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ABSTRACT: Green fluorescent protein (GFP) variants
that carry one extra strand 10 (s10) were created and
characterized, and their possible applications were ex-
plored. These proteins can fold with either one or the
other s10, and the ratio of the two folded forms,
unambiguously distinguished by their resulting colors,
can be systematically modulated by mutating the residues
on s10 or by changing the lengths of the two inserted
linker sequences that connect each s10 to the rest of the
protein. We have discovered robust empirical rules that
accurately predict the product ratios of any given construct
in both bacterial and mammalian expressions. Exploiting
earlier studies on photodissociation of cut s10 from GFP
(Do and Boxer, 2011), ratiometric protease sensors were
designed from the construct by engineering a specific
protease cleavage site into one of the inserted loops, where
the bound s10 is replaced by the other strand upon
protease cleavage and irradiation with light to switch its
color. Since the conversion involves a large spectral shift,
these genetically encoded sensors display a very high
dynamic range. Further engineering of this class of
proteins guided by mechanistic understanding of the
light-driven process will enable interesting and useful
application of the protein.

G reen fluorescent protein (GFP) and its color variants are
widely used as genetically encoded fluorescent reporters
for cellular imaging and sensing.' > To further extend the
versatility of these proteins, we describe the design of a series of
unusual GFP variants that carry two strand 10 (s10)
sequences,® one at the N- and the other at the C-terminal
end of a circularly permuted GFP, such that the resulting folded
protein can have either green or yellow fluorescence depending
on which s10 it binds to (Figure 1).”~'° One way of achieving
the spectral distinction between the two folded forms is to
place 203T on one strand, which corresponds to the sequence
of the wild type GFP, and 203Y on the other, which is the key
mutation that generates a class of yellow fluorescent proteins
(YEPs).'"'? Since there are two strands carrying different
residues at position 203 that quite significantly affects the
absorption and fluorescence of the protein (e.g., Figure 2A, 3B,
and S1, Supporting Information), a two-letter notation will be
used in this communication to indicate the two 203 residues in
a construct from N- to C-terminus. For instance, the construct
given as an example in Figure 1 will be denoted as “T'Y”, which
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Figure 1. Schematic illustrations of the primary topology string of the
protein (top) and the two possible forms of the folded protein
(bottom). The inner helix containing the amino acids that become the
chromophore is denoted as ih (top) and illustrated as a green cylinder
surrounded by the 11 f-strands (bottom). The identity of the amino
acid at position 203 determines whether the folded protein exhibits
GFP or YFP fluorescence, and this is illustrated schematically by
coloring s10 and the halo of the protein green or yellow, respectively.
The N- and the C-terminal loops which are color coded in blue
indicate the extra sequence inserted within the native loops.'* In the
absence of any bound s10, the fluorescence intensity is greatly
reduced.” All sequences, expression conditions, and spectral proper-
ties of the proteins can be found in SI 1-3 and S.

means that the N-terminal 203 residue is threonine and the C-
terminal 203 residue is tyrosine; the reverse is denoted “YT”.
When the protein with two alternative s10s is expressed in E.
coli, the product is found to be a mixture of the two bound
forms, one binding to the N- and the other to the C-terminal
s10. As shown in Figure 2A, the absorption spectrum of the
mixture can be fit by a linear combination of the two basis
spectra taken as described in the first section of the Supporting
Information (SI 1), to accurately determine the composition of
the mixture. Interestingly, the two bound forms are separable
by anion-exchange chromatography, and each purified form has
spectral properties indistinguishable from those of the
corresponding GFP or YFP analogs (with just 11 f-strands)
irrespective of the lengths of the added loops (see SI 4). Once
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Figure 2. Determining and controlling the relative populations of the
two bound forms. (A) The isolated mixtures of GFPs expressed in E.
coli at 23 °C with alternative strands can be analyzed by fitting their
absorption spectra by a linear combination of the YFP and the GFP
basis spectra (pH 8.0)."® This particular sample was a YT construct
whose N-terminal loop is GSSGSGSSGSGSSG and C-terminal loop is
GS, which corresponds to the plot in panel B for two C-terminal loop
residues (pointed with a vertical arrow in panel B). The two basis
spectra are normalized at the isosbestic point around 487 nm and
shown in orange and green solid lines. The linear combination gives a
58:42 ratio of YFP to GFP in the expression mixture. These
populations can be fully separated (see SI 4). (B) Relative N-bound
population of YT constructs as a function of the number of C-terminal
loop residues.'* Data were collected from three independent
expressions in E. coli, and the standard deviation is used for the
error bars. The N-terminal loop is fixed as GSSGSGSSGSGSSG in all
constructs, and the C-terminal loop is mostly a repeat of G and S (see
SI 2 for full sequences). The dotted line is drawn as a guide to the eye.

separated, the absorption and fluorescence spectra do not
change over many days at room temperature, indicating that
internal s10 exchange is extremely slow (see SI 6).

The relative populations of the two folded forms as expressed
are found to be systematically modulated by asymmetrically
changing s10 residues. For instance, if the inserted loops have
similar sequence and length, $102% binds to the remainder of
the protein more favorably than s10*®T in general. As an
example, a YT construct expresses as approximately 94% N-
bound, and a TY construct expresses as approximately 92% C-
bound when the two inserted loops both consist of 14 amino-
acid residues. Furthermore, a destabilizing mutation such as
K209Q on the N-terminal s10 of the YT construct lowers the
isolated N-bound population down to around 50%.

The relative populations of the two bound forms in the
expression mixture can also be modulated by varying the
number of residues on the two inserted loops. As schematically

described by the inset cartoon in Figure 2B, YT constructs with
various C-terminal loop lengths were prepared, while the N-
terminal loop was fixed to a Il4-amino-acid-long sequence.
Interestingly, the N-bound population is around 5% (i.e., 95%
C-bound) when there is no inserted loop on the C-terminal
side, but insertion of even a single residue (glycine) increases
the relative population to around 51% (i.e,, 49% C-bound). If
the composition of an expression mixture reflects that of the
system at thermodynamic equilibrium during some stage of
protein folding and chromophore maturation, the large change
in the relative population caused by this single-residue insertion
suggests that most of the favorable interaction that exists within
the native loop structure is lost even by the slightest
perturbation.'* As the number of C-terminal loop residues is
further increased, the relative N-bound population also
increases. Compared to the first single insertion, the following
insertions show a smaller but systematic impact per added
residue on the relative population. Based on a simple analysis of
the trend, the composition of a given construct can be
accurately predicted (see SI 7).

When the proteins are denatured in guanidine hydrochloride
solution and refolded, the newly set composition is very
different from the composition of the expression mixture (see
SI 8). This suggests that the free energy landscape of protein
folding becomes very different when a fully mature
chromophore is present compared to when the nascent protein
folds immediately after synthesis from the ribosome prior to
chromophore maturation.">™"” In other words, the composi-
tion of the expression mixture might reflect that of the system
at thermodynamic equilibrium during a certain stage of
chromophore maturation, but it does not reflect that of the
system at equilibrium with the fully mature chromophore. With
this distinction in mind, the system can provide a well-defined
unimolecular binding assay with convenient optical readout to
analyze the differential thermodynamic contribution of each
residue and the loop length, and the overall effect of the circular
permutation with or without the mature chromophore; a more
complete description and thermodynamic analysis of the
system will be reported separately.

Irrespective of the detailed physical origin, it is notable that
the composition of the expression mixture can be predicted
very accurately when the lengths of the loops and the types of
residues on the two terminal strands are specified (see SI 7).
Furthermore, we have found that the rules are independent of
cell type. Several of the constructs were expressed in
mammalian cells (HEK293 and U205), where the ratios of
the two bound forms were identical with those estimated for
the expression mixture from E. coli (i.e., as in Figure 2B; see SI
9). This shows that folding of these GFP variants is largely
independent of the expression machinery specific to each cell
type and that the same rules apply for both prokaryotes and
eukaryotes concerning the composition of the expression
mixture. Such general predictability is especially useful to
initialize the protein population (likely as all in one or the other
color) in cell-based assays or to use it as a tool for modulating
interactions in cells.

Since the competing strands are at opposite ends of the
protein, we hypothesized that cotranslational folding could
favor binding of the N-terminal strand while the C-terminal
strand is still in the ribosome tunnel. To test this, a delay
sequence of five leucines was introduced at the C-terminus of
the protein. Two of these constructs were made, which were
identical in every way except that one used a repeat of the most
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common leucine codon in the delay sequence while the other
used the least common codon in it. However, when the
proteins were expressed in E. coli, no noticeable difference was
found in the expression compositions of the two expression
mixtures (see SI 10). This suggests that the delay is short
relative to the time it takes for the protein to become kinetically
trapped in the N-bound form. Note that the construct, with its
unambiguous bimodal folding and clear optical readout would
serve as an ideal model system to investigate the effect of
synonymous codons in protein folding and to study the
principles of other cotranslational folding processes in
general.w_21

One possible application of these alternative f-strand GFPs
is to create a novel type of protease sensor exploiting the
photodissociation phenomenon described in our earlier work,
where the dissociation rate of cut s10 could be enhanced
dramatically with light irradiation." As illustrated schematically
in Figure 3A, if the loop connected directly to the bound s10 is
engineered to contain a proteolytic site, upon being cut by the
protease, the cut strand can be irreversibly photodissociated
and replaced by the other strand that causes the color to shift.
This can be readily adapted as a selective (by choice of loop
sequence) and genetically encoded protease sensor with a large
dynamic range. Figure 3B shows the implementation of a
prototypical thrombin sensor, where the thrombin cleavage site
(LVPRGS sequence) is inserted into the loop directly
connected to the C-terminal s10 in a TY construct. The
protein expresses in E. coli with over 90% C-bound (e,
spectrally 90% YFP). In the presence of active thrombin and
light, the spectrum rapidly shifts from that of YFP to that of
GFP as shown in Figure 3B. The half-life of the conversion
process is S min from a single exponential fit as shown in Figure
3C (see the caption of Figure 3 and SI 11 for specifications).
The sensor can be adapted to any protease simply by inserting
the appropriate recognition sequence into the loop; for
example, we obtained similar results with trypsin and caspase
(see SI 11). Most importantly, since the combined presence of
protease activity and light results in a conversion of YFP to
GFP or vice versa, a very large ratiometric dynamic range is
achievable. For instance, in the constructs used in this
communication, GFP emits 40 times stronger than YFP at
490 nm when excited with 440 nm light, while YFP emits 60
times stronger than GFP at 530 nm when excited with 515 nm
light. This simple consideration gives a ratiometric dynamic
range of over 2,000 fold. Even if the detector emission
wavelength is fixed, for example to 530 nm, and excitations at
440 and 515 nm are compared, the contrast is over 100 fold,
which is a much higher dynamic range than conventional
genetically encoded FRET sensors with dynamic range around
2—4 fold.> Lastly, because light is required for the conversion,
protease activity detection and the release of the cut peptide
can be spatially and temporally controlled.

The very flat control baseline in Figure 3C implies that the
light-driven conversion from one bound form to the other for
this construct is a process with very low quantum yield when
the covalent bonds are intact. The contrast shown between the
cut and the uncut protein stems in part from the molecularity
of the corresponding reactions, where the former involves two
fragments that are driven apart whereas the latter undergoes a
process that is strictly intramolecular. Such stability of the uncut
species against light irradiation can be advantageous for certain
applications, for instance a protease sensor with low back-
ground. On the other hand, it is observed that for certain
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Figure 3. (A) Schematic illustration of the ratiometric protease sensor.
When the protease cuts the cleavage site inserted in the loop
connected to the bound s10, the cut s10 remains associated with the
protein until it is photodissociated."® Photodissociation is followed by
irreversible intramolecular replacement by the alternative s10, which
results in the color shift by virtue of the residue at position 203. (B)
After the protease sensor was incubated with 20 units mL™! thrombin
for 10 min, excitation spectra (emission collected at 520 nm) were
taken at various times for a 3-mL sample of 2 M thrombin sensor at
35 °C irradiated with 13 mW of 405 nm cw diode laser light with a 3
cm path length (see SI 2 and SI 11 for full sequence of the protein and
more detailed procedure). (C) The percentage of GFP at each time
point was spectrally estimated (as in Figure 2A) and fit by a single
exponential function. The control and the thrombin samples were
prepared in exactly the same way except that thrombin (Plasminogen-
Free, Bovine, EMD Millipore) was added to a concentration of 20
units mL™" 10 min prior to light irradiation. The control sample was
exposed to the same light and temperature conditions, and the
spectrum barely changed over 20 min. The spectrum does not change
within the measurement time if the cut protein is left in the dark.

constructs the light-driven intramolecular strand swap is more
feasible (see SI 12). It should be possible to engineer variants
with higher quantum yields for the light-driven intramolecular
strand swap, so that the protein can reversibly photoswitch
between the two bound forms (as illustrated in Figure 1),
changing its color and the binding partner (and anything
attached to the binding partner) upon light irradiation. To
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achieve this, it might be necessary to introduce destabilizing
mutations along s10, and deeper mechanistic understanding of
how the chromophore excitation couples to the association and
dissociation of the strand would provide useful guidance.

In summary, we designed and expressed GFP variants with
one extra s10. The relative populations of the two bound forms
were determined by the residues on s10 as well as by the
lengths of the loop sequences connecting the two strands to the
rest of the protein, and the composition of the expression
mixture could be accurately predicted for a given construct. The
composition of the bound forms was independent of the
observed cell types where E. coli, HEK293, and U205 cells were
used for expressions. With the unambiguous optical readout to
estimate the result of its bimodal folding, the construct can
potentially serve as an ideal model system to study alternate
frame folding and cotranslational folding, as well as individual
amino acid and loop contributions to protein folding energetics
in a general and quantitative way. Finally, a prototype of a
genetically encoded ratiometric protease sensor was designed
from the construct and demonstrated to have very large
dynamic range.

Many concepts and applications beyond the protease sensor
are suggested by the results reported here. For instance, it
should be straightforward to incorporate a peptide, a binding
domain, or a target sequence (e.g., a phosphorylation site) into
one of the two strands such that the strand no longer binds to
the rest of the GFP when the attached sequence binds to a
target molecule or when the incorporated target sequence is
modified. In this way the presence of the corresponding
binding partner or the activity of the modifier (e.g, a kinase)
could be monitored by the color shift when the other strand
binds to the rest of the GFP. Furthermore, the construct can be
developed into genetically encoded and light-addressable
modulator of access to the active site of an enzyme or of
protein—protein interactions to control enzymatic activity or
localization of molecules with light.**">* Better understanding
of the underlying physical mechanisms will be essential to guide
further development.
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Protein sequences, expression and purification methods,
instrumentation, and other procedures are detailed. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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