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ABSTRACT: Truncated green fluorescent protein (GFP) with
the 11th f-strand removed is potentially interesting for bio-
conjugation, imaging, and the preparation of semisynthetic
proteins with novel spectroscopic or functional properties.
Surprisingly, the truncated GFP generated by removing the
11th strand, once refolded, does not reassemble with a synthetic
peptide corresponding to strand 11 but does reassemble
following light activation. The mechanism of this process has
been studied in detail by absorption, fluorescence, and Raman

trans truncated GFP cis truncated GFP split GFP complex
add
peptlde
h\ or kT
add peptide

spectroscopy. The chromophore in this refolded truncated GFP is found to be in the trans configuration. Upon exposure to light a
photostationary state is formed between the trans and cis conformations of the chromophore, and only truncated GFP with the cis
configuration of the chromophore binds the peptide. A kinetic model describing the light-activated reassembly of this split GFP is
discussed. This unique light-driven reassembly is potentially useful for controlling protein—protein interactions.

l INTRODUCTION

Split green fluorescent proteins (GFPs) are useful for making
semisynthetic GFPs' > containing unnatural amino acids with
novel properties, for imaging and bioconjugation, and for
fundamental studies of f-strand assembly and stability. We
recently showed that split GFPs with one f-strand removed
(originally developed for measuring protein solubility*) can
readily be obtained for in vitro studies by inserting a loop
containing a protease cleavage site between the secondary
structural element to be removed and the rest of the protein,
cleaving the loop with a protease and removing the structural
element bsy size exclusion chromatography, as shown in
Figure 1A.> Because any of GFP’s 11 f-strands or the central
helix that contains the chromophore can be made into the C- or
N-terminus by circular permutation, this method can be applied
to any of these secondary structural elements. Because of the
huge diversity of possibilities, a systematic notation was devel-
oped as illustrated for the specific case of f-strand 11 in
Figure 1A.° In this scheme “loop” refers to the sacrificial loop
insertions that contain a protease cleavage site, and “s11” refers to
the 11th strand of the 3-barrel. A strike through leep implies the
loop was cleaved with trypsin (or another protease), and a strike
though s11 implies the original peptide was removed by dena-
turation and size exclusion. Added synthetic peptides are under-
lined (e.g, s11), and the dot (e) implies that a noncovalent
complex has been formed between the protein and the synthetic
peptide.

In the initial implementation of this method,” GFP:loop:sit
was refolded from denaturing solution (upper series of steps in
Figure 1A) into a solution containing an excess of s11 to make
GFP:loop:sllesll, whose absorption and fluorescence spectra
were indistinguishable from the original GFP:loop:s11, which
in turn is very similar to GFP itself (the properties of this
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reassembled protein can be altered by changing the sequence
of s11'). If instead GFP:loop:stl is refolded without s11, we
were surprised to discover a species whose absorption and
fluorescence are quite different from that of GFP as shown in
Figure 1B. Also, the fluorescence quantum yield of this refolded
form was surprisingly only about five times less than the native,
fully folded protein (Figure 1B). This was unexpected as the
fluorescence from denatured GFP:leop:stt (or denatured native
GFP) is very low, as the chromophore is in an unstructured
environment and nonradiative decay pathways lead rapidly to the
ground state.’ The high fluorescence quantum yield of the
chromophore and the decreased yet still existent secondary
structure of GFP:leop:sit observed by circular dichroism sug-
gests that GFP:loop:stt has some residual structure.” Further-
more, as discussed in detail below, refolded GFP:leep:s1t does
not bind to s11. By chance, however, we observed that refolded
GFP:loop:stt does rebind s11 in the presence of light (initially
observed in room light). As described in the following and shown
schematically in the lower part of Figure 1A, we propose that
refolded GFP:loop:s1t has the chromophore in the trans con-
figuration (denoted trans-GFP:loep:sit), but light activation
creates a photostationary state with the cis configuration of the
chromophore (cis-GFP:leep:stt), and only cis-GFP:leop:stt
can bind s11. We note that cis and trans apply to the chromo-
phores in s1mp1e solvent, while these may be twisted somewhat
from their ideal geometry by constraints in the protein. Quanti-
tative justification for this model and the conformation of the
chromophore is presented in the following, but the framework of
the model and notation in Figure 1A will aid the initial discussion
of the results.
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Figure 1. (A) GFP:loop:s11 has aloop containing a proteolytic cleavage site that isolates stave 11 from the rest of the protein and is expressed in high
yield with the GFP chromophore formed. This protein is digested with trypsin to make a noncovalent complex GFP:leep:s11, which is then denatured in
6 M guanidine hydrochloride to break up the stable noncovalent complex. Size exclusion chromatography then separates GFP:loop:s from the native
stave 11 in denaturing conditions. When GFP:loop:stt is diluted out of denaturant in the presence of synthetic strand 11, s11, the GFP:loop:sliesl1
complex is formed, whose absorption and fluorescence spectra are indistinguishable from the original GEP:loop:s11. If, however, GFP:loop:stt is
refolded by itself, in the absence of s11, a new species is formed, denoted trans-GFP:leop:sit. Surprisingly, trans-GFP:leep:sit does not noncovalently
associate with added s11. If trans-GFP:loop:sll is irradiated, a photostationary state is established between the trans and cis configuration of the
chromophore (chromophore structures shown below their cartoon counterparts), and cis-GFP:loop:stt rapidly combines with s11 to form GFP:leep:stt:s11
whose properties are indistinguishable from the original GEP:loop:s11. Note that a A-barrel configuration is shown for GFP:leep:stt in denaturant, trans-
GFP:loep:stt and cis-GFP:leop:stt for purpose of illustration only; the actual structures are not known. (B) Absorbance and fluorescence spectra of trans-
GFP:loop:s1l and GFP:loop:sllesl1. Absorbance spectra of trans-GFP:loop:s1t and GFP:loop:sllesl1 are shown by blue and green solid lines, respectively.
Fluorescence emission spectra of trans-GFP:loop:sit and GFP:loop:sitesll are shown by blue and green dotted lines, respectively. The absorbance
spectrum of refolded trans-GFP:eep:stt has a single band in the visible region unlike the protein with s11 covalently attached or GFP:leep:sttes11 (which
are indistinguishable). All spectra are normalized by concentration so that the relative intensities of the absorbance spectra reflect differences in extinction
coefficients, and the emission spectra relative intensities reflect the difference in extinction coefficient and quantum yield upon excitation at 468 nm.

B RESULTS

As seen in Figure 1B, the absorption spectrum of refolded
GFP:leep:stt is quite different from that of either the protonated
(peak at 400 nm) or deprotonated (peak at 475 nm) forms of the
chromophore observed in native GFP.”® The observation that
the fluorescence quantum yield is quite high suggests that there is
some residual structure in refolded GFP:leep:sit which con-
strains the chromophore and prevents motions that lead to
nonradiative decay. Systematic irradiation of the chromophore
in refolded GFP:loop:s11 with visible light leads to a wavelength-
dependent and light intensity-independent change in the absor-
bance spectrum (Supporting Information Figure 1). The wave-
length dependence of the changes in the absorbance spectrum
suggests that the light generates a photostationary state, where
the ratios of concentrations of the two forms (denoted cis- and
trans-GFP:leop:stl) are determined by the product of the ratios
of the extinction coeflicients, ¢, and the photoisomerization
quantum yields (¢, eq 1):°

[trans} Ecis Pis — trans

(1)

Following creation of the photostationary state, the absorbance
spectrum shifts back to the original absorbance spectrum when the
sample is left in the dark (Figure 2), where the final spectrum in
Figure 2 is nearly identical to that of the original trans-GFP:loop:s11
spectrum. If trans-GFP:leop:stt and s11 are mixed together in the
dark, no changes in the absorbance spectrum are observed; however,
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Figure 2. Reformation of trans-GFP:leep:stt (compare final black
spectrum with Figure 1B) in the dark after creating the photostationary
state of trans- and cis-GFP:leep:stt (red) with 460 nm light. The sample
was kept rigorously in the dark and the absorption spectrum sampled
infrequently. The cartoons show the part of the kinetic model that
describes this data. The protein was at a concentration of S #M in pH 8
buffer at 18 °C. See Figure S for kinetics as a function of temperature.

if trans-GFP:Jeop:s is light activated to form a photostationary
mixture of cis- and trans-GFP:leep:sH, and sll is added, the
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Figure 3. Competition between cis — trans thermal isomerization and binding of s11 to cis-GFP:loop:st to form GFP:leop:sitesl] starting from
the initial photostationary mixture of refolded GFP:loep:stt generated by light-activating trans-GFP:leep:stt with 460 nm light (blue). The
spectra following from blue to green are shown for every 1.2 min after mixing in s11 in the dark. The cartoon inset shows the kinetic model that
describes the processes taking place, namely cis-GFP:loop:s}t is partitioning between binding s11 to form GFP:leep:sitesl1 and reverting back to
trans-GFP:leop:stt. The initial concentrations of trans-GFP:leop:si} and s11 were 2 uM and 10 uM, respectively, and they were in pH 8 buffer

at 18 °C.

absorbance changes associated with GFP:loop:sltesl1 are quickly
observed (Figure 3).

We observed that cis-GFP:leop:sit tends to form stable
aggregates that can be characterized by size-exclusion chroma-
tography (see Supporting Information), and this interferes with
and complicates the determination of the absorbance spectrum
of this species for quantitative analysis. We note that this
aggregation may be mitigated by supercharging GFP.'® In order
to avoid aggregation of the protein while still observing the light-
induced changes in the absorbance spectrum, GFP:loop:stt was
encased in polymer (PVA) films (Supporting Information Figure
S). As the pH is increased the wavelength dependence of the
changes in the absorbance spectrum decreases. By pH 10 there is
no wavelength dependence to the photostationary state. The
subtleties implied by the pH dependence are discussed in detail
below. The pH and wavelength dependence allow us to deter-
mine the absorption spectrum of cis-GFP:loop:s11 (Figure 4).

Absorbance spectra of the photostationary state decaying back
to trans-GFP:leep:stt (Figure 2) were fit with the basis spectra
from Figure 4, and the spectrum of the aggregated protein
(Supporting Information Figure 4) to give the concentrations
in time so that the relevant parameters in the kinetic model in
Figure 1A can be determined. As expected by the simple kinetic
model in Figure 1A, the cis-GFP:loop:stt in the photostationary
mixture converts back to trans-GFP:leep:sit when left in the
dark (Figure S). The decay of cis-GFP:leop:stt to trans-GFP:
leop:s1t shows Arrhenius behavior with an activation energy of
130 kJ/mol (Figure S inset).

When sl11 is introduced to the photostationary mixture of cis-
and trans-GFP:leop:stL, the cis-GFP:leop:stt should partition
between binding s11 to form GFP:loop:sllesll and converting
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Figure 4. Absorbance spectra of cis-GFP:loop:st1 (yellow), trans-GFP:

loop:stt (blue), and GFP:leep:sttesll (green). The absorbance spec-
tra of GFP:eep:sttesll (green) and trans-GFP:eep:stt (blue) are
reproduced from Figure 1B for comparison. The cis-GFP:loop:sit
absorbance spectrum is derived from observing the changes in the
photostationary state of GFP:leep:stt with pH and photoactivation
wavelength. These absorbance spectra are used to fit the data in Figures 2
and 3 to determine the concentrations of cis-GFP:leop:sH, trans-GFP:

loop:s1l, and GFP:loop:sllesl].
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Figure S. Temperature dependence of the decay of cis-GFP:leop:stt
from the photostationary state to form the more stable trans-GFP:leep:
st The red, green, and blue dots show the concentration decrease in
time after the light-activated generation of cis-GFP:loop:sii-at 30 °C,
25 °C, and 18 °C, respectively. The solid black line fits are obtained from
fitting the concentrations of all species with the kinetic model shown in
Figure 2 (a unimolecular reaction of cis-GFP:leep:stt converting back
to trans-GFP:loop:s11l and a bimolecular aggregation of cis-GFP:loop:
sH; see Supporting Information). Inset: The temperature dependence
shows Arrhenius behavior with an activation energy of 130 kJ/mol. All
three samples had a total protein concentration of 5 #M and were in pH

8 buffer.

back to trans-GFP:leep:stt according to the simple kinetic
model (schematic in Figure 3). The absorbance spectra obtained
after light-activating GFP:leop:s}}t and mixing in s11 were fit
with the basis spectra shown in Figure 4, and the resulting
evolution of concentrations in time were fit with the kinetic
model as shown in Figure 6. The kinetic fits reveal that the
bimolecular rate constant of s11 binding to cis-GFP:loep:sit is
150 M~ ' s~ ", There is leftover trans-GFP:loop:stt in Figure 6
because the fraction of trans-GFP:leep:stt in the photostation-
ary mixture does not bind the peptide; however, if the sample is
illuminated continuously during the reassembly, the entire
sample can be driven to GFP:leep:silesll. Additionally, when
GFP:loop:sitesll at 1 uM concentration was mixed with a
hundred times excess s11 with the E222Q mutation (the E222Q
mutation is known to change the absorbance spectrum'), no
changes in the absorbance spectrum were observed over a period
of days. Also, attempts to compete out E222Q s11 with s11 were
unsuccessful. The absence of displacement allows for an estimate
that the upper bound of the binding constant is sub picomolar,
assuming that E222Q s11 and s11 have identical on and off rates.
We also note that once GFP:loop:stlesll is formed, further
irradiation does not lead to displacement of strand 11. Efforts to
discover conditions in which light-induced dissociation would be
possible are in progress, as such a system could have obvious
applications in imaging.

Preresonance Raman spectroscopy is able to distinguish
between the cis and trans configuration of the GFP chromo-
phore,'! so Raman spectra were obtained for the refolded GEP:
loop:st before and after light activation (Figure 7). The spectra
were obtained at 170K in a frozen aqueous solution to avoid
aggregation of cis-GFP:leop:sit at the high concentrations
required to obtain Raman spectra (1—3 mM), and 633 nm light,
which is not absorbed by either form of truncated GFP, was used
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Figure 6. The evolution of concentrations of trans-GFP:leep:sit
(blue), cis-GFP:loop:s1t (yellow), and GFP:loop:stlesll (green) after
generating a photostationary mixture of cis- and trans-GFP:loop:stt and
mixing in sl1. The solid black lines are generated by the model in
Figure 3 (a unimolecular reaction of cis converting back to trans-GFP:
loop:s11, and a bimolecular reaction of s11 forming a complex with cis-
GFP:loop:stl). As expected from this model, the cis GFP:loop:stt
concentration drops as the other species rise, and after the cis-GFP:leep:
sk is gone the concentrations of trans-GFP:leep:sit and GFP:loop:
sllesll remain constant. If the sample is excited with additional light,
the reassembly can be driven to completion (data not shown). The initial
concentrations of trans-GFP:loop:s}} and s11 in this experiment were 2
uM and 10 uM, respectively, and they were in pH 8 buffer at 18 °C.

to obtain the Raman spectrum. EYQI is a GFP with the F64L,
T203Y, and E222Q mutations that has been shown previously to
undergo light-activated photoisomerization.'" In EYQI, the
thermally stable isomerization state of the chromophore is the
cis configuration, so with this truncated GFP the Raman spec-
trum of the light-activated form is expected to be similar to the
Raman spectrum of EYQI prior to light activation. The starred
changes are indeed consistent with changes observed previously
in EYQI,"" with the previously stated exception that the light-
activated form in this case is the cis configuration of the
chromophore (Figure 7).

A pH dependence in absorbance spectra has been observed in
several GFPs, and is often due to a simple titration from the
protonated to the deprotonated phenol moiety of the
chromophore,® but exceptions are known.'” Typically the pro-
tonated state absorbs at approximately 400 nm and the depro-
tonated state absorbs at approximately 475 nm. The spectra
shown in Figure 8 are the absorbance spectra of cis-GFP:Joop:sit
derived from encasing GFP:leop:stt in PVA and activating with
light of various wavelengths. It appears that cis-GFP:loop:s11 also
has a titratable chromophore. Interestingly, at high pH the light-
activated absorbance spectrum is the same when photoactivated
at 435 and 460 nm. The ratio of extinction coefficients between
the deprotonated cis-GFP:leop:stt (the pH 10 spectrum) and
trans-GFP:loep:stt are very different at 43S and 460 nm, so
according to eq 1 the ratios of concentrations are expected to
change, unless the quantum yield of going from the deprotonated
cis-GFP:leop:stt to trans-GFP:leep:stt is negligibly low. This
leads us to suggest that the deprotonated cis-GFP:loop:s11 has
no appreciable rate of photoisomerization back to the trans form;
thus, when trans-GFP:loop:stt is light activated at pH 10, all of
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Figure 7. Raman spectra obtained with 633 nm (preresonant) excitation of GFP:leep:stt at 170K in pH 10 buffer before (trans-GFP:leep:stt in the
model) and after light activation (photostationary mixture of trans- and cis-GFP:loop:sH in the model, generated with 460 nm light). The starred peaks
are consistent with the changes observed in EYQI previously except that light activation leads to generation of some chromophore in the cis
configuration in this particular case (see text). At the pH these Raman spectra were obtained, complete conversion of trans-GFP:loep:st to cis-GFP:
loop:st is expected to take place (see Figure 8 and Discussion), but since the solid was opaque, and the 633 nm light is expected to penetrate deeper into
the solid, the spectrum most likely reflects a mixture of cis- and trans-GFP:loop:stt. The peaks growing in at 850 cm™ ', 1260 cm™ ', 1450 cm™ ', and
1500 cm ™" as well as the decrease of the peak at 1150 cm™ " are consistent with model chromophore Raman spectra.
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Figure 8. Absorbance spectra cis-GFP:leop:s} at multiple pHs. The
absorbance spectra appear to change with pH similar to several titratable
GFPs, leading us to assign the higher energy peak as the protonated form
of the chromophore, and the lower energy band to the deprotonated
form of the chromophore. The pH 10 spectrum is the same as the pH 10
PVA data in the Supporting Information because trans-GFP:loop:sit
can be converted entirely to cis-GFP:loop:stt due to the quantum yield
of going from deprotonated cis-GFP:leop:stt being negligible (see text).
The pH 8, 8.6, and 9 data have the trans-GFP:loop:stt spectra

subtracted out (see Supporting Information for raw absorbance data).

the trans-GFP:leep:stt is converted to cis-GFP:leop:sit. There-
fore, the spectrum at pH 10 is the observed spectrum after light
activation of trans-GFP:leep:stt to deprotonated cis-GFP:leop:

4050

s11, and the spectrum of the protonated cis-GFP:loop:stt was
determined by subtracting away the trans-GFP:loop:sit and
deprotonated cis-GFP:doop:stt spectrum from lower pH light-
activated spectra. The quantum yields were measured to be 0.20
(Peis—trans Of the protonated cis state) and 0.045 (Peans—eis) and
were obtained by measuring the kinetics of reaching the 460 nm
photostationary state and fitting using suplplementary equations
S1 and S2 (see Supporting Information)."® The quantum yield
@eis—trans Of the deprotonated cis state is close to zero (see
evaluation of the pH 10 data above).

l DISCUSSION

The observation that the light-activated spectra are indepen-
dent of light intensity suggests that the light generates a photo-
stationary state of the cis and trans forms of the chromophore.
The photostationary states depend on the wavelength of activa-
tion light because the ratio of cis and trans concentrations
depends on the product of the ratio of extinction coefficients
and quantum yields of photoisomerization (eq 1). The trans-
GFP:leep:slt is ostensibly more stable in the dark because after
light activation to form a photostationary mixture of trans- and
cis-GFP:leop:sH, the absorbance spectrum shifts back to the
original trans spectrum. The activation energy of 130 kJ/mol is
significantly larger than model chromophore isomerization acti-
vation energies 50 kJ/mol (half-life 3—5 min)."* The thermal
isomerization half-lives of chromophores in GFPs and RFPs have
been reported to be as fast as 30 s™ and as slow as 14 h'® with
several examples in between.'”'” The spread in activation
energies is possibly due to the variable access of nucleophiles
to the bridging methine group of the chromophore in the
different protein structures.”

Photoisomerization from the cis to the trans configuration was
initially considered because there are many reversibly photo-
switchable GFPs>"** and cis/trans isomerization of the chromo-
phore has been shown to be their underlying mechanism in mTFP0.7,
asFP595-A143S, Padron, and Dronpa by crystallography,'®** ™ and
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in both EYQ1 and eqFP611 by preresonance Raman spectro-
scopy.lmé The Raman spectra shown in Figure 7 are not
identical to Raman spectra of cis or trans model GFP chromo-
phores obtained previously, but some of the changes are very
similar to the changes observed upon converting trans model
chromophore to cis model chromophore."" The two peaks at
1150 cm™ ' that shift their relative proportions, the dramatic
increase in intensity of the peaks at 850 cm™ ', 1450 cm ™', and
1500 cm ™" are all predicted changes based on the Raman spectra
of model chromophores. In the absence of a crystal structure of
trans-GFP:loop:s1, the similarity of the Raman data to structu-
rally characterized systems leads us to describe the chromophore
as cis or trans; however, there are likely to be subtle distortions
from planarity of the chromophore due to constraints in the fold
of both cis- and trans-GFP:leop:sit.

In both aqueous solution and in most GFP structures the
chromophore is most stable in the cis configuration. We have
shown that when strand 11 is removed and the resulting protein
is refolded, the trans configuration of the chromophore is
surprisingly more stable and the fluorescence quantum yield is
quite high. The proposal that the trans configuration of the
chromophore in truncated GFP is more stable and also has an
appreciable quantum yield of fluorescence is uncommon but not
unprecedented.”” Light activation to form a photostationary
mixture of the trans and the more native cis form of the
chromophore activates the truncated protein to rebind the
removed strand of the f-barrel. All of these observations likely
result from specific constraints in the folded structure of GFP:
loop:sil, though in the absence of a three-dimensional structure
of trans-GFP:leep:stl we cannot be more specific. Lastly we
have demonstrated that only the protonated from of cis-GFP:
loop:stt has a light-activated conversion pathway back to trans-
GFP:loop:stt. While the trans-GFP:loop:sit cannot currently
be produced for In Vivo protein interaction control due to the
required in vitro processing, we note that this system is currently
useful for forcing protein—protein interactions in ex vivo sys-
tems, such as on cell surfaces. Also note that photostationary
states that are nearly all trans truncated GFP or mostly cis
truncated GFP can be created depending on the wavelength of
light, so one can target specific areas by judiciously using
‘activating’ and ‘deactivating’ light.

A few examples of light-driven association/dissociation of
protein complexes have been reported including dissociation of
enzymatically cleaved rhodog)sin,28 association of FKF1 (a
protein with a LOV domain)* and GIGANTEA complexes,*
and reversible association and dissociation of phytochrome to
PIF3.*" In all of these cases the light-activated processes are
driven by light activation of their external cofactors. The light-
activated protein reassembly of split GFP described below is
unusual in that it requires no external cofactors. This makes trans-
GFP:loop:sit effectively a caged protein for reassembly that may
offer novel approaches for imaging and protein interaction
control.***?

B METHODS AND MATERIALS
Preparation of GFP:leep:st+1 and s11. Two native cysteines

that were included in the original report of GFP:loop:s11 were removed
in this work to avoid disulfide bond formation upon removing strand 11
(see Supporting Information for sequence). GFP:loop:sll was ex-
pressed in a pET-1Sb vector in BL21(DE3) cells (Stratagene). The
cells were induced with IPTG (0.25 g/L) at OD 0.6 and then incubated

for 4 h at 37 °C. The cells were spun down, resuspended in lysis buffer
(50 mM HEPES, 300 mM NaCl, and 10% glycerol at pH 8), and lysed
with a homogenizer. The cell lysate was spun down and the supernatant
poured onto a Ni:NTA column (Qiagen). The column was washed with
the lysis buffer with 20 mM imidazole, and the proteins were eluted with
the lysis buffer with 200 mM imidazole. The proteins were then dialyzed
into the anion exchange buffer (20 mM Tris, 10 mM NaCl at pH 8) and
bound to an anion exchange column. The proteins were eluted by
running a gradient from 10 mM NaCl to 200 mM NaCl with the buffer
concentration and pH held constant in the anion exchange buffer. Liquid
chromatography in tandem with electrospray mass spectrometry
(Waters 2795 HPLC and ZQ single quadrupole MS) was used to check
the purity and identity of the protein. Protein sequences inferred from
DNA sequencing and verified by mass spectrometry are shown in the
Supporting Information. Lyophilized trypsin (bovine pancreas trypsin,
Sigma) used for digestions was weighed out and dissolved in 1 mM HCI
immediately prior to use. A concentration of 40 4M GFP:loop:s11 was
digested with 100 units of trypsin per mL solution in trypsin buffer
(50 mM Tris, 20 mM CaCl,, pH 8.0) for 3 h, and subsequent anion
exchange removed the trypsin and minor cleavage products. The cut
protein was denatured in 6 M guanidine hydrochloride, and size
exclusion in lysis buffer plus 6 M guanidine hydrochloride was per-
formed to separate GFP:loop:stt from s11. GFP:leep:sit was refolded
in lysis buffer overnight at room temperature by diluting from ~2 mM
denatured GFP:oop:sit in 6 M guanidine hydrochloride to 40 uM
GFP:loop:s1l in lysis buffer. The refolding process was observed by
absorbance of the chromophore and appears to be similar to the spectra
observed in Figure 2, which suggest that the chromophore starts off in
the cis configuration in denaturant and converts to the trans configura-
tion upon refolding of the truncated protein. Size exclusion in lysis buffer
removed leftover guanidine hydrochloride and some aggregated protein.
Mass spectrometry and known trypsin cut sites were used to infer the
protein sequence for trans-GFP:leep:sit shown in the Supporting
Information. The peptide s11 was synthesized using Fmoc chemistry
on a 431A Applied Biosystems Peptide Synthesizer, purified by HPLC
(Shimadzu), and the mass and purity were verified by liquid chroma-
tography in tandem with electrospray mass spectrometry (Waters 2795
HPLC and ZQ single quadrupole MS). All concentrations of proteins
containing the GFP chromophore were obtained by denaturing the
protein in 0.1 M NaOH and comparing to the known extinction coefficient
of the wild-type GFP chromophore at 448 nm (44100 M~ ' em™").%*

Light Activation of GFP:leep:stt. Photostationary mixtures of
cis- and trans-GFP:loop:stt were generated by illuminating with 10 mW
0f 460 nm laser light (unless specified otherwise) for 2 min in lysis buffer.
The light used to generate the photostationary states was obtained from
the frequency doubled output of a mode-locked Ti:sapphire laser
(Tsunami Ti:S oscillator (Newport) pumped by a solid-state Nd:YAG
laser (Newport)). The samples were illuminated from above in standard
3 mL quartz cuvettes while placed in a Perkin-Elmer absorbance
spectrometer with stirring. To generate the data in Figure 2 and Figure S,
S uM trans-GFP:loop:stt was illuminated as outlined above, and then
the lid was replaced on the spectrometer to block the laser light while
absorbance spectra were taken for hours at either 18, 25, or 30 °C. To
generate the data shown in Figure 3, 5 uM trans-GFP:loop:stt was
illuminated as outlined above, the laser was blocked, 10 uM s11 was
spiked in, and then absorbance spectra were taken for hours. All
absorbance spectra were only obtained every 20 s to avoid conversion
of trans-GFP:loep:stt to cis-GFP:loop:sit.

GFP:loop:s11 Absorption Spectra in Polyvinylacrylamide
(PVA). trans-GFP:leep:stt in lysis buffer was diluted into 10% PVA
(40,000 g/mol) with 300 mM NaCl in pH 8 (S0 mM HEPES), 8.6
(50 mM HEPES), 9 (50 mM bis-tris propane), and 10 (50 mM sodium
carbonate) buffer on glass coverslips with a 1 in. diameter rubber gasket
to keep the liquid in place. The slides were left in the dark for S days to
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allow the PVA to dry and form films. Spectra in PVA were obtained in a
Perkin-Elmer spectrometer, and the photoactivated spectra were ob-
tained by illuminating for approximately 2 min at variable angles with 10
mW of light of various wavelengths. Additional illumination, or doubled
intensity did not change the light activated spectra.

Raman Spectra. The Raman spectrum of trans-GFP:loop:stt
shown in Figure 7 was obtained by exchanging the protein into pH 10
buffer (50 mM sodium carbonate and 300 mM sodium chloride),
lowering the temperature to 170 K using a Joule-Thomson refrigerator
(MMR Technologies), and then taking the Raman spectrum using a
reflection Raman spectrometer (LabRAM HR from Horiba Jobin Yvon)
with a helium—neon laser light source (633 nm, which is to the red of
any GFP absorption). The Raman spectrum of the mixture of cis- and
trans-GFP:leop:stt was obtained by illuminating the sample with a
Xenon lamp directed through a 10 nm band-pass filter centered at
460 nm (approximately SO mW) prior to taking the Raman spectrum.
The sample was opaque because the buffer was frozen. No cryoprotec-
tants were added because of the intense background Raman signals.
Both Raman spectra were signal averaged for 30 min.

Fitting Procedure. The concentrations in Figures S and 6 were
determined from fitting with the basis spectra in Figure 4. Matlab was
used to solve AX=B using standard linear algebra techniques, where A is
the m by n matrix with all of the basis spectra, X is the n by o matrix of
concentrations, and B is the m by o0 matrix of the data in Figures 2 and 3
(m is the number of absorbance measurements at different wavelengths,
n is the number of species, and o is the number of time points). The
kinetic fits were obtained from Berkeley Madonna by numerically
solving the differential equations representing the models in Figures 2
and 3 and minimizing the error between data points by altering the rate
constants.

Il ASSOCIATED CONTENT

© Ssupporting Information. Plot showing the wavelength
dependence of photostationary states, description of quantum
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