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Abstract

Exploring the emerging properties of novel GFP-like fluorescent
proteins

Marguerite E. Hunt, M.A.
The University of Texas at Austin, 2013

Supervisor: Mikhail V. Matz

In 2008 the Nobel Prize in Chemistry was awarded to the scientists who
revolutionized biomedical technology by isolating, characterizing, and pioneering the use
of a green fluorescent protein (GFP) from a humble hydrozoan jellyfish. Now numbering
in the hundreds of colors and applications, fluorescent protein (FP) tools have facilitated
the explosion of biological knowledge elucidated by a technology that can label DNA or
RNA, track protein expression, and identify protein interactions. The development of the
large variety of FP biotechnology available today has been due to the need for expanded
color palettes and applications, and more efficient functionality.

Yet, as our

understanding of the biochemical and spectral characteristics of these geneticallyencoded, self-assembling proteins has expanded, our comprehension of the biological
function of FPs in the host organisms has remained inadequate. While the need for novel
v

FP laboratory applications still continues, the new focus in the field of fluorescent
proteins is moving to also characterize their biological functions.

In this research

compilation, the identification of three groups of new fluorescent proteins from marine
copepods and hydrozoans has provided a collection of eleven FPs exhibiting previously
uncharacterized colors, and biochemical and structural features. The green FPs from
copepods are the brightest wild-type FPs identified and support the hypothesized
biological function of fluorescence as counter-shading in the marine environment where
these animals live.

The FPs from the siphonophore and anthoathecate jelly, both

hydrozoan animals, are comprised of tandemly expressed fluorescent protein units, a
solution to the oligomeric structure common to most FPs that suggests a novel structurefunction relationship. The fluorescent proteins from Obelia reveal a novel hydrozoan
cyan FP, previously uncharacterized higher-order structural complexes, and have initiated
the work to describe the biological function of these proteins as potential regenerators of
their internal bioluminescent light sources. All eleven fluorescent proteins may also be
adapted for FP technology.
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Chapter 1: Introduction
1.1 SUMMARY
Fluorescence is the transformation of light. The transformative molecule, the
chromophore, reduces higher energy light waves to lower energy light waves, emitting
light at a longer wavelength. The transformation is fast and ephemeral, a characteristic of
fluorescence. There are many substances that have the ability to transform light using the
fluorescent process; the common feature is the chromophore that transforms light energy.
Chromophores may be synthesized or naturally occurring molecules, such as fluorescent
dyes (fluorescein) or porphyrins. The other major group of fluorescent molecules is
fluorescent proteins.
Fluorescent proteins (FPs) are unique because they are genetically encoded and
autocatalyze their own chromophores without the assistance of cofactors or enzymes. It
is these two features that have made FPs a commercial success as laboratory tools,
garnered the original Green Fluorescent Protein (GFP) scientists a Nobel Prize in 2008,
and have generally led to the focus of FPs as lab tools, but also a public fascination with
fluorescent proteins.
This family of proteins is truly special.

GFP from Aequorea victoria, the

canonical fluorescent protein first adapted as a laboratory tool, has been extensively
characterized biochemically and structurally, yet very little empirical evidence exists,
beyond some well reasoned theories, for the biological uses in situ for these proteins.
Instead, FPs have become famous for their use in biotechnology applications. It has been
the constant search for better FP tools that has spurred an expanded color palette with
enhanced spectral characteristics and increased array of scientific applications. But,
every discovery of a novel fluorescent protein has also added to our understanding of the
1

wide variety of evolutionary solutions to fluorescence, whether the interest is from a
biotechnology or biological point of view.
The focus of the work presented here was to discover new innovations within
fluorescent proteins.

To that end, novel fluorescent proteins were isolated and

characterized from fluorescent marine animals from Copepods (Phylum Arthropoda) and
Hydrozoans (Phylum Cnidaria), animal groups that have yielded excellent bio-tools, but
that remain severely undersampled for FPs. The expectation was to not only find several
new genetically encoded FPs, but also to identify novel features of these proteins.
1.2 BACKGROUND
1.2.1 Discovery of fluorescent proteins
The first fluorescent protein was discovered in the jellyfish, Aequorea victoria, in
the 1960s at Friday Harbor Laboratories (USA, Figure 1.1). Attempts to isolate the
fluorescent-green, light emitting substance failed; what was repeatedly isolated was a
blue-light emitting substance. This light emitting substance, now known as aequorin [1],
is a protein that luminesces in the presence of Ca2+.

Figure 1.1 Aequorea victoria
Fluorescent green granules in the edge of the bell of A.
victoria. Image courtesy of Steve Haddock.

Further extractions from larger numbers of the
Aequorea jellyfish finally yielded a solution containing a
heterogeneous mixture of light emitting proteins; the blue
2

light from the characterized aequorin, and an unknown green light emitting protein. This
green color was the color of the animal in situ – the light organs contained in the edge of
the umbrella appear fluorescent green.
Spectral characterization of these two light emitting components isolated from the
jellyfish showed two emission peaks; 480nm for aequorin and 508nm for the
uncharacterized green fluorescent protein (GFP, [1]). This wasn’t surprising – the green
substance was expected, but the presence of the blue-light aequorin seen in previous
extractions was not. To further confound the issue was that the relationship between
these two light emitting substances was not yet understood.

Eventual spectral

characterization of the green light emitter led to the identification of a green fluorescent
protein (GFP) that was suggested to emit light in a Forster-type energy transfer
mechanism (FRET, not conferred by photon emission [2]) when coupled to the
luminescent aequorin.
The cardinal fluorescent protein, GFP from A. victoria, falls into the class of FPs
from the hydrozoan branch of phylum cnidaria. Oddly enough, despite GFP becoming
such a valuable laboratory tool, there were no other FPs identified for several years.
Additionally, only green FPs had been identified in hydrozoans until 2004 [3]. Were
GFP the only FP ever identified, it would still have advanced biomedical research, but
would have been severely limited in its use. However, this is not the case.
Almost forty years after the discovery of GFP, the first anthozoan (non-hydrozoan
branch of cnidaria) [4] and arthropod (first bilaterian) [3] FPs were identified. This was
momentous not only because of the species in which the proteins were discovered, but
also because a wild type red FP was identified and none of these newly identified FPs
were coupled to a luminescent light emitter, unlike A. victoria GFP. The red protein,
dsRed (commercial name), was found in a non-luminescent mushroom anemone,
3

Discosoma sp.[4]. Because this was the first wild type red FP, it was developed for
commercial use, but as an obligate tetramer it was limited in its use for some applications
until undergoing extensive chromophore remodeling [5]. The anthozoan-derived proteins
have yielded the greatest number and diversity of the FPs, with over 100 identified
proteins ranging from cyan to red and including the purple chromoproteins [6].

The

arthropod FPs were found in the pontellidae family of copepods, which are small marine
crustaceans. The green fluorescent proteins from copepods also have been adapted for
laboratory applications.

Some benefits of these FPs are their speed of maturation,

brightness, and stability, but a drawback is the propensity for aggregation and tetrameric
oligomerization [7].
Perhaps the most exciting fluorescent protein identification recently is the family
of green fluorescent proteins from amphioxus, a marine animal and the first fluorescent
chordate identified [8]. And finally, the first fluorescent protein has been identified in
phylum Ctenophora, a closely related phylum to Cnidaria within the coelenterates [9].
The ctenophore GFP (hbeeGFP) is photoactivatable, which may lead to its development
as a commercially marketed tool, but also advances our understanding about the extent to
which fluorescent proteins may be found throughout metazoans [9]. However, hbeeGFP
may yet prove to be a gut contaminant of the ctenophore from which it was isolated due
to hbeeGFP’s high sequence similarity to the siphonophore FPs. Indeed, ctenophores eat
siphonophores.
1.2.2 The GFP molecule and biotechnology
GFP and its related FPs are rare proteins in that they are able to self-assemble
their light transforming chromophores without the use of co-factors aside from molecular
oxygen. GFP is 238 amino acids long with a molecular weight of 27 kD. Situated in the
4

internal channel of the 11-stranded beta-can is the amino acid helix that tethers the
tripeptide derived chromophore, allowing it to be protected from outside forces that
might otherwise destroy the chromophore’s ability to transform incoming light. The
formation of the chromophore is auto-catalyzed with the aid of two invariable amino
acids, Arg96 and Glu222; mutations at these sites can result in loss of fluorescence. The
final step of chromophore formation, the oxidation of Tyr66, is caused by molecular
oxygen.
Once formed, the chromophore is kept protected inside its beta-can, maintaining a
highly stable environment within or when exposed to outside the range of natural
physiological conditions. Many FPs maintain their fluorescence under conditions of
extreme pH, temperature, organic solvents, proteases, and light exposure. As laboratory
tools, they are easy to use and offer a large collection of commercial genetically-encoded
vectors, FRET pairs, and antibodies that are available for a variety of applications (see
Chudakov, 2010 for a complete review of applications [6]).
Expression and full characterization of the purified GFP were first achieved in the
early 1990s [10], followed by heterologous expression in Escherichia coli (E. coli) and
Caenorhabditis elegans (C. elegans)[11]. Early experiments utilizing GFP in fusion
constructs did so for the purpose of protein tagging, i.e. tracking the spatial and temporal
expression of a protein of interest. An advantage to this approach is that antibodies and
stains are no longer needed for observing the protein with a microscope; it is also
possible to see the cells without fixation. Since those landmark studies were completed,
GFP was quickly adapted for use in other model organisms such as Drosophila sp. [12]
and Danio rerio [13].
Though GFP and its relative FPs have expanded our repertoire of tools, some
aspects of FPs need to be considered prior to use. Individual monomers often aggregate
5

or oligomerize due to hydrophobic interactions, hydrogen bonds, and salt bridges
between and among monomers, leading to precipitation out of solution during
purification [14]. This can sometimes be solved by the addition of buffers that cause
stereopic interference, but this approach isn’t always practical or desired. In vivo, the
same protein subunit interactions can cause oligomerization and aggregation leading to
cell death due to crystal formation or improper folding, and therefore affect the behavior
of fluorescent fusion-tagged proteins; monomeric FPs are generally required for fusion
constructs. While FP oligomerization may be tolerated by cells, it can be problematic for
certain applications or lead to mis-localization or mis-expression. Indeed, many FPs have
been engineered from their wild type forms to express as monomers or improve their
spectral characteristics. The original GFP is one of the few FPs that is naturally a
monomer under most physiological conditions and concentrations [15]. However, even
GFP was modified to increase its brightness, shorten its maturation, and ensure its
monomer status when highly expressed [16]; [17]; [18].

dsRed, one of the most

important FPs discovered [4], was plagued by slow and incomplete maturation as well as
being an obligate tetramer [5]; [19]; [20]. In order for dsRed to become a useful tool, it
was also extensively modified [21]; [22]; [23]. Therefore, most newly discovered
fluorescent proteins require some engineering before use as a tool in the laboratory.
Common characteristics of a good FP include monomeric expression, high brightness,
and quick maturation. Further changes may be applied to change the nature of the FP to
use in more complicated applications: a spectral shift towards a different wavelength, for
use as a timer, or optimized for a FRET pairing. The numerous cutting-edge
biomedical/technological applications of fluorescent proteins have driven the search for
more diverse FPs and their further development as tools.
6

1.2.3 Evolution of fluorescence
Fluorescent proteins’ closest relatives are the non-fluorescent, but intensely
colored chromoproteins. Several chromoproteins have been characterized thus far and
share structural homology with GFP-like proteins, but vary in three key amino acid
residues at positions 148, 165, and 203 (GFP numbering), which are likely responsible
for creating the internal environment that stabilizes the fluorophore in their fluorescent
relatives (Shagin, 2004).

There is also another family of non-fluorescent colorless

proteins, G2F, found in most metazoans. In humans G2F domains are contained within
nidogen proteins whose purposes are to assist with the organization of the extracellular
matrix. G2F proteins have a β-can structure identical to GFP, but share less than 10%
amino acid sequence similarity (Hopf, 2001). It is the structural similarity that suggests
the familial relationship among the fluorescent proteins, chromoproteins, and G2Fs rather
than the quality of being colored.
The structures of these proteins are interesting because they confer the ability to
bind other proteins; indeed, the function of β-strands 1, 2, 3, and 11 in G2FPs is to bind
to extracellular matrix proteins. In fluorescent proteins, these same β-strands are found
on the outside of the β-can, but are not used to hold together the native oligomeric forms
of some GFP-like proteins (Wall, 2000; Yarbrough, 2001). Therefore, this binding patch
is still free to bind other proteins, the theory that protein binding maintaining structural
integrity may have been the original functions of this superfamily of proteins (Hopf,
2001).
It is considered that there are two possible paths of evolution that these proteins
may have followed. GFP and G2F proteins have a common ancestor whose original
function may or may not have been to bind proteins or to fluoresce. If this ancestral gene
were to be duplicated, one of the genes would be released from its selective pressure.
7

This protein could have evolved into a GFP-like protein and the remaining protein
evolved into G2F. Theoretically, all metazoans would have a copy of each gene, though
perhaps not expressed equally among all animals. An alternative explanation suggests
that GFP proteins were the parent ancestral β-can protein, but over time only those
organisms for which fluorescence was useful maintained that characteristic. In other
organisms not needing to fluoresce, the ancestral gene may have evolved into the G2F
protein with its binding function instead.
Another evolutionary option is that of horizontal gene transfer. Horizontal gene
transfer is well documented among prokaryotes as a method of transferring genetic
material, such as with a bacterium sharing a gene for drug resistance with other unrelated
bacteria. In eukaryotes however, scientists have been loath to accept horizontal gene
transfer beyond the ancient incorporation of chloroplasts and mitochondria. However,
there is now evidence for horizontal gene transfer to eukaryotes, such as from bacteria to
the yeast Saccharomyces cerevisiae (Hall, 2005).

Horizontal gene transfer from

eukaryote to eukaryote is also suggested by retrotransposon transfer. Perhaps all noncnidarian organisms containing GFP have incorporated the cnidarian GFP into their
genomes. Both protostome and deuterostome G2F proteins are closely related enough to
exclude copepod GFP from that group, and copepod GFP is more similar to cnidarian
GFP than it is to bilaterian G2Fs. However, copepod GFP is not sufficiently alike to
suggest a close enough relationship to any of the known cnidarian lineages, so copepoda
GFP is unlikely to be caused by lateral gene transfer (Shagin, 2004). However, the
chromoproteins could be an example of lateral gene transfer. All the chromoproteins are
similar enough to suggest a close relationship, but are from diverse families of
scleractinia corals. The GFP-like proteins from three Amphioxus sp. are more closely
related to copepod GFP than they are to either cnidarian GFP or to G2F proteins from
8

tunicate, human, fly, mouse, and worm. This is the first case of a GFP-like protein in
deuterostome, potentially confounding our understanding of the evolutionary origins of
fluorescence, but at the same time opening up the path of GFP evolution to revision.
How do the additions of copepod and amphioxus GFP-like proteins affect what
we know about the evolution of GFP-like fluorescence? It was originally assumed that
GFP was an ancestral protein since the only known GFP-like proteins belonged to the
basal metazoans, cnidaria. If this were true, GFP essentially marked an evolutionarily
divergent event between cnidarians and all bilateria where all cnidarians had GFP and all
bilaterians had G2F.

However, this theory had to be modified recently when the

bilaterian copepods were found to have a fluorescent GFP and not a fluorescent G2F.
Even more important are the additions of the first deuterostome GFPs from Amphioxus
sp. Assuming that GFP appeared only once during evolution, and that every animal that
carries GFP-like proteins inherited them from a common ancestor, the addition of
amphioxus GFP does not necessarily disturb this evolutionary path.
1.2.4 Biology
Fluorescent protein-expressing animals are limited to the marine environment and
currently, only found in four Phyla: Cnidaria, Ctenophora, Arthropoda, and Chordata.
Within Cnidaria, classes Hydrozoa and Anthozoa have supplied the vast marjority of
about 200 known FPs, with the Anthozoans contributing by far the largest percentage of
wild-type FPs as well as most of the FPs adapted for laboratory use. The Hydrozoans,
despite being the source of GFP from Aequoria victoria, have only given a handful of
wild-type FPs, of which only GFP has been adapted for laboratory use. The Ctenophore
(comb jellies) FP, hbeeGFP, was an exciting find, but there is strong evidence that the FP
found in the comb jelly was actually derived from the gut contents of the animal rather
9

than representing a truly novel FP, but again, this is the only Ctenophore FP on record
and further searches into this Phylum may continue to yield new FPs or prove to be an
isolated incident. Phylum Arthropoda delivers the Calanoid copepod proteins, which
have proven to be excellent laboratory tools, but suffer from aggregation and solubility
issues, and therefore require modifications. Also, the copepod FPs so far have not shown
much spectral variety in the FPs, being green or yellow-shifted green.

Lastly, the

amphioxus FP (Phylum Chordata), was an interesting find from an evolutionary stand
point since it was the first example of an FP in a chordate.
But an interesting question arises from a survey of the animal species that claim
ownership to these FPs – what’s the biological function? So far, the theories of function
relate to the use of color/light or some other biochemical maintenance of the organism.
Empirical evidence is spotty, and though certainly some hypotheses are based on solid
observational skills and preliminary experiments, there still exists skepticism about
claims to function of FPs [24]. Yet, biological function is truly the next avenue in
fluorescent protein research.
The environment that each FP expressing organism inhabits likely drives some
portion of the purpose of fluorescence. The functions of fluorescence are therefore likely
to be as varied as the marine habitats and life histories of each different fluorescent
organism [25]. In the animals that contain symbiotic algae (Zooxanthellae sp. contained
in some Anthozoan species), FPs have long been thought to offer protection from intense
light, to act as a sink to toxic photosynthesis waste products such as superoxides, or to
facilitate light energy shifts to a longer, more useful wavelength for photosynthesis at
depth where only blue light persists [26-31]. This feature is due to the innate ability of
the proteins, by virtue of their fluorescent nature, to reduce light energy – a potentially
useful function in the context of light environments.
10

But there is skepticism for these

theories since there are FPs found in low-light anthozoan species and there are anthozoan
species that survive without FPs [32].
For other anthozoan species, FPs are thought to aid in the life cycle of the animal,
such as influencing coral larvae settlement (Matz-lab research) or perhaps acting as an
attractant for the symbiotic zooxanthellae that are necessary for the survival of some
corals. In other animals, particularly in motile species, the use of light and color come
into consideration and have evidence from ecology studies, though not necessarily done
in the fluorescent animals themselves.

Functions of mate signaling, aposematic or

counter-shading coloration, and as a spectral shift agent have been proposed for such
animals as the floating hydrozoan jellies and siphonophore species, copepods, and even
the deep-sea dragonfishes (see Chapter 5, unpublished work) [33-35]. Using FPs as a
spectral shift agent when combined with a bioluminescent light source is well
documented, but evidence that it actually works for predator avoidance does not exist for
all species.
A more recent development in the function of FPs is that of a component to the
immune system in response to stress. With the increased stressors (thermal, disease) that
have been encountered by the sessile fluorescent species (Anthozoans, some
Hydrozoans), the ability to mitigate the internal release of superoxides or nitric oxide
radicals with endogenous FPs, could contribute to the survival of these endangered
species [25, 31, 36]. Lastly, it has been hypothesized that FPs may act as electron donors
in connection to stress responses for the purpose of creating an internal signal to the
presence of light [37].

11

1.3 RESEARCH FOCUS AND IMPACT
Throughout the years of study of fluorescent proteins, it has always been the
continuing search for new FPs that has yielded new colors, new structures, and new
applications for biotechnology. There would be little disagreement that the canonical
GFP added an enormous amount of power to track protein expression. But, the current
collection of FP tools has the ability to identify subcellular localizations and proteinprotein interactions, label DNA and RNA, and track protein expression and turnover
(e.g.) – truly a revolution in biotechnology.

Each of these applications was made

possible by the discovery of a new fluorescent protein or modifications made to an
existing FP in order to take advantage of a useful feature.
There is also a growing interest in the biology behind fluorescence.

What

organisms utilize the molecule and why? This field of inquiry is at the very beginning.
So far, most of the work in the biology of FPs has concerned itself with the fluorescent
coral species and their relatives. But, much of the interest in FPs in corals is an extension
to the even bigger question of coral survival in the context of global warming, and less of
the biological function of FPs. Also, the organisms with FPs coupled to bioluminescence
have certainly enjoyed full characterization of the biochemical process behind
fluorescence-shifted bioluminescence, but little has been done to empirically prove how
the process is utilized.
Nonetheless, it has only been through the continued search for new FPs that new
FPs have been found. Though GFP was discovered in the early 1960s [1], it was another
thirty-plus years before it was used as an intracellular protein tag [11] and another several
years beyond that until the first wild-type red FP was discovered [35]. The discovery of
dsRed marked a momentous shift in the thought about FPs. Instead of being strictly
associated with the bioluminescent systems as with A. victoria GFP, the discovery of
12

dsRed and other FPs from that published work, FPs were identified in nonbioluminescent systems and in other phyla.
A continued search, even today, will yield new FPs. From a biotechnology point
of view, new FPs will add to the FP toolkit, adding better FPs, more colors, more
applications. From a biological standpoint, so much work has yet to be done, it’s difficult
to even speculate what sorts of novel features and function may yet await discovery.
However, the work presented here demonstrates several never-before-seen features in
FPs that may add to the biotechnological adaptation of the proteins, but more importantly
offer a peek into the elusive biological functions.
Of particular interest are the two animal groups used for the work in this thesis.
The copepod FPs (Phylum Arthropoda, Subphylum Crustacea), have been adapted for
some of the brightest and most stable FPs available, yet there are still less than ten
copepod derived FPs discovered and there are several thousand copepods in the oceans.
The Hydrozoans (Phylum Cnidaria), to which Aquorea victoria belongs, offers almost
4,000 mostly-marine species to survey, yet there are less than twenty unique hydrozoan
FPs documented, nine of which are presented in this work. These new FPs also all offer
novel features never seen before either in Hydrozoan FPs, or in FPs in general, creating
impetus for a full survey of this group.
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corals (Phylum Cnidaria, class Anthozoa), as well as representatives of other phyla:
copepods (phylum Arthropoda, class Crustacea), and amphioxus (phylum Chordata,
subphylum Cephalochordata) [3, 4, 8, 10, 41-43].
Seven GFP-like proteins have been identified thus far from the copepod families
Pontellidae and Aetideidae [3, 44]. In general, the GFP-like proteins from this group of
animals have qualities such as rapid fluorescence development following protein
synthesis, high brightness, and increased photostability, all extremely valuable for use as
a biotechnology tool.

Isolation and characterization of more GFP-like proteins in

copepods will likely continue to provide better fluorescent proteins for use in biomedical
research.
In this study, we cloned, expressed, and characterized two GFP-like proteins from
a Pontellid copepod Pontella mimocerami [45], collected in the Bahamas. The two
proteins are very similar to each other in their amino acid sequences and spectral
characteristics, closely resembling other copepod GFP-like proteins; however their
brightness characteristics (molar extinction coefficient and quantum yield of
fluorescence) suggest that they are among the brightest green fluorescent proteins
described thus far.
2.3 MATERIALS AND METHODS
2.3.1 Sample collection and total RNA isolation
The copepods were collected during a sunset plankton tow at 8pm on August 19
from the stern of the RV Seward Johnson during the 2007 Operation Deep Scope Cruise.
The samples were collected at 25°1.3’N, 77°36.2’W by towing a 200 µm plankton net at
5-15 ft below the surface at 1 knot for 20 minutes. The collected organisms were
inspected with a blue-light flashlight (BlueStar, NightSea; Andover, MA). Several bright
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green fluorescent copepods were caught and identified to the family level, Pontellidae.
The organisms were photographed under white and blue light under a MZ FL III
stereomicroscope (Leica; Bannockburn, IL) equipped with a Powershot G6 camera
(Canon; Lake Success, NY) using the #11003 BL/VIO filter set (Chroma Technology
Corp; Rockingham, VT, Fig. 2.1 A, B). Total RNA was extracted using RNAqueous kit
(Ambion; Austin, TX) according to the manufacturer’s protocol and stored in 6.65 M
LiCl at -80°C. The specimens for identification were preserved by freezing in TissueTek O.C.T. compound and stored at -80°C.
Figure 2.1 Pontella mimocerami
Illumination with white light (A, top) and blue light
(B, bottom) of Pontella mimocerami. Female is on
the left, male is on the right.
2.3.2 Bacterial cDNA expression library
cDNA was synthesized and PCR-amplified
using SMART cDNA amplification kit (Clontech;
Mountain View, CA) and SuperScript II reverse
transcriptase (Invitrogen; Carlsbad, CA), with two
modifications. First, a different oligonucleotide was used for priming the reverse
transcription

reaction:

5’AAGCAGTGGTATCAACGCAGAGTCGCAGTCGGTAC(T)13V (where V stands for
a mixture of A, G, and C bases). For the first step in cDNA amplification, the following
long oligonucleotide was used in lieu of the one provided with the SMART cDNA
amplification kit: AGT GGA CTA TCC ATG AAC GCA AAG CAG TGG TAT CAA
CGC AGA GT 3’. The PCR reactions contained 0. 3 µM of the primer. The thermocycler
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profile was: 94 °C for 5 m, 94 °C for 40 s, 68 °C for 4 m, cycle to step two for 26
additional cycles, hold at room temperature. The product from this step was diluted 1:10
and 3 µl of this dilution was used for the second step in cDNA amplification. For this
second amplification step, three separate reactions were performed. The first one used the
same oligonucleotide as in the first amplification step; the other two reactions used the
same oligonucleotide, but extended by either one or two T bases at the 5’ terminus. These
PCR reactions contained 0. 1 µM of the primer, the thermocycler profile was 94 °C for 5
m, 94 °C for 40 s, 68 °C for 4 m, cycle to step two for 5 additional cycles, hold at room
temperature. Such conditions bias the PCR amplification towards longer products [46],
generating a cDNA sample enriched with full-length coding regions.

The second

amplification ensured that, upon ligation into vector, each cDNA species would be
represented by inserts fused to the leading lacZ peptide in all three possible reading
frames. The products of amplification were purified using QIAquick PCR Purification
Kit (Qiagen; Valencia, CA) and ligated into pGEM-T vector (Promega; Madison, WI)
following manufacturers’ protocols.

The ligations were transformed into TOP 10

chemically competent Escherichia coli cells (Stratagene; Cedar Creek, TX) and the
resulting library was plated onto Luria Bertani (LB)/Agar plates supplemented with 100
µg/ml ampicillin and 1mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). The plates
were incubated overnight at 37 °C and then screened at one day post-transformation for
green fluorescent colonies using a Leica MZ FLIII microscope with GFP specific filter #
51004v2 F/R (Chroma Technology Corp). A total of about 105 bacterial colonies were
surveyed.
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2.3.3 Pontella mimocerami green fluorescent proteins
Six green fluorescent colonies were picked into individual 3 ml LB/Amp (100
µg/ml final Amp concentration) bacterial cultures and grown overnight at 37 °C. The
cultures were processed using QIAprep Spin Miniprep Kit (Qiagen) following the
manufacturer’s protocol. 500 ng of each of the six plasmids were sequenced using an
ABI 3730 sequencer (Applied Biosystems; Foster City, CA).

The sequences were

aligned using SeqMan2 software (DNASTAR Lasergene 7.2; Madison, WI) and gene
identity was confirmed by BLASTX [47] searching the NCBI non-redundant protein
database. From the sequences two GFP-like isoforms were identified. We chose two
plasmid constructs, pmimGFP1 and pmimGFP2, representing each isoform, to use as
templates to re-amplify the gene coding regions from the representative plasmids. The
upstream primer had a 5’-heel comprising 3 leading stop codons followed by a ShineDalgarno sequence [48], 6-base linker, and initiation codon (5’-TTG ATT GAT TGA
AGG AGA AAT ATC ATG, [49]). The downstream primer had a 5’-heel with a 6histidine tag encoded in front of the stop codon (reverse complement of 5’-CAT CAC
CAT CAC CAT CAC TAA A, [49]). The resulting amplicons were ligated into pGEM-T
vector (Promega) and transformed into Z strain of E.coli (Zymo Research; Orange, CA),
which in our experience was optimal for heterologous expression of FPs.

The

transformations were plated onto LB/Agar plates supplemented with 1x Amp and 1x
IPTG (concentrations as previously noted), and incubated overnight at 37 °C. One green
fluorescent colony was picked from each plate, suspended in 20 µL of water, and
streaked onto fresh LB/Agar plates supplemented with 100 µg/ml ampicillin and 1mM
IPTG. After a two-day incubation at room temperature, the colonies were harvested from
plates and suspended in 1xPBS, sonicated on ice, and centrifuged to remove the cellular
debris. We used the cleared lysate to isolate a purified solution of the green fluorescent
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protein using metal-affinity chromatography as implemented in QIA-Expressionist
system following the manufacturer’s protocol (Qiagen). The fluorescent proteins were
eluted in 500 mM imidazole in 1xPBS. The imidazole was removed by buffer exchange
for 1xPBS by repeated centrifugation steps in a protein concentrator (Amicon Ultra – 15,
Millipore; Billerica, MA). The resulting protein concentration was measured using the
BCA method (Pierce; Rockford, IL).
2.3.4 Phylogenetic analysis
A nucleotide alignment of all copepod GFP-like proteins was prepared with
Geneious software v 3.7 [50].

The Bayesian phylogenetic analysis (Fig. 2.2) was

performed on the basis of coding nucleotide sequence alignment, using MrBayes
software embedded within Geneious package [50, 51]. The analysis was based upon a
generalized time reversible model (GTR, [52]) and involved 1,100,000 Markov chain
Monte Carlo, (MCMC) steps. The trees were sampled every 200 steps generating 5,500
trees, of which the first 5,000 were discarded (“burned”), and the remaining 500 trees
were used to infer posterior probabilities. The tree was rooted by the closely related
cpGFP from Chiridius poppei, which comes from a related family of calanoid copepods
(Aetideidae, [44]). An amino acid sequence alignment, including A. victoria GFP, was
prepared with Geneious software [50]. The analyzed sequences included GFPs from
Chiridius poppei (cpGFP, Accession No. AB185173), Labidocera aestiva (laesGFP, No.
AY268073), unidentified Pontella (pdaelGFP, AY268076), Pontella meadi (pmeaGFP1
and GFP2, Nos. AY268074 and AY268075), and Pontella plumata (ppluGFP1 and
GFP2, Nos. AY268071 and AY268072).
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Figure 2.2 Copepod
phylogeny
Baysian phylogeny of the
protein coding sequences of
all

known

GFP-like

proteins from the copepod
family Pontellidae, rooted
with

cpGFP

from

Charidrius poppei of the
family Aetideidae.

Scale

bar: 0.05 substitutions per
nucleotide site. The posterior probability at each node is 1.00 except where noted.
New copepod proteins are pmimGFP1 and pmimGFP2.
2.3.5 Spectroscopy
The excitation and emission spectra of the bacterial expression products were
measured using LS-50B spectrofluorometer (Perkin Elmer; Waltham, CT), and corrected
for the photomultiplier sensitivity (Fig. 2.3 A). The brightness characteristics (molar
extinction coefficient, ME, and quantum yield of fluorescence, QY) of the new proteins
were evaluated in direct comparison to the most widely used FP marker, EGFP [53]. A
range of protein dilutions was prepared in 1x PBS supplemented with 250 mM imidazole
(to ensure solubility of the new proteins), both for the standard (EGFP, BioVision;
Mountain View, CA) and P. mimocerami proteins. These dilutions were evaluated for
absorption (400-550 nm), fluorescence (480-700 nm, excited at 450 nm),
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Figure 2.3 Copepod FP spectra
Spectral

characteristics

of

pmimGFP1 and –GFP2 proteins.
(A) Excitation (dashed line) and
emission (solid line) spectra of the
pmimGFP proteins are identical. (B)
Comparison

of

the

maximum

absorptions of the pmimGFPs to
EGFP.

(C) Quantum yields of

pmimGFPs, pmimGFP1 mutant, and
EGFP.

and protein concentration according
to the BCA assay (Pierce), in
identical conditions within the same
microtiter plate, using SpectraMax
M2 microplate reader with the
provided

software

(Molecular

Devices,

SoftMax

Pro

v5;

Sunnyvale, CA). The dilution factors
were selected to achieve absorption
at excitation within 0.01-0.05 OD range, both for standard and unknowns, to minimize
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secondary absorption-emission that could distort QY measurements. The ME and QY
were calculated relative to their known values of EGFP (ME = 55,000 M-1cm-1, QY = 0.6,
[53]), from the difference in the slopes of linear regressions of absorption at maximum
versus protein concentration for ME (Fig. 2.3 B), and of integrated total fluorescence
versus absorption for QY (Fig. 2.3 C).
2.3.6 Oligomerization and aggregation
To determine the oligomeric status of our new copepod GFP-like proteins, we
analyzed the proteins using SDS-PAGE in a 4-15% gradient gel with SDS-Tris-Glycine
buffers (Bio-Rad; Hercules, CA). To resolve GFP-like proteins in the native state, the
samples were not boiled before loading on the gel, and visualized after the run by their
native fluorescence. This method of oligomerization assessment utilizes the fact that most
GFP-like proteins do not lose their oligomeric state or fluorescence unless boiled in SDS,
and their mobility in the gel correlates with their globular size. This was first noticed and
exploited in studies of oligomerization of the red fluorescent protein DsRed [5], followed
by demonstration of the utility of this approach for assessing oligomerization in a variety
of other GFP-like proteins [7, 54]. Since it is theoretically possible that SDS would
disrupt oligomers but not unfold the protein, the method is applied conservatively, such
that the only result that is considered relevant is the presence of oligomerization or
aggregation, whereas the apparent lack of oligomerization does not necessarily imply the
monomeric state of the protein in the absence of SDS. Since the mobility of such nondenatured protein does not correspond to its molecular weight measured by the markers
that assume full polypeptide unfolding, a special set of standards for appropriate globule
sizes is necessary to evaluate the oligomeric state. In this paper, we used recombinant
GFP and DsRed2 (Clontech; Mountain View, CA) proteins as monomeric and tetrameric
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standards, respectively. In addition to SDS-PAGE of unboiled samples with band
visualization via native fluorescence, we also ran the same samples after boiling (i.e.,
under fully denaturing conditions) on the same gels, and used coomassie staining to
identify the bands specific for the unboiled samples.
2.3.7 Site-directed mutagenesis
To reduce aggregation of pmimGFP1, several amino acid changes in its N
terminus were introduced by re-amplifying the full coding sequences with modified
primers originally designed to amplify the inserts for the bacterial expression constructs.
The introduced mutations were: K5E (mutant 1), K5T (mutant 2), and K5T, C8S, R9A
(mutant 3).
2.3.8 pH Stability
Chromophore sensitivities to changes in pH were assayed for pmimGFP1,
pmimGFP2, pmimGFP1 (K5T, C8S, R9A), and EGFP (BioVision; Mountain View, CA).
Roughly 10 µg of the proteins (5µg for EGFP) were incubated in buffers of varying pH
for 10 min at 25°C, followed by measuring the maximum fluorescence intensity of each.
All the proteins were excited at 450 nm and emission was measured from 480 to 600 nm.
The buffers included: 0.1M glycine/HCl (pHs 3.0 and 3.5), 0.1M sodium acetate (pHs
4.0, 4.5 and 5.0), 0.1M phosphate (pH 6.0), 0.1M HEPES (pH 7.0), 0.1M Tris/HCl (pHs
8.0 and 9.0), 0.1M carbonate (pHs 10.0 and 11.0), 0.1M phosphate/NaOH (pHs 11.5,
12.0, 12.5, and 13.0) and 0.1M NaOH (pH 13.5). Data were collected and graphed using
the same instruments as for brightness measurements.
2.3.9 Photostability
1µl of protein solutions - EGFP (BioVision; Mountain View, CA), pmimGFP1,
and pmimGFP1 (K5T, C8S, R9A) - at approximately 1 µg/ml concentration were added
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to 100µl of immersion oil (Fluka/Sigma, St. Louis, MO), and vortexed for 5s to obtain
emulsion. To generate negative control droplets, 1µl of 1X PBS was emulsified in the
same way and mixed in equal proportions with the protein emulsions. A droplet of this
combined emulsion was placed onto a slide and slip-covered, with 3 replicate slides made
for each protein.

Individual droplets on the slides were illuminated through a 40x

objective (Eclipse E600 microscope, Super High Pressure Mercury Lamp, CFI PLAN
APO 40X objective, FITC-HYQ filter, Nikon, Japan) over the course of 10 minutes while
collecting images every 30 s (exposure 800ms, TV Lens C-0.6x, Nikon, OpenLab
Software by Improvision, UK). The integrated density (sum of all pixel values) of a nonfluorescent droplet (filled with 1X PBS) was used as a background and subtracted from
the density of a corresponding fluorescent droplet (on the same slide), with the help of
Image J software (National Institutes of Health, Behthesda, MD). These values were
plotted against time, and half-time of bleaching for the newly cloned proteins was
inferred relative to EGFP.
2.4 RESULTS
2.4.1 Sequence and phylogenetic analysis
The amino acid sequences of the two isoforms of P. mimocerami GFPs are 97%
identical (only 6 amino acids difference). In the nucleotide-based phylogenetic tree of
pontellid GFPs they appear as sister taxa (Fig. 3.2). Overall, 37% of the amino acid
sequence is identical among all of the copepod GFP-like sequences.
2.4.2 Spectroscopic characteristics
Both of the purified Pontella GFPs were soluble in PBS with 500 mM imidazole
during the final elution step of purification. However, when the imidazole was removed,
the proteins tended to eventually form large aggregates that almost completely
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precipitated out of solution. In order to perform the spectroscopic analysis, we added 3
M imidazole to the protein solutions to a final concentration of 250 mM, which resolubilized the aggregates. EGFP protein, which served as a quantum yield standard, was
assayed in parallel under identical conditions.
The absorption and emission spectra of pmimGFP1 and pmimGFP2 are identical
(Fig. 2.3 A), peaking at 491 nm and 505 nm, respectively. They are very similar to other
copepod GFP-like proteins, which have absorbance max between 480 nm-490 nm and
emission max between 500 nm-511 nm [3, 44]. The proteins possess identical molar
extinction coefficients and quantum yields, which is not surprising given their high
sequence similarity. Both their molar extinctions and quantum yields are considerably
higher than of EGFP, as measured in a direct comparison (Fig. 2.3 B and C). The molar
extinction coefficient of the new proteins is 79,000 M-1cm-1, lower than the average
copepod molar extinction coefficient of about 89,000 M-1cm-1. Assuming the quantum
yield of EGFP QY = 0.6 [53], the quantum yield of the new proteins amounts to 0.92,
approaching the theoretical maximum of 1 and notably exceeding even the highest value
seen in other copepod GFP-like proteins (GFP from Pontella meadi, QY = 0.74, [3]).
2.4.3 Oligomeric status
SDS-PAGE of unboiled samples of pmimGFP1 and pmimGFP2 shows native
fluorescence as lower mobility bands as compared to the monomeric recombinant GFP
(rGFP) and even tetrameric DsRed proteins (Fig. 2.4 A-C), which suggests aggregated
high-order oligomeric forms. There seems to be a pronounced difference between the
resistances of pmimGFP1 and pmimGFP2 to SDS-induced unfolding. In SDS-PAGE of
unboiled samples, pmimGFP1 fluoresces strongly, while pmimGFP2 is barely visible
roughly at the tetramer mobility (Fig. 2.4 A). Coomassie staining of the same lanes (Fig.
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2.4 B) indicated that the majority of pmimGFP2 protein appears as a band at 25 kDa,
corresponding to the mobility of the protein under fully denatured conditions (note that
every GFP-like protein in this gel actually unfolds somewhat in SDS even without
boiling). Figure 2.4 C shows all of the proteins in a fully denatured state, with all protein
masses around 25 kDa.

Both copepod

proteins are 222 amino acids long with a
predicted molecular weight of 25 kDa.

Figure 2.4 Gel electrophoresis of copepod
FPs
Aggregation and oligomerization analysis of
the recombinant proteins. (A) Recombinant
fluorescent proteins electrophoresed on a
SDS-PAGE

gel

denaturation

and

illumination.

without
viewed
pmimGFP1

prior

heat

with

UV

fluoresces

brightly, pmimGFP2 is also visible, but is very faint. EGFP is a monomer, dsRed
is a tetramer (indicated by the arrow). (B) The same gel as in (A), but imaged
with Coomassie stain. EGFP, pmimGFP1, and pmimGFP2 are all susceptible to
partial denaturation under the running conditions and therefore show nonfluorescent bands at ~25 kD, the expected size of a fully denatured protein.
DsRed, the tetrameric standard, retains its multimeric state.

(C) The same

samples as in (A) and (B), but electrophoresed in full denaturing conditions
(before loading, the samples were boiled 5 min) followed by Coomassie stain.
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All four samples show the single major band corresponding to the denatured
protein at about 25kD. (D) Removal of N-terminal positive charges reduces
aggregation. Lane 1 is the wild type pmimGFP1, lane 2 is K5E mutant, lane 3 is
K5T mutant, and lane 4 is the triple mutant K5T, C8S, R9A. Arrow indicates
tetramer mobility.
2.4.4 Mutations to alleviate aggregation
A previous study demonstrated that, in many GFP-like proteins, the aggregation
tendency can be reduced by replacing a few positively charged amino acids in the Nterminus by neutral or negatively charged ones [7]. We chose to replace three amino
acids, two positively charged ones (K5 and R9), and one cysteine (C8) as a potential
disulphide bridge-forming one. Figure 2.4 D shows an SDS-PAGE of unboiled samples
of mutants of pmimGFP1. Mutant 1 (K5E) shows increased mobility (i.e., less
aggregation / oligomerization), but also substantially decreased brightness. Mutant 2
(K5T) is still very bright, but shows no change in mobility. Mutant 3 (K5T, C8S, R9A)
matches the mobility of our tetrameric standard (DsRed2) and appears bright in the gel.
We conclude that, although the mutagenesis alleviates aggregation, our best mutant
protein still forms oligomers, most likely tetramers. Despite its apparent brightness, the
quantum yield of the triple mutant is considerably lower (0.36) than in the parent protein
(Fig. 2.3 C), indicating that either the breakdown of the higher-order aggregates, or the
effect of the particular mutations within a single monomer, was detrimental for the
protein’s brightness characteristics. We didn’t evaluate the ME of the triple mutant
because it was created without a six-histidine tag and was therefore not able to be
purified from the crude bacterial lysate to measure the ME based on protein concentration
assay.
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2.4.5 pH- and photostability
The new proteins are more stable in acidic pH than EGFP, demonstrating a pKa
around 5.3-5.4, with the non-aggregating mutant of pmimGFP1 (K5T, C8S, R9A) being
the most stable across the whole pH range, with a pKa of 4.7 (Fig. 2.5 A). pmimGFP2
also exhibits a tendency to be less bright in the neutral pH range, which however, is not
always reproducible and may depend on other factors such as protein concentration and
temperature fluctuations. Photostability was assayed for pmimGFP1 and its nonaggregating mutant relative to EGFP in the conditions approximating a typical
application of the protein as a genetically encoded fluorescent label, by comparing the
rates of photobleaching of protein emulsion droplets under the fluorescent microscope
(Fig. 2.5 B). The time to half-photobleaching of pmimGFP1 is 0.8 of EGFP, while its
non-aggregating mutant is essentially identical to EGFP in this regard. Both pmimGFP1
and its mutant show non-exponential kinetics of photobleaching, with the highest
photobleaching rate at the start of exposure. Notably, past the half-bleaching point both
proteins photobleach at a similar rate, which is slightly lower than for EGFP (Fig. 2.5 B).
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Figure 2.5 Copepod FP stability assays
(A) pH stability, and (B) photo-stability of
the new copepod proteins with reference to
EGFP.
2.5 DISCUSSION
Copepod luminescence was first
documented long ago [55], and it was also
observed that some luminescent species
exhibited an additional fluorescence located
at the site of the luminous glands [56].
However, the genus of copepods that we
collected, Pontella, exhibits only green
fluorescence and no luminescence [57].
Although copepods don’t feature compound eyes such as some other crustaceans, the
Pontellidae median eye is well developed, featuring an elaborate triple-lens construction
in the ventral eyes of males [57, 58]. It has been previously suggested that green
fluorescence may serve as a mate recognition/attraction signal in these copepods by
creating a contrast with the blue background of the oceanic water [3]. It is also tempting
to speculate that the very bright whole-body green fluorescence such as in P. mimocerami
(Fig. 2.1 B) may serve as a counter-shading mechanism under some ecologically relevant
situations.

This function would be analogous to the well-documented function of

bioluminescence in dim ocean zones [3, 14, 58, 59]. Detailed modeling of fluorescencedriven light field transformations and their visual effect are required to substantiate this
tentative suggestion, which is beyond the scope of this study.
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Figure 2.2 shows the phylogenetic tree of all of the known copepod GFP-like
proteins based on their respective nucleotide coding sequences. The tree suggests that the
two GFP isoforms that we isolated represent a very recent gene duplication, which is in
line with the noted abundance of closely related GFP genes in sequenced genomes. One
previous observation that best highlights the continuous process of GFP gene duplication
is that in lancelets (genus Branchiostoma) there are GFP gene copies specific to
individual species within the genus [43].
The light transforming chromophores of both pmimGFP1 and pmimGFP2
proteins contain the same amino acid sequence, Gly-Tyr-Gly, as the other known
copepod GFP-like proteins; the Tyr and second Gly are strictly conserved among all FPs.
Also, the Arg and Glu amino acids responsible for the autocatalytic steps of chromophore
formation are present at positions 96 and 222, respectively, according to GFP numbering
(positions 87 and 221 in the pmimGFPs).
Although the first GFP-like proteins from copepods were reported as monomeric,
it has since been established that they form tetramers [3, 14]. Our data suggest that native
pmimGFP1 forms tetramers or aggregates of higher order (Fig. 2.4 A-C), which is very
common for natural fluorescent proteins [5, 19, 60]. pmimGFP2, despite very high
sequence similarity to pmimGFP1, seems to be much more sensitive to the presence of
SDS: it almost completely unfolds even when the sample is not heated, with the
remaining native protein running as a very faint band roughly corresponding to the
tetrameric size (Fig. 2.4 A, B). The instability of pmimGFP2 under our native
electrophoresis

conditions

prevents

us

from

drawing

conclusions

about

its

oligomerization or aggregation tendency relative to pmimGFP1.
When purified, both pmimGFP1 and pmimGFP2 aggregate and, with time, almost
completely precipitate out of solution. ppluGFP2, another copepod GFP-like protein, has
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a similar tendency to aggregate [3]. It was suggested this aggregation may be the result
of electrostatic interactions between the charged surfaces of the fluorescent protein [14].
A site-directed mutagenesis approach developed for anthozoan GFP-like proteins [7] was
applied to the new pmimGFPs to reduce aggregation. We replaced several amino acid
residues (K5, C8, and R9) at the N terminus with other amino acids (E, T, S, or A) that
are less likely to facilitate aggregation. Our third mutant, containing all these changes,
was the most successful since it did not show aggregation beyond the tetrameric level and
appeared bright in the expressing bacterial cells as well as on the polyacrylamide gel
(Fig. 2.4). This non-aggregating mutant also demonstrated higher pH stability (pKa = 4.7,
Fig. 5 A) and photostability (Fig. 2.5 B) than its ancestral pmimGFP1. Unfortunately, its
quantum yield turned out to be quite low (0.36, Fig. 2.3 C), despite its bright appearance.
The brightness of a GFP-like protein is proportional to the product of two factors:
molar extinction coefficient (ME) and quantum yield (QY). In a direct comparison of the
brightness characteristics between the new proteins and EGFP [53], which is the most
widely used genetically encoded fluorescent marker and a typical reference point for
brightness comparisons, the new proteins turned out to be 2.2-fold brighter overall, since
both their ME and QY are higher (Fig. 2.3 B, C). Remarkably, this makes them brighter
than any FP currently in use in biotechnology [6], barring the possibility of inaccurate
(lower than actual) brightness measurements in the previously reported FPs. Thus, these
new copepod GFP-like proteins have a potential to become excellent reporters, at least in
applications that tolerate oligomeric FP labels (such as monitoring promoter activity,
organelle tracking, or cell and tissue labeling). Extensive mutagenesis would still be
required to adapt these new proteins for imaging applications involving molecular
fusions, which must rely on monomeric protein tags. It remains to be seen whether the
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natural tendency of the new proteins to aggregate and oligomerize can be alleviated by
mutagenesis without compromising their exceptional brightness.
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nature and how diverse they can be, spectrally and structurally. The emission ranges of
the currently available palette of FP-derived labels span almost the whole visible
spectrum from blue to red [6]; however, several years had passed between the cloning of
the first green FP from Aequorea victoria [61] and the discovery of other FP colors [35].
This initial lag was mainly due to the fact that researchers did not expect FPs to exhibit
diverse structures and potentially different biological functions. The first two FPs to be
characterized were both green and were found in bioluminescent cnidarians (jellyfish
Aequorea victoria and sea pansy Renilla reniformis). In these animals, the green
fluorescent protein acts as the chromatic shift agent for an internal bioluminescent light
source [2, 62]. It seemed reasonable to assume at that time that other FPs would also be
found in species endowed with bioluminescence, and would most likely be green.
Eventually, a step away from this pre-conception resulted in the isolation of six new FPs,
among them, a yellow and a red one (the latter became best known under its commercial
name, DsRed) from non-bioluminescent representatives of class Anthozoa [35]. The
discovery of non-green FPs, and of DsRed in particular, resulted in major breakthroughs
in in vivo labeling technologies, such as robust multicolor imaging [6], deep tissue
imaging, and applications capitalizing on unique properties of DsRed, such as a
fluorescent “timer” [63]. Extensive searches for FPs in non-bioluminescent cnidarians
yielded markers that were substantially brighter and more stable than the earlier ones [6]
as well as unique tools such as photoswitchable labels [64-66] and photosensitizers [67].
In 2004, FPs were discovered outside the phylum Cnidaria [33] in the phylum
Arthropoda, resulting in some of the brightest and fastest maturing green fluorescent
reporters to date [14]. The latest news in the area of natural FPs came in 2007, when a
number of green FPs were found in a representative of the phylum Chordata, the lancelet
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Branchiostoma floridae [8], although the biotechnological benefits of this discovery are
yet to come.
One of the structural features shared by the majority of natural FPs is the tendency
to form oligomers (stably interacting multiple protein units), and in particular, a
characteristic tetrameric structure (“four-can pack”) first observed in DsRed [20, 68].
Despite the pervasive tendency to form oligomeric arrangements at the quaternary
structure level, and a notable propensity for frequent gene duplications within the genome
[43, 49], not a single wild-type GFP-related protein was thus far found to contain
multiple GFP-like domains within a single polypeptide chain. Here we report two such
proteins, isolated from representatives of two orders of class Hydrozoa (phylum
Cnidaria): Siphonophorae and Anthoathecatae, and explore possible relationships
between individual domains within the four-domain orange-red protein from the
anthoathecate jellyfish. Our observations reveal a novel structural solution by which
diverse fluorescent characteristics may be maintained in natural FPs, which calls for
broadening of the scope of studies seeking to discover unusual FP types.
3.3 MATERIALS AND METHODS
3.3.1 Specimens and library preparation
A single specimen of siphonophore showing green fluorescence in the base of the
gastrozooid (Fig. 3.1 D, Casey Dunn, pers. comm.) and a single specimen juvenile orange
fluorescent jellyfish (Fig. 3.1 B, C) were identified by illumination with blue light (Blue
Star, Night Sea; Andover, MA) following a night-time plankton tow off Little San
Salvador Island in the Bahamas on August 19, 2007 (25°1.3’N, 77°36.2’W). The
specimens were identified[69] to the species level for the siphonophore (Abylopsis
eschscholtzii [Huxley, 1859]) and to the order Anthoathecatae in case of the jellyfish. The
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jellyfish was inferred to be a juvenile due to the lack of well-developed gonads. Total
RNAs were extracted from intact animals using RNAqueous Micro kit (Ambion; Austin,
TX) and stored at -80°C in 6.65M LiCl until we returned to Austin. For both organisms,
the cDNA was synthesized and bacterial expression libraries were constructed as we
described in Chapter 2.

Figure 3.1 Multi-domain FP animals, sequence, and phylogeny
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(A) Alignment of amino acid sequences of the GFP-like domains of the new
proteins against GFP from Aequorea victoria.

The residues in subsequent

domains that are identical to the first (N-terminal) domain are shown as dots. The
numbering is according to the GFP sequence. The regions forming beta-sheets
are indicated by lines above the alignment, the chromphore-forming triad is
shaded. The linker sequence between the two domains of abeGFP is underlined
(residues 234-252). (B) Unidentified anthoathecate jellyfish, white light. (C) The
same specimen as in B, with fluorescent optics. (D) Siphonophore Abylopsis
eschscholtzii (without posterior nectophore), under combined white and blue light
illumination.

The arrowhead indicates the green-fluorescent base fo the

gastrozooid. On panels B-D, the scale bar is 3mm. (E) Phylogenetic tree of the
known hydrozoan GFP-like proteins. The names of the GFP-like domains from
the new proteins are underlined. Only the nodes with a posterior probability 0.95
and higher are shown. Scale bar: 0.2 replacements per amino acid site.

3.3.2 Siphonophore cDNA sequencing
A siphonophore cDNA library for 454 sequencing was prepared as described
previously [70], with the adaptor sequences appropriately modified to be compatible with
the Titanium version of the 454 technology, and omitting the step of cDNA
normalization. We amplified and sequenced only the 5’-cDNA ends to maximize the
chance of encountering protein-coding regions. The latest version of the protocol,
detailing these modifications, is available in the Supplementary data and on the Matz lab
website (http://www.bio.utexas.edu/research/matz_lab/matzlab/Methods.html ). A total of
6,459 reads were obtained. BLASTX [71] analysis of the sequence results identified a
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single read encoding an N-terminal fragment of a GFP-like protein. The missing 3’cDNA fragment was obtained using step-out PCR procedure, as described previously [72,
73].
3.3.3 Phylogenetic analysis
The sequences of the individual domains of the new proteins were aligned with
the family-wide FP alignment [3, 54] using Clustal [74], followed by manual editing in
Genedoc software [75]. A subset of sequences corresponding to all hydrozoan proteins
plus a ctenophore protein [9] was extracted, along with two anthozoan and one bilaterian
(copepod) sequence to serve as outgroups. The accession numbers of the included
sequences are: GFP, P42212; acorNOFP, AY151052; aldersGFP, ACC54354; amacGFP,
AF435432; clytiaGFP, 2HPW_A; obeCFP, JN385282; obeGFP, JN385283; obeYFP,
JN385284; anm1GFP1, AY485334; anm1GFP2, AY485335; hbeeGFP, ACX47247;
anm2CP, AY485336; rrenGFP, AF372525; DsRed, AF168419; cpGFP, AB185173. The
resulting alignment can be obtained from the Supplementary Online Material.

For

phylogenetic analysis (Fig. 3.1 E, the poorly aligned C-terminal portion (5-15 amino
acids following the last beta-sheet of the FP fold [76]) was removed from the alignment.
The alignment was analyzed in MrBayes 3.1 [51], with the following settings:
aamodelpr=mixed,

ngen=1,000,000,

printfreq=500,

samplefreq=200,

nchains=4,

burnin=2500.
3.3.4 Heterologous expression
The fluorescent clones derived from the jellyfish, as well as 3’-cDNA fragments
for the siphonophore protein, were sequenced by primer walking using the Sanger
method. After identification of the complete open reading frames (ORFs), they were
amplified from the original cDNA using primers bearing translation initiation signals and
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5’-heels to facilitate bacterial expression, as described earlier [49]. The

amplification

products were ligated into pGEM-T vector (Promega; Madison, WI) and transformed into
Z-competent XJb autolysis E. coli cells (Zymo Research; Orange, CA). The product of
expression was purified from the bacteria using metal-affinity chromatography on NiNTA agarose (Qiagen; Valencia, CA) according to the manufacturer’s protocol.
Individual domains of the four-domain jellyfish FP were subcloned and expressed using
the same procedure, using the construct bearing the brighter of the two detected isoforms
as a template. The identity of the resulting clones was confirmed by sequencing.
3.3.5 Spectroscopy
The excitation and emission spectra of all the bacterial expression products were
measured using LS-50B spectrofluorometer (Perkin Elmer; Waltham, MA), and corrected
for the photomultiplier sensitivity. Quantum yield (QY) and molar extinction coefficient
(ME), and relative brightness were evaluated as described earlier [77], using EGFP
(BioVision; Mountain View, CA) as a standard (ME = 55,000 M-1cm-1, QY = 0.6 [53]).
Briefly, absorption and fluorescence measurements were collected for native and
denatured dilutions of the proteins. Data were plotted as regressions and the difference in
the slopes between the new proteins and EGFP were used to calculate ME (maximum
absorption versus concentration) and QY (total fluorescence versus absorption). Relative
brightness is the product of ME and QY for each FP relative to EGFP (Table 1). For the
full-length Ember protein, the ME was measured at the major absorption peak at 510 nm,
and QY was determined at 470 nm excitation. Spectra were described for abeGFP,
Ember, and the individual Ember domains by scanning for the absorbance maximum
from 400-600 nm and the emission maximum from 500-700 nm.
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3.3.6 Oligomerization analysis
The oligomeric state of the products of bacterial expression was evaluated by
HPLC size-exclusion chromatography with combined detection via multi-angle light
scattering and refractometry, allowing for calculation of the molar mass of eluted proteins
[78]. For chromatography, we used G4000PWXL or G3000PWXL columns (TosoHass, 300
x 7.8mm; Tosoh Bioscience LLC; King of Prussia, PA); the detectors were the EOS
photometer and Optilab rEX differential refractometer (Wyatt Technology; Santa
Barbara, CA). The data were analyzed using ASTRA software v. 4.9 and 5.3 (Wyatt
Technology; Santa Barbara, CA).
3.3.7 Ember quaternary structure
To determine whether the length of between-domain linkers in the jellyfish
protein is compatible with the canonical tetrameric FP structure [20, 68], as well as to
model possible alternative domain arrangements, I-TASSER software [79] was used. The
alternative hypothetical domain arrangement in Ember was generated manually based on
the structure of DsRed (1G7K): chains C and D were swapped and translated such that
the joined C- and N-termini (the “linker region”) had space to thread along the interfaces
while still maintaining a globular structure; chains A through D were connected
consecutively. This model was then used as a template for threading using I-TASSER.
To evaluate whether the model was plausible, coordinates of the individual Ember
domains from the I-TASSER-optimized model were fed to the CombDock and
ASSEMBLE algorithms. CombDock generated a potential oligomer structure based on a
heuristic search for shape complementarity [80] whereas ASSEMBLE [81] exhaustively
searches through all possible oligomeric configurations. We checked (i) whether the
proposed hypothetical structure was recovered by the de novo oligomer assembly
algorithms, and (ii) whether any of the algorithm-generated models were more stable than
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the proposed Ember model. For relative scoring of the alternative oligomer
configurations, PIESVM was used [82].
3.4 RESULTS
3.4.1 Cloning of FP-coding open reading frames
Screening of the bacterial expression library derived from the jellyfish revealed an
orange-fluorescent cDNA clone (accession number HQ699262) encoding a chain of four
concatenated GFP-like domains 907 amino acids long (Fig. 3.1A), with a predicted molar
mass of 101 kDa. Since the species of the juvenile anthoathecate jellyfish remained
unidentified, we named this four-domain protein Ember due to the fiery fluorescent
appearance it confers to the organism (Fig. 3.1 B, C). The four individual domains of
Ember share 57% identical amino acid residues and are concatenated without any
apparent linker sequences (Fig. 3.1A).
The green-fluorescent GFP-like protein from the siphonophore (accession number
HQ699261) was cloned by 3’-RACE based on the N-terminal fragment identified via
454-sequencing of cDNA, and contained two concatenated GFP-like domains. This
protein was 519 amino acids long with a 59 kDa predicted molar mass. This green
fluorescent protein was named abeGFP, with “abe” to reflect its host species, Abylopsis
eschscholtzii (Fig. 3.1 D). The two domains of abeGFP are 59% identical, and are joined
via a linker 19 amino acids long (Fig. 3.1A).
3.4.2 Phylogenetic analysis
In a phylogenetic tree of all known hydrozoan FPs rooted with the bilaterian
protein cpGFP (phylum Arthropoda, class Copepoda) and two anthozoan proteins, DsRed
and rrenGFP (Fig. 3.1 E), individual domains within each protein group together,
suggesting that the multi-domain structures arose via tandem duplications. Domains of
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abeGFP, representing a previously unsampled order of Hydrozoa (Siphonophora),
branched off in a basal position, ostensibly reflecting the phylogenentic relationships of
the host species. Grouping of abeGFP with the ctenophore protein hbeeGFP is somewhat
surprising, as is the position of hbeeGFP within the clade of hydrozoan proteins, and is
likely to the possibility that hbeeGFP is a hydrozoan protein derived from the
ctenophore’s gut content, as we have previously suggested [6]. Domains of Ember
grouped with the only previously identified hydrozoan protein with a non-GFP-like
chromophore, the purple chromoprotein anm2CP [3], to the exclusion of green
fluorescent proteins from the same order (Anthoathecata, anm1GFP1 and anm1GFP2).
This result indicates that Ember belongs to a paralogous FP lineage in Anthoathecata,
which is characterized by non-green chromophores (fluorescent red or non-fluorescent
purple).
3.4.3 Spectroscopic characteristics
In vivo fluorescence emission maxima were 569 nm and 515 nm for the intact
jellyfish and siphonophore, respectively (Fig. 3.2 A). The heterologously expressed
siphonophore protein abeGFP had a single excitation peak at 502 nm and a single
emission maximum at 517 nm (Fig. 3.2 B). The jellyfish protein Ember has two
excitation peaks at 510 and 555 nm, with two corresponding peaks of fluorescence: a
green one at 520 nm, and an orange-red one at 571 nm (Fig. 3.2 C).
The individually expressed domains a-c of Ember demonstrated nearly identical
purely green fluorescence (excitation max at 508 nm, emission max at 520 nm, Fig. 3.2
D). In contrast, the fourth domain (Ember-d) was predominantly orange-red fluorescent
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Figure 3.2 Multi-domain FP spectra
Fluorescence spectra of the biological specimens (A) and excitation-emission (ex,
em) spectra of the heterologously expressed new proteins and individual domains
(B-D).

with the excitation max at 552 nm and emission max at 571 nm (Fig. 3.2 D). The
individually expressed N-terminal FP domain of abeGFP conferred only barely detectable
fluorescence to the bacteria. No fluorescence was detectable when expressing the Cterminal domain of abeGFP separately.
The brightness characteristics (molar extinction coefficients ME, M-1cm-1, and
quantum yield of fluorescence QY) of abeGFP (siphonophore), full-length Ember
(anthoathecate), and three green-fluorescent Ember domains (a-c) are listed in Table 1.
The measurements were not successful for Ember-d domain due to poor expression yield
and high aggregation tendency.
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Table 1 Spectral characteristics of multi-domain fluorescent proteins
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3.4.4 Oligomeric status

Figure 3.3 Oligomerization analysis
Oligomerization analysis of the heterologously expressed proteins and individual
domains. Horizontal axis denotes elution volume from a size-exclusion column.
Curves show the elution profile based on refraction index (left vertical axis), dots
indicate the molar mass of the eluted protein (right vertical axis) inferred from
light scattering.
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The size-exclusion chromatography with combined scattering and refractometry
detection indicated that abeGFP protein is predominantly a monomer

(50 kDa,

corresponding to two FP domains), with a small fraction of oligomers (>400 kDa, Fig.
3.3 A). Heterologously expressed Ember tends to form aggregates with molecular mass
about 400 kDa, corresponding to four Ember chains; although a smaller peak
corresponding to a single Ember chain (~100 kDa) was also present (Fig. 3.3 B). There
was also a peak corresponding to a 50-60 kDa protein, which is twice less than a single
full-length Ember, ostensibly representing the product of Ember hydrolysis. The
aggregation profile of Ember-d, the red fluorescent domain, largely recapitulates the full
Ember pattern, with a higher proportion of the dimeric 50 kDa form (Fig. 3.3 B).
Individually expressed Ember domains a and b each eluted as a single peak containing a
clearly defined dimeric form with molecular mass 53-54 kDa (Fig. 3.3 C); however,
Ember-a was eluted earlier than Ember-b, indicating that spatial configuration of the
dimer is different between them. Individually expressed Ember-c was predominantly
monomeric at ~30 kDa.
3.4.5 Ember hypothetical structure
We asked whether the way the Ember domains are connected would allow for a
canonical tetrameric structure to be formed from a single Ember polypeptide chain. The
top-scoring structural model of Ember based on DsRed tetramer coordinates (PDB
structure 1G7K [20]) indicated that straightforwardly folding Ember into a canonical
tetramer requires breakage of the polypeptide chain. We then considered a hypothetical
structure in which the Ember polypeptide was threaded through the interface between
interacting canonical tetramers (Fig. 3. 4 A), and found that it was
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Figure 3.4 Multi-domain structure
Hypothetical structure of Ember, allowing for a typical tetrameric arrangement of
FP domains. (A) Conceptual drawing of a hypothesized complex, where Ember is
threaded through the interface between canonical tetramers. (B) Top-scoring ITASSER model of Ember following the hypothesized arrangement. Individual
domains are labeled in italic letters. The molecule is colored according to the
residue number, from blue (N-terminus) to red (C-terminus).

compatible with the way the individual domains were connected (Fig. 3.4 B).
Furthermore, this hypothetical structure was recapitulated by two oligomerization
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modeling algorithms and received the highest relative stability score among all the
alternative models of interaction between individual Ember domains.
3.5 DISCUSSION
We report two new proteins cloned from two individual specimens of Hydrozoa.
Although there is technically a chance that these sequences come from some other
sources – such as gut content, bacterial fauna, or some other uncontrolled contaminations
– we believe that the proteins belong to the specimens shown on Fig. 3.1 B-D, for two
reasons. First, the sequences of the proteins are decidedly hydrozoan (Fig. 3.1 E).
Second, the spectral properties of the cloned proteins match very well the native
fluorescence of the animals (Fig. 3.2).
Ember is the first GFP-like protein endowed with orange-red fluorescence cloned
from a hydrozoan representative, a jellyfish from the order Anthoathecata. Three
observations indicate that, of the two types of red-fluorescent chromophores known in
GFP-like proteins, DsRed-like [19] and Kaede-like [83]; Ember most likely synthesizes a
DsRed-like chromophore. First, the red fluorescent peak in the jellyfish and
heterologously expressed Ember (Fig. 3.2 C) is broad and without a shoulder above 600
nm, which is much more similar to DsRed-like than to Kaede-like fluorescence. Second,
blue light illumination is not required for the red fluorescence to appear in Emberexpressing bacteria, unlike in Kaede-like proteins [84]. Third, and most characteristically,
none of the Ember domains has a histidine residue in the first position of the
chromophore-forming triad (amino acid 65 according to GFP numeration), the side chain
of which contributes an essential part of the Kaede-like chromophore [83].
Of the four Ember domains, the first one to arise in evolution is the fourth one
(Ember-d), the only domain exhibiting orange-red fluorescence (Fig. 3.2 D). Since the
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closest Ember relative is the purple anm2CP with a DsRed-related chromophore (more
specifically, an isomerised non-fluorescent variant of the DsRed-like chromophore [3]),
the ability to synthesize a DsRed-chromophore is likely to be the ancestral feature of all
Ember domains. The three purely green-fluorescent domains (Ember a-c), therefore,
represent reversals to the basal green fluorescent chromophore type.
The loss of red fluorescence in the phylogenetically younger domains might be
explained in two ways. First, due to efficient Förster resonance energy transfer (FRET)
between FP domains in the polypeptide, the resulting fluorescence would stay mostly red
as long as at least one domain containing the red chromophore is in close contact with the
green-fluorescent domains. In such a situation, the red fluorescence might have been lost
simply due to mutation pressure, without affecting the phenotype much. Alternatively,
natural selection might have facilitated the evolution of green fluorescence in the
duplicate domains to achieve an extended Stokes shift enabled by FRET (from 510 nm
excitation to 571 nm emission, Fig. 3.2 C). It is difficult to evaluate the likelihood of such
a scenario, since at the moment the biological function of hydrozoan fluorescence
remains obscure [85].
Phylogenetic analysis suggests that Ember domains originated via three tandem
duplications (Fig. 3.1 E). The first duplication generated the ancestor of the red Ember-d
fused to the C-terminus of another FP domain. This N-terminal domain was duplicated
twice more, inserting two more FP domains between Ember-d and the N-terminus of the
four-domain protein. Notably, these duplications happened consecutively, not
simultaneously, because an appreciable amount of sequence divergence had time to
accumulate in between, allowing for robust phylogenetic reconstruction (Fig. 3.1 E).
This suggests that the intermediate forms – the ones consisting of two and three FP
domains – might have also been fluorescent.
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The red-fluorescent Ember-d domain shows higher propensity to oligomerize than
other domains (Fig. 3.3 B, C). The dependence of red fluorescence on oligomerization
was first noted while engineering the naturally tetrameric DsRed into a monomeric state:
any mutation that disrupted the oligomerization interface tended to be very detrimental
for red fluorescence [21]. Our recent study of the evolution of Kaede-like red fluorescent
proteins [86] provides even more direct evidence: of twelve historical mutations that were
required to evolve red fluorescence within the green ancestral protein, seven affected the
interface between FP domains in the tetrameric structure. It can be speculated that
historically, the synthesis of the red chromophore in the Ember ancestor was largely
enabled by interactions between individual FP domains in an oligomeric complex, and
that the multi-domain structure arose to stabilize this interaction while maintaining the
solubility of the protein.
All natural FPs, with the only exception of GFP from A. victoria, interact strongly
to form dimers, tetramers or higher-order oligomers, which presents a considerable
challenge during adaptation of wild-type FPs for use as molecular tags [6]. Remarkably,
one of the green-fluorescent domains of Ember, Ember-c, behaves as a monomer when
expressed individually (Fig. 3.3 C). This observation suggests a novel direction in which
the monomeric molecular tags can be sought in nature, that is, by cloning individual FP
domains out of multi-domain FPs.
The Ember domains are connected to each other without any additional linker
sequence in between (Fig. 3.1 A), which does not allow for the formation of a canonical
FP tetramer, observed in the wide diversity of natural FPs [14, 68, 87-89], from a single
Ember chain. This implies that Ember either assumes an alternative quaternary structure,
or forms canonical tetramers via interaction of several polypeptides. One possible
arrangement that would allow for the latter is shown on Fig. 3.4 B. This arrangement
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assumes interaction between canonical tetramers, in which the Ember polypeptide is
threaded through domains that are bound via hydrophilic interactions within each
tetramer, and across tetramers. Such a structure would strongly stabilize oligomeric
complexes, both because the hydrophilic (weaker) interface within each tetramer is
augmented by the covalent bonding, and because it binds the tetramers together. The in
silico experiment looking for potential alternative arrangements of Ember domains
indicated that the hypothetical structure shown on Fig. 3.4 B is the most likely one. It
should be noted, however, that this result is conditional on the placement of the regions
forming the between-domain interface in the hypothetical structure (Fig. 3.4 B). These
regions could not be modeled based on existing X-ray data for other GFP-like proteins
since they correspond to the disordered parts of their structure.

In our in silico

experiment, their coordinates were held as suggested by threading of the Ember sequence
through the hypothetical model (Fig. 3.4 B). We cannot exclude the possibility that a
more optimal configuration of these regions may be achievable in some alternative
models, but the existing computational approaches do not yet allow for thorough
exploration of this structure space. Fortunately, most GFP-like proteins can be
crystallized relatively easily, so the exact Ember structure will most likely be resolved
experimentally in the near future.
In contrast to Ember, abeGFP is a purely green, predominantly monomeric
protein, consisting of two FP domains. This fact invalidates the most extreme formulation
of the hypothesis outlined above, that multi-domain FP arrangements evolve exclusively
to stabilize red fluorescence. Still, the more general version of our hypothesis linking the
multi-domain arrangement to the overall stability of the protein is supported by the fact
that abeGFP domains developed none or barely detectable fluorescence when expressed
individually in bacteria. Although it is tempting to speculate that the multi-domain
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structure evolved because it enabled some (yet unknown) novel aspects of the protein
function, such a dependence might also have originated due to the process known as
“constructive neutral evolution” or “neutral evolutionary ratchet” [90]. Under the latter
scenario, domain duplication did not result in any changes in protein function, but was
followed by accumulation of neutral mutations in the individual domains that eventually
made their function dependent on their interaction within the multidomain structure.
The discovery of natural multidomain FPs opens up an avenue for future research
into possible emergent features of the multidomain organization and prompts further
enquiry into the mechanisms of functional diversification and complexity evolution in
GFP-like proteins [86, 91, 92]. Such studies could advance our understanding of the
biological function of FPs, their structure-function relationships, and may suggest novel
biotechnology applications exploiting these features. Our study also highlights the need
for broader characterization of natural FP diversity, since the multidomain organization
may not be the last surprise in this fascinating protein family.
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4.2 INTRODUCTION
The hydrozoan genus Obelia (order Leptothecata, family Campanulariidae)
contains several well-known bioluminescent species [55]. This genus is the classical
textbook example of the hydrozoan biphasic life cycle, alternating between a sedentary
colonial hydroid and a solitary free-swimming medusa [93]. In the early 1970’s, James
Morin and co-workers thoroughly characterized the bioluminescence of the Obelia
hydroids, including spectroscopy [2], physiology [94] , morphology [95], and
biochemistry [2],[96]. These works have firmly established the existence of an accessory
green fluorescent protein within the Obelia bioluminescent system, as well as in the
jellyfish Aequorea [97, 98]. The GFP from Aequorea victoria was cloned [61] and soon
became an indispensable research tool after it was demonstrated that it could be used as a
genetically encoded fluorescent label [11]. Obelia GFP, even though it was discovered
and characterized alongside Aequorea GFP, until now had not been isolated and cloned.
Several attempts to clone Obelia GFP from the hydroid life stage of the organism failed
(Konstantin A. Lukyanov to Mikhail V. Matz, pers. comm.) No successful attempts have
been made thus far to clone GFP from an Obelia medusa, despite the earlier observation
that it also exhibits a characteristic green bioluminescence, and moreover, possesses
additional yellowish fluorescence that is not associated with bioluminescent regions [95].
Here, we searched for the elusive green fluorescent protein in the medusa stage, with an
additional hope of discovering, for the first time, GFP-like proteins of different emission
colors within a single species of Hydrozoa[99]. We were also encouraged by the fact that
the closely related GFP from Aequorea is the only known natural FP that is effectively
monomeric (dimerization constant 0.11 mM [15], which makes it a very versatile
molecular tag [6].
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4.3 MATERIALS AND METHODS
4.3.1 Characterization of multiple FPs
4.3.1.1 Specimens
The medusae were collected in a surface plankton tow at midday, at Friday
Harbor, Seattle, WA, in July 2007, examined for fluorescence using stereomicroscope
MZ FL III (Leica, Bannockburn, IL), and photographed using Canon G6 camera attached
to the microscope with the FITC-TRITC double-bandpass filter set (Chroma Technology
# 51004v2). The medusae were identified to the genus Obelia (Cnidaria, Hydrozoa,
Leptothecata, Campanulariidae); no further taxonomic keys exist to identify species of
this genus by the medusoid life cycle stage only [69]. The individuals exhibiting multiple
fluorescent colors (Fig. 4.1) were selected for FP cloning.

Figure 4.1 Obelia medusa
Morphology (A) and location of fluorescence (B). Scale bar: 0.2mm
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4.3.1.2 Bacterial Expression Library
Total RNA from 4 medusae was extracted using RNAqueous Micro kit (Ambion;
Austin, TX). The cDNA was synthesized and bacterial expression libraries were
constructed as described previously [77]. Briefly, the cDNA was produced and amplified
using SMARTer cDNA amplification kit (Clontech; Mountain View, CA), but using a
modified primer to achieve preferential amplification of longer cDNA fragments [46] that
would be more likely to contain full-length coding regions. Then, this cDNA was reamplified with three primers of different length to ensure coverage of three possible
reading frames upon fusion with the vector-encoded lacZ peptide. The product of
amplification was ligated into pGEM-T vector (Promega; Madison, WI) and transformed
into Top10 E. coli strain (Stratagene; Cedar Creek, TX). The transformants were plated
onto agar plates containing the inducer of the lac promoter and screened for fluorescent
colonies using fluorescent stereomicroscope MZ FL III (Leica, Bannockburn, IL) after
incubating overnight at 37°C. The screening was repeated after an additional several days
of incubation at room temperature. A total of about 5x105 transformed colonies was
screened.
4.3.1.3 Phylogenetic analysis – extant proteins
The sequences of the new proteins were added to the alignment of hydrozoan FPs
reported previously in Chapter 3, which also included two anthozoan FPs and one
arthropod FP as outgroups. The accession numbers of the aligned sequences were: GFP,
P42212; acorNOFP, AY151052; aldersGFP, ACC54354; amacGFP, AF435432;
clytiaGFP, 2HPW_A;

anm1GFP1, AY485334; anm1GFP2, AY485335; hbeeGFP,

ACX47247; anm2CP, AY485336; rrenGFP, AF372525; DsRed, AF168419; cpGFP,
AB185173; abeGFP, HQ699261; Ember, HQ699262. The phylogenetic analysis was
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performed using MrBayes 3.1 [51], with the following settings: aamodelpr=mixed,
ngen=1000000, printfreq=500, samplefreq=200, nchains=4, burnin=2500.
4.3.1.4 Expression and purification of extant FPs
The fluorescent clones from the expression library were sequenced using Sanger
method. The sequences of the clones were assembled using SeqMan II software
(Lasergene 7.2 package; Dnastar, Madison, WI). After identification of the complete
open reading frames (ORFs), they were amplified from the original cDNA using primers
bearing 5’-heels to facilitate bacterial expression and purification of the protein, as
described earlier [49]. Briefly, the primer corresponding to the start of the ORF had a 5’heel with stop codons in three frames to terminate any overlapping translation, followed
by Shine-Dalgarno sequence (the ribosome binding site) and a six-base linker before the
initiation codon, while the primer corresponding to the end of the ORF encoded six
histidine residues inserted before the stop codon, to facilitate metal-affinity purification
of the expression product. The amplification products were ligated into pGEM-T vector
(Promega; Madison, WI) and transformed into Z-competent XJb autolysis E. coli cells
(Zymo Research, Orange, CA). The fluorescent clones from the resulting plates were
streaked onto new Luria-Bertani-agar plates and grown for 1-4 days at room temperature
to accumulate bacterial biomass for protein purification. The product of expression was
purified from the bacteria using metal-affinity chromatography on Ni-NTA agarose
(Qiagen, Valencia, CA) according to the manufacturer’s protocol.
4.3.1.5 Spectroscopy of extant proteins
The excitation and emission spectra of all the bacterial expression products were
measured using LS-50B spectrofluorometer (Perkin Elmer), and corrected for the
photomultiplier sensitivity. The brightness parameters (molar extinction coefficient, ME,
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and the quantum yield of fluorescence, QY) were measured as described previously [3,
54]. Briefly, to obtain ME, the absorption of the protein at the maximum was divided by
the concentration of the protein possessing fully mature chromophore, determined from
the chromophore’s absorption at 445 nm in the alkali-denatured protein preparation (ME
= 44,000 M-1cm-1). In the QY measurement using a relative method, the integrated total
fluorescence of the new proteins was compared the one of EGFP (Biovision, Mountain
View, CA; QY=0.6 [53] at the same range of absorptions.
4.3.1.6 Oligomerization analysis of extant proteins
The oligomeric state of the bacterial expression products was initially evaluated
by SDS-PAGE of unheated protein samples in a 4-15% gradient gel with SDS-TrisGlycine buffers (Bio-Rad, Hercules, CA). This method takes advantage of the fact that
natural FPs typically retain their native structure and fluorescence in presence of SDS at
low temperature [5, 7]. As globule size standards the monomeric EGFP (BioVision,
Mountain View, CA) and the tetrameric DsRed (Takara Bio - Clontech, Mountain View,
CA) were used. The molecular weight of the oligomers was more accurately measured as
described previously (Chapter 3), by means of size-exclusion HPLC with combined
detection via multi-angle light scattering and refractometry [78], using Wyatt MALS
instrumentation (Wyatt Technology; Santa Barbara, CA).
4.3.2 Analysis of mutations among extant proteins
4.3.2.1 Obelia gene synthesis
An obelia FP gene library was constructed by PCR oligonucleotide assembly
(“Stemmer Method”, [100]) with a variation (thermodynamically balanced inside-out
PCR-based gene synthesis, [101]) to the assembly method that is particularly suited to the
automated system (protein fabrication automation [PFA], [102]) used for this construct.
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The template for the library was the DNA sequence of the obelia FP gene that included
the IUPAC codes to represent all possible nucleotides encoding the 18 amino acid sites
that vary among the three parental obeFP proteins (amino acid positions 38, 41, 64, 65,
84, 93, 146, 148, 149, 150, 168, 173, 190, 201, 202, 203, and 211; GFP numbering,
Supplemental 3). The PFA software (Gene Designer 2.0, DNA 2.0; Menlo Park, CA)
was used to database oligos corresponding to the whole gene library product. The
sequences were then scaffolded and the robotic liquid handling machine added primers to
make the assembly and stitch together the gene product. Finally, 50ng of the product was
further amplified by PCR to add the adenine overhangs utilized in the vector ligation
reaction (pGEM-T, Promega; Madison, WI) by annealing primers to the 5’ ShineDalgarno and 3’ 6X His tag sequences encoded by the synthesized gene (Supplemental
5). The ligation was introduced into chemically competent E. coli (Top 10, Invitrogen;
Carlsbad, CA) and plated onto thirty-three LB Agar plates. The predicted ancestral gene
(obeANC) common to the extant green and yellow obeFPs was synthesized separately
using the same method.
4.3.2.2 Gene and protein expression analysis
Transformation plates of the combinatorial library were screened for fluorescent
colonies using a stereomicroscope (MZ FL III, Leica; Bannockburn, IL) fitted with filters
to distinguish among, cyan, green, and yellow fluorescence (filters Blue-Violet #
11003v2, CFP/dsRed #51018, and F/R #51004v2, Chroma Technology; Rockingham,
VT). 96 colonies (about 25% of the selected colonies corresponded to cyan, green,
yellow, and “intermediate” fluorescence) were streaked onto five LB-Agar master plates.
Six fluorescent colonies were selected from the obeANC transformation and streaked
onto individual LB-Agar plates. Plates were grown at 37°C until streaks fluoresced
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brightly enough to collect an initial reading of emission spectra (UV-VIS optical fiber;
Ocean Optics; Dunedin, FL). 3ml LB cultures were inoculated corresponding to each of
the 96 fluorescent streaks for plasmid isolation and sequencing (Qiaprep Spin Miniprep
Kit, Qiagen; Valencia, CA). obeANC plasmids were isolated (Qiagen) from e. coli lifted
from LB-Agar plates; a portion of the bacteria were frozen for spectral analysis at a later
date.
Plasmid sequences of the 96 mutants and the obeANC clones were analyzed
(SeqMan software, DNASTAR; Madison, WI) and translated into their corresponding
amino acid sequences. Two mutant sequences were discarded due to incomplete reads,
despite repeated attempts to sequence. The sequences were then reduced to just the 18
amino acid residues responsible for the spectral differences among the three extant
proteins. The mutant and obeANC sequences, plus those of the original obeCFP, -GFP,
and –YFP, were aligned with Clustal [74] in batches based on color (cyan: 495-500nm,
green; 501-522nm, yellow: 523-530nm) to more easily identify the presence or absence
of conserved residues at each of the 18 positions (Supplemental 2).
Fluorescent streaks of the 94 mutants were further expanded onto one LB-Agar
plate to allow for biomass accumulation before being suspended into PBS. 200µl of
suspended bacteria expressing the 94 mutants and obeANC were loaded into a 96 well
plate. Excitation and emission scans were completed for all wells (SpectraMax M2,
Molecular Devices; Sunnyvale, CA).

Spectral data were managed using Excel

(Microsoft; Redmond, WA).
A subset of proteins, representing proteins from each excitation category
(shortwave excitation at 400nm and 420nm, dual excitation peak, longwave excitation
peak) were also purified using metal affinity chromatography (Qiagen). This was done to
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ensure that the excitation and emission spectra of the PBS-suspended bacterial cultures
matched those of the purified proteins.
4.3.2.3 Identifying residues responsible for spectral shifts
Statistical tests were used to identify not only which residues were responsible for
excitation and emission spectral shifts among the obeFPs with single-peak excitations
(N=71 plus extant and obeANC FPs), but also to estimate the amplitude and direction of
those shifts. Median wavelength was correlated to amino acid position and additive
linear models [103] and a Tukey multiple comparison of means calculated significance at
each position (Figs. 4.8-4.10).

Then, the positions predicted to significantly affect

wavelength were analyzed for interactions among the residues.
A similar method to the single-peak proteins was used to identify amino acid
residues responsible for dual-peak excitation proteins. Each protein in the dataset (N=88
plus extant and ANC FPs) was coded as either single- or dual-peaked, and this status was
correlated to amino acid residue per each position. Further analysis to identify which
residues were associated with either a higher short- or longwave excitation peak was
attempted, but there weren’t enough sequences in the dataset to provide statistical support
for the predictions made by the models.
4.3.2.4 Site-directed mutagenesis of extant obeFP genes
Site directed mutagenesis (QuickChange II Site-Directed Mutagenesis Kit,
Stratagene; La Jolla, CA) was used according to manufacturer’s instructions to introduce
the following amino acid changes into the extant obelia FPs: obeCFP: D148N and
A168V; obeGFP: M64L, C65S, MC64/65LS, and S148N; for obeYFP: N148D and
Y203K. Residues 148, 168 and 203 were selected because they result in the largest color

61

shift changes. Residues 64 and 65 were chosen because they are close to (64) or part of
(65) the amino acid triad-forming chromophore.
Mutated plasmids were transformed into XL1-Blue supercompetent E. coli
(QuickChange Kit component), incubated overnight at 37ºC, and screened for
fluorescence and changes in emission wavelength. Multiple colonies (fluorescent and
non-fluorescent) from each mutagenesis were picked into 3ml bacterial cultures for
plasmid purification (Qiagen). Sequence analysis (SeqMan software) of the potential
mutants identified the successfully mutated clones. The successful mutants were retransformed into chemically competent One-Shot BL21 (DE3) E. coli (Invitrogen;
Carlsbad, CA) for expression and purification of heterologous proteins (see [77] for
details). The spectral properties of the mutated proteins were analyzed by SpectraMax
M2 microplate reader (Molecular Devices) and data processed in Excel (Microsoft).
4.4 RESULTS
4.4.1 Characterization of multiple FPs
4.4.1.1 Fluorescence of Obelia medusae
The general morphology and fluorescence of Obelia sp. medusae investigated
here is shown in Fig. 4.1. The apparently orange-fluorescent areas in Fig. 4.1 B are most
likely due to yellow FP, which photographs orange because of the way the doublebandpass FITC/TRITC filter partitions the excitation-emission ranges. The orangefluorescent areas include tentacular bulbs of the ring canal, gonads, and stomach. Green
fluorescence is localized predominantly in the oral arms and the tissue surrounding the
gonads. In other Obelia sp. individuals from the same plankton tow (which may or may
not be the same species), the orange-wave fluorescence was often much weaker than in
the individual depicted on Fig. 4.1 B, and was replaced by green fluorescence. Note that
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the FITC/TRITC filter used to obtain the fluorescent image presented in Fig. 4.1 B does
not discriminate between cyan and green FP color types.
4.4.1.2 FP-encoding transcrips in Obelia
From the original cloned cDNA library, 14 fluorescent colonies (12 cyan and 2
yellow) were identified and sequenced. The second round of cloning from the same
cDNA library was performed using a pair of primers bearing expression-facilitating
sequences at their 5’-ends, which were designed to anneal to 5’- and 3’-most portions of
the identified ORFs. The primers were not expected to discriminate between proteins of
different color due to nearly identical sequence within the corresponding portions of their
ORFs. Cloning of the product of this amplification yielded predominantly fluorescent
cyan and yellow colonies, but also contained a small number of colonies that were
fluorescing green. 12 colonies of each color were sequenced and matched to the data
obtained initially to confirm the sequences of the UTRs and primer-annealing sites in
cyan and yellow FPs.
4.4.1.3 Phylogeny
Amino acid sequences of the three Obelia FPs are very similar to each other (Fig.
4.2 A). In the phylogeny of all hydrozoan FPs known to date, supplemented with nonhydrozoan outgroups, the three new proteins cluster together within a clade of FPs from
order Lepthothecata (Fig. 4.2 B), in agreement with the taxonomic affiliation of the genus
Obelia.
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Figure 4.2 Phylogeny of Obelia FPs
(A) Alignment of amino acid sequences of the three proteins against GFP from
Aequorea victoria. In obeGFP and obeYFP, the residues identical to obeCFP are
denoted as dots. Question marks on obeGFP indicate unknown residues; these
regions in the expressed obeGFP were derived from the cloning primers that
encoded the same sequence for all three proteins; the original obeGFP cDNA has
not been identified. The black line above the alignment denotes the chromophore
forming tripeptide. The numeration above the alignment corresponds to residue
numbers in GFP. (B) Phylogenetic tree of all known GFP-like proteins from class
Hydrozoa with two anthozoan and one bilaterian outgroups. The origin of the
ctenophoran protein hbeeGFP still requires verification and may actually be
hydrozoan-derived [6]. Bipartitions with posterior probability less than 0.95 were
collapsed; all the bipartitions shown here have posterior probabilities exceeding
0.98. Scale bar: 0.2 amino acid replacements per site.
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4.4.1.4 Spectral properties
The spectral properties of the new proteins are summarized in Figure 4.3 and
Table 2. The emission curve of the cyan protein (Fig. 4.3 A) is not as blue-shifted as in
many cyan FPs from Anthozoa [49, 54], but still is relatively wide and with a maximum
below 500 nm, which is characteristic of the cyan color class. Its excitation spectrum with
a single mode at 400 nm indicates that its chromophore exists in a neutral ground state
[104], rather than in anionic state like in most natural FPs. The excitation and emission
spectra of the green protein (Fig. 4.3 B), as well as its brightness characteristics (Table 2),
are typical of natural FPs with a GFP-like chromphore in anionic ground state [104]. The
yellow protein is notably similar in its spectral characteristics (Fig. 4.3 C, Table 2) to the
long-wave emitting mutant version of the GFP from A.victoria, YFP [76].

Table 2 Spectral characteristics of Obelia fluorescent proteins
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Figure 4.3 Obelia spectra
Excitation (dashed lines) and emission (solid lines) spectra of the new proteins:
(A) obeCFP, (B) obeGFP, and (C) obeYFP. The position of the peaks
(wavelength in nanometers) are indicated above each panel.
4.4.1.5 Oligomerization
All three new proteins were found to form massive soluble complexes. In the
SDS-PAGE experiment, obeCFP and obeYFP could not enter the gel, while obeGFP was
detected as a very low mobility band and a minor band of higher mobility (Fig. 4.4 A, B).
In the more precise analysis using size-exclusion chrtomatography, each protein eluted as
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sites that confer the amino acid differences among the three extant proteins (see Figure
4.2 A for the 18 codon sites). Six of the 94 sequences were duplicates, for a total of 88
new and unique FPs. Analysis of the six clones of obeANC showed that all synthesized
clones corresponded to the putative common ancestor of the green and yellow obelia FPs.
4.4.2.2 Spectral analysis
Spectral characterization of all obelia FP mutant clones showed that the range of
fluorescence emission maxima spanned the same range as the extant proteins, from
500nm to 530nm (cyan through yellow, Fig. 2).

The ancestral protein common to

obeGFP and obeYFP, obeANC, emitted in the green range at 515nm, as predicted.
Excitation spectra were more varied and unexpected (Fig. 3) with the mutant clones
falling into three broad categories: a shortwave excitation peak at about 400nm or
420nm, a longwave excitation peak (480nm and above), and a subset of proteins with
dual-excitation peaks (generally 400nm and 480nm), reminiscent of the original A.
victoria GFP and likely representing neutral and ionized states of the chromophore [104,
105].

Figure 4.6 Obelia mutant emission distribution
Emission wavelength distribution of eighty-eight Obelia sp. FP gene-synthesis
clones. Cyans emit at 500nm, greens around 515nm, and yellows around 530nm.
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Figure 4.7 Obelia mutant excitation distribution
Excitation wavelength distribution of eighty-eight Obelia sp. gene-synthesis
clones. Shortwave excitation ranges from 395nm to 420nm and results in either
cyan or green fluorescence, dual excitation clones exhibit two excitation peaks
between 395nm and 505nm and always result in green fluorescence, and
longwave excitation ranges from 475nm to 510nm and results in green or yellow
fluorescence.
4.4.2.3 Amino acid effect on spectra
Linear models (R software, [103]) were used to identify the effects of the
individual amino acid mutations among the Obelia single-excitation peak FP mutants.
Overall, amino acid positions 148 and 203 had the most power to shift excitation and
emission peaks. For excitation spectra, it was the presence of Aspartic Acid at position
148 that invariably produced a shorter-wave excitation peak at 400nm to 420 nm, though
the proteins that optimally excited at 400nm emitted in the cyan range at 495nm, while
the proteins that excited at 420nm emitted in the green range at 500nm. The shortwave
excited proteins, analyzed as a group, further revealed significant influences at positions
64, 65, 173, and 203 that all increased excitation wavelength when mutated from the
ancestral state (Fig. 4.8) without any synergistic interactions among the residues. The
longwave excited proteins revealed that without the influence of the aspartic acid at
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position 148, positions 38, 41, 146, 148 (N or S), 105, 168, 190, and 203 were used to
both significantly decrease (positions 146, 148, and 190) or increase (remaining
positions) excitation wavelength (Fig. 4.9), a logical observation since this group
included a wider spectral range of FPs.

Again, no synergistic interactions were

calculated, yet it did appear that position 203 was able to dampen the effects of mutations
at position 38.

Figure 4.8 Residue effect on shortwave excitation
Effect on wavelength by mutation from the ancestral to a derived residue. All
shortwave excited proteins have either aspartic acid or serine at position 148,
therefore serving as the major effecter of shortwave excitation. Other significant
positions serve to increase excitation wavelengths such that the resulting proteins
emit in either the cyan or green ranges. P<0.05.
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Figure 4.9 Residue effect on longwave excitation
Effect on wavelength by mutation from the ancestral to a derived residue.
Without aspartic acid present at position 148, the resulting FP generally fluoresces
in the green or yellow range.

In the longwave excited proteins, green FPs

generally have a serine at position 148 and lysine at position 203, yellows are
more likely to have asparagine at 148 and tyrosine at 203. All other significant
mutations further adjust the excitation peak. P<0.05

For emission spectra, amino acid positions 148 and 203 played a major role in
determining emission spectra by increasing emission wavelengths up to almost 20nm, but
positions 38, 64, 93, 146, and 150 also significantly contributed to shifting the final
emission peak, also generally upwards (Fig. 4.10). No synergistic interactions were
suggested by the statistical models for the residues involved in significantly altering
emission wavelength.
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Figure 4.10 Residue effect on longwave excitation
Effect on wavelength by mutation from the ancestral to a derived residue.
Position 148 provides the strongest predictor for emission color with aspartic acid
(148) only found in cyans and green FPs, regardless of the presence of tyrosine at
position 203. Other mutations generally increase emission wavelength. P<0.05

Glycine at position 148 most strongly increased the likelihood of dual-excitation
peak FPs (P=1.1e12).

Additionally, residues S65 and N203 were well supported to

correlate to dual-excitation peaks (P=0.002 and P=0.02, respectively). Both G148 and
N203 were residues that did not occur in the extant proteins and were products of the
gene synthesis procedure. Of the three significant positions, G148 appeared to also be
most closely correlated to a higher shortwave peak, compared to its secondary longerwave peak, typical of most dual-excitation FPs.
4.4.2.4 Mutational effects on the extant obelia FPs
Spectral analysis of site-directed mutagenesis clones of extant proteins agreed
with our predictions that some sites are indeed more important to determining spectral
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shifts (e.g. position 203, Table 3), while other positions have little measurable effect on
spectra (e.g. position 64, Table 3). Positions 148 and 203 did indeed shift spectra in the
direction that we predicted (shorter for D148, longer for Y203) based on the analyzed
data from the gene library expression. Mutation at position 65 in obeGFP, despite being
involved in the tripeptide-forming chromophore, did not result in any measurable spectral
shift, nor did mutations at positions 64 and 168, as predicted by the analysis.

Table 3 Site-directed mutagenesis effects on extant spectra
Shifts in excitation and emission spectra in the extant proteins occur when amino
acids are mutated to certain residues; positions 148 and 203 (GFP numbering) result in
measurable differences.

4.5 DISCUSSION
4.5.1 Sequences and spectral properties of Obelia FPs
The obelia FPs described here fluoresce in three colors: cyan, green, and yellow
(Fig. 4.3), which is the first report of multi-colored FPs from a hydrozoan representative.
Cyan and yellow proteins (obeCFP and obeYFP) were considerably more abundant than
the green (obeGFP) judging by the frequency of corresponding clones during both stages
74

of the cloning process (see Methods). The sequences of all three Obelia FPs are very
similar and cluster together within the phylogeny of hydrozoan FPs (Fig. 4.2 B),
indicating that the evolution of different Obelia colors happened relatively recently and
independently of occurrences of similar colors elsewhere in the phylogeny. This pattern
resembles the repeated FP color diversifications within a group of reef-building corals,
Scleractinia [54].
In contrast to Scleractinia, however, Obelia did not evolve a true red-emitting
protein with an extended chromophore structure [19, 83]. The yellow Obelia protein
(obeYFP) is the second natural protein with just slightly red-shifted excitation-emission
characteristics, the first one being phiYFP from a related hydromedusa Phialidium [3].
With the emission max at 528 nm, obeYFP is much less red-shifted than phiYFP
(emission max 537 nm), resembling more the mutant version of the GFP from A.victoria,
YFP [76], both in excitation-emission (Fig. 4.3 C) and brightness characteristics (Table
2). Similarly to phiYFP and YFP, the red shift in obeYFP was achieved by the
incorporation of tyrosine residue at position 203 (according to A. victoria GFP
numeration, Fig. 4.2 A).
Excitation maximum at 400 nm in the cyan protein obeCFP, ostensibly indicating
a neutral ground state of the chromophore [104], is generally uncommon in natural FPs,
and among cyan FPs has been seen in only two coral proteins, psamCFP and mmilCFP
[54]. In these two proteins, the sequence determinant of the unusual excitation profile
was shown to be glutamic acid in position 167 (GFP numeration) [54]. This position is
occupied by glutamine in all three Obelia proteins, and therefore cannot be responsible
for differences in emission color or excitation spectrum.
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4.5.2 Oligomerization
Contrary to our expectations inspired by the monomeric nature of GFP from A.
victoria [15, 106], Obelia FPs turned out to be the most highly oligomerizing natural FPs
described to date, assembling into complexes of up to 128 individual polypeptides (Fig.
4.5). It is important to emphasize that these complexes are not non-specific aggregates,
such as formed by many coral FPs expressed in bacteria [7], because they show a welldefined size and molecular mass (Fig. 4.5). An ability to form such high-order complexes
is a novel feature among FPs and has important implications for their molecular function.
In the work that established the existence of a green fluorescent protein within the Obelia
bioluminescent system, Morin and Hastings [97] reported that bioluminescent material
from Obelia, unlike the one from Aequorea [98], was purified in the form of sub-cellular
granules, containing the photoprotein and the green fluorescent protein. The structure of
the granule prevented the externally added Ca2+ ions from accessing the photoprotein
and triggering the luminescence. The granules could be dissociated by the addition of
freshwater, which resulted in green luminescence if Ca2+ was also present. The
formation of large soluble complexes by individually expressed Obelia FPs may indicate
their direct involvement in the assembly of such photoprotein-enveloping granules, and
prompts further investigations into their self-assembly properties.
4.5.3 Mutations resulting in color divergence from Cyan
The identification of the spectral effects of each of the individual mutations that
give rise to the three extant proteins was a rewarding endeavor. In the cyan class of
obeFPs, it is an aspartic acid at position 148 that invariably results in a blue-shifted FP.
In the presence of the other two residues possible at that position (asparagine or serine), a
green- or yellow- shifted protein is the result. The position that further predicts whether
the N- or S148 FP is either green or yellow, is a lysine or tyrosine at position 203; N- or
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S148 with K230 is green, N- or S148 with Y203 is yellow shifted. The majority of the
other residue differences among the FPs tend to offer smaller shifts in emission spectra.
(Figs. 4.8-4.10) These results support some of the previous work that has identified
residues responsible for spectral shifts. Additionally, our results add additional targets
for mutagenesis in terms of rational design of other fluorescent proteins.
4.5.4 Implications for biological function
The Obelia example makes it tempting to speculate that multi-colored
fluorescence serves a wider general purpose in cnidarians than suggested by some of the
previous hypotheses formulated for coral FPs, which assume the link to symbiosis with
dinoflagellate algae (“zooxanthellae”), such as photoprotection [26, 107] or regulatory
photosynthesis modulation [92]. Still, although the complement of FP colors in corals
also typically includes cyan, green, and red-shifted varieties [49, 54], the similarity with
Obelia FPs may be superficial. Obelia FPs are not as diverse in their spectral properties
as coral FPs, and clearly participate in at least one function that does not apply to corals:
bioluminescence [97]. Notably, bioluminescence seems to be not the only function they
serve: in Obelia medusae, the only bioluminescent region is the ring canal [95], whereas
fluorescence is observed in other parts as well, such as oral arms, stomach, and gonads
([95], Fig. 1). One alternative possibility is prey attraction [59], which seems rather
unlikely due to very unusual morphology and feeding habits of Obelia medusa: instead of
being a predator like other, larger, hydromedusae, the tiny Obelia appears to be a
microphagous filtrator that is able to efficiently feed on bacteria [108]. This notion is
supported by the fact that the only identifiable item in the gut content of Obelia medusae
was tests of tintinnids (minute planktonic ciliates) instead of crustaceans or their larvae
[109]. The aposematic interaction with visual daytime predators [3] is yet another
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possible function, requiring experimental verification. It is also possible that the function
of Obelia FPs is tied to some other aspect of their biochemistry rather than fluorescence,
such as deactivation of reactive oxygen species [31]. Finally, one very intriguing
hypothesis is suggested by the recent discovery that at least some FPs are capable of
photo-reduction of various compounds in the cell [37]. If so, Obelia FPs may mediate the
regeneration of coelenterazine (Obelia luciferin, [110]) following its oxidation in the
bioluminescent reaction. This exciting possibility can now be explored using recombinant
Obelia FPs in combination with Obelia photoprotein (obelin), which was cloned almost
two decades ago [111].
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Chapter 5: Conclusion
5.1 SUMMARY
The use of genetically encoded fluorescent proteins as tools to elucidate
biological properties has grown and evolved since the first time GFP from A. victoria was
tested as an in vivo label [11]. As GFP became more commonplace in the lab and novel
methods were attempted, the demand for greater variety and improved performance grew.
During the intervening years between the first use of GFP and the exciting
discovery of dsRed [4], much of the focus was to modify wild-type GFP using both
directed and random mutagenesis in order to optimize brightness and shift emission
spectra. Roger Tsien, co-winner of the Nobel Prize in Chemistry in 2008 for his work on
GFP was a major pioneer of this project. Between GFP variants and the addition of other
newly discovered fluorescent proteins, the color palette now numbers to well over 100
proteins with a broad array of applications (see Chudakov, 2010 for a full review of
available proteins and applications [6]).
The original GFP, a rare natural monomeric FP, and its derivatives are ideal for
simple protein labeling when cloned into the open reading frame with a gene of interest,
allowing high resolution visualization to track the targeted protein both spatially and
temporally. More advanced applications, such as Forster’s Resonance Energy Transfer
(FRET), use paired fluorescent proteins in order to identify biologically relevant
interactions between co-localized protein targets. Other applications, such as fluorescent
protein timers, take advantage of a fluorescent color change that occurs upon illumination
of the protein and allow single molecule tracking.
The fluorescent protein toolkit with its full range of colors and applications was
made possible by the continued and diligent search for new FPs.
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Should it have

happened that no further effort was made beyond the discovery of GFP from A. victoria,
there would still be a small collection of FPs useful for labeling proteins. But the search
for more colors, higher brightness, improved photostability, and lower tendency for
aggregation has lead to an increase in the available tools and a wider array of
applications. From a biotechnology aspect, this thesis work has further added to the FP
toolkit as well as supplemented our understanding of a rationally designed mutagenesis
procedure to be used to engineer better performing laboratory FP tools.
With the discovery of additional Copepod FPs (Chapter 2), the two brightest wild
type fluorescent proteins were identified in a Calanoid crustacean, Pontella mimocerami.
Despite the propensity of copepod-derived FPs to highly aggregate, when modified to
reduce this tendency they hold a place in the toolkit as extremely bright and stable FP
tools. pmimGFP1 and pmimGFP2 have already shown reduced aggregation with the
preliminary mutagenesis work while still retaining brightness, and they are excellent
candidates for commercialization (patent pending).
The truly novel abeGFP and Ember FPs (Chapter 3) from the siphonophore
Abylopsis eschscholzii and juvenile anthoathecate jellyfish, respectively, with their
naturally occurring multi-domain protein arrangement, may further expand the available
palette of tools, especially Ember. While many applications require monomeric FPs to
reduce undesirable side effects (i.e. cytotoxicity, intercellular precipitation, and
localization

interference),

there

are

some

dimeric

FPs

(including

a

bright

pseudomonomeric dsRed with individual subunits connected with a linker) that are as
bright as and more stable than their monomeric derivatives. Because the individual
Ember domains emit as either green or red with varying degrees of oligomerization (from
monomer to tetramer) there is potential for developing these FPs that are both bright and
stable, or even a unique FRET pair.
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The three fluorescent proteins identified from the medusoid hydrozoan, Obelia sp.
(Chapter 4), offer a two dimensional discovery for biotechnology. Firstly, this is the first
report of a cyan FP found in a Hydrozoan species, in addition to the first time multiple
colors of FPs were identified. While all three Obelia sp. FPs exhibit a higher order
oligomeric quaternary structure, there is no loss of solubility, an important concern with
fluorescent protein technology. Also, even though the emission spectra of the three
proteins are not widely separated, these FPs may also be adapted for use as a FRET tool.
An exciting extension to the original characterization of the extant proteins led to the
quantification of the spectral effects of each of the eighteen amino acids that are different
among the three extant proteins. While the effects of a few of these residues have been
previously documented (tyrosine at position 203 shifts towards the red, [76]), there is
now an additional set of residues identified with documented spectral effects that can be
utilized in a mutagenesis scheme to fine tune the spectra of other fluorescent proteins.
Though the interest in fluorescent proteins has historically been centered upon
their uses in biotechnology, the study of FPs is poised for an important shift in focus.
Compared to the thousands of articles published every year that either studied or used
FPs in the published work, there is a paucity of articles that describe the biological
functions or evolutionary innovations of fluorescent proteins in terms of the host
organism. The majority of these functional descriptions of FPs are reserved for corals
(Phylum Cnidaria, Class Anthozoa) and organisms with bioluminescent/fluorescent
coupled systems (Phylun Cnidaria, Class Hydrozoa). These are also the very same
organisms that have yielded that most commercially relevant FP tools. Yet, it has been
consistently shown that searching for new fluorescent proteins offers new biological
insight with each discovery and a thorough survey of marine taxa for novel fluorescent
proteins is a worthwhile and rewarding discovery, not just from a biotechnology
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standpoint, but also to further our understanding of the evolution and function of
fluorescence.
In the Pontellid copepods (Chapter 2), the biological function of their expressed
green FPs is proposed to be a conspecific mating signal, and this work provides further
support for this theory. The well-developed visual systems in these crustaceans argue for
the utility of a very bright fluorescent green signal system in the planktonic environment
of blue water, especially when the male copepod is a bright fluorescent green and the
female may perceive the signal.
However, when considering the biological function of the fluorescent proteins in
the hydrozoan specimens documented in this work (Chapters 3 and 4), our full
understanding doesn’t exist beyond speculation.
The biological functions of the multidomain FPs from Abylopsis eschscholzii and
the juvenile anthoathecate jelly (Chapter 3) remain elusive. Neither of these organisms
possesses a visual system capable of seeing color, so a conspecific visual cue is not a
reasonable explanation. Many hydrozoans do have FPs coupled to bioluminescent light
emitters that are thought to be used for prey avoidance, but neither of these organisms
were tested for evidence of a light emitting system, such as a luciferin-type light emitter.
In the absence of an empirically tested hypothesis for the overall function of in situ FPs,
perhaps a function smaller in scope may be described: multi-domain fluorescent proteins
work better, but outside of a biological context, it’s hard to predict how they might
function better.
It is true that oligomeric forms of FPs are structurally more stable. Without
knowing the purpose behind the overall function of FPs in these animals, it may be that
the multi-domain FPs have increased stability within the organisms. Conversely, the
mutations that occurred within the domains may have not resulted in an overall change of
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function, yet the neutral mutations may have resulted in the multidomain structure being
required over time for function [90]. With the anthoathecate jelly that expresses Ember,
the question is even more complicated since three of the domains are green and one is
red. Expression studies and subsequent spectral analysis suggest that the green domains
may promote solubility and stability of the whole, four-domain protein since the fourth
domain, when expressed alone, expresses poorly and precipitates. Additionally, emission
spectra of the multi-domain protein are different for the individually expressed green and
red domains. But, as for why either A. eschscholzii or the anthoathecate jelly has FPs in
the first place, future studies may tell. This novel feature in FPs does increase the impetus
for a more thorough look at other hydrozoan fluorescent organisms for other novel
evolutionary solutions.
The Obelia sp. study (Chapter 4) suggests a more satisfactory explanation for the
function of the cyan, green, and yellow FPs: internal bioluminescent resonance energy
transfer (BRET). BRET has been documented repeatedly in hydrozoans, including A.
victoria and other Obelia sp. Indeed, the original work to isolate the bioluminescent
molecule from Obelia was hampered by non-bioluminescent and non-fluorescent protein
complex precipitates. Only when they were placed in distilled water, thus disrupting the
protein complexes, was there visible luminescence (in the presence of Ca2+).

The

luminescent protein was Obelin, the protein substrate for this luminescent system.
As a side project within the current Obelia sp. work, an obelin-like gene was
cloned using degenerate primers based on the obelin sequences from O. geniculata and
O. longissima from the NCBI database (Accession numbers AF394688.1 and U07128.1).
While it we did not pursue the identify of any complex association between the cloned
obelin-like protein and fluorescent proteins (no specimens or RNA sample remain), it is
entirely possible that this unidentified Obelia sp. may also use the bioluminescently
83

coupled FPs as a “burglar alarm” to avoid predators. However, the question remains as
to the function of the potentially non-bioluminescently coupled obeFPs (yellow and
cyan).
In addition to the possibility that this Obelia sp. uses bioluminescence, this project
provided a unique opportunity to analyze the evolution of multiple colors of FPs in a
single organism. Sequence analysis identified the cyan FP as the ancestral protein, in
addition to a putative FP ancestor existing at some evolutionary distance between the
cyan and the extant green and yellow. Linear models identified the effects that each of
the eighteen variable amino acid positions (among the three extant proteins) had on
excitation and emission spectra. Although only the broadest steps of evolution of the
three proteins can be identified, the path of evolution has a defined sequence and effect.
Twelve mutations occurred in the cyan cancestral FP to produce the putative ancestor
(obeANC, a green FP) of the green and yellow FPs. Shifting from the cyan emission to
green emission was not surprising since obeANC lost the aspartic acid at position 148, an
invariable residue in the cyan FPs. From obeANC, a further four positions were mutated
to obeGFP, but the protein remained green since these four positions do not shift in
emission spectra, which was confirmed in our experiments. The remaining three amino
acids responsible for shifting the emission to yellow include the tyrosine at position 203,
which was proven to result in red-shifted fluorescent proteins. An additional benefit from
these results is now having a specific spectral shift associated with specific amino acid
residues. This knowledge would be invaluable for the rational engineering of fluorescent
proteins with desired spectral properties. Finally, despite a large amount of molecular
and biochemical work on FPs, we are still not able to predict the color of an FP based on
its sequence. This work may help to solve this issue.
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5.2 FUTURE DIRECTIONS
The purpose of this work was to discover new fluorescent proteins and explore
the ways in which FPs offer novel approaches to fluorescence from a biotechnology
aspect, but also with a goal to understand the evolution and biological functions of this
unique family of proteins. The newly identified copepod proteins can be adapted for use
in the lab as extremely bright genetically encoded tags, yet also offer support for the
function of their fluorescence as counter-shading in the marine environment. abeGFP
and Ember proteins from class Hydrozoa may also offer an innovative approach for
developing these multi-domain FPs as tools. But, their discovery also highlights the need
for the continued search for fluorescent proteins in light of the novel ways that marine
organisms have evolved fluorescence. The interest in the evolutionary processes that led
to the development of three differently colored fluorescent proteins with highly ordered
structures in Obelia sp., another Hydrozoan, demonstrates another novel approach to
fluorescence, as well as being potentially useful tools for biotechnology. However, there
are still several aspects to each of the projects presented in this work that could, and
should be extended in order to further understand each of these novel proteins solves the
evolution of fluorescence.
5.2.1 Copepod fluorescent proteins
While extremely bright, these proteins do form large aggregates and precipitate
even in low concentrations in a biologically suitable buffer.

Neither of these

characteristics is desirable when developing fluorescent proteins as a laboratory tool.
However, preliminary mutagenesis of several amino acid targets in the N’ terminus
portion of the two copepod proteins, pmimGFP1 and pmimGFP2, resulted in mutant
proteins with lower tendencies to aggregate and precipitate as well as to maintain their
high brightness.
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The monomerization of dsRed, the first discovered red fluorescent protein and an
obligate wild-type tetramer, required up to thirty-seven number of mutations necessary to
reduce the oligomerization in order to make it a useful genetically encoded fluorescent
protein [21].

A similar approach with the copepod FPs, both targeted and random

mutagenesis, should result in monomerized, yet still extremely bright fluorescent proteins
that are highly desired as genetically encoded labels.
5.2.2 Multi-domain fluorescent proteins
Two major questions arose from the characterization of the multi-domain
proteins: tertiary structure and the suitability of the individual domains as fluorescent
protein tools. Because all other tetrameric FPs are oligomers of individually expressed
protein units and form a standard and uniform tetrameric conformation, it was reasonable
to question what the structure of the multi-domain proteins might be, especially for
Ember with its four domains. Based on the modeling results, it appears impossible that
Ember could form the canonical tetrameric structure such as dsRed – therefore what
structure does it form?
The crystallization work to identify the structures of both abeGFP and Ember
proteins is in process in the laboratory of Dr. Rebekka Wachter at Arizona State
University. The goal will be to identify the link between structure and function in the
evolution of these two rare multi-domain fluorescent proteins.
Also, if the individual domains, or pseudomonomeric combinations of the
domains, were to be adapted as a biotechnology tool, a monomerization process, similar
to the approach for the copepod proteins, would be necessary. However, domain C emits
as a monomer, so this FP may require even less optimization to adapt for biotechnology
use.
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5.2.3 Obelia fluorescent proteins
In terms of the biological function of the Obelia sp. FPs, it’s important to identify
any complex association between the expressed obelin protein and the fluorescent
proteins. Since these animals exhibit temporally dimorphic body plans (motile medusa
and sessile polyp forms), it could be that the obelin-like protein and the FPs aren’t
expressed at stoichiometrically relevant levels that would suggest the two proteins are
working together in a BRET system. Previous attempts to isolate FPs from the polyp
form hadn’t been successful – the proteins described in this study were isolated from a
juvenile medusa.
Any further work should seek additional specimens, ideally representing both
body plans, so proper characterization of the role of the obelin-like protein and the
fluorescent proteins could be completed. From these specimens, RNA should be isolated
and quantitative PCR (QPCR) should be performed to assess the relative expression
levels of the obelin-like gene and the genes for obeCFP, obeGFP, and obeYFP.
5.3 OTHER WORK, NOT PUBLISHED
An early project attempted to identify novel fluorescent proteins that did not
belong to the GFP family of fluorescent proteins. The search focused on deep-sea fish,
specifically family Stomiidae; deep-water fishes that often have bioluminescent light
emitting photophores covering their bodies or in appendages such as barbels and fins.
The two specimens used for this study, an Aristostomias sp. (subfamily Malacosteinae)
and a Stomias sp. (subfamily Stomiinae), have an additional feature; unknown substances
(ostensibly proteinaceous) that are used as color-shift agents for the light emitting
luminescent organs. The color-shifting substances emitted red light, particularly useful at
depth, albeit only within a few feet of the animal.
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Two assumptions were made in the design of the project. The first was that by
isolating the fluorescent structures only, mRNA encoding the fluorescent substance
would be enriched in the sample. By sequencing a moderately large number of genes
(about 100) from each animal, the genes responsible for fluorescence should be plentiful
and constitute the majority of expressed genes. The second was that there are other
fluorescent proteins that do not belong to the GFP family, but that are both genetically
encoded and that do not require an externally catalyzed chromophore. This was based on
the knowledge that there are indeed other genetically encoded chromophores that selfassemble, an important feature of FPs as a tool in the laboratory.
Total RNA was isolated from the red-fluorescent barbel of the Stomias sp. and the
red-fluorescent suborbital photophore of the Aristostomias sp. specimens. Corresponding
cDNA libraries (“aristo” and “sto”) were constructed, ligated into cloning vector, and
transformed into chemically competent E. coli cells. A portion of each transformation
was directly sequenced at the University of Washington High Throughput Genomics
Unit. Ninety-six sequences from each animal were blasted against the non-redundant
NCBI database to identify similar genes. 44% of the 192 sequences were homologous
with very high support to human uromodulin, a ubiquitous protein in human urine.
Further efforts included multiple attempts to isolate the full coding sequences of
the genes from both specimens using Rapid Amplification of cDNA Ends (RACE, [73]).
An additional 200+ base pairs were identified, but the entire coding regions were never
successfully amplified. The incomplete coding regions were introduced into cloning
vectors in frame and then expressed in E.coli to produce the partial proteins. The purified
truncated proteins were used to immunize rabbits to produce polyclonal antibodies
specific to the Aristostomias sp. and Stomias sp. uromodulin-like proteins.

The

subsequent sera successfully bound to the purified proteins with specific reactivity. The
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polyclonal sera were intended for proteins isolated from Aristostomias sp. and Stomias
sp. tissues, but no other specimens have been available. The sera are still available for
use should future samples arrive.
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Appendices

6. FP CHARACTERIZATION METHODS AND DEFINITIONS
6.1 Excitation/emission maxima
Fluorescent proteins are analyzed by spectrophotometer (Matz-lab uses
SpectraMax M2, Molecular Probes) to measure the excitation maximum (wavelength at
which the protein maximally absorbs) and emission maximum (wavelength of highest
amplitude emitted when excited) wavelengths.
6.2 Quantum yield (QY)
Quantum yield is the efficiency of a fluorescent protein to transform light to a
lower wavelength. The uncharacterized fluorescent protein is diluted in a linear manner
and analyzed by spectrophotometer. The sums of fluorescence for each dilution are
plotted against their corresponding absorbancies at excitation resulting in a linear
regression. The linear regression is used to calculate the QY by comparing the unknown
to the linear regression of a known standard, such as eGFP (commercially available,
enhanced version).
6.3 Molar Extinction (ME, M-1cm-1)
Molar extinction is the maximum absorbance of a 1 M solution of a molecule given
a 1 cm optical path. An uncharacterized fluorescent protein is diluted in a linear manner
in two ways, in 1XPBS (native, fluorescent) and in a 1:2 dilution of .4M NaOH
(denatured, non-fluorescent) and the absorbance of each set of dilutions is assayed by
spectrophotometer. The maximum absorbance of the native protein is plotted against the
absorbance of the denatured protein at 445nm (the ME of the denatured GFP
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chromophore = 55000 M -1cm-1) resulting in a linear regression. The linear regression is
used to calculate the ME by comparing the unknown to the linear regression of the
standard, such as eGFP.
6.4 pH Stability
The fluorescent protein’s ability to fluoresce under a range of pH conditions – a
characteristic of fluorescent proteins and a feature that can be exploited when developing
an FP tool for biotechnical applications. Fluorescent proteins are diluted into buffers
ranging from pH 3 to 13.5. Diluted proteins are then assayed for fluorescence emission
by a spectrophotometer.
6.5 Photostability
Photostability is the ability of the fluorescent protein to retain its fluorescence
under illumination.

Dilutions of an uncharacterized protein are exposed to a high

intensity light microscope (e.g. mercury lamp) to assess the ability to retain fluorescence
under illumination over time (about 30 min). Loss of fluorescence of the uncharacterized
FP over time is compared to a standard (e.g. GFP) to assess relative photostability.
6.6 Maturation speed
The time from transformation of a fluorescence gene into an expression system
(such as E. coli) until fluorescence is detectable. Maturation speed can be estimated by
observing the elapsed time between transformation of the fluorescence gene (by
transformation or transfection) and practical detection of the fluorescent protein, such as
with a spectrophotometer or a fluorescent microscope.
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6.7 Oligomerization analysis
6.7.1 SDS-PAGE
Oligomerization status can be roughly estimated by SDS-PAGE gel
electrophoresis. Proteins are assayed in native (no heating, fluorescent) and denatured
(with heating, non-fluorescent) forms and separated on SDS-PAGE. Migration of the
native protein is compared to the denatured protein and also compared to a fluorescent
protein standard, such as monomeric GFP or tetrameric dsRed.
6.7.2 SEC with light scattering
Size exclusion chromatography (SEC) with light scattering separates the
uncharacterized fluorescent protein based on the sizes of the protein(s) contained in the
sample. Then, the size-separated sample fractions are assessed by multi-angle light
scattering for the molecular mass of the protein species within each fraction. Light is
directed through the sample, inducing a light producing oscillating dipole. The intensity
given off by the oscillating species is in proportion to its molecular mass [78]. Samples
can be collected and fluorescence assessed for each fraction indicating which molecular
weight is functional, i.e. fluorescent.
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