and red-
shifted variants of avGFP to more recent achievements of bright FPs in the near-
infrared region. Despite the number and the variety of FPs available, there is much
scope for advancement in further enlarging the available spectral window and
improving FP brightness.
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Primary Photophysical Processes
in Chromoproteins

Stephen R. Meech

Abstract In this chapter, the diverse range of photophysical phenomena exhibited
by chromoproteins is reviewed. Experimental and theoretical studies of both the
electronic spectra and the ultrafast radiationless decay of the chromophore of green
fluorescent protein (GFP) in solution are described as a function of solvent,
temperature and substituent. The relevance of these observations to photophysical
phenomena observed in chromoproteins which undergo photoconversion is dis-
cussed. Next, the excited state proton transfer found in GFP is described. Its
potential to probe the dynamics of proton-transfer reactions in proteins is illu-
strated. Finally, the photophysics underlying the phenomenon of photoswitching
in chromoproteins is discussed.
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1 Introduction

The green fluorescent protein (GFP) was first discovered and isolated from the
jellyfish Aequorea victoria [1, 2]. The subsequent sequencing, cloning and expression
of GFP revealed its remarkable utility in fluorescence imaging [3], a discovery which
has since lead to it becoming one of the major tools of cell biology [4—7]. Since the
discovery of wild-type GFP (avGFP), a substantial family of homologous proteins
has been discovered and characterised [8]. This family has in common the structural
features of an 11 stranded B-barrel through which is threaded an a-helix. This a-helix
contains the chromophore, which is formed after protein folding by cyclisation and
oxidation reactions involving three adjacent amino acid residues — a serine, a tyrosine
and a glycine. The mechanism of chromophore formation has been extensively
reviewed [9—11]. Crucially, the final result is a chromophore with an extended pi
electron structure which is covalently bound to the protein backbone, absorbs in the
blue-green region of the spectrum and, in many cases, emits with a high fluorescence
quantum yield at green-red wavelengths. The chemical structure of the chromophore
was identified as p-hydroxybenzilideneimidazolinone (HBDI, Fig. 1) [12, 13]. The
high quantum yield, irreversible chromophore binding and the ease with which GFP
can be fused to a desired target protein make it (and its mutants) an ideal protein-
specific fluorescence label for live cell imaging [6, 14].

The structure of the folded protein and the basic structure of the chromophore are
largely conserved throughout the ever widening GFP family. Despite this funda-
mental similarity, fluorescent proteins display an enormous range of photophysical
properties, which greatly extends their utility in imaging [15, 16]. avGFP itself
exhibits two bands arising from the protonated and deprotonated form of the
phenolic hydroxyl group, and their relative proportion can be modified by both
pH and mutagenesis [17-19]. Excitation of the neutral form of avGFP results in an
excited state proton-transfer (ESPT) reaction, which is unique in biology [20]. The
energy of the electronic absorption and emission bands can be modified over a wide
range through mutagenesis [6]. Changes to the three amino acids that make up the
chromophore may lead to large spectral shifts, while more subtle but still substan-
tial shifts can be achieved through mutations in the surrounding residues [21]. The
variety of colours that result is critical in bioimaging applications. Multiple emis-
sion frequencies permit multicolour imaging allowing more than one protein to be
labelled in any given cell. When the energy levels of two GFP mutants are properly
aligned, fluorescence resonance energy transfer (FRET) may be observed between

HO

Fig. 1 Structure of the
avGFP chromophore HBDI CH;,



Primary Photophysical Processes in Chromoproteins 43

them. Since FRET is strongly distance dependent on the nanometer scale, it is
widely used to observe protein—protein interactions [14].

Thus, pH sensitivity and ESPT are photophysical phenomena exhibited by the
original avGFP, to which may be added spectral tuning and FRET when GFP
mutants are considered. However, the chromoproteins (CPs) now being discovered
in a variety of marine organisms exhibit a still wider range of photophysical
phenomena, all of which can in turn be modified by mutagenesis. Many CPs have
a spectrum which is red-shifted compared to avGFP, because the original chromo-
phore has undergone a further post-translational reaction leading to an extension of
the pi delocalisation [10]. Some of these new CPs absorb strongly in the visible
region but exhibit such fast radiationless decay as to be considered effectively non-
fluorescent (hence CP is a preferred designation to FP; it is worth noting that CP has
also been applied to coloured proteins which bind their chromophore non-cova-
lently, it is used here as it is firmly embedded in the literature and little confusion
arises, even though autochromic protein might be the more appropriate nomencla-
ture) [22]. The mechanism is fast internal conversion (IC) and may be associated
with non-planar forms of the chromophore [23]. In some CPs, the chromophore
exists in either trans or cis forms, and under irradiation isomerisation between them
may be observed [24-26]. Other CPs have been shown to exhibit photochemistry
leading to large spectral shifts and changes in quantum yield, a phenomenon that
can be used in ‘optical highlighting’ a specific protein population in vivo [27-29].
Finally some proteins can be photochemically and reversibly switched between
emissive and non-emissive states, a phenomenon that forms the basis of a novel
sub-diffraction-limited microscopy method currently yielding unprecedented 3D
spatial resolution in bioimaging [30-32].

Thus, CPs add isomerisation, photochemistry and reversible photochromism to
the photophysical phenomena already noted in avGFP. These new phenomena have
already stimulated a number of new applications in life sciences. In this chapter, the
primary photophysics of CPs will be reviewed, with a focus on excited state
dynamics. First, the main time-resolved spectroscopic methods will be introduced.
Next, the medium and substituent sensitivity of the GFP chromophore (HBDI), the
mechanism of its fast radiationless decay and the relevance of this to photo-induced
cis—trans isomerisation will be addressed. After that the ESPT reaction in avGFP
and some of its mutants will be described. Finally, the mechanism of isomerisation
and photochemistry in CPs will be discussed in relation to the CP photochromism
described elsewhere in this volume.

2 Experimental Methods

2.1 Ultrafast Fluorescence Up-Conversion

Time-resolved fluorescence has been critical to understanding the photophysics
of fluorescent proteins and is central to their application in fluorescence lifetime
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imaging. These aspects are covered elsewhere in this volume, particularly in the
chapter by Jung. However, ultrafast fluorescence techniques (i.e., for decay pro-
cesses faster than 100 ps) have proven especially useful in understanding the
unusually rapid radiationless decay of the GFP chromophore (Sect. 3) and the
kinetics of the unique ESPT reaction in avGFP (Sect. 4). Thus, it seems pertinent
to outline the principles of the up-conversion method.

The starting point is a Kerr lens mode-locked titanium sapphire laser. These
compact commercially available devices provide a train of ultrafast pulses (typi-
cally at a repetition rate of 70—-100 MHz) with excellent stability [33]. The appara-
tus in our laboratory uses a Coherent Micra 10 source, which provides (following
pulse compression, see below) pulses as short as 18 fs. The central wavelength is in
the region 760—860 nm, the output power about 1 W and the bandwidth is typically
100 nm. Such a broad bandwidth is essential to support very short pulses, a
consequence of the time—energy uncertainty relation.

The measurement of such short pulses is non-trivial, but well-established meth-
ods are available [34]. The most common is background-free autocorrelation. In
this method, the output of the laser is split into two identical beams at a beam
splitter. One beam is routed through a fixed delay, while the second is routed
through a delay of variable path length. Typically a mirror is mounted on a delay
stage which has a positional accuracy of better than 1 pm allowing control of the
delay time between the two pulses with an accuracy of better than 6.7 fs. The two
beams are made parallel and focussed to overlap spatially in a thin non-linear
crystal, which generates second harmonic radiation (i.e., for an 800 nm centred
input beam the output is at 400 nm, generated from two 800 nm photons). The
400 nm output from the crystal appears in three beams, the second harmonic of the
two individual input beams plus a signal generated from both beam (each con-
tributing one photon). These three signals emerge spatially separated due to the
different phase matching conditions [34, 35]. Clearly, the two beam signal can only
be generated when both pulses are overlapped in the crystal in time as well as in
space. Thus, a measurement of the second harmonic intensity while scanning one
pulse in time with the other is fixed yields a convolution of the temporal profile of
one pulse with the other, the pulse autocorrelation. The autocorrelation serves as the
instrument response function for deconvolution of the ultrafast fluorescence up-
conversion traces (see below). However, the actual width of the laser pulse can be
recovered from the autocorrelation if a pulse shape is assumed. Typically, a sech?
profile is assumed for mode-locked titanium sapphire lasers, in which case the
pulsewidth is 0.65 times the autocorrelation width.

Although the intensity autocorrelation is a simple and effective means of char-
acterising laser pulses, additional information may be used to better characterise the
pulse. At the simplest level the laser spectrum can also be measured and the time
bandwidth product (pulsewidth times spectral width in frequency units, Av . A7)
determined; for a sech” pulse this should take the value 0.315. Greatly superior
methods of ultrafast pulse analysis are now available, which simultaneously char-
acterise time structure, phase, spatial profile and amplitude of the laser pulse. These
methods are described in more detail elsewhere [34].
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The large spectral width required to support very short laser pulses gives rise to
some problems. The refractive index of most optical materials is wavelength
dependent (called the material’s dispersion) with the consequence that the velocity
of light in the medium is wavelength dependent. Specifically in the case of normal
dispersion, blue light travels slower than red light, giving rise to positive group
velocity dispersion (GVD) [33, 34]. Consequently, on transmission through any
optical element, the spectrally broad pulse becomes temporally broader. Thus
pulses emitted from the laser are typically temporally much broader than their
bandwidth would suggest due to dispersion of intracavity elements and have to be
compressed. Pulse compression is achieved by routing the plane-polarised pulse
through a pair of prisms set at Brewster’s angle (to minimise reflection losses) and
retroreflecting the pulse back through the same prism pair. The dispersion of the
spectrally broad beam and the different path lengths each wavelength follows in the
(dispersive) glass of the prism contribute both positive and negative GVD. By
controlling the separation and position of the prisms, it is possible to compensate
the positive GVD of the cavity with negative GVD in the prism pair to yield the
shortest pulse. Indeed negative GVD can be introduced to ‘pre-compensate’ posi-
tive GVD in optical elements, which the pulse must go through before reaching the
sample.

For the up-conversion measurement of the fluorescence decay time, the com-
pressed pulse is first routed to a thin non-linear crystal to generate the second
harmonic [36, 37]. The ca. 800 nm fundamental and 400 nm second harmonic
beams are separated at a dichroic mirror. The 400 nm beam is reflected by a series
of mirrors and focused into the sample by a spherical mirror. Since the 400 nm
beam is broadened by transmission through any optics it must be recompressed,
since the shortest pulses are required at the sample. In our experiment, the bulky
prism compressor is replaced by a compact dispersive mirror pair [38]. The 400 nm
excitation pulse generates fluorescence from the sample, which is collected by a
reflective Cassegranian microscope objective, which efficiently collects the emitted
fluorescence without introducing a dispersive element (a lens) which would
degrade time resolution (in a wavelength dependent manner). The objective focuses
the light collected onto a non-linear crystal for sum-frequency generation (SFG).
The residual 800 nm pulse is routed through a variable optical delay and passes
through a half wave plate that sets the polarisation to the magic angle with respect to
the excitation polarisation, to eliminate the contribution of orientational relaxation
to the measured fluorescence kinetics. The beam then passes through a pair of
dispersive mirrors to recompress the pulse before being focused into the non-linear
SFG crystal.

In the SFG crystal, the train of fluorescence decays at wavelength Ag (appearing
at the laser repetition rate) is spatially overlapped with the train of short 800 nm
pulses at Ap. The SFG crystal is oriented to generate the sum frequency at a
wavelength Aggg:

1 1 1

IskG AR Ap
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Since the SFG is generated by one fluorescence photon and one pulse photon, it can
only be generated when both are present, and its intensity thus reflects the instanta-
neous intensity of the fluorescence (Fig. 2a) during the 800 nm pulse. Essentially the
SFG samples the fluorescence intensity at the arrival time of the 800 nm pulse. By
scanning the time delay between pump and probe, the SFG intensity maps out the
fluorescence decay (Fig. 2b).

The SFG signal is detected in the UV region by a low noise photon counting
photomultipler placed behind a monochromator, which selects the fluorescence
wavelength (which is also optimised by angle tuning the SFG crystal). The time
resolution is recorded by up-converting the instantaneous Raman radiation scattered
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Fig. 2 (a) Schematic of the SFG process used for time resolution in up-conversion. (b) An
example of an ultrafast fluorescence decay profile (anionic HBDI in ethanol) plotted on a log
scale (excitation was at 400 nm with a sub 50 fs pulse and emission was detected at the peak of the
fluorescence)
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from the solvent. In the present case, the time resolution can be as short as 40 fs,
although this time resolution is degraded by the need to use optical filters to block
out scattered excitation radiation.

The up-conversion method is the best established and highest time resolution
method for time-resolved fluorescence. It can, however, be time consuming, espe-
cially when fluorescence is detected at many wavelengths to generate a time-
dependent fluorescence spectrum. Alternative broadband detection methods are
available, including broadband up-conversion [39], Kerr gate detection [40—43]
and streak camera measurements [44].

2.2 Transient Absorption

There are many different forms of the transient absorption experiment, however, in
its essence it is a two pulse experiment [36, 45]. The first pulse excites the sample
(the pump), while the second time delayed pulse (the probe) monitors the sample
absorption as a function of time. In the simplest case, the pump excites a molecule
from its ground state to an excited state. If the probe wavelength is at the same
wavelength as the pump (and therefore the ground state absorption of the sample),
its transmittance is increased after the pump and will decrease as a function of delay
time as (or if) the ground state is repopulated. If the probe wavelength is set at a
wavelength at which the newly formed excited state absorbs, then the transmittance
will be decreased instantaneously by the pump pulse and will increase as the excited
state decays. If the wavelength of the probe is set to a wavelength where the excited
state emits fluorescence, then the probe pulse can stimulate emission from the
excited state. This acts as a gain mechanism for the transmitted probe, so the
apparent probe transmittance increases as the excited state is created and decreases
as it decays. Of course in many important cases, including the CPs considered here,
the excited state goes on to generate new species (e.g., by proton transfer or
isomerisation), and the appearance and decay kinetics of these states can also be
monitored. In general, these processes overlap one another in both time and wave-
length requiring sophisticated analysis methods.

The laser apparatus used for transient absorption differs in some respects from
that used in fluorescence, principally because to achieve a few per cent change in
transmission, a moderately intense pump pulse is required (typically a 1 pJ pulse
is focused into a 10~ cm?” cross-sectional area in the sample, compared to the
nanojoule pulse energy used for background-free fluorescence up-conversion mea-
surements). Thus, the preferred source is an amplified laser with a reduced repeti-
tion rate of a few kilohertz, to allow for sample recovery between pulses. In most
cases, the change in absorbance as a result of the pump laser absorption should be
kept small (a few per cent at most); hence, it is necessary to use difference methods
normalised for the pump intensity and extensive signal averaging. Ideally this is
done on a shot by shot basis with alternate pulses being used to record pumped and
un-pumped sample transmission by the probe. With this methodology and a stable
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laser source, pump-induced changes in the sample optical density of 10~> can be
observed. In transient difference measurements, the increased transmission (or
stimulated emission) appears as a negative signal (a ‘bleach’), while induced
absorption appears as a positive signal.

In some measurements, both pump and probe wavelengths are the same and the
bleach and recovery of the ground state are observed. However, much more informa-
tion is available from measurements at a range of wavelengths spanning the induced
absorption and stimulated emission. To record such transient spectra, it is convenient
to probe with an ultrafast broadband source of radiation. For intense laser sources, such
broadband radiation can be obtained by white light continuum generation, in which an
intense pulse of 800 nm radiation (for example) is focused into a CaF, or sapphire
plate, which results in the generation of a short pulse of radiation with frequency
components stretching between the UV and near IR through a third-order non-linear
optical interaction [34]. This permits the simultaneous observation of the temporal
evolution of a range of transients. Quite recently, it has proved possible to generate
moderately broadband (approximately 500 cm™') radiation in the mid-IR spectral
range. This permits the observation of photo-induced transients with both ultrafast
time resolution and vibrational frequency resolution [46, 47]. Vibrational spectroscopy
is in general more informative on and more sensitive to the molecular structure. An
example showing the transient IR difference spectra of the HBDI chromophore is
shown in Fig. 3. For either visible or IR probes, the entire 3D time—frequency—intensity
surface can be simultaneously analysed by global analysis methods [48].

3 Photophysics in HBDI

Given its name, one initially surprising feature of the GFP chromophore (HBDI) is that it
does not in fact fluoresce, or at least not very much; in room temperature aqueous
solution, the quantum yield is on the order of 10™*. This low quantum yield is also
observed in the denatured protein and short lengths of peptide containing the chromo-
phore [13]. These results are in sharp contrast to avGFP, where the quantum yield for
emission is about 0.8 [6]; evidently the folded protein structure has a profound effect on
the radiationless decay of the chromophore. An important challenge in GFP photophy-
sics is to understand both the mechanism of the extremely rapid radiationless decay and
the means by which the protein matrix can suppresses it so efficiently. Significantly a
number of the more recently discovered CPs which contain the same basic chromophore
as avGFP, and share essentially the same B-barrel structure, are non-fluorescent or only
very weakly fluorescent [15, 49]. Thus, an understanding of radiationless decay in HBDI
is central to understanding the mechanism of operation of photoswitchable CPs.

3.1 HBDI Spectroscopy

In Fig. 4, the absorption spectra of HBDI in the neutral and anionic states are
compared with that of avGFP, which exists mainly as the neutral form but with
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Fig. 3 (a) Simplified layout of pump-probe apparatus showing time delay between pump and
multi-wavelength probe. (b) Transient IR transmission spectrum recorded for HBDI in DMSO,
showing the bleach and recovery of the ground state accompanied by weak transient absorption.
Solid line 2 ps delay, short dash line 4 ps, long dash 6 ps, dot 10 ps. The ground state recovery is
fast, but included both excited state decay (see Sect. 3) and vibrational cooling in the ground state

a fraction in the anionic state (which can be formed photochemically [50, 51]). The
neutral form absorbs to the blue of the anionic form, and in both cases the solution
spectra are significantly blue-shifted from the corresponding protein spectra. This
result points to a significant difference in electronic structure between the protein
bound and the free forms of the chromophore. It has been shown that the peak
absorption wavelength of GFP can be shifted significantly by mutations in the
surrounding amino acid residues, suggesting a strong sensitivity to the environ-
ment. For example, a number of mutants with the S65T mutation, the yellow
fluorescent proteins, show a large red-shift for the anionic form of the chromophore
[52]. Intriguingly, the spectrum of HBDI was measured in the gas phase, where it
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was reported that the spectrum matches the red-shifted protein absorption [53, 54].
One interpretation of this is that the protein provides a vacuum-like environment
(although the medium must at least be polarisable). More recent measurements
have suggested that the red-shifted transition in the gas phase might arise from a
high multi-photon cross-section, and the one-photon absorption in fact peaks
further to the blue, as seen in solution [55].

Solvatochromism in HBDI has been studied extensively, partly in an effort to
reproduce the observed protein shift [56, 57]. The largest spectral shifts are
observed for anionic HBDI, especially in polar non-H-bonding solvents such as
DMSO and DMF (Fig. 5). The latter result is interesting because this represents the
only solvent—charge combination for HBDI which comes close to reproducing the
large red-shift seen in the protein environment. The significance of this result is
unclear, as the solvent-induced shift is not accompanied by a significant increase in
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quantum yield. When the HBDI absorption spectra are measured in a range of
solvents, no single solvent function (e.g., various polarity functions, =, E, etc. [30])
adequately fits all the data. However, in a detailed study, Dong et al. were able to
obtain a good fit to the spectral shift data in a range of solvents using a combination
of solvent acidity, basicity and polarity functions [57].

Recently, an attempt to reproduce the range of electronic transition energies
found in CPs by tuning the electronic structure of HBDI with different substituents
was reported [58]. Even very weak electron-donating substituents such as the
methyl group were found to cause a dramatic shift in the spectrum of the HBDI
anion when placed at the 3,5 positions on the phenyl ring (i.e., ortho to the OH
group). The shifts for the neutral form are much smaller. The red-shift of the anion
spectrum for the dimethyl derivative matches the protein shift between HBDI and
avGFP even in the moderately polar solvent ethanol. Replacement of methyl with
the somewhat more strongly electron-donating ¢-butyl substituent shifts the anion
transition even further to the red, matching the transition energy seen in YFPs.
These results suggest that even quite modest perturbations of the electronic struc-
ture of the chromophore are sufficient to cause large spectral shifts. The origin of
this effect seems likely to lie in the charge transfer character of the transition, but
confirmation will require quantum chemical calculations on these derivatives.

3.2 HBDI Photodynamics

The transient behaviour of HBDI following electronic excitation has been investi-
gated in detail [59-65]. Single colour pump-probe polarisation spectroscopy and
broadband transient absorption experiments showed that ground state repopulation
occurs on an ultrafast timescale. This is consistent with the very weak fluorescence
and suggests that the radiationless process is IC. The excited state fluorescence
decay time has been measured in a range of solvents at room temperature. The
lifetime of the neutral form is sub-picosecond and is slightly lengthened in non-
polar solvents. The anionic form of HBDI has a slightly but consistently longer
decay time than the neutral. In aqueous solution, both neutral and anionic forms
have faster decay times than in other polar solvent, suggesting an enhanced
quenching [62]. However, the solvent and charge effects are slight; the HBDI
decay time is never longer than a few picoseconds, and it can be concluded that
in all fluid solvents IC dominates the excited state decay. The observed excited state
decay times are on the same order or slightly faster than the ground state recovery
times, suggesting that a short-lived dark intermediate (perhaps simply a vibration-
ally hot ground state) may be involved in the relaxation pathway.

To provide information on the coordinate promoting IC, the effect of solvent
viscosity on the decay rate has been investigated [61, 63, 65]. One plausible
mechanism for radiationless decay in HBDI is excited state isomerisation. For a
number of related molecules in solution, such behaviour is well characterised, for
example stilbenes, azobenzenes and cyanine dyes (which are structurally



52 S.R. Meech

somewhat similar to HBDI) all undergo fast isomerisation in the excited state
[66—69]. The mechanism proposed involves a decreased bond order for the bridg-
ing double bond(s) in the excited state allowing nearly free rotation. The increase
in the ground state energy during this excited state rotation causes ground and
excited states to approach in energy or to cross at a conical intersection. At or near
this point, rapid IC to the ground state occurs. Evidence supporting an isomerisa-
tion mechanism has been presented on the basis of stationary photochemical
experiments, where the formation of a new ground state isomer under irradiation
was observed [70-74]. The cross-section was dependent on the solvent as is the
rate of the reverse isomerisation in the ground state [71, 73]. Interestingly, the
solvent-dependent reverse process in the ground state (which is calculated to have
a high energy barrier) may proceed by an addition elimination reaction [71, 75].

Excited state isomerisation involves large-scale structural reorganisation (e.g.,
a cis—trans isomerisation) on the upper potential energy surface, which may be
opposed by solvent friction. Thus, measurements of the excited state lifetime as a
function of solvent viscosity yield information about the nature of the coordinate
promoting IC. The mean excited state lifetime for anionic HBDI increases by only a
factor of 3 when the solvent is changed from methanol to glycerol, a 40-fold
increase in viscosity [63]. This weak viscosity dependence suggests that the coor-
dinate promoting IC in HBDI is not very sensitive to solvent friction (or is
energetically sufficiently strongly downhill to provide a strong driving force to
overcome the solvent friction). Thus, it seems unlikely that the coordinate promot-
ing IC involves a large-scale structural change, such as a complete rotation about
either of the exocyclic double bonds, as such a motion would have to displace a
large volume of solvent. The weak viscosity dependence is consistent with a
volume conserving motion involving a rearrangement localised on the bridging
bonds — a hypothesis supported by studies of analogues of HBDI synthesised to lock
the chromophore in the planar structure [76].

Further information can be obtained from the temperature dependence, which
can also reveal the existence of barriers in the radiationless relaxation coordi-
nate. Huppert and co-workers measured the fluorescence decay of HBDI in
glycerol-water over a wide temperature range [59, 77]. They were able to
model their data with a two-dimensional model involving phenyl ring torsion
and a swinging motion in the bridging bonds [59]. Such an internal reorganisa-
tion could be volume conserving as suggested by the viscosity measurements.
Litvinenko et al. presented an isoviscosity analysis of the fluorescence yield and
ground state recovery time of HBDI in three charge states [61]. The data were
similar in all charge states suggesting a common radiationless coordinate, and
suggested a zero or negligible activation barrier along that coordinate. Mandal
et al. proposed that the wavelength-independent non-exponential kinetics they
observed in time-resolved fluorescence could be analysed in terms of a two-
dimensional coordinate [62].

Further analysis of the coordinate leading to ultrafast IC is possible through
quantum chemical calculation. Weber et al. considered the energetics of an excited
state isomerisation reaction involving the bridging bonds of HBDI via a 90° rotation



Primary Photophysical Processes in Chromoproteins 53

about three possible coordinates for three different charge states [78]. They found
that only twisting about the imidazolinone double bond was barrierless for both
neutral and ionic states (consistent with experiment), but it did not lead to a crossing
of ground and excited states for the anion. They also considered the so-called hula
twist mechanism. This is a volume conserving route to isomerisation, and thus
consistent with experiment. However, it was found that this coordinate only leads to
an Sy/S; crossing in the HBDI anion via a significant energy barrier.

More recent high-level quantum chemical calculations are consistent with a major
contribution to the coordinate promoting IC arising from zero or low barrier single
bond rotation, possibly coupled with a degree of pyramidalisation at the bridging
carbon atom [79-81]. Pathways involving the volume conserving ‘hula twist’ motion
are calculated to lead to fast IC but again only via an energy barrier [ 78, 80]. There are
conflicting conclusions as to which single bond rotation is dominant in the excited
state isomerisation. Olivucci and co-workers using solvent-free conditions found that
two coordinates are important in achieving close approach of Sy and S; in anionic
HBDI - a fast stretching coordinate, corresponding to reduced bond order, and a
slower rotation about the phenolic single bond [80]. This interpretation is consistent
with the model proposed by Huppert and co-workers for the temperature-dependent
HBDI fluorescence [59]. Gas phase calculations have recently been extended to
neutral and cationic states, and in those case significant barriers are found to isomer-
isation [82]. This is inconsistent with experiment, where neutral HBDI has a shorter
lifetime than the anion. This result suggests that details of the reactive potential
surfaces may be modified in the condensed phase.

Altoe et al. included a polarisable continuum model of the solvent in their
calculations for the HBDI anion and found that rotation about the imidazolinone
double bond was the most significant in promoting IC, in contrast to the gas phase
calculation [79]. Martinez and co-workers also identified an important role for the
medium in their study of a molecule similar to HBDI [81, 83]. In vacuum, the
excited state dynamics primarily involved twisting about the bridging double bond
again accompanied by a large excursion in the phenyl torsion. These calculations,
however, predicted a significant lifetime on the excited state surface, which is not
consistent with recent gas phase measurements [55]. However, in the calculation for
a water solvated chromophore, fast barrierless rotation about the double bond
was predicted, leading to an S;/Sy conical intersection, and a sub-picosecond
excited state lifetime, as found experimentally. These results therefore point to an
important role for the medium in determining the coordinate leading to IC. This is in
itself an important conclusion, as it suggests the means by which the protein can
modulate the chromophore’s photophysics. They also suggest that rotation
about either or both bridging bonds may be important, with the mechanism being
dependent on the environment. Significantly, Olsen [84, 85] has shown in cal-
culations comparing HBDI and a model of the red-emitting CP chromophore
(i.e., HBDI with an N-acylimine substitution) that a switch in the nature of the
radiationless decay (and presumably isomerisation) coordinate from double bond
to phenoxy bond rotation occurs on substitution. Recently, it was observed experi-
mentally that the excited state decay of HBDI is somewhat dependent on the nature
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and location of substituents, as might have been predicted from the calculation [58].
However, in all cases the fluorescence quantum yield remains low.

The mechanism by which the protein renders the chromophore fluorescent has still
not been definitively determined. Many calculations suggest that an almost 90° rotation
about one or other of the bridging bonds is required for the closest approach of ground
and excited states. It is easy to imagine that such a large volume excited state
reorganisation could be sterically hindered by the protein, and molecular mechanics
calculations suggest that many possible coordinates are so restricted [86, 87]. However,
experiments in viscous media suggest that the coordinate promoting IC is volume
conserving or at least has a large driving force, neither of which are in agreement with
calculated coordinates requiring a large excited state reorganisation. Calculations do,
however, suggest that the excited state relaxation pathway is sensitive to the chromo-
phore’s environment. It is also likely (e.g., on the basis of spectroscopic studies, section
3.1) that the electronic structure of the chromophore is modified on incorporation in the
protein environment. It seems probable that some combination of steric and chemical
(e.g., H-bond) effects can suppress excited state structure change, while environmental
effects (charges on nearby residues, pi stacking, H-bonds) can modify the driving
force, and that these factors operating together suppress IC. However, there is as yet
no predictive model of the CP fluorescence enhancement mechanism.

While the mechanism suppressing IC remains to be determined, there is struc-
tural evidence to suggest that (at least some) CPs that are essentially non-fluorescent
have a chromophore that exists in a non-planar ground state conformation [88, 89].
Conversely, it has been noted that both non-fluorescent and (weakly) fluorescent
forms of a coral protein exhibit non-planar chromophore structures [90]. This
suggests that more than one feature of the chromophore in the protein is responsible
for controlling the fluorescence yield. Recently, a sterically crowded HBDI deriva-
tive formed by locating methyl groups in positions meta to the phenolic hydroxyl
was studied. DFT calculations reveal a strongly twisted ground state. This derivative
indeed exhibits extremely rapid fluorescence decay (ca. 100 fs even in the anionic
form) [58]. This is consistent with the proposed correlation between non-planar
ground state and fast radiationless decay. However, the analogy between synthetic
chromophore and CP is not exact, as the non-planar derivative has a blue-shifted
absorption relative to HBDI, while the non-planar non-emissive CPs are usually red
absorbing.

4 ESPT in avGFP and Its Mutants

In the preceding section, it was shown that the photophysics of the GFP chromo-
phore in solution are dominated by ultrafast structural changes resulting in IC.
The effect of the protein matrix is so dramatic that IC can be neglected in
avGFP, and the photophysics are instead dominated by a completely different
mechanism, ESPT. Excitation into either neutral (usually labelled the A state) or
anionic (B state) absorption bands of avGFP results in an intense green emission
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Fig. 6 Outline kinetic model of the ESPT mechanism in avGFP

arising almost exclusively from the anionic form. Boxer and co-workers measured
the time-resolved fluorescence of avGFP with ultrafast time resolution [20]. The A*
state decays in a non-single exponential fashion with a mean lifetime of 18 ps. The
fluorescence spectrum of the anionic form was observed to grow in intensity on a
similar timescale of a few tens of picoseconds, with no change in spectral profile
[20, 91]. This result clearly points to the occurrence of an ESPT reaction. Such
reactions are unique in biology, but have been well characterised in simpler
molecular systems [92]. The assignment to ESPT was confirmed by the observation
of a large deuterium isotope effect, which extended the A* state lifetime and
correspondingly increased the rise time for the green emission [20]. Similar obser-
vations were made using transient absorption spectroscopy [93].

Since the population of the anionic (B) ground state does not increase rapidly as
a result of irradiation, it is evident that the main fate of the deprotonated excited
state is decay (mainly radiative) followed by re-protonation to recover the A ground
state. Chattoraj and co-workers proposed a model which incorporates this beha-
viour (Fig. 6), where the emissive (deprotonated) state (called the I* state to
distinguish it from the directly excited ground state, B) is formed in the geometry
of the original ground state, and relaxes back to the A state. Ultrafast pump-dump-
probe spectroscopy revealed fast I — A proton-transfer dynamics on the ground
state surface which are sensitive to H/D isotope exchange [94]. It was proposed that
the B state is populated by a reorganisation of the protein matrix about I* occurring
with a low probability [20]. The X-ray structures of A and B states suggested that
the reorganisation involves T203 reorientation [95], and steady-state photochemi-
cal measurements show that an irreversible A — B conversion can be effected
photochemically, probably due to a low yield electron transfer and photodecarbox-
ylation mechanism [50, 51].

The location of the proton acceptor was investigated by time-resolved vibrational
spectroscopy [96-99]. The transient infrared difference spectrum was monitored
following A state excitation with picosecond time resolution between 1500 and
1800 cm™' (Fig. 7). The instantaneous appearance of four strong bleach bands
(negative AOD) is associated with excitation of the chromophore ground state
(cf. Fig. 3). This is accompanied by the immediate appearance of positive AOD
signals due to vibrational modes in the excited state. These bands could be assigned
to specific vibrational modes by isotope labelling and polarisation studies of HBDI in
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Fig. 7 Time-resolved IR spectroscopy of avGFP in D,O recorded 2, 6, 10, 30, 100 and 200 ps
after excitation at 400 nm. The direction of increasing/decreasing absorption is indicated

solution [97, 99]. Although the main bleach bands seen in avGFP can be assigned to
the chromophore, the temporal evolution of the shape of the transient IR spectrum
suggests additional underlying contributions from protein modes. The origin of some
of these protein modes has been revealed by mutagenesis [99].

The proton-transfer dynamics and the site of the proton acceptor are revealed
in two time-dependent bands — a bleach that develops as a function of time at
1560 cm ™! and a new transient absorption above 1700 cm ™' (Fig. 7). These bands
evolve on the same picosecond timescale and are assigned to the conversion of a
carboxylate to a carboxylic acid. Inspection of the structure of avGFP suggests that
this transformation may be assigned to protonation of the residue E222, which, as
first shown in the structural studies of Brecj et al. [95], is connected to the proton
donor by a proton wire via a structural water molecule and the S205 residue. Thus,
transient IR spectroscopy confirms the proposed assignment of the E222 residue as
the proton acceptor. A comparison of the fluorescence decay time with the vibra-
tional dynamics shows that donor decay and acceptor protonation occur simulta-
neously, suggesting a concerted mechanism for proton motion, or at least that any
intermediates states are very short lived [96]. The role of the E222 residue has been
supported by studies of mutants, polarisation-resolved measurements, isotopic
labelling and observations over a wider spectral range [97, 100]. The non-exponen-
tial dynamics observed in both fluorescence and transient IR suggest dispersive
kinetics, which observations over a wider spectral range were able to assign to side-
chain disorder leading to different proton-transfer rates [100].

These studies of the structure and dynamics of the proton relay reaction have
provided a rather detailed picture of the photophysics of avGFP. They also suggest
the use of GFP as a model system for the study of proton-transfer reactions in
proteins. Proton-transfer is one of the key steps in many biochemical reactions, and
transfer along proton wires has often been invoked in biochemical mechanisms
[101-103]. The unique ESPT reaction in GFP permits the measurement of the real-time
dynamics of such proton-transfer reactions, following photoinitiation with an ultrafast
laser pulse. The comparison between transient IR and fluorescence data already



Primary Photophysical Processes in Chromoproteins 57

suggests that such long-range proton transport (along a preformed wire) can be very
fast, as intermediate states in the chain were not detected. It has also proved possible to
modify the proton wire through mutagenesis. Single mutations can disrupt the proton
wire, trapping the chromophore in the A* state, which has a shorter lifetime than the [*
state [104]. It has also been shown that a second mutation, H148D, which places a
proton acceptor adjacent to the donor gives rise to a new proton-transfer reaction, presu-
mably to the asparagine carboxylate group [105—108]. This redirected proton transfer
has been shown to be extremely fast (<100 fs) [109]. It was suggested that this repre-
sents a case of proton transfer over a low barrier or barrierless hydrogen bond. Such low
barrier H-bonds are implicated in a number of key enzyme reactions [110, 111].

Progress towards understanding the observed protein proton-transfer dynamics
requires theoretical modelling of the observed transient behaviour. Although accu-
rate quantum chemical calculations of excited states in proteins remain challenging,
there has been significant progress in modelling ESPT in avGFP. In an early work,
Lill and Helms used classical MD to simulate the proton transfer along the three-
step proton wire [112]. They concluded that after transfer was triggered by ejection
of the proton from the chromophore, the steps leading to protonation of E222 occur
on the tens of femtosecond timescale. Subsequently, quantum chemical calcula-
tions have been reported by two groups using the geometry of the proton-transfer
chain suggested by the protein structure, but in the absence of surrounding residues
[113-116]. Both groups calculated that the proton transfer occurred in a single
concerted step along a low barrier potential surface, with no stable intermediate
states. These calculations also suggested that the first proton to move in the
concerted process was the last in the chain (i.e., the proton protonating E222).
Zhang et al. found that the H148 residue, which is not part of the proton-transfer
chain but is H-bonded to the donor O atom, had a significant impact on the potential
surface, suggesting an important role for the surrounding residues [116].

Lluch and co-workers used molecular dynamics to study the structure and
stability of the proton relay chain in avGFP, and performed quantum chemical
calculations on a reduced set of residues, using the geometries obtained from the
MD simulations [117-119]. They investigated the proton-transfer surface for both
ground and excited states of the chromophore, and found that the photoactive state
was n* rather than the no*. The potential energy surfaces were calculated to have
minima for the proton localised on the chromophore in the ground state and on
E222 in the excited state, in agreement with experiment. The ESPT has a small
barrier (ca. 2 kcal mol™') and is strongly downhill for the $203 to E222 step, as
found in earlier calculations. This is consistent with a concerted but asynchronous
proton transfer, with the last proton ‘leading’.

The majority of simulations suggest an effectively barrierless ultrafast ESPT in
the avGFP geometry, whereas experimental results show transfer on a picosecond
or tens of picoseconds timescale. Fang et al. recently reported a femtosecond-
stimulated Raman study of the first few picoseconds of ESPT in avGFP [120].
Their results suggest that fluctuations in the structure of the chromophore may
modulate the proton-transfer rate, and thus the frequency at which such fluctuations
result in the formation of a barrierless proton-transfer potential may control the
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overall rate of proton transfer. Such details are yet to be incorporated into theoreti-
cal calculations, but when they are a picture of long range proton transfer in proteins
may emerge with significance beyond that of understanding ESPT in avGFP.

5 Photochemistry and Photochromism

Photochemistry may induce a permanent change in the absorption spectrum of a
chromophore under irradiation. In some cases, such a photochemical change is
reversible, either thermally on a ground state potential surface or photochemically
through excitation of the product state, in which case the phenomenon is called
photochromism [121]. Photochromism has been known for many years in organic
photochemistry where the colour change, and the structure change which often
accompanies it, have a number of important applications [121]. However, the
observation of photochemistry and photochromism in CPs has been a source of
immense excitement and intense research activity [49, 122—125]. That early excite-
ment has been more than justified by the important applications which have been
demonstrated. For example, the ability to induce photochemically a permanent
change in the colour of a spatially localised population of labelled proteins (optical
highlighting [28, 29]) permits the tracking of selected sub-cellular structures. The
applications of CP photochromism have proven even more remarkable. The ability
to switch a protein between bright and dark states at will forms the basis of a novel
method of super-resolution optical microscopy. Typically, resolution in an optical
microscope is limited by the Rayleigh criterion to be no better than 200 nm [31, 32].
The position of a single fluorescent molecule may, however, be located within a few
tens of nanometers by straightforward fitting procedures, provided there are no
interfering molecules close by. However, there is no improvement in resolution if
the fluorophores must be kept so far apart. The advantage of photoswitchable or
kindling protein labels is that a dense population of fluorophores may be switched
between dark and bright states, which permits the accumulation of a series of
isolated fluorophore images with tens of nanometre resolution which, when com-
bined, give a complete image with ultrahigh resolution [30-32].

A comprehensive description of photoconversion in CPs has been presented by
van Thor elsewhere in this volume. In this section, we focus only on the primary
photophysics, and specifically on how the photoconversion mechanism may relate
to the phenomena of proton transfer and ultrafast IC described above.

Miyawaki and co-workers reported the remarkable observation that a protein
isolated from coral possessing a chromophore with structure and spectroscopy
similar to avGFP underwent photoconversion to create a red light-absorbing and -
emitting species upon irradiation in the blue region of the spectrum [27]. The
protein was named kaede (maple leaf in Japanese) which elegantly suggests its
behaviour. Shortly later, very similar observations were made in the protein EosFP
also isolated from coral [124]. Structural studies showed that the chemical struc-
ture of the red-emitting chromophore differs markedly from that of the GFP
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chromophore through the addition of a third ring conjugated to the original structure
(Fig. 8). It was shown through mutagenesis that a histidine residue adjacent to the
original chromophore is critical in forming this three ring system [29].

From the point of view of primary photochemical processes, the most intriguing
result is that the photoconversion occurs exclusively from the neutral form of the
chromophore, which has the same chemical structure (though not environment) as
in avGFP [124]. This strongly suggests a role for ESPT, which accordingly is a
feature of most of the proposed photoconversion mechanisms [10, 124, 126],
though not all of them [127]. Specifically, it has been proposed that an initial
ESPT step is followed by a reorganisation of the electronic structure of the anionic
form of the chromophore in its excited state resulting in the extension of the
chromophore (i.e., incorporation of the histidine residue) and a simultaneous
bond scission of the main amino acid chain. The breaking of the chain was
shown to be a feature of the photoconversion [29]. A number of further atom
transfer and electronic structure changes result in the final red-absorbing chromo-
phore. Related observations have been made on the engineered protein kikGR,
which has a number of useful properties, including being readily titratable. Intrigu-
ingly, the red form of this protein has been shown to have a different chromophore
structure compared to the kaede/EosFP, in which the third ring has a cis orientation
with respect to the newly formed double bond, showing that rotation has occurred,
which has important implications for the likely intermediate structures. Again, only
excitation of the neutral state leads to photoconversion [128].

The role of ESPT appears critical at some point in the mechanism, because the
photoconversion does not occur from the directly excited anionic chromophore
even though it is readily excited from its ground state, and can be prepared in high
yield by increasing slightly the pH. The action spectrum for photoconversion
instead follows closely the absorption of the neutral form. Unfortunately the precise
role of the ESPT is yet to be determined. One possibility is that the proton
transferred is actively involved in the chemistry. It was suggested that protonation
of the His residue via a proton wire, such as was observed in avGFP, might be an
important step [124]. However, thus far no obvious route for such a long-range
proton transfer has been established. A second possibility is that the proton itself is
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not involved in the subsequent chemical steps, but that the anionic excited state
formed directly following ESPT is in the appropriate geometry to undergo further
reaction, a geometry which is not directly accessible from the equilibrated anionic
ground state. Most measurements suggest that the quantum yield for photoconver-
sion is low, which is in contrast to the very facile ESPT of avGFP. It seems at least
plausible that the mechanism involves ESPT as a primary step with the resultant
anion either undergoing a second low cross-section step ultimately leading to
photoconversion or a more facile reverse re-protonation in the ground state: such
a mechanism recalls the A — I — B mechanism introduced for avGFP [20]. It
seems likely that the role of the ESPT will be resolved through ultrafast and
microsecond transient IR studies, although such measurements on these irreversibly
photoactive proteins present a number of experimental difficulties. Some prelimi-
nary results for kikGR have been presented [129].

A still more complicated picture is presented by the primary photophysics of the
photochromic CPs, of which Dronpa is the best-characterised example. Dronpa
was engineered by Miyawaki and co-workers from a protein isolated from a coral
[130, 131]. It was observed to be very weakly fluorescent following excitation in
the neutral state, but on continued irradiation that state was converted with a
relatively high cross-section to an anionic state which had a high fluorescence
quantum Yyield. Critically, strong illumination of this emissive anionic state gives
rise to a reverse photoconversion back to the dark state, with a low cross-section.
The protein can be cycled many times through this photochromic cycle, which is
clearly important for the ultraresolution microscopy application [131, 132]. Since
the discovery of Dronpa, a number of other photoconvertible proteins have been
reported [133], including some in which negative switching was achieved, where
excitation of the neutral form switches fluorescence off and irradiation of the
anionic form switches it on [24, 134]. Further mutagenesis has been used to control
the rate of the on and off processes, which may vary quite dramatically [135].

The detailed mechanism of photochromic switching has yet to be fully eluci-
dated. The mechanism is likely to involve a mixture of ESPT, cis—trans isomerisa-
tion, radiationless decay and ground state acid—base equilibria. It is not, however,
clear that there is a common mechanism operating among the different photochro-
mic CPs. In an NMR study, Mizuno et al. showed that the state of protonation of the
chromophore was critical, and in particular that the anchoring of the anionic
(fluorescent) form to the main B-barrel structure generates a rigid environment for
this state [136]. In this model, ESPT is an important step [137], while cis—trans
isomerisation between the off and on states is not critical. However, some X-ray
structure measurements on dark- and light-adapted Dronpa suggested different
isomers of the chromophore in the on and off states, a result that requires some
excited (or ground state) structural reorganisation [138, 139]. This observation is
consistent with the reported increased flexibility in the off state, which may well
allow both fast radiationless decay and excited state isomerisation.

The interplay between isomerisation and fluorescence quantum yield is an inter-
esting one. In a series of structural studies of photoswitchable proteins, it was shown
that both planar cis and trans forms of the chromophore could be stabilised, and that
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both could be fluorescent. However, some mutants revealed a non-planar trans form,
which may correspond to disorder or flexibility in the chromophore structure [26].
These disordered forms were found to be essentially non-fluorescent.

Quite recently, detailed quantum chemical calculations on the possible reaction
pathways in Dronpa were performed by Li and co-workers [140]. They confirmed
that a balance of proton-transfer and isomerisation steps may be important in the
photoreversible process, and considered a number of possible mechanisms. Clearly,
some detailed observations of the primary excited state processes in photoconver-
tible CPs will be critical in developing a unified picture of the mechanism(s)
operating. In particular, a correlation of excited state dynamics and time-resolved
vibrational spectroscopy will be highly informative, especially if it is accompanied
by structure determinations. Such measurements are in progress.

6 Summary

Since their first discovery and application in bioimaging, the range and capabilities
of the CP family have continued to grow. Recent years have seen dramatic progress
particularly in the area of photoconvertible CPs, which have already proved to be of
great utility in bioimaging. However, there is already evidence that this is by no
means the end of the CP story. In the future, CPs may contribute to life sciences as
much more than simply passive fluorescent probes. CPs with potential application in
phototherapy have already been proposed [141]. Very recently, it was demonstrated
that unnatural amino acids can be incorporated into GFP, modifying the properties
of the chromophore [142, 143]. This exciting result suggests an entirely new range
of engineered applications. At each new step in the CP story, the advances in protein
science have been accompanied by detailed physical and chemical measurements of
the underlying mechanism. Spectroscopic and kinetic studies have in turn been
complemented by quantum chemical and molecular mechanics calculations. As
the variety and range of CPs continues to grow, so will the need for the detailed
understanding of the underlying photophysical phenomena that dynamics, spectros-
copy, theoretical calculation and molecular dynamics simulation can supply.

Acknowledgements I am grateful to EPSRC for financial support (EP/H025715), to my students
and postdoctoral fellows for their work and insights over the years, and to my collaborators for
their generous advice and assistance.

References

1. Shimomura O, Johnson FH (1969) Properties of bioluminescent protein aequorin. Biochem-
istry 8:3991

2. Morise H, Shimomur O, Johnson FH, Winant J (1974) Intermolecular energy-transfer in
bioluminescent system of Aequorea. Biochemistry 13:2656-2662

3. Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC (1994) Green fluorescent protein as
a marker for gene-expression. Science 263:802-805



62

10.

11.

13.

14.

15.
16.

18.

19.

20.

21.

22.

23.

24.

S.R. Meech

. Cubitt AB, Heim R, Adams SR, Boyd AE, Gross LA, Tsien RY (1995) Understanding,

improving and using green fluorescent proteins. Trends Biochem Sci 20:448-455

. Shaner NC, Steinbach PA, Tsien RY (2005) A guide to choosing fluorescent proteins. Nat

Methods 2:905-909

. Tsien RY (1998) The green fluorescent protein. Annu Rev Biochem 67:509-544
. Chudakov DM, Matz MV, Lukyanov S, Lukyanov KA (2010) Fluorescent proteins and their

applications in imaging living cells and tissues. Physiol Rev 90:1103-1163

. Alieva NO, Konzen KA, Field SF, Meleshkevitch EA, Hunt ME, Beltran-Ramirez V, Miller

DJ, Wiedenmann J, Salih A, Matz MV (2008) Diversity and evolution of coral fluorescent
proteins. PLoS One 3

. Pouwels LJ, Zhang LP, Chan NH, Dorrestein PC, Wachter RM (2008) Kinetic isotope effect

studies on the de novo rate of chromophore formation in fast- and slow-maturing GFP
variants. Biochemistry 47:10111-10122

Wachter RM, Watkins JL, Kim H (2010) Mechanistic diversity of red fluorescence acquisi-
tion by GFP-like proteins. Biochemistry 49:7417-7427

Wachter RM (2007) Chromogenic cross-link formation in green fluorescent protein. Acc
Chem Res 40:120-127

. Shimomura O (1979) Structure of the chromophore of Aequorea green fluorescent protein.

FEBS Lett 104:220-222

Niwa H, Inouye S, Hirano T, Matsuno T, Kojima S, Kubota M, Ohashi M, Tsuji FI (1996)
Chemical nature of the light emitter of the Aequorea green fluorescent protein. Proc Natl
Acad Sci USA 93:13617-13622

Frommer WB, Davidson MW, Campbell RE (2009) Genetically encoded biosensors based
on engineered fluorescent proteins. Chem Soc Rev 38:2833-2841

Meech SR (2009) Excited state reactions in fluorescent proteins. Chem Soc Rev 38:2922-2934
van Thor JJ (2009) Photoreactions and dynamics of the green fluorescent protein. Chem Soc
Rev 38:2935-2950

. Bell AF, He X, Wachter RM, Tonge PJ (2000) Probing the ground state structure of the green

fluorescent protein chromophore using Raman spectroscopy. Biochemistry 39:4423-4431
Elsliger MA, Wachter RM, Hanson GT, Kallio K, Remington SJ (1999) Structural and
spectral response of green fluorescent protein variants to changes in pH. Biochemistry
38:5296-5301

Llopis J, McCaffery JM, Miyawaki A, Farquhar MG, Tsien RY (1998) Measurement of
cytosolic, mitochondrial, and Golgi pH in single living cells with green fluorescent proteins.
Proc Natl Acad Sci USA 95:6803-6808

Chattoraj M, King BA, Bublitz GU, Boxer SG (1996) Ultra-fast excited state dynamics in
green fluorescent protein: Multiple states and proton transfer. Proc Natl Acad Sci USA
93:8362-8367

Sample V, Newman RH, Zhang J (2009) The structure and function of fluorescent proteins.
Chem Soc Rev 38:2852-2864

Lukyanov KA, Fradkov AF, Gurskaya NG, Matz MV, Labas YA, Savitsky AP, Markelov
ML, Zaraisky AG, Zhao XN, Fang Y, Tan WY, Lukyanov SA (2000) Natural animal
coloration can be determined by a nonfluorescent green fluorescent protein homolog.
J Biol Chem 275:25879-25882

Schuttrigkeit TA, von Feilitzsch T, Kompa CK, Lukyanov KA, Savitsky AP, Voityuk AA,
Michel-Beyerle ME (2006) Femtosecond study of light-induced fluorescence increase of the
dark chromoprotein asFP595. Chem Phys 323:149-160

Adam V, Lelimousin M, Boehme S, Desfonds G, Nienhaus K, Field MJ, Wiedenmann J,
McSweeney S, Nienhaus GU, Bourgeois D (2008) Structural characterization of IrisFP, an
optical highlighter undergoing multiple photo-induced transformations. Proc Natl Acad Sci
USA 105:18343-18348



Primary Photophysical Processes in Chromoproteins 63

25

26.

217.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

. Kredel S, Nienhaus K, Oswald F, Wolff M, Ivanchenko S, Cymer F, Jeromin A, Michels FJ,
Spindler KD, Heilker R, Nienhaus GU, Wiedenmannl J (2008) Optimized and far-red-
emitting variants of fluorescent protein eqFP611. Chem Biol 15:224-233

Nienhaus K, Nar H, Heilker R, Wiedenmann J, Nienhaus GU (2008) Trans-cis isomerization
is responsible for the red-shifted fluorescence in variants of the red fluorescent protein
eqFP611. J Am Chem Soc 130:12578

Ando R, Hama H, Yamamoto-Hino M, Mizuno H, Miyawaki A (2002) An optical marker
based on the UV-induced green-to-red photoconversion of a fluorescent protein. Proc Natl
Acad Sci USA 99:12651-12656

Habuchi S, Tsutsui H, Kochaniak AB, Miyawaki A, van Oijen AM (2008) mKikGR,
a monomeric photoswitchable fluorescent protein. PLoS One 3

Mizuno H, Mal TK, Tong KI, Ando R, Furuta T, Ikura M, Miyawakil A (2003) Photo-
induced peptide cleavage in the green-to-red conversion of a fluorescent protein. Mol Cell
12:1051-1058

Vaziri A, Tang JY, Shroff H, Shank CV (2008) Multilayer three-dimensional super resolu-
tion imaging of thick biological samples. Proc Natl Acad Sci USA 105:20221-20226
Bates M, Huang B, Dempsey GT, Zhuang XW (2007) Multicolor super-resolution imaging
with photo-switchable fluorescent probes. Science 317:1749-1753

Patterson G, Davidson M, Manley S, Lippincott-Schwartz J (2010) Annu Rev Phys Chem
61:345-367

Rulliere C (ed) (2003) Femtosecond laser pulses: principles and experiments. Springer, New
York

Diels JC, Rudolphe W (2006) Ultrashort laser pulse phenomena. Academic, New York

. Andrews DL, Allcock P (2002) Optical harmonics in molecular systems. Wiley-VCH,
Weinheim

Fleming GR (1986) Chemical applications of ultrafast spectroscopy. Oxford University
Press, Oxford

Rhee H, Joo T (2005) Noncolinear phase matching in fluorescence upconversion. Opt Lett
30:96-98

Heisler 1A, Kondo M, Meech SR (2009) Reactive dynamics in confined liquids: ultrafast
torsional dynamics of auramine O in nanoconfined water in aerosol OT reverse micelles.
J Phys Chem B 113:1623-1631

Vengris M, van der Horst MA, Zgrablic G, van Stokkum IHM, Haacke S, Chergui M,
Hellingwerf KJ, van Grondelle R, Larsen DS (2004) Contrasting the excited-state dynamics
of the photoactive yellow protein chromophore: protein versus solvent environments. Bio-
phys J 87:1848-1857

Arzhantsev S, Zachariasse KA, Maroncelli M (2006) Photophysics of trans-4-(dimethyla-
mino)-4’-cyanostilbene and its use as a solvation probe. J Phys Chem A 110:3454-3470
Kwok WM, Ma C, Phillips D, Matousek P, Parker AW, Towrie M (2000) Picosecond time-
resolved study of 4-dimethylaminobenzonitrile in polar and nonpolar solvents. J Phys Chem
A 104:4188-4197

Schmidt B, Laimgruber S, Zinth W, Gilch P (2003) A broadband Kerr shutter for femtosec-
ond fluorescence spectroscopy. Appl Phys B Lasers Opts 76:809-814

Takeda J, Nakajima K, Kurita S, Tomimoto S, Saito S, Suemoto T (2000) Femtosecond
optical Kerr gate fluorescence spectroscopy for ultrafast relaxation processes. J Lumin
87-89:927-929

van Stokkum IHM, Gobets B, Gensch T, van Mourik F, Hellingwerf KJ, van Grondelle R,
Kennis JTM (2006) (Sub)-picosecond spectral evolution of fluorescence in photoactive
proteins studied with a synchroscan streak camera system. Photochem Photobiol 82:380-388
Schmitt M, Dietzek B, Hermann G, Popp J (2007) Femtosecond time-resolved spectroscopy
on biological photoreceptor chromophores. Laser Photon Rev 1:57-78

Greetham G, Towrie M, Matousek P, Parker AW (2010) J Appl Spectrosc 64:1320



64

47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

S.R. Meech

. Towrie M, Grills DC, Dyer J, Weinstein JA, Matousek P, Barton R, Bailey PD, Subrama-
niam N, Kwok WM, Ma CS, Phillips D, Parker AW, George MW (2003) Development of a
broadband picosecond infrared spectrometer and its incorporation into an existing ultrafast
time-resolved resonance Raman, UV/visible, and fluorescence spectroscopic apparatus. Appl
Spectrosc 57:367-380

van Stokkum IHM, Larsen DS, van Grondelle R (2004) Global and target analysis of time-
resolved spectra. Biochim Biophys Acta Bioenergetics 1657:82—-104

Remington SJ (2006) Fluorescent proteins: maturation, photochemistry and photophysics.
Curr Opin Struct Biol 16:714-721

van Thor JJ, Pierik AJ, Nugteren-Roodzant I, Xie AH, Hellingwerf KJ (1998) Characteriza-
tion of the photoconversion of green fluorescent protein with FTIR spectroscopy. Biochem-
istry 37:16915-16921

Bell AF, Stoner-Ma D, Wachter RM, Tonge PJ (2003) Light-driven decarboxylation of wild-
type green fluorescent protein. ] Am Chem Soc 125:6919-6926

Wachter RM, Elsliger MA, Kallio K, Hanson GT, Remington SJ (1998) Structural basis of
spectral shifts in the yellow-emission variants of green fluorescent protein. Struct Folding
Design 6:1267-1277

Andersen LH, Lapierre A, Nielsen SB, Nielsen IB, Pedersen SU, Pedersen UV, Tomita S
(2002) Chromophores of the green fluorescent protein studied in the gas phase. Eur Phys J D
20:597-600

Lammich L, Petersen MA, Nielsen MB, Andersen LH (2007) The gas-phase absorption
spectrum of a neutral GFP model chromophore. Biophys J 92:201-207

Forbes MW, Jockusch RA (2009) Deactivation pathways of an isolated green fluorescent
protein model chromophore studied by electronic action spectroscopy. J Am Chem Soc
131:17038

Webber NM, Meech SR (2007) Electronic spectroscopy and solvatochromism in the chro-
mophore of GFP and the Y66F mutant. Photochem Photobiol Sci 9:276-281

Dong J, Solntsev KM, Tolbert LM (2006) Solvatochromism of the green fluorescence protein
chromophore and its derivatives. J] Am Chem Soc 128:12038-12039

Conyard J, Kondo M, Heisler IA, Baldridge A, Tolbert LM, Solntsev KM, Meech SR (2011)
J Phys Chem B 115:1863-1873

Gepshtein R, Huppert D, Agmon N (2006) Deactivation mechanism of the green fluorescent
chromophore. J Phys Chem B 110:4434-4442

Vengris M, van Stokkum IHM, He X, Bell AF, Tonge PJ, van Grondelle R, Larsen DS (2004)
Ultrafast excited and ground-state dynamics of the green fluorescent protein chromophore in
solution. J Phys Chem A 108:4587-4598

Litvinenko KL, Webber NM, Meech SR (2003) Internal conversion in the chromophore of
the green fluorescent protein: temperature dependence and isoviscosity analysis. J Phys
Chem A 107:2616-2623

Mandal D, Tahara T, Meech SR (2004) Excited-state dynamics in the green fluorescent
protein chromophore. J Phys Chem B 108:1102-1108

Mandal D, Tahara T, Webber NM, Meech SR (2002) Ultrafast fluorescence of the chromo-
phore of the green fluorescent protein in alcohol solutions. Chem Phys Lett 358:495-501
Webber NM, Litvinenko KL, Meech SR (2001) Radiationless relaxation in a synthetic
analogue of the green fluorescent protein chromophore. J Phys Chem B 105:8036-8039
Kummer AD, Kompa C, Niwa H, Hirano T, Kojima S, Michel-Beyerle ME (2002) Viscosity-
dependent fluorescence decay of the GFP chromophore in solution due to fast internal
conversion. J Phys Chem B 106:7554-7559

Sension RJ, Repinec ST, Szarka AZ, Hochstrasser RM (1993) Femtosecond laser studies of
the cis-stilbene photoisomerization reactions. J Chem Phys 98:6291-6315

Kim SK, Fleming GR (1988) Reorientation and isomerization of trans-stilbene in alkane
solutions. J Phys Chem 92:2168-2172



Primary Photophysical Processes in Chromoproteins 65

68

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

. Nagele T, Hoche R, Zinth W, Wachtveitl J (1997) Femtosecond photoisomerization of cis-
azobenzene. Chem Phys Lett 272:489-495

Sundstrom V, Gillbro T (1982) Viscosity-dependent isomerization yields of some cyanine
dyes — a picosecond laser spectroscopy study. J Phys Chem 86:1788-1794

He X, Bell AF, Tonge PJ (2003) Ground state isomerization of a model green fluorescent
protein chromophore. FEBS Lett 549:35-38

Dong J, Abulwerdi F, Baldridge A, Kowalik J, Solntsev KM, Tolbert LM (2008) Isomerization
in fluorescent protein chromophores involves addition/elimination. J Am Chem Soc 130:14096
Voliani V, Bizzarri R, Nifosi R, Abbruzzetti S, Grandi E, Viappiani C, Beltram F (2008)
Cis-trans photoisomerization of fluorescent-protein chromophores. J Phys Chem B 112:
10714-10722

Yang JS, Huang GJ, Liu YH, Peng SM (2008) Photoisomerization of the green fluorescence
protein chromophore and the meta- and para-amino analogues. Chem Commun:1344—-1346
Huang GJ, Yang JS (2010) The N-arylamino conjugation effect in the photochemistry of
fluorescent protein chromophores and aminostilbenes. Chem Asian J 5:2075-2085

Wang DQ, Merz T, van Gunsteren WF (2010) The thermal isomerization of the GFP
chromophore: a computational study. Phys Chem Chem Phys 12:11051-11061.

Wu LX, Burgess K (2008) Syntheses of highly fluorescent GFP-chromophore analogues.
J Am Chem Soc 130:4089-4096

Stavrov SS, Solntsev KM, Tolbert LM, Huppert D (2006) Probing the decay coordinate of
the green fluorescent protein: arrest of cis-trans isomerization by the protein significantly
narrows the fluorescence spectra. ] Am Chem Soc 128:1540-1546

Weber W, Helms V, McCammon JA, Langhoff PW (1999) Shedding light on the dark and
weakly fluorescent states of green fluorescent proteins. Proc Natl Acad Sci USA 96:
6177-6182

Altoe P, Bernardi F, Garavelli M, Orlandi G, Negri F (2005) Solvent effects on the
vibrational activity and photodynamics of the green fluorescent protein chromophore:
a quantum-chemical study. J Am Chem Soc 127:3952-3963

Martin ME, Negri F, Olivucci M (2004) Origin, nature, and fate of the fluorescent state of the
green fluorescent protein chromophore at the CASPT2//CASSCEF resolution. J Am Chem Soc
126:5452-5464

Toniolo A, Olsen S, Manohar L, Martinez TJ (2004) Conical intersection dynamics in
solution: the chromophore of green fluorescent protein. Farad Discuss 127:149-163
Polyakov IV, Grigorenko BL, Epifanovsky EM, Krylov AIl, Nemukhin AV (2010) Potential
energy landscape of the electronic states of the GFP chromophore in different protonation
forms: electronic transition energies and conical intersections. J Chem Theory Comput
6:2377-2387

Olsen S, Manohar L, Martinez TJ (2002) Features of interest on the S-0 and S-1 potential
energy surfaces of a model green fluorescent protein chromophore. Biophys J 82:359A-359A
Olsen S, Smith SC (2007) Radiationless decay of red fluorescent protein chromophore
models via twisted intramolecular charge-transfer states. ] Am Chem Soc 129:2054-2065
Olsen S, Smith SC (2008) Bond selection in the photoisomerization reaction of anionic green
fluorescent protein and kindling fluorescent protein chromophore models. J Am Chem Soc
130:8677-8689

Baffour-Awuah NYA, Zimmer M (2004) Hula-twisting in green fluorescent protein. Chem
Phys 303:7-11

Megley CM, Dickson LA, Maddalo SL, Chandler GJ, Zimmer M (2009) Photophysics and
dihedral freedom of the chromophore in yellow, blue, and green fluorescent protein. J Phys
Chem B 113:302-308

Wilmann PG, Petersen J, Pettikiriarachchi A, Buckle AM, Smith SC, Olsen S, Perugini MA,
Devenish RJ, Prescott M, Rossjohn J (2005) The 2.1 angstrom crystal structure of the far-red
fluorescent protein HcRed: inherent conformational flexibility of the chromophore. J Mol
Biol 349:223-237



66

89

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

S.R. Meech

. Henderson JN, Ai HW, Campbell RE, Remington SJ (2007) Structural basis for reversible
photobleaching of a green fluorescent protein homologue. Proc Natl Acad Sci USA 104:
6672-6677

Prescott M, Ling M, Beddoe T, Oakley AJ, Dove S, Hoegh-Guldberg O, Devenish RJ,
Rossjohn J (2003) The 2.2 A crystal structure of a pocilloporin pigment reveals a nonplanar
chromophore conformation. Structure 11:275-284

Jaye AA, Stoner-Ma D, Matousek P, Towrie M, Tonge PJ, Meech SR (2006) Time-resolved
emission spectra of green fluorescent protein. Photochem Photobiol 82:373-379

Arnaut LG, Formosinho SJ (1993) Excited-state proton-transfer reactions. 1. Fundamentals
and intermolecular reactions. J Photochem Photobiol A Chem 75:1-20

Lossau H, Kummer A, Heinecke R, PollingerDammer F, Kompa C, Bieser G, Jonsson T,
Silva CM, Yang MM, Youvan DC, MichelBeyerle ME (1996) Time-resolved spectroscopy
of wild-type and mutant green fluorescent proteins reveals excited state deprotonation
consistent with fluorophore-protein interactions. Chem Phys 213:1-16

Kennis JTM, Larsen DS, van Stokkum NHM, Vengris M, van Thor JJ, van Grondelle R
(2004) Uncovering the hidden ground state of green fluorescent protein. Proc Natl Acad Sci
USA 101:17988-17993

Brejc K, Sixma TK, Kitts PA, Kain SR, Tsien RY, Ormo M, Remington SJ (1997) Structural
basis for dual excitation and photoisomerization of the Aequorea victoria green fluorescent
protein. Proc Natl Acad Sci USA 94:2306-2311

Stoner-Ma D, Jaye AA, Matousek P, Towrie M, Meech SR, Tonge PJ (2005) Observation of
excited-state proton transfer in green fluorescent protein using ultrafast vibrational spectros-
copy. J Am Chem Soc 127:2864-2865

Stoner-Ma D, Melief EH, Nappa J, Ronayne KL, Tonge PJ, Meech SR (2006) Proton relay
reaction in green fluorescent protein (GFP): polarization-resolved ultrafast vibrational spec-
troscopy of isotopically edited GFP. J Phys Chem B 110:22009-22018

van Thor JJ, Georgiev GY, Towrie M, Sage JT (2005) Ultrafast and low barrier motions in
the photoreactions of the green fluorescent protein. J Biol Chem 280:33652-33659

van Thor JJ, Zanetti G, Ronayne KL, Towrie M (2005) Structural events in the photocycle of
green fluorescent protein. J Phys Chem B 109:16099-16108

van Thor JJ, Ronayne KL, Towrie M, Sage JT (2008) Balance between ultrafast parallel
reactions in the green fluorescent protein has a structural origin. Biophys J 95:1902—-1912
Frank RAW, Titman CM, Pratap JV, Luisi BF, Perham RN (2004) A molecular switch and
proton wire synchronize the active sites in thiamine enzymes. Science 306:872-876
Burykin A, Warshel A (2003) What really prevents proton transport through aquaporin?
Charge self-energy versus proton wire proposals. Biophys J 85:3696-3706

Cui Q, Karplus M (2003) Is a “proton wire” concerted or stepwise? A model study of proton
transfer in carbonic anhydrase. J Phys Chem B 107:1071-1078

Stoner-Ma D, Jaye AA, Ronayne KL, Nappa J, Tonge PJ, Meech SR (2008) Ultrafast
electronic and vibrational dynamics of stabilized A state mutants of the green fluorescent
protein (GFP): snipping the proton wire. Chem Phys 350:193-200

Shi X, Abbyad P, Shu X, Kallio K, Kanchanawong P, Childs W, Remington SJ, Boxer SG
(2007) Ultrafast excited-state dynamics in the green fluorescent protein variant S65T/
H148D. 2. Unusual photophysical properties. Biochemistry 46:12014—12025

Shu X, Kallio K, Shi X, Abbyad P, Kanchanawong P, Childs W, Boxer SG, Remington SJ
(2007) Ultrafast excited-state dynamics in the green fluorescent protein variant S65T/
H148D. 1. Mutagenesis and structural studies. Biochemistry 46:12005-12013

Leiderman P, Genosar L, Huppert D, Shu X, Remington SJ, Solntsev KM, Tolbert LM (2007)
Ultrafast excited-state dynamics in the green fluorescent protein variant S65T/H148D. 3. Short-
and long-time dynamics of the excited-state proton transfer. Biochemistry 46:12026—12036
Stoner-Ma D, Jaye AA, Ronayne KL, Nappa J, Meech SR, Tonge PJ (2008) An alternate
proton acceptor for excited-state proton transfer in green fluorescent protein: rewiring GFP.
J Am Chem Soc 130:1227-1235



Primary Photophysical Processes in Chromoproteins 67

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Kondo M, Meech SR, Tonge PJ, Stoner-Ma D, Heisler IA (2010) Ultrafast dynamics of
protein proton transfer on short hydrogen bond potential energy surfaces: S65T/H148D GFP.
J Am Chem Soc 152:1452-1453

Cleland WW, Kreevoy MM (1994) Low-barrier hydrogen-bonds and enzymatic catalysis.
Science 264:1887-1890

Cleland WW (2010) Adv Phys Org Chem 44:1-17

Lill MA, Helms V (2002) Proton shuttle in green fluorescent protein studied by dynamic
simulations. Proc Natl Acad Sci USA 99:2778-2781

Wang SF, Smith SC (2006) Leading coordinate analysis of reaction pathways in proton chain
transfer: application to a two-proton transfer model for the green fluorescent protein. Chem
Phys 326:204-209

Wang SF, Smith SC (2007) Mechanistic aspects of proton chain transfer in the green
fluorescent protein — Part II. A comparison of minimal quantum chemical models. Phys
Chem Chem Phys 9:452-458

Zhang H, Smith SC (2007) Model real-time quantum dynamical simulations of proton
transfer in the green fluorescent protein (GFP). J Theor Comput Chem 6:789-802

Zhang RB, Nguyen MT, Ceulemans A (2005) A concerted mechanism of proton transfer in
green fluorescent protein. A theoretical study. Chem Phys Lett 404:250-256

Vendrell O, Gelabert R, Moreno M, Lluch JM (2008) A potential energy function for
heterogeneous proton-wires. Ground end photoactive states of the proton-wire in the green
fluorescent protein. J Chem Theory Comput 4:1138-1150

Vendrell O, Gelabert R, Moreno M, Lluch JM (2008) Exploring the effects of intramolecular
vibrational energy redistribution on the operation of the proton wire in green fluorescent
protein. J Phys Chem B 112:13443-13452

Vendrell O, Gelabert R, Moreno M, Lluch JM (2008) Operation of the proton wire in green
fluorescent protein. A quantum dynamics simulation. J Phys Chem B 112:5500-5511

Fang C, Frontiera RR, Tran R, Mathies RA (2009) Mapping GFP structure evolution during
proton transfer with femtosecond Raman spectroscopy. Nature 462:200-204

Irie M (2000) Chem Rev 100(5):1685-1716

Ando R, Mizuno H, Miyawaki A (2004) Regulated fast nucleocytoplasmic shuttling
observed by reversible protein highlighting. Science 306:1370-1373

Gurskaya NG, Verkhusha VV, Shcheglov AS, Staroverov DB, Chepurnykh TV, Fradkov
AF, Lukyanov S, Lukyanov KA (2006) Engineering of a monomeric green-to-red photo-
activatable fluorescent protein induced by blue light. Nat Biotechnol 24:461-465
Wiedenmann J, Ivanchenko S, Oswald F, Schmitt F, Rocker C, Salih A, Spindler KD,
Nienhaus GU (2004) EosFP, a fluorescent marker protein with UV-inducible green-to-red
fluorescence conversion. Proc Natl Acad Sci USA 101:15905-15910

Shaner NC, Patterson GH, Davidson MW (2007) Advances in fluorescent protein technol-
ogy. J Cell Sci 120:4247-4260

Hayashi I, Mizuno H, Tong KI, Furuta T, Tanaka F, Yoshimura M, Miyawaki A, Ikura M
(2007) Crystallographic evidence for water-assisted photo-induced peptide cleavage in the
stony coral fluorescent protein kaede. J Mol Biol 372:918-926

Lelimousin M, Adam V, Nienhaus GU, Bourgeois D, Field MJ (2009) Photoconversion of
the fluorescent protein EosFP: a hybrid potential simulation study reveals intersystem cross-
ings. J Am Chem Soc 131:16814-16823

Tsutsui H, Karasawa S, Shimizu H, Nukina N, Miyawaki A (2005) Semi-rational engineer-
ing of a coral fluorescent protein into an efficient highlighter. EMBO Rep 6:233-238
Lukacs A, Kondo M, Heisler IA, Miyawaki A, Tsutsui H, Towrie M, Greetham G, Tonge PJ,
Stoner-Ma D, Meech SR (2010) In: Ultrafast phenomena X VII. Jonas D, Riedle E, Schoenlein
R, Chergui M, Taylor A (eds) OUP: 511-513

Dedecker P, Hotta J, Ando R, Miyawaki A, Engelborghs Y, Hofkens J (2006) Fast and
reversible photoswitching of the fluorescent protein Dronpa as evidenced by fluorescence
correlation spectroscopy. Biophys J 91:1.45-1.47



68

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

S.R. Meech

Habuchi S, Ando R, Dedecker P, Verheijen W, Mizuno H, Miyawaki A, Hofkens J (2005)
Reversible single-molecule photoswitching in the GFP-like fluorescent protein Dronpa. Proc
Natl Acad Sci USA 102:9511-9516

Habuchi S, Dedecker P, Hotta JI, Flors C, Ando R, Mizuno H, Miyawaki A, Hofkens J
(2006) Photo-induced protonation/deprotonation in the GFP-like fluorescent protein Dronpa:
mechanism responsible for the reversible photoswitching. Photochem Photobiol Sci 5:
567-576

Subach FV, Zhang LJ, Gadella TWJ, Gurskaya NG, Lukyanov KA, Verkhusha VV (2010)
Red fluorescent protein with reversibly photoswitchable absorbance for photochromic
FRET. Chem Biol 17:745-755

Stiel AC, Andresen M, Bock H, Hilbert M, Schilde J, Schonle A, Eggeling C, Egner A, Hell
SW, Jakobs S (2008) Generation of monomeric reversibly switchable red fluorescent pro-
teins for far-field fluorescence nanoscopy. Biophys J 95:2989-2997

Ando R, Flors C, Mizuno H, Hofkens J, Miyawaki A (2007) Highlighted generation of
fluorescence signals using simultaneous two-color irradiation on Dronpa mutants. Biophys J
92:L97-1L99

Mizuno H, Mal TK, Walchli M, Kikuchi A, Fukano T, Ando R, Jeyakanthan J, Taka J, Shiro
Y, Ikura M, Miyawaki A (2008) Light-dependent regulation of structural flexibility in a
photochromic fluorescent protein. Proc Natl Acad Sci USA 105:9227-9232

Fron E, Flors C, Schweitzer G, Habuchi S, Mizuno H, Ando R, De Schryver FC, Miyawaki
A, Hofkens J (2007) Ultrafast excited-state dynamics of the photoswitchable protein dronpa.
J Am Chem Soc 129:4870

Andresen M, Stiel AC, Trowitzsch S, Weber G, Eggeling C, Wahl MC, Hell SW, Jakobs S
(2007) Structural basis for reversible photoswitching in Dronpa. Proc Natl Acad Sci USA
104:13005-13009

Stiel AC, Trowitzsch S, Weber G, Andresen M, Eggeling C, Hell SW, Jakobs S, Wahl MC
(2007) 1.8 Angstrom bright-state structure of the reversibly switchable fluorescent protein
Dronpa guides the generation of fast switching variants. Biochem J 402:35-42

Li X, Chung LW, Mizuno H, Miyawaki A, Morokuma K (2010) A theoretical study on the
nature of on- and off-states of reversibly photoswitching fluorescent protein Dronpa: absorp-
tion, emission, protonation, and Raman. J Phys Chem B 114:1114-1126

Bulina ME, Chudakov DM, Britanova OV, Yanushevich YG, Staroverov DB, Chepurnykh
TV, Merzlyak EM, Shkrob MA, Lukyanov S, Lukyanov KA (2006) A genetically encoded
photosensitizer. Nat Biotechnol 24:95-99

Kent KP, Childs W, Boxer SG (2008) Deconstructing green fluorescent protein. ] Am Chem
Soc 130:9664

Kent KP, Oltrogge LM, Boxer SG (2009) Synthetic control of green fluorescent protein.
J Am Chem Soc 131:15988



Fluorescence Lifetime of Fluorescent Proteins

Gregor Jung, Andreas Brockhinke, Thomas Gensch, Benjamin Hotzer,
Stefanie Schwedler, and Seena Koyadan Veettil

Abstract Fluorescence is a photophysical phenomenon, which obeys basic physical
laws. The fluorescence of the autofluorescent proteins arises on the molecular level
from chromophores, which are buried in the protein matrix. The three-dimensional,
well-defined architecture of the surrounding is a prerequisite for their function.
Excitation of the isolated chromophores leads only to a negligible light emission at
room temperature. Several processes competing with the radiative decay are respon-
sible for the quenching. To understand how nature has learned to suppress these
alternative pathways from the excited state in autofluorescent proteins, the molecular
dynamics as well as the influence of several amino acids in the interior of the protein
has to be analysed. We review the current status of the understanding of the non-
radiative decay mechanisms for the different fluorescent protein classes, i.e., colours.
Furthermore, we address what can be learned from fluorescence lifetime measure-
ments and how they can be exploited for analytical purposes such as fluorescence
lifetime imaging microscopy. Finally, we sketch the needs of increased fluorescence
quantum yields and present strategies to prolong the fluorescence lifetimes.
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1 Principles of Fluorescence Decays

1.1 Introduction into the Photophysics of a Fluorophore:
The Jablonski Scheme

In this chapter, we will provide a treatment of fluorescence, which is based on basic
physical laws. Some aspects are also covered in other chapters; we will rely on the
work, which is presented elsewhere in this compendium.

The treatise can start with a consideration of a simplified Jablonski scheme
(Fig. 1). Such diagrams are often used to visualize the possible transition of an
isolated conjugated system. With respect to fluorescent proteins (FPs), this situation
corresponds to a chromophore taken out of the protein barrel and embedded in an
inert solvent or, even more stringent, into the vacuum. Both kinds of conditions were
experimentally established and gave insight into the photophysics of FPs [1-3].

We can divide the different photophysical pathways in those where radiation
is involved and those which are purely radiationless. The first group comprises
transitions such as absorption, fluorescence and phosphorescence, the second group
mainly consists of intersystem crossing (ISC), internal conversion (IC) and, if we
account for the interaction with other molecules, quenching. The latter processes
are not restricted to the first excited singlet and triplet state, S; and T, respectively,
but occur also for higher excited states. Indeed, IC is the main decay mechanism,
which prevents to observe strong emission from higher excited states.

The Jablonski scheme in Fig. 1 shows more photophysical pathways, which
connect the different states. However, little is known about higher excited states
S, and T, i.e., about their energies and their lifetimes. Absorption spectra of
synthetic chromophores show the excitation into higher singlet states at wave-
lengths 4 < 300 nm. They are weaker than the S, — S transition [4]. However,
these absorption bands are hidden in the spectra of proteins since the large number
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A
E

phosphorescence

Fig. 1 Jablonski scheme for chromophores. With respect to fluorescent proteins, most spectro-
scopic data exist for absorption, emission and internal conversion (black arrows), i.e., transitions
between the lowest two singlet-states Sy and S;. Experimental findings hint at some relevance of
higher excited singlet-states S, and the lowest triplet state T (grey, full line arrows). Little is
known about other possible transitions (grey, dotted line arrows)

of aromatic amino acids also absorbs strongly in the UV-range. Selective destruc-
tion of the chromophores in FPs, which would allow for verifying the energetic
position in the natural environment by subtracting the spectra after some chemical
treatment from the original spectra, is possible but likely not reliable enough [5].
More reliable is experimental and theoretical work on two-photon excitation, which
gives insight into the energetics of higher excited states [6, 7]. That these higher
excited singlet states are indeed of more than academic interest, can be inferred
from two-photon excitation microscopy [8] and from the enhanced photoconver-
sion upon excitation in these states [9, 10]: it was shown that both UV-excitation at
254 nm and excited-state absorption of the neutral chromophore lead to a rapid
decarboxylation of a nearby glutamate at position 222. Based on these experiments,
one could also hypothesize that other photochemical reactions such as photobleach-
ing are accelerated upon excitation into higher excited states. Especially the
characterization of excited-state absorption would be desirable since pump-dump
schemes such as in stimulated-emission depletion (STED)-microscopy might suffer
from such detrimental reactions [11, 12]. Excited-state absorption might also occur
to some extent in microscopy within the diffraction-limited spot of a focussed laser
beam, even with continuous-wave excitation. Due to the yet limited knowledge
about these processes, we restrict the following discussion to the lowest excited
states, i.e., S, and T}.

The relevance of the lowest energetic triplet state is still under debate. In the
past, fluorescence correlation spectroscopy (FCS) gave some evidence that the
triplet state is significantly populated at high intensities in FPs [13]. Unfortunately,
FCS only detects transient states due to their missing fluorescence emission, which
is especially ambiguous in FPs: there are more photochemical reactions, which can
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lead to fluorescence intermittency. Only recently, some near-infrared (NIR) lumi-
nescence with a lifetime of tens of microseconds was detected, which was attributed
to phosphorescence [14]. The experiments were originally designed to detect the
weak emission of singlet oxygen 'O, upon photosensitization. When further spec-
troscopic characterization of the emitting species is provided, one could finally
improve its impact on photochemical reactions such as the mentioned photosensiti-
zation as manifested e.g., in the so-called Killer Red proteins [15]. On the basis of
the yet available data, we can neglect ISC as competitive process to fluorescence
and, consequently, restrict the further discussion to the transitions between the two
energetically lowest singlet states, i.e., S; and Sy,

1.2 Einstein Factors: Absorption, Spontaneous
and Stimulated Emission

The kinetic formulation of Planck’s law for the black-body radiation by Albert
Einstein provided three molecular photophysical parameters, A, Bi, and Bj;.
These three parameters are deduced when the spectrum of a thermal light source,
such as the sun or a light bulb, is matched with the Boltzmann distribution. This
so-called two-level system (TLS) is met in an approximation in the pair Sy and S; of
almost any good fluorophore. Therefore, the three Einstein factors A,; for sponta-
neous emission, By, for absorption and B, for stimulated emission are of funda-
mental validity and significance in fluorescence spectroscopy. For details, the
interested reader is referred to more specialized articles, e.g., [16].

The complexity is reduced if two states of the same spin multiplicity, i.e., singlet
or triplet, are treated. Due to the same degeneracy of both aforementioned TLS
levels, the values of B,; and B, become identical. The underlying processes are
still absorption and stimulated emission. The only reason that the latter process is
generally not observed in conventional fluorescence spectroscopy is the fact that the
excited state is, at room temperature, much less populated than the electronic
ground state. Stimulated emission, however, plays a role in pump-probe spectros-
copy [17], in stimulated emission microscopy [18] and, also, in STED-microscopy
[11, 12]. Furthermore, strong pumping of the excited state of FPs can lead to laser
action which is, actually, a result of stimulated emission [19]. The importance of the
parameter B,; = B, is its connection to the Einstein-factor A,; (1), where c is the
speed of light and # is Planck’s constant.

&nh
Ay = <c—3) v’ Byy. ey

The unit of A, is that of a frequency. In fact, A, is the reciprocal value of the
radiative lifetime 7,4 of the upper state in the TLS which is, here, the excited state
S1. In other words, the knowledge of the absolute absorbance, i.e., B1,, allows for
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calculating the fluorescence lifetime g = Tpq = Az’ll. This equivalency, however,
is only true if no fluorescence quenching mechanism takes place. This is another
meaning of absorption spectroscopy for fluorescence spectroscopy. Equation (1)
also shows that fluorescence, i.e., spontaneous emission, becomes more important
at higher optical frequencies v or shorter wavelengths 4. We will get back to this
relation while comparing different proteins (Sect. 3).

One limitation of the early formulation by Einstein is that it accounts for only
one wavelength A or one optical frequency v, respectively. Absorption as well as
fluorescence spectra are characterized by band widths in the range of tens of
nanometres (Fig. 2). This was solved in a careful reformulation of (1), (2) [23].

= (B22E) - (m10) Loy o

The first term in parentheses takes the refractive index n, of the surrounding
medium into account. The second term in parentheses, a constant, scales the molar
decade extinction coefficient down to a molecular value (see Sect. 1.3). The
brackets in the third term denote integrations over the frequency of the respective
spectrum. The upper integral uses as argument the absorption spectrum &,,(v),
divided by the frequency v. The lower integral mainly consists of the fluorescence
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Fig. 2 Absorption spectra of eGFP (black) and eYFP (grey) and fluorescence spectrum of the
latter (black dotted), normalized to the spectral area of eYFP. Taking the approximation of
equal oscillator strengths f;, for eGFP and eYFP, &,,,x(eGFP) can only be 0.57 X &,x(¢YFP) as
the latter exhibits a distinctly smaller absorption spectrum. On the basis of ¢,.x(eYFP) =
83.400 M~! cm™!, fi2 = 0.48 is calculated according to (4). Application of (2) leads to
Trad :Az’]l =4.7ns [20]. The dependence of A,; on the spectral changes between GFPs and
YFPs was observed to be lower than 7% [21], i.e., the radiative lifetime of eGFP can be as short
as 4.4 ns which is very close to the value of [22]
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spectrum Ig(v) and is used for calculating the centre frequency (v) of the fluo-
rescence spectrum, weighted by v} (3). In a rough approximation, one could
also use the third power of the frequency at the maximum of the fluorescence
spectrum, Vpax-

-l [ In(v)dv 3
<vﬂ > - fv‘3lﬂ(v)dv ~ Vax- (3)

One caveat has to be mentioned. Although the calculation according to (2) works
reasonably well for good fluorophores, the absorbing ground state Sy as well as the
emitting excited state S, should possess a more or less similar electron distribution.
This is satisfyingly fulfilled for the anionic chromophore species in FPs, i.e., most
GFP (Green Fluorescent Protein), YFP (Yellow Fluorescent Protein) and, likely,
red fluorescent proteins [21], although also structural changes due to vibrational
relaxation may influence Einstein’s relations. Equation (2) certainly fails when
excited-state reactions such as excited-state proton transfer (ESPT) as in wild-
type GFP (wt-GFP) are involved.

1.3 Meaning of Absorption Spectra

According to (2), there seem to be two ways to enhance the radiative rate constant
A;. The first approach is to enhance the refractive index ng of the surrounding.
Its importance is experimentally proven and is used to map the refractive index
within cells [24-26]. It also influences lifetime measurements at cryogenic tem-
peratures where glycerol or sugars are added as cryoprotectors. Furthermore, the
refractive index influence on A,; is surely one of the reasons for the, generally
observed, shortened fluorescence lifetime in cells compared to aqueous solutions.
Significantly higher refractive indices than in water were detected for the cytosol
(np = 1.36-1.38) and membranes (1o = 1.45) [27-29]. It is also especially impor-
tant if g is measured close to glass or, via a different mechanism, close to metal
surfaces [30].

The other appealing approach would be to increase the extinction 