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ABSTRACT: Photocontrolled transcription factors could be powerful tools for probing the roles of transcrip-
tional processes in a variety of settings. Previously, we designed a photocontrolled DNA-binding protein
based on a fusion between the bZIP region of GCN4 and photoactive yellow protein from Halorhodospira
halophila [Morgan, S. A., et al. (2010) J. Mol. Biol. 399, 94-112]. Here we report a structure-based attempt to
improve the degree of photoswitching observed with this chimeric protein. Using computational design tools
PoPMuSiC 2.0, Rosetta, Eris, and bCIPA, we identified a series of single- and multiple-point mutations that
were expected to stabilize the folded dark state of the protein and thereby enhance the degree of photo-
switching. While a number of these mutations, particularly those that introduced a hydrophobic residue at
position 143, did significantly enhance dark-state protein stability as judged by urea denaturation studies,
dark-state stability did not correlate directly with the degree of photoswitching. Instead, the influence of
mutations on the degree of photoswitching was found to be related to their effects on the degree to which
DNAbinding slowed the pB to pG transition in the PYP photocycle. Onemutant, K143F, caused an∼10-fold
slowing of the photocycle and also showed the largest difference in the apparentKd forDNA binding, 3.5-fold
lower, upon irradiation. This change in the apparent Kd causes a 12-fold enhancement in the fraction bound
DNA upon irradiation due to the cooperativity of DNA binding by this family of proteins. The results
highlight the strengths and weaknesses of current approaches to a practical problem in protein design and
suggest strategies for further improvement of designed photocontrolled transcription factors.

Photocontrol of transcriptional processes in living cells may
help to elucidate the roles of location and timing of gene
expression in spatiotemporally complex settings that occur dur-
ing development and during normal functioning of the nervous
system (1). Naturally occurring photocontrolled transcription
factors are known (2, 3); however, they are oftenmulticomponent
systems, so that engineering them for use as tools for the
photocontrol of transcription is not straightforward. Alterna-
tively, naturally occurring light-dependent protein-protein in-
teractions may be co-opted to photocontrol transcription. Quail
and colleagues used a phytochrome-GAL4-DNA-binding do-
main fusion and a PIF3-GAL4-activation domain fusion to
photocontrol the expression of genes that contain a promoter
with a GAL4 binding site (4). A similar approach using the
transactivator VP16 fused to the LOV domain of FKF1 and the
partner protein GIGANTEA fused to the GAL4 DNA binding
domain was reported by Yazawa et al. (5). In an elegant,
structure-based approach to the creation of a light-activated
DNA-binding protein, Strickland et al. linked a LOV domain to
the Trp repressor via a shared R-helix (6, 7). In their design, the
helix is expected to be packed against the LOV domain in the
dark and thus cannot adopt its normal location in the Trp

repressor, inhibiting Trp repressor DNA binding ability. Upon
irradiation, the helix detaches from the LOVdomain to rejoin the
Trp repressor, thereby activating it.

We recently reported a conceptually similar design of a photo-
controlled bZIP-type DNA-binding protein (GCN4Δ25PYP-v2)
that is a hybrid of the prototypical homodimeric bZIP DNA-
binding protein GCN4 and photoactive yellow protein (PYP),1 a
blue light sensitive protein from Halorhodospira halophila (8). A
fusion of the C-terminal coiled-coil region of GCN4 bZIP with
theN-terminal cap of PYPwasmade on the basis of examination
of available crystal structure data, analysis of amino acid
preference rules for coiled coils, mutational and amino acid
conservation data for PYP, and with Rosetta-guided structural
modeling. GCN4Δ25PYP-v2 is monomeric in the dark, and
fluorescence and circular dichroism data indicate the coiled-coil
domain is hidden. Binding to target DNA in the dark causes
substantial structural reorganization ofGCN4Δ25PYP-v2with a
concomitant slowing of the photocycle consistent with confor-
mational coupling of the DNA-binding and light-sensitive do-
mains of the protein. Blue light irradiation caused a 2-fold
decrease in the apparent Kd for specific DNA binding that was
reversed in the dark. Although this effect was reproducible and
reversible, amore substantial difference inDNAbinding between
dark and light states would be preferable if such designs are to
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be useful as tools for controlling DNA binding and transcription
in vivo.

If a suitable selection or screening approach were devised,
random mutagenesis might be expected to yield GCN4Δ25PYP
variants with improved photoswitching behavior. A consequence
of the structure-based approach, however, is that the structure
may help narrow the search for proteins with improved proper-
ties. Here we focus on efforts to stabilize the hybrid N-terminal
cap of GCN4Δ25PYP-v2 in its dark state by seeking to optimize
packing interactions between the hybrid cap and its docking sites
on the PYP core with the anticipation that this may lead to larger
differences in DNA binding upon irradiation. Stabilization of a
well-defined folded structure by targeted mutation is a task con-
sidered amenable to computational modeling techniques (9, 10).
Here we have used several such computational approaches to
design a small set of GCN4Δ25PYP variants. These proteins
were expressed and their dark-state stabilities as well as their
photoswitching behaviors were characterized in detail.

MATERIALS AND METHODS

Site-DirectedMutagenesis. Primers for the mutations were
designedwithPrimerX (http://www.bioinformatics.org/primerx/)
following the Stratagene QuikChange protocol (Agilent, Inc.)
and purchased from ACGT Corp. For each mutation, 125 ng
each of the forward and reverse primers were added to 100 ng of
template DNA, 1 μL of dNTPs, 5 μL of DMSO, 1 μL of Pfu
polymerase (Fermentas), 5 μL of 10� Pfu reaction buffer with
MgSO4, and water in a total volume of 50 μL. A drop of mineral
oil was also added to prevent evaporation. The reaction mixture
was held at (i) 95 �C for 30 s followed by (ii) 30 s at 95 �C,
(iii) 1 min at 5 �C below the primer Tm, and (iv) 7.5 min at 72 �C.
Steps ii-iv were repeated 18 times. Then the mixture was held at
(v) 72 �C for an additional 20 min before being allowed to cool to
room temperature. A 1 μL aliquot of DpnI was added to the
reaction mixture, which was then incubated at 37 �C for 1 h.
A 0.8% agarose gel in 0.5� TBE was then run to check for PCR
products. A PCR purification kit (Invitrogen) was subsequently
used, and the product was transformed into XL-2 Blue Ultra-
competent cells. A midiprep (Invitrogen) was conducted, and the
plasmids were sequenced in both directions (ACGT Corp.) to
confirm the mutations.
Protein Expression and Purification. The expression and

reconstitution of the PYP constructs were adapted from the work
of Devanathan et al. (11). The protocol was the same for all
constructs. DNA (0.2 ng) was transformed into BL21*(DE3)
competent cells and plated onto agar plates containing 30 μg/mL
kanamycin. The following day, a single colony was used to
inoculate 25 mL of Luria-Bertani (LB) broth that had been
supplemented with kanamycin (30 μg/mL) and grown overnight
at 37 �C. The 25 mL overnight culture was subsequently used to
inoculate 1 L of LB supplemented with 30 μg/mL kanamycin.
Cells were grown at 37 �C until an OD of 0.6 had been reached
and then induced with 1 mM IPTG. The temperature was
adjusted to 25 �C, and the cells were grown for a further 1.5 h
before 30 mg of activated chromophore dissolved in 1 mL of
ethanol was added to the medium. The synthesis of the activated
chromophore, 4-hydroxycinnamic acid thiophenyl ester, was
conducted as detailed by Changenet-Barret et al. (12) except that
the product used for the reconstitution of holoprotein was not
recrystallized. The cells were grown for a further 6 h before
centrifugation to separate the medium from the protein-contain-
ing cell pellet.

The pellet was resuspended in buffer containing 50 mM
sodium phosphate (pH 8.0), 300 mM sodium chloride, and 5
mMmagnesium chloride and frozen at-20 �C until purification
was conducted. The resuspended cell pellet was sonicated in
pulses on ice for 5 min and then centrifuged at 18K for 30 min to
separate the supernatant from the pellet. The proteinwas purified
on a Ni-NTA column that was equilibrated with lysis buffer.
After addition of the protein-containing supernatant, the resin
was washed with 10 column volumes (CV) of the lysis buffer. The
resin was subsequently washed with 5 CV of high-salt buffer (i.e.,
lysis buffer supplemented with 2 M NaCl) followed by a further
5 CV of lysis buffer. To elute nonspecifically bound proteins, the
resin was subjected to 5 CV of lysis buffer supplemented with
5 mM imidazole. The protein was eluted by increasing the
imidazole concentration to 200 mM.

The eluted protein was dialyzed extensively against 40 mM
Tris-OAc, 1 mM EDTA, and 100 mM NaCl (pH 7.5) [1� TAE,
100 mMNaCl (pH 7.5)]. The dialyzed protein was concentrated
to ∼1.5 mL using an Amicon ultracentrifugal device (10000 Da
NMWL) (Millipore). The purity of the samples was confirmed
using 12.5% SDS-PAGE and ESI-MS. Where further purifica-
tion was required, the protein was applied to a Superdex 75
column running in 1� TAE, 100 mM NaCl (pH 7.5) at 4 �C.
UV-vis absorbance spectroscopy was used to determine which
eluted fractions had the highest ratios of absorbance at 446 nm
to that at 278 nm.
Target DNA. The following oligomers were used for anneal-

ing AP-1 duplexes: AP1_S1, 50 TCCGGATGACTCATT TTT
TG 30; Cy3_AP1_S1, 50 Cy3-TCC GGA TGA CTC ATT TTT
TG 30; AP1_S2, 50 CAA AAA ATG AGT CAT CCG GA 30. A
1:1 ratio of each unlabeled oligonucleotide in 10 mM Tris-HCl,
50 mM NaCl, and 1 mM EDTA (pH 7.6) was heated in a water
bath to 80 �C for 10 min. After 10 min, the hot plate was turned
off and the DNA allowed to slowly cool to room temperature.
For labeled AP-1 DNA, a 1:1.2 ratio of labeled to unlabeled
oligonucleotide was used.
UV-Vis Spectra and Photoisomerization. UV-vis spec-

tra of the proteins were recorded in 1� TAE, 100 mM NaCl
(pH7.5) at 20 �C in a 1.0 cmpath length quartz cuvette using a PE
Lambda 35 spectrophotometer. Protein concentrations were
determined using an extinction coefficient at λmax (∼446 nm) of
45mM-1 cm-1. Samples for thermal relaxation were prepared at
a final protein concentration of 5 μM in 1� TAE, 100 mMNaCl
(pH 7.5). The protein samples with nonspecific DNA consisted
of the same 5 μMprotein in 1� TAE, 100mMNaCl (pH 7.5) but
with sheared salmon testes DNA added to a final concentration
of 1 mg/mL. Samples with target DNA contained in addition
to the salmon testes DNA, an equimolar (i.e., 5 μM) amount of
annealed AP-1 DNA duplex. Irradiation of the protein sample
was conducted by using a Luxeon III Star LED Royal Blue
(455 nm) Lambertian operating at approximately 340 mW
(700 mA). Relaxation rates at 20 �C were measured by recording
the change in absorbance at 350 nm. Data were fitted to single-
exponential functions to extract rate constants.
Urea Denaturation Studies. Protein samples (∼5 μM) were

prepared in 1� TAE, 100 mM NaCl (pH 7.5) with 8 M urea.
Fluorescence emission at 360 nm (excitation at 280 nm, 2 nm
excitation and emission slits) was monitored as the solution was
titrated with the same solution without urea using an AVIV
(Lakewood, NJ) ATF-105 automatic titrating fluorometer. Data
were recorded at 1min intervals with stirring upon each addition.
Fluorescence refolding curves were obtained at 20 and 30 �C.
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Fluorescence data were then fitted using the equation

F360 ¼ RN þ βN½urea� þRD þ βD½urea� exp½mD-Nð½urea�- ½D�50%Þ=RT �
1þ exp½mD-Nð½urea�- ½D�50%Þ=RT �

ð1Þ

where RN is F360 in the absence of urea, βN is the slope (F360 vs
[urea]) at the beginning of the curve,RD is the value ofF360 for the
fully denatured state, andβD is the slope at the endof the transition.
The quantity [D]50% is the urea concentration at the point where
the protein is 50% unfolded, and the term mD-N is a proportion-
ality constant that reflects the degree of unfolding of the protein
in urea (13). Differential values for the free energies of folding
of mutants versus GCN4Δ25PYP-v2 protein at the midpoint
urea concentration were obtained from the equations ΔΔG
([D]50%) = 0.5(mD-N þ m0

D-N)Δ([D]50%) and ΔΔG(H2O) =
mD-N([D]50%) - m0

D-N([D]50%0) (14), where the term m0
D-N

refers to the mutant.
DNA Binding Assays. All samples for the electrophoretic

mobility shift assay were prepared under red light. To 20 mM
Tris-HCl (pH7.5), 100mMKCl, 3mMMgCl2, 0.1%Triton, 5%
glycerol, 100 μg/mL BSA, and 1 mg/mL sheared salmon testes
DNA were added 10 nM annealed Cy-3-labeled AP-1 DNA and
the GCN4Δ25PYP-v2 mutant protein at final concentrations of
1 nM, 5 nM, 10 nM, 25 nM, 50 nM, 75 nM, 100 nM, 125 nM,
250 nM, 375 nM, 500 nM, 750 nM, 1 μM, and 3 μM in a total
volume of 100 μL. Samples were incubated overnight in the dark
at 4 or 20 �C. The following day, 20 μL of the sample was run in
the dark on an 8%native polyacrylamide gel containing 1�TAE
buffer (pH 7.5) that is also used as the running buffer. Gels were
run at 4 �C for 105min at 300V using anEmperor PenguinWater
cooled dual-gel electrophoresis system. The gel was scanned with
a green laser (532 nm) on a GE Healthcare Typhoon 9400
instrument. The remaining samples were irradiated with a Luxeon
III Star LEDRoyal Blue instrument (455 nm) for 5min, and then
another 20 μL aliquot was loaded onto another 8% native
polyacryamide gel prepared as described above. The gel was
run and imaged as described above except that two Luxeon III
Star LED Royal Blue instruments (455 nm) each at 340 mW
(700 mA) were irradiating the gel continuously during the run.
Heat from the LEDswas dissipated by the temperature-regulated
gel tank buffer. To determine the reversibility of DNA binding,
the remaining samples were incubated in the dark overnight, and
then a 20 μL aliquot was run on another 8% native polyacrya-
mide gel prepared as described above. The gel was run in the dark
and imaged as detailed above. DNA binding was quantified by
analysis with ImageQuant version 5.0. Using IgorPro, each set of
data was fit to the Hill equation to determine apparentKd values,
the concentration of protein required for half-maximal binding to
theAP-1 site, andHill coefficients. Hill coefficients were found to
vary between 1.6 and 2.6 when left unconstrained in the fitting.
Hill coefficients were then constrained to 2 and apparent Kd

values recalculated. The average and standard deviation from fits
of experiments performed in triplicate are reported.

RESULTS

Mutational Design. In designing a GCN4Δ25PYP hybrid,
we intended to choose a GCN4 segment that could pack against
the PYP core (residues 59-157) in the dark-adapted state in a
manner that sterically impedes the ability of the coiled-coil
domain to dimerize (8). When irradiated, this N-terminal cap
region (residues 34-58) is expected to disengage from the PYP
core and expose the coiled-coil sequence leading to dimerization
and DNA binding. The amino acid sequence of GCN4Δ25PYP-
v2 is shown in Scheme 1.

To improve the degree of switching of DNA binding, we
attempted to decrease the affinity for DNA in the dark while
maintaining or enhancing it in the light. It is useful to consider
what classes of mutation might be expected. For instance, one
could alter residues in GCN4Δ25PYP-v2 that comprise part of
the basic DNA binding region (residues 8-23). Because this
region is not expected to interact with the PYPdomain in the light
or the dark, mutations would be expected to affect light and dark
GCN4Δ25PYP-v2 DNA affinity equally, i.e., have no effect on
the degree of switching. Similarly, changes to residues that
comprise part of the PYP core but that do not interact with
the N-terminal cap would not be expected to alter DNA binding
in the light or dark unless they substantially altered the overall
light-driven conformational change. Therefore, we focused on
residues that form part of the N-terminal cap (residues 34-58).
These are expected to interact with the PYP core (residues
59-157) in the dark but interact with another N-terminal cap
(to form a coiled coil) when irradiated. In addition, residues in
the PYP core domain that interact with the N-terminal cap in the
dark may help to stabilize the dark state (and thereby decrease
DNA binding affinity in the dark) but have no direct effect on
the coiled-coil structure.

Using the modeled structure of the PYP domain of
GCN4Δ25PYP-v2 (8), which is based on the high-resolution
X-ray structure of wild-type PYP [Protein Data Bank (PDB)
entry 1NWZ] (15), we used PoPMuSiC 2.0 (http://babylone.ulb.
ac.be/popmusic) to identify residues for which the stability of the
dark-state protein might be enhanced. This program uses statis-
tical potentials that combine four distinct protein sequence and
structure descriptors and takes into account amino acid volume
variation upon mutation. The calculated stability change also
depends on the calculated solvent accessibility of the mutated
residue. The key feature of PoPMuSiC 2.0, in addition to its
superior performance in tests against experimental data, is its
ability to rapidly predict the stability changes resulting from all
possiblemutations in a protein (16, 17). Using the PoPMuSiC 2.0
algorithm, sites predicted to be most likely to lead to enhanced
protein stability were identified. These are collected in Table 1
together with the mutations that are predicted to be stabilizing.

Scheme 1: Primary Sequence of the GCN4Δ25PYP-v2 Proteina

aPurple for a GCN4 residue, yellow for a PYP residue, cyan for a residue chosen by Rosetta, and red for the vector-encoded His tag
(residues 34-58 being the N-terminal cap).
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Of these sites, E35, E45, andG54 are all part of the N-terminal
cap while K143 and K144 are part of the PYP core domain that
interacts with the N-terminal cap. In contrast, Q65 and R85 do
not appear to interact with theN-terminal cap andwere therefore
excluded.

Any changes made to the N-terminal cap sequence must also
be considered in terms of their potential effects on the formation
of coiled coils, the intended light-adapted state. To assess the
effects of mutations on the formation of coiled coils, we used the
algorithm for predicting coiled-coil stability developed by Arndt
and colleagues (bCIPA, http://www.molbiotech.uni-freiburg.de/
bCIPA/). Coiled coils are characterized by a heptad repeat
sequence, abcdefg, where positions a and d form the hydrophobic
dimerization interface and are particularly important for stabil-
ity. In addition, the Asn residue that occurs at an a position in
GCN4 [N16 in the wild-type (wt) sequence] is known to promote
the formation of parallel, dimeric, coiled-coil structures and
disfavor the formation of higher-order coils (18). Mutations at
this position and at positions a and d were avoided. Table 2 lists

all the options examined and their expected melting tempera-
tures. The higher the melting temperature, the more stabilizing
the mutation.

Residues identified as stabilizing by the PoPMuSiC 2.0 algo-
rithm at position E35 include the hydrophobic residues F, L, I,
W, Y,M, and V. Of these, none are stabilizing with respect to the
formation of coiled coils; the least detrimental are L and M. At
the E45 site, again PoPMuSiC 2.0 suggests hydrophobic residues
(I, V, F, L, M, andY). This site is an e position of the heptad and
therefore can interact with the preceding g position of the other
monomer in the coiled coil (Table 2). Often in coiled coils such
e-g0 interactions are electrostatic in nature (20). However, in
this case, a glycine residue was introduced at the preceding g
position (8) because this residue in PYP adopts torsion angles
available to only Gly in the Ramachandran plot and is partially
conserved (21). While the Glu residue (the GCN4Δ25PYP-v2
residue) is the most stabilizing at position 45, a variety of
other residues are compatible with the formation of coiled coils
with relatively minor negative effects on stability (Table 2). The

Table 1: Sites and Mutations Predicted To Enhance GCN4Δ25PYP-v2 Stability by PoPMuSiC 2.0a

residue in GCN4Δ25PYP-v2 stabilizing mutations

E35 F (-1.60), L (-1.54), I (-1.52), W (-1.34), Y (-1.30), M (-1.21), V (-1.10), H (-0.61), Q (-0.29), R (-0.20), T (-0.33)

E45 I (-0.71), V (-0.43), F (-0.41), L (-0.35), M (-0.32), Y (-0.21)

G54 A (-0.44), E (-0.36), D (-0.32), S (-0.30)

Q65 I (-0.86), L (-0.50), V (-0.46), M (-0.46), F (-0.44), W (-0.42), Y (0.40), H (-0.30)

R85 I (-0.60), L (-0.58), W (-0.40), Y (-0.37), V (-0.30), M (-0.27), F (-0.22)

K143 F (-1.02), L (-0.76), Y (-0.66), I (-0.64), W (-0.64), V (-0.59), M (-0.44), H (-0.14)

K144 L (-0.72), W (-0.63), F (-0.51), M (-0.46), I (-0.45), Y (-0.36), V (-0.27), P (-0.11)

aNumbers in parentheses are the calculated differences in dark-state (pG) folded stability in kilocalories per mole.

Table 2: Calculated Stabilities of Single-Point Mutants of the Coiled-Coil-Forming Domain of GCN4Δ25PYP-v2a

aHeptad positions that can make electrostatic interactions (g,e) are indicated with the same color. Only a limited number of mutations were considered at a
and d (core hydrophobic) positions. Proline and cysteine substitutions were not considered.
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PoPMuSiC 2.0 algorithm predicts that the G54 site may be
mutated to A, E, D, or S with an increase in stability. The bCIPA
algorithm predicts that any of these mutations, in particular
G54E and G54A, will also enhance coiled-coil stability.

The other two residues suggested by PoPMuSiC 2.0 as sites for
enhancing stability were K143 and K144. These are sites that are
part of the PYP core domain, so changes to either of these
residues are not expected to affect coiled-coil stability in the light
state. However, both residues can interact with the N-terminal
cap (residues 34-58), with K143 making closer contact with the
cap than K144. K143 is in the proximity of E45; in fact, these
residues make a salt bridge in the X-ray crystal structure
(E12-K110 in wild-type numbering) that has been proposed to
be important for N-terminal cap stability (22). As a result,
changes to residues E45, K143, and K144 are likely to be
interdependent.

We explored interdependent mutations of the group of resi-
dues E35, E45, G54, K143, and K144 using the Rosetta design
algorithm (23) as well as the Eris protein stability prediction
server (http://troll.med.unc.edu/eris/login.php) (24, 25). The
Rosetta design algorithm was used previously in the design of
GCN4Δ25PYP-v2 (8). Rather than using Rosetta for extensive
redesign, we focused on generating mutations at the E35, E45,
G54, K143, andK144 sites to search for optimal combinations of
changes. Rosetta predicted the largest stability improvement
would occur with E35 changed to either A or M (E35A or
E35M, respectively), G54 changed to E (G54E), E45 changed to
K together with K143 changed to I (E45K/K143I), and K144
unchanged. The Eris server calculates the change in protein
stability induced by mutations utilizing the Medusa modeling
suite. Whereas the Rosetta approach used a fixed backbone, the
Eris server permits backbone flexibility. The Eris server returned
E35A as preferable to E35M, and G54E and G54A as equally
stabilizing. Mutation to hydrophobic residues was predicted to
be particularly stabilizing at K143, more so than at K144.
Additionally, if K143 was mutated to a hydrophobic residue,
both the Eris server and the PoPMuSiC 2.0 algorithm indicated
that further mutation of K144 to a hydrophobic residue would
not lead to further stabilization. Because we also wanted to
avoid the creation of hydrophobic patches on the protein surface
that may lead to lower solubility and possible aggregation, we
opted to focus hydrophobic mutation at position K143. The
following mutations were ultimately chosen: G54A, G54E,
K143I, K143F, G54E/K143I, E35M/G54E/K143I, E35M/
G54E/K143F, E45K/G54E/K143I, and E35M/E45K/G54E/
K143I. These are highlighted in orange in Table 2 and Figures 1
and 2.
Protein Expression, Purification, and Preliminary Char-

acterization. Single-point mutations in GCN4Δ25PYP-v2 were
introduced using the Stratagene Quikchange protocol (Agilent,
Inc.) and confirmed by automated DNA sequencing (ACGT
Corp, Toronto, ON). Each of the mutants was expressed in
Escherichia coli BL21cells; the 4-hydroxycinnamic acid chromo-
phore, activated as a thioester (12), was added during expression.
All mutants were expressed well, purified by immobilized
metal affinity chromatography, and analyzed by electrospray
mass spectrometry. The masses observed were consistent with
>95% holoprotein without any N-terminal processing. All
proteins gave dark-adapted absorbance spectra similar to that
of GCN4Δ25PYP-v2 (Figure 3). The wavelengths of the absor-
bance maxima are all close to 446( 2 nm, similar to that of wild-
type PYP (26). Absorbance ratios (A446/A280) were generally

near 2.0, consistent with>95%holoprotein (26). Some variation
in this ratio may be due to effects of mutations on absorbance
coefficients. The presence of apoprotein would be expected to
decrease the degree of photoswitching of DNA binding observed
because apoprotein would bind DNA with the same affinity
whether dark-adapted or irradiated.
Stability of the Dark-Adapted State: Urea Denatura-

tion. To assess the effects of mutation on the stability of dark-
state GCN4Δ25PYP-v2 mutants, urea denaturation experiments
were performed bymeasuring the fluorescence emission at 360 nm
(excitation at 280 nm) as a function of urea concentration. A
temperature of 30 �C was used so that complete denaturation of
the most stable mutants was observed. Similar relative stabilities
among mutants were observed at 20 �C. Figure 4 shows the
urea denaturation curvesmeasured for themutants together with
those for GCN4Δ25PYP-v2, wild-type PYP, and Δ25PYP.
The denaturation midpoints together with estimatedΔΔG values
for folding (assuming a simple two-state model) (13) are listed
in Table 3.

Clearly, some of the designedmutations have indeed stabilized
the dark-adapted protein compared to GCN4Δ25PYP-v2. It
appears that hydrophobic mutations at K143 are particularly
effective as predicted by the PoPMuSiC 2.0 algorithm.
Effects of DNA Addition: Thermal Relaxation Rates

Monitored Using UV-Vis Methods. To probe the interac-
tion of the mutants with AP-1 DNA, we measured the thermal
relaxation of the constructs by monitoring the decay of
absorbance at 350 nm (pB form) as a function of time in the
presence and absence of nonspecific and specific (AP-1) DNA.
These data are listed in Table 4. Rate constants derived from
fitting to either a single-exponential process or double-ex-
ponential process were obtained. Lee andHoff have suggested
that double-exponential decays in PYPmay arise from formation

FIGURE 1: Sequence of GCN4Δ25PYP-v2 modeled onto the struc-
ture of wild-type PYP (Protein Data Bank entry 1NWZ) (15).
Residues 59-157 (the “core” domain) of PYP are shown as a solid
surface. Residues that are part of GCN4 or the N-terminal cap
(34-58) are shown as a ribbon. Colors follow the convention of
Scheme 1 (yellow for PYP residues, purple for GCN4 residues, and
cyan for residues changed in the hybrid that are not PYP or GCN4
residues). The unstructured basic region sequence of GCN4 is
truncated for the sake of clarity. Residues targeted for mutagenesis
in this study are colored orange and labeled.
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of a fraction of a cis-proline isomer upon irradiation that
subsequently reverts to a trans-proline isomer (27). While fitting
to double-exponential decays did provide better fits to the data in
some cases, single-exponential fits also clearly reflected overall
effects of DNA binding on thermal relaxation. At the protein and
DNA concentrations tested, all the protein is expected to become
DNA bound upon addition of AP-1 DNA whether the protein is
irradiated or dark-adapted (see below).

The deletion of the N-terminal cap has previously been shown
to slow the PYP photocycle (28, 29). AlthoughΔ25PYP does not
bind DNA specifically, addition of nonspecific DNA slows the
relaxation rate of Δ25PYP somewhat perhaps via interactions

with the exposed hydrophobic surface of the protein. The
relaxation rate of the pB form of GCN4Δ25PYP-v2, in contrast,
is specifically slowed ∼6-fold by binding to AP-1 DNA, whereas
nonspecific DNA causes a slight acceleration. The mutants show
a variety of effects; in some cases (e.g., E45K/G54E/K143I),
nonspecific DNA has a pronounced slowing effect, with subse-
quent specific binding to AP-1 having a less dramatic effect. In
other cases (e.g., K143F and G54E/K143I), nonspecific DNA
has aminimal effect andAP-1DNAhas amarked effect, slowing
relaxation almost 10-fold.
Photoswitchable DNA Binding Activity. We further as-

sayed the ability of the mutants to specifically recognize the AP-1
sequence by performing electrophoretic mobility shift assays
using Cy3-labeled AP-1 in the presence of excess nonspecific

FIGURE 3: UV-vis spectra of a subset ofGCN4Δ25PYP-v2mutants
in TAE (pH 7.5) and 100 mMNaCl at 4 �C. Protein concentrations
were approximately 5 μM (absorbance normalized at 278 nm).

FIGURE 2: Sequence of GCN4Δ25PYP-v2 modeled onto the structure of wt GCN4 bound to DNA as a dimer (PDB entry 1YSA) (19),
the intended light-adapted state.Residues 59-157of thePYPdomainhavebeenomitted for the sakeof clarity.Onemonomer is shownasa ribbon
and the other as a solid surface. Colors follow the conventions of Scheme 1 (yellow for PYP residues, purple for GCN4 residues, and cyan
for residues changed in the hybrid that are not PYP or GCN4 residues). Residues targeted for mutagenesis in this study are colored orange
and labeled.

FIGURE 4: Urea denaturation ofGCN4Δ25PYP-v2mutants in TAE
(pH 7.5) and 100 mM NaCl at 30 �C as monitored by measuring
fluorescence emission at 360 nm (excitation at 280 nm). Protein
concentrations were approximately 5 μM.
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DNA.DNAbinding affinities of the proteins in the dark-adapted
state and irradiated statewere calculated on the basis of the analysis
of these gels and fitting to the Hill equation as described pre-
viously (8). Apparent affinities (the protein concentration required
for half-maximal binding) are listed in Table 5, and sample data for
the mutant showing the largest change in affinity upon irradiation
(K143F) are shown in Figure 5. All binding was reversible.

The parent protein GCN4Δ25PYP-v2 shows an enhanced
affinity forAP-1when irradiated. The observed 2-fold decrease in
the apparent Kd (from 571( 17 to 297( 11 nM), while small, is
reproducible and reversible after dark adaptation. All of the
mutants studied also showed enhanced DNA binding upon
irradiation. In some cases (e.g., E45K/G54E/K143I), this was
minimal, whereas in others (e.g., K143F and G54E/K143I), this
was significantly enhanced compared to the parent. In addition,

the dark-adapted DNA binding affinity varied considerably. In
some cases, it was similar to or weaker than that of
GCN4Δ25PYP-v2, but inmany cases, it was significantly tighter.
In some cases (e.g., E45K/G54E/K143I), it approached that of
free wild-type GCN4 without PYP (30)(apparent Kd∼60 nM).
Hill coefficients derived from fitted binding curves varied be-
tween 1.6 and 2.6, suggesting the proteins dimerize upon binding
to DNA, which occurs for native GCN4 (30). Constraining the
Hill coefficients to 2 gave apparent Kd values similar to those
obtained using unconstrained fits. Forcing the Hill coefficient to
be 1 gave very poor fits.
Further Characterization of the K143F Mutant. Because

the GCN4Δ25PYP-v2 K143F mutant had the largest effect of
irradiation on specific AP-1 DNA binding as well as the lar-
gest increase in dark-state stability, we characterized that mutant

Table 3: Calculated Midpoints ([D]50%) for Urea Denaturation of GCN4Δ25PYP-v2 Mutants in TAE (pH 7.5) and 100 mM NaCl at 30 �Ca

protein [D]50% (M) mD-N (kcal/mol2) ΔΔG([D]50%) (kcal/mol) ΔΔG(H2O) (kcal/mol)

GCN4Δ25PYP-v2 5.72( 0.01 1.29( 0.03 - -
Δ25PYP 5.84( 0.03 0.99( 0.02 -0.20 1.6

G54A 5.46( 0.01 1.45( 0.04 0.54 -0.5

G54E 5.61( 0.02 1.51( 0.03 0.24 -1.1

K143I 6.43( 0.02 1.52( 0.03 -1.54 -2.4

K143F 6.88( 0.05 1.22( 0.02 -2.16 -1.0

G54E/K143I 6.53( 0.03 1.34( 0.03 -1.61 -1.4

E35M/G54E/K143I 6.40( 0.03 1.49( 0.04 -1.45 -2.1

E35M/G54E/K143F 6.71( 0.03 1.27( 0.02 -1.90 -1.1

E45K/G54E/K143I 6.30( 0.03 1.41( 0.04 -1.19 -1.5

E35M/E45K/G54E/K143I 6.53( 0.03 1.26( 0.03 -1.54 -0.9

wild type 7.20( 0.08 1.21( 0.03 -2.75 -1.3

aValues for mD-N and free energies [ΔΔG([D]50%) and ΔΔG(H2O)] were estimated as described in Materials and Methods.

Table 4: Lifetimes (seconds) for Thermal Relaxation of the pB (cis) Forms of the Proteins at 20 �C

protein

in TAE (pH 7.5) and

100 mM NaCl

with

nonspecific DNA

with nonspecific DNA and

equimolar AP-1 DNA

n-fold

change (with AP-1)

GCN4Δ25PYP-v2 99( 3 80( 3 476( 20 5.9

Δ25PYP 212( 6 225( 5 225( 5 1

G54A 221 ( 6 150 ( 4 552( 20 3.7

G54E 137 ( 4 100( 3 349( 15 3.5

K143I 91( 3 87 ( 7 740( 20 8.5

K143F 96( 3 132( 3 1189( 60 9

G54E/K143I 54( 4 60( 5 565( 20 9.4

E35M/G54E/K143I 92( 4 122( 5 724( 20 5.9

E35M/G54E/K143F 68( 2 144( 4 771( 15 5.4

E45K/G54E/K143I 243( 5 684( 15 882( 20 1.3

E35M/E45K/G54E/K143I 215( 6 325( 15 700 ( 20 2.1

Table 5: Specific AP-1 DNA Apparent Binding Affinities of the Proteins in Dark-Adapted and Irradiated States

protein

apparent Kd

dark-adapted (nM)

apparent Kd

irradiated (nM)

apparent

Kd(dark)/apparent Kd(light)

maximal n-fold

increase in

% DNA bound

GCN4Δ25PYP-v2 571( 17 297( 11 1.9 3.6

G54A 528( 16 356( 15 1.5 2.3

G54E 717( 15 392 ( 15 1.8 3.2

K143I 635( 15 264( 11 2.4 5.8

K143F 383( 13 108( 8 3.5 12

G54E/K143I 301( 15 119( 8 2.5 6.3

E35M/G54E/K143I 305( 16 166( 10 1.8 3.2

E35M/G54E/K143F 165( 6 74( 6 2.2 4.8

E45K/G54E/K143I 121( 10 120 ( 10 1.0 1.0

E35M/E45K/G54E/K143I 159( 11 134 ( 10 1.2 1.4
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further to confirm itsmolecularity in the dark-adapted state in the
absence of DNA as well as its DNA binding stoichiometry.

Size exclusion chromatography analysis confirmed that
GCN4Δ25PYP-v2 K143F behaved as a monomer in the dark
(Figure 6A). Its elution volume matched that of GCN4Δ25PYP-
v2 and was much larger than that of previously reported GCN4-
PYP for which equilibrium analytical ultracentrifugation anal-
ysis yielded monomer and dimer masses, respectively (8).

Measurement of the thermal relaxation rate of the pB form of
the protein as a function of the concentration of AP-1 DNA
(Figure 6B) confirmed that GCN4Δ25PYP-v2 K143F bound
DNA as a dimer. No further slowing of the relaxation rate was
observed after a mole ratio of 1:2 (DNA:protein) was reached.

DISCUSSION

Our intent in this work was to increase the degree of photo-
switchable specific AP-1 DNA binding by the designed chimeric

protein GCN4Δ25PYP-v2. Strickland et al. (7) have pointed out
that fusion of a switchable protein to an intended effector domain
is likely to alter the on-off balance of the switchable domain. In
the case of the LOV photoswitchable domain fused to the Trp
repressor, packing of the J-R helix against the LOV domain is
intended in the dark. In their original design, fusion to the Trp
repressor appears to destabilize the packing of the helix so that
when the LOV domain is irradiated, only a small extra degree of
disengagement of the J-R helix is possible; hence, the degree of
photoswitching is small. By stabilizing the helix packing against
the LOV domain in the dark state of the chimera with a few
carefully chosen mutations, these authors were able to increase
the degree of photoswitching substantially (7).

In the case presented here, we were seeking to pack the
dimerizing coiled-coil domain of GCN4 against the PYP core
in the dark, thereby diminishing its DNA binding ability. At the
same time, we wished to preserve high-affinity specific DNA

FIGURE 5: EMSA of the GCN4Δ25PYP-v2 K143F mutant with AP-1 target DNA. Binding buffer consisted of 20 mM Tris (pH 7.5), 100 mM
KCl, 3 mMMgCl2, 0.1% Triton, 5% glycerol, 100 μg/mL BSA, and 1 mg/mL salmon testes DNA. The concentration of 50-Cy-3-labeled AP-1
DNAwas 10 nM.Running buffer was TAE buffer (pH 7.5). Gels were run either in the dark or under constant 460 nmLED illumination at 4 �C.
Protein concentrations on gel images shown are 0, 1, 5,10, 25, 50, 75, 100, 125, 250, 375, 500, 750, 1000, and 3000 nM.

FIGURE 6: (A) Size exclusion (G75) chromatography of dark-adaptedGCN4Δ25PYP-v2K143F (;) in TAEbuffer (pH 7.5) and 100mMNaCl.
GCN4PYP (---) is dimeric (44790 Da) and GCN4Δ25PYP-v2 (---) monomeric (19644 Da) under these conditions (8). The elution pattern of
blue dextran (- 3 3-) indicates the void volume of the column. (B) Rate constants calculated from exponential fits to pB thermal relaxation data
(absorbance at 350 nm) for 10 μMGCN4Δ25PYP-v2 K143F in the absence of AP-1 DNA and with increasing amounts of AP-1 DNA in TAE
buffer (pH 7.5) and 100 mMNaCl, at 20 �C, with 1 mg/mL salmon testes DNA.
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binding in the irradiated state. As a framework for considering
the results obtained, it is useful to view the system as the thermo-
dynamic cycle shown in Figure 7. Four states are identified: (i) a
folded PYP domain (pG) with the GCN4 zipper domain packed
against the PYP core, (ii) a folded PYP domain (pG) with the
GCN4 zipper domain dimerized and bound to DNA, (iii)
a partially unfolded PYP domain (pB) with the GCN4 zipper
domain dimerized and bound to DNA, and (iv) a partially un-
folded PYP domain (pB) with the GCN4 zipper domain free.
Shining blue light on the systemmay be regarded as perturbing it
in a manner that produces pB states (iii and iv) at the expense of
pG states (i and ii). In the dark, these four states are connected in
a thermodynamic cycle (Figure 7) in which

Kd;appðlightÞKfold ¼ Kd;appðdarkÞKfoldDNA ð2Þ

As in the LOV/Trp repressor case, we anticipated that
introducing mutations that would stabilize the packing of the
N-cap upon the PYP core would enhance photoswitching, if they
would selectively stabilize state i and have no effect on states
ii-iv. Our approach to choosing the mutations is described in
detail above. The following mutations were ultimately chosen:
G54A, G54E, K143I, K143F, G54E/K143I, E35M/G54E/
K143I, E35M/G54E/K143F, E45K/G54E/K143I, and E35M/
E45K/G54E/K143I. These sites are highlighted in orange in
Table 2 and Figures 1, 2, and 7. All mutant proteins were
expressed and purified, gave UV-vis spectra like that of the
parent protein GCN4Δ25PYP-v2, and underwent normal
photocycles.

Urea denaturation studies were first performed to gauge the
effects ofmutations ondark-state stability of the proteins.Whereas
wild-type PYP has a urea denaturation midpoint ([D]50%) of 7.2
M (31), Δ25PYP, the protein missing the N-terminal cap entirely,

has a [D]50% of 5.9 M (Table 3). This result indicates that sub-
stantial stabilization is available from an N-terminal cap that is
well packed onto the PYP core. The parent hybrid protein
GCN4Δ25PYP-v2 has a urea midpoint slightly lower than that
of Δ25PYP, indicating that the N-terminal cap in that case
contributes nothing to protein stabilization. Although CD and
fluorescence data indicate the cap is packed against the core in
GCN4Δ25PYP-v2 (8), it may be only loosely packed so that no
overall stabilization is obtained.

Changes at position K143 to hydrophobic residues were
predicted by PoPMuSiC 2.0 to be particularly stabilizing
(Table 1). Experimentally, we found this to be the case. Both
K143I and K143F mutations were significantly stabilizing. The
K143F mutation increased the [D]50% value to 6.9 M, which
corresponds to an increase in stability of∼2.2 kcal/mol relative to
that of GCN4Δ25PYP-v2 (14). Mutations at sites E35 and E45
that are part of the segment forming the coiled coil produced only
small enhancements in stability. In contrast, G54A and G54E
mutants proved to have almost no effect on stability.

The DNA binding abilities of these mutants were analyzed
using electrophoretic mobility shift assays. There was no clear
relationship between dark-state stability as judged by urea
denaturation experiments and specific AP-1 DNA affinity in
the dark-adapted state. Whereas the K143I and K143F mutants
are both significantlymore stable thanGCN4Δ25PYP-v2,K143I
has decreased dark-state AP-1 DNA binding affinity, while that
of K143F was enhanced. The E35M/G54E/K143F and E45K/
G54E/K143I mutants had enhanced stability and also enhanced
dark-state DNA binding affinity.

When the proteins were irradiated, DNA binding affinity was
enhanced in all cases, consistent with enhanced exposure of the
residues forming coiled coils created by light-driven detachment
of the N-cap from the PYP core. However, rather than being

FIGURE 7: Thermodynamic cycle describing DNA binding by GCN4Δ25PYP fusion proteins. All structures are models only. Coloring is the
same as in Figures 1 and 2 except cyan has been omitted for the sake of clarity. GCN4 residues are colored purple and PYP residues yellow.
Mutated sites are shown as orange space fill. Surfaces represent the core of PYP (residues 59-157). State i is the folded dark-state structure based
onwild-type PYP (PDB entry 1NWZ). State ii retains the dark-state fold of the PYP core, but theN-cap residues are unpacked from the PYP core
and participate in formation of a coiled coil. The coiled coil is based onwild-type bZIPGCN4 bound toDNA (PDB entry 1YSA) (19). State iii is
the same as state ii except that the PYP core is partially unfolded. One structure from the NMR-derived ensemble of structures for light-adapted
Δ25PYP is shown (PDB entry 1XFQ) (29). State iv is the partially unfolded core of PYP with the N-cap detached.
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silent in terms of light-stateAP-1DNAbinding affinity, the set of
mutations has a variety of effects, both weakening it (G54A and
G54E) and enhancing it (e.g., K143F and E35M/G54E/K143F).

The thermodynamic cycle diagrammed in Figure 7 requires
that, however the mutations are affecting the stability of states
i-iv, there should be a relationship between the degree of photo-
switching [Kd,app(dark)/Kd,app(light)] and the equilibrium con-
stant for folding in the presence and absence of DNA (eq 2). In
the dark, the pG (folded) state is substantially more stable than
the pB state, so that at equilibrium, only the pG state is observed,
making direct determination of Kfold and KfoldDNA difficult.
However, we measured the folding rate (Table 4), i.e., the rate
of the thermal pB to pG transition in the PYP photocycle, in the
presence or absence of DNA (i.e., kfold and kfoldDNA in Figure 7).
As noted above, at the protein and DNA concentrations
employed for UV-vis absorbance measurements, the protein
will be completely bound toAP-1DNA in both the dark-adapted
and irradiated state.

Although only the ratio of the equilibrium constants for
folding, not the rate constants, is constrained by the thermo-
dynamic cycle, there appears to be an approximately linear
relationship between the ratio of these rate constants (Table 4)

and the degree of photoswitching (Table 5) as shown in Fig-
ure 8. In general, those mutants with a larger degree of
photoswitching also have a slower refolding rate in the
presence of DNA. That this relationship exists implies that
the mutations are not substantially affecting the relative
unfolding rates (kunfold vs kunfoldDNA).

Overall, these results indicate that, given a well-defined folded
structure, computational tools, particularly PoPMuSiC 2.0, can
rapidly identify sites such as position 143 where mutations can
have significant stabilizing effects. However, our assumption that
a more stable dark-state structure would lead to a greater degree
of photoswitching was clearly too simplistic. First, it may be that
the stabilization of the dark state, as judged by urea denaturation
assays, does not directly reflect better packing of the N-cap
domain on the PYP core; instead, resistance to denaturation is
perhaps achieved by other means. Alternatively, or in addition, it
may be that the mutations are affecting the stability of states
other than state i in Figure 7. This conclusion is supported by the
finding that mutations are affecting refolding rates (kfold and
kfoldDNA), a result that would not be expected if only changes in
the stability of state i were involved. Structural studies aimed at
elucidating features of states ii-iv may therefore help guide
further improvements in photoswitch design.

Mutant K143F, which exhibited the largest degree of photo-
switching (Table 5 andFigure 5) with an almost 4-fold decrease in
the apparentKd forAP-1 binding upon irradiation, also (together
with G54E and K143I) was the mutant for which AP-1 DNA
binding had the largest effect on the photocycle kinetics (Fig-
ure 8). The K143F mutant was also the most stable as judged by
the urea denaturation assay (Table 3 and Figure 4). Further
analysis of the GCN4Δ25PYP-v2 mutant by size exclusion
chromatography showed that it behaved as a monomer in the
dark (Figure 6A). The relaxation rate of the pB statewas found to
slow as the concentration of AP-1 DNA increased until a mole
ratio of one AP-1DNA duplex to twoGCN4Δ25PYP-v2K143F
proteins was reached (Figure 6B). This result confirms that
GCN4Δ25PYP-v2K143Fbinds its target as a dimer, as designed.
Overall, the K143F mutant seems well-behaved and a distinct
improvement over the parent GCN4Δ25PYP-v2.

Although larger changes in DNA affinity are desirable before
GCN4Δ25PYP proteins may be used as robust tools for photo-
control of transcription, if the K143F switchable protein were

FIGURE 8: Observed relationship between the degree of photoswitch-
ing ofAP-1DNAbinding [Kd,app(dark)/Kd,app(light)] and the ratio of
kfold to kfoldDNA (see Figure 7).

FIGURE 9: Calculated percentage of bound DNA (solid curves, left ordinate) assuming (A) cooperative binding (Hill coefficient of 2) or (B)
noncooperative binding. Apparent Kd values are 110 (blue), 380 (black), and 1100 nM (red). Dotted curves are the calculated ratio of the
percentage of bound DNA in the light to the percentage of bound DNA in the dark. Dotted curves use the right ordinate.
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expressed at an ideal concentration, a∼12 fold-change in fraction
DNA bound is possible because of the cooperativity of DNA
binding by coiled-coil proteins (the Hill coefficients for all
mutants were near 2.0). Figure 9 shows binding curves for
K143Fwith the observed apparentKd (i.e., half-maximal binding
of 110 nM in the light and 380 nM in the dark). For the sake of
simplicity, we assume the full range (0-100%) of binding occurs,
whereas experimentally, a maximum of ∼90% fraction bound
DNA is observed likely because a small fraction of DNA is
misfolded. Irradiation causes a decrease in the apparent Kd and
so an increase in the fraction bound DNA for a given concentra-
tion of protein. The increase is plotted as a ratio (fraction bound
DNA when irradiated/fraction bound DNA dark-adapted) as a
function of protein concentration. The greatest increase in the
fraction boundDNAoccurs at lower protein concentrations. For
instance, at 40 nMK143F, irradiation would cause an increase in
the fraction bound DNA from 1 to 12% (12-fold). If there were
no cooperativity, the maximal increase would be only 3.5-fold
(Figure 9B). If further mutagenesis of GCN4Δ25PYP were to
produce a protein that exhibited a 10-fold difference in the appar-
ent Kd between dark and irradiated states (e.g., the apparent Kd

of the dark-adapted protein was 1100 nM), a 100-fold change
in the fraction bound DNA would be possible (Figure 9A).
Note also that increasing the difference in the apparent Kd

between dark and irradiated states leads to a wider range of
protein concentrations over which substantial increases in the
fraction DNA bound occur upon irradiation. Thus, photoswitch
design should focus on maximizing the free energy difference
between the dark and light states and then suitably poising
the system in the dark state.

Changes in the fractional occupancy of a regulatory binding
site may be expected to lead to changes in gene expression
levels. Changes of only 2- or 3-fold in gene expression level are
sometimes associated with clear differences in phenotype
(32-34), so that genetically encoded photochemical tools that
would permit 10-100-fold changes in gene expression asso-
ciated with AP-1 regulatory sites could be of substantial use,
particularly for studies of the role of AP-1-dependent gene
expression in cell proliferation, tumorogenesis, differentiation,
and apoptosis (35-37).
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