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ABSTRACT: Synthetic photocontrolled proteins could be powerful tools for probing cellular chemistry.
Several previous attempts to produce such systems by incorporating photoisomerizable chromophores
into biomolecules have led to photocontrol but with incomplete reversibility, where the chromophore
becomes trapped in one photoisomeric state. We report here the design of a modified GCN4-bZIP DNA-
binding protein with an azobenzene chromophore introduced between Cys residues at positions 262 and
269 (S262C, N269C) within the zipper domain. As predicted, the trans form of the chromophore destabilizes
the helical structure of the coiled-coil region of GCN4-bZIP, leading to diminished DNA binding relative

to wild type. Trans-to-cis photoisomerization of the chromophore increases helical content and substantially
enhances DNA binding. The system is observed to be readily reversible; thermal relaxation of the
chromophore to the trans state and concomitant dissociation of the prdtsiA complex occurs with

712 ~10 min at 37°C. It appears that conformational dynamics in the zipper domain make the transition
state for isomerization readily available so that retention of reversible switching is observed.

Using light to control the activity of biomolecules is an rate of recovery of the dark-adapted (trans) azobenzene
attractive strategy for probing interactions in complex living conformation {1). We wished to test whether this revers-
systems. Photosensitive biomolecules can be introduced intability would be maintained when the conformational change
cells and manipulated noninvasively with a high degree of was coupled to a change in a defined biological activity such
spatial and temporal controll( 2). For instance, caged as binding to a partner biomolecule. The system we chose
compounds, in which a light flash is used to produce a step to study is the well-characterized bZIP DNA-binding domain
increase in the concentration of a bioactive species, haveof the yeast transcriptional activator, GCN4.
facilitated studies of muscle contraction, intracellular signal-  The GCN4-bZIP protein has a two-state folding mecha-
ing, and neurotransmissio,(4). Whereas synthetic caged nism from random coil monomers to folded helical dimers
compounds undergo an essentially irreversible photochemical(12). GCN4-bZIP preferentially recognizes the seven base
reaction, nature has evolved numeroesersiblemeans for pair AP1 site, 5TGACTCA-3 (13, 14). In the absence of
coupling light signals to cellular chemistry (e.g., réfand the cognate DNA, the leucine zipper peptide (residues249
6). Such reversible systems can produce more sophisticated281) can form a stable coiled coil of paralelhelices (5,
sorts of temporal responses than can caged compounds. I116) whereas the basic region peptide (residues—228)
an effort to understand the essential features of such naturakxists as an ensemble of conformers with a large unfolded
photoswitches and to learn how to create synthetic photo- population (7, 18). In the presence of cognate DNA, the
switches, we have taken a minimalist approaght¢ the bound bZIP-GCN4 proteins form a Y-shaped dimer of
design of reversible photocontrolled biomolecules. uninterrupted, extendex-helices as shown by X-ray crystal-

Recently, we reported a means of controlling the stability lography (Figure 2)19). The leucine zipper domain forms
of a-helices, common and important elements of protein the stem of the dimer joined to the extended basic regions
secondary structure, via the incorporation of a photoisomer- which bind to the major groove of DNALQ).
izable azobenzene cross-linking reagent (compduifigure DNA binding of bZIP-GCN4 is dependent on two proper-
1) (8—10). The photocontrolled conformational changes in ties, the dimerization of the leucine zipper region and the
these helical systems were found to be completely reversibledirect interaction of the basic region with DNAY). In
with relatively small effects of the peptide structure on the pioneering work, Mascarenas and co-workers used an
- » p o Natural So FE— azobenzene-based cross-linker to artificially dimerize the
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now report a different approach, the incorporation of an DTT was added to a final concentration of 1 mM. The
azobenzene cross-linker into the leucine zipper region of solution was filtered, and the filtrate was appliedat 1 mL
bZIP-GCN4, that results in reversible photocontrol of GCN4 CM-Sepharose column; then fractions were eluted using a

DNA-binding ability. 10 mL gradient from buffer A [50 mM sodium phosphate
(pH 7), 1 mM DTT] to buffer B [50 mM sodium phosphate
MATERIALS AND METHODS (pH 7), 2 M NaCl, 1 mM DTT].

Fractions containing GCN4 were pooled and dialyzed
. . against distilled water containing 1:10@@mercaptoethanol.
prowdeq by J. J. Hollenbeck anql M. G Oakle_y) contains The volume was reduced by half using a vacuum pump, and
the coding sequence for a 58 amino acid protein containing TCEP (Sigma) was added to 1 mM. The sample was placed
the 56 C-terminal residues .Of G(.:NA" preceded by the COdonSin a Microcon centrifugation device and the buffer exchanged
for Met and Lys R3). Site-directed mutagenesis was

performed using the QuikChange site-directed mutagenesisfor 20 mM ammonium acetate and 1 mM TCEP. The final

. . . ~~“volume was 14QuL.

kit (Stratagene, La Jolla, CA) to introduce two cysteine Lo )

A 7 . . . The protein primary structures were confirmed by MALDI-
residues at an i + 7 spacing (S262C, N269C primer 1, 5
GC AAC TTCnGCA CTpc GAgG( GTG GTAGTT ICT)TT ACA  MSand ESFMS: GCN4-bZIP [calculated 3 51N 100e65)
CAG CAG GTC TTC 3: S262C, N269C primer 2, BAA 6874.0 Da; observed 6874.4 Dail;i(+ 7)Cys GCN4-bZIP
GAC CTG CTG TGT AAA AAC TAC CAC CTé GAG [calculated (GoiHs0MN9g0s4Ss) 6865.1 Da; observed 6864.2
TGC GAA GTT GC 3). Mutations resulting in an amino Da]. Protein concentration was determined by measuring the
acid change are underlined. Note that E259 was also mutated?"°S"® absorbance 1at 2,715 nm using a molar extinction

. X . .~ coefficient of 1470 M* cm™2.

to D259 due to the primer design. Mutations that result in Cross-Linking (i, i+ 7)Cys GCN4-bZIPIntramolecular
removal of theSad restriction enzyme site, but do not cause s g )~y ;
a change in amino acid sequence, are denoted in itaIics.CrOSS'“r!k'.ng of Cys resmjues was performed.m thg presence
Mutated sequences were confirmed by automated sequencin f guanidine hydrochloride to disrupt the dimeric coiled-

: : oil interaction of {, i + 7)Cys GCN4-bZIP. In a total
(HSC Biotechnology Service Centre, Toronto, Canada). volume of 290uL of 44 mM Tris-HCI buffer (pH 8.0), un-

Target DNA.Oligonucleotides corresponding to the AP1 . << linked (i + 7)Cys GCN4-bZIP (0.78 mM), TCEP

site were synthesized by ACGT Corp. (Toronto, Canada). (0.84 mM), and GdnHCI (2.3 M) were combined and
The sequence SCCCGGATGACTCATTTTTTG-3andits 0 hated for 30 min at room temperature under nitrogen to

complement were used.l _For caplllary electrophoresis theensure the cysteine residues were in their reduced state. The
reverse-phase HPLC-purified-luorescein- (FAM-) labeled aqueous solution was added to 280 of water containing

analogue of this sequence (TriLink Technologies Inc., San 0.34 ; s ;
: .34umol of the cross-linker, giving a reagent concentration
Diego, CA) was employed. For both labeled and unlabeled ¢ 5 g3 1\, This solution was stirred for 20 min protected

cases, the oligonucleotide was mixed in a 1:1 ratio with its from light in a 40°C water bath; then a further 34. of a
complementary (unlabeled) sequence and annealed usingl0 mM solution of the cross—I’inkerll was added. The
Standarq protocols?@). o reaction mixture was stirred in a 4@ water bath for a
Protein Expression and PurificationpGCN4-56 and  fyrther 20 min protected from light followed by 20 min
PGCN4-(S262C, N269C)-56 were overexpressed in the exposed to light. The protein was purified by reverse-phase
Escherichia colistrain BL21(DE3)pLysS using the T7 HpLcC (Zorbax SB C-18 column), using a linear gradient
expression system (Novagen, Madison, WI). Cells were from 0 to 50% of solvent A (90% acetonitrilé- 0.1%
harvestd 2 h after induction by centrifugation and the cell tifjuoroacetic acid) (where solvent B was,® with 0.1%
pellets frozen gntil purificati(_)n. Cell pellets were thawed and yifluoroacetic acid), over the course of 30 min (eluted at
resuspended in 50 mM Tris-HCI (pH 7.5), 5 mM EDTA, 500 solvent A). The protein primary structure was
and 1 M NacCl (40 mL o_f bgffer fo_l L of cell culture). confirmed by MALDI-MS and ESI-MS [calculated ¢&Hs:o
Cellsl were lysed by sonication on ice, and the lysate was N10809:Ss) 7317.5; observed 7317 plus 7333 [Met(O)]
centrifuged at 11000 rpm for 30 min af@. The supernatant  species]. Cross-linked protein concentration was determined
was dialyzed against 5 mM sodium phosphate (pH 7), 10 py measuring the absorbance of the dark-adapted azobenzene

Site-Directed Mutagenesighe plasmid pGCN4-56 (kindly

mM MgCl,, and 1:100Q3-mercaptoethanol. moiety at 367 nm and using a molar extinction coefficient
The dialyzed supernatant was mixed with an equal volume of 24000 M* cm2.
of 2x column buffer [2 M NaCl 2 M ammonium sulfate, UV and CD Measurementslltraviolet absorbance spectra

100 mM sodium phosphate (pH 7), 10 mM MgCl mM were obtained using either a Perkin-Elmer Lambda 2

DTT], stirred at 4°C for 30 min, and filtered using a 0.45  spectrophotometer modified to accept cylindrical cuvettes
um syringe filter unit (Millipore). The filtrate was applied  (so that UV could be measured directly on CD samples) or
to a 1 mLphenyl-Sepharose column in four separate batches.a diode array UV-vis spectrophotometer (Ocean Optics Inc.,

Each batch was eluted using a 10 mL gradient from buffer USB2000) coupled to a temperature-controlled cuvette holder
A [1 M NaCl, 1 M ammonium sulfate, 50 mM sodium  (Quantum Northwest, Inc.). The latter arrangement was used
phosphate (pH 7), 10 mM Mg&ll mM DTT] to buffer B to determine thermal relaxation rates of cross-linked species.

[50 mM sodium phosphate (pH 7), 10 mM MgCL mM Irradiation of the sample (at 90to the light source and
DTT] on an FPLC system (GE Healthcare). detector used for the absorbance measurements) was carried
Fractions containing GCN4 were pooled and dialyzed out using a xenon lamp (450 W) coupled to a double

against 5 mM sodium phosphate (pH 7) and 1:1000er- monochromator with slits at 16 and 16 nm. Rates of thermal

captoethanol. The dialyzed solution was mixed with 1 M cis-to-trans isomerization were measured for a series of
sodium phosphate (pH 7) to a final concentration of 50 mM. temperatures by monitoring absorbance at 370 nm after
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irradiation to convert a percentage of the solution to the cis buffer, irradiating (or not) and incubating in the dark at the
isomer. All curves could be fit well by single exponential desired temperature (from 4 to 26) in the CE instrument.
decay kinetics. Solution conditions are described in the figure The incubation buffer was 50 mM MOPS, pH 7.5, and 50
legends. mM KCI, with or without 133ug /mL calf thymus DNA,
Circular dichroism measurements were performed with a 100 ug/mL BSA, and 5% glycerol.
Jasco model J-710 spectropolarimeter. All measurements Computer ModelingModels of cross-linked AZQ(i +
were taken in a thermostated quartz cuvette (path length of 7) GCN4-bZIP were built using SYBYL (Tripos) based on
0.1 cm). Temperatures were measured using a microprobethe X-ray crystal structure (PDB code 1YSA). The geometry
directly in the sample cell. Reported spectra are averagesof the cross-linker in cis and trans forms was optimized using
with the appropriate background spectrum subtracted. A scanthe program Gaussian as described previou&dy. Confor-
speed of 10 nm/min, with a bandwidth of 0.5 nm and a mational searches of isolated linkers with methyl groups
response time of 4 s, was used. Using the percent cisreplacing Cysp atoms were performed using SYBYL.
observed by UV [calculated on the basis of spectra of pure Systematic searches were performed by rotating all single
cis and trans isomer4.1)], theoretical 100% cis CD spectra bonds in the linker in 30increments. Bond angles and bond
were calculated using the equati@gs = [Oirag — (fraction lengths were taken from X-ray crystallographic studi2§ (
trans x Oyang]/(fraction cis). Photoisomerization was ac- 27) and high-level computational studies of azobenz@8g (
complished by irradiating thermostated protein solutions with S—S distances in transition state structures were estimated
a 70 W metal halide Tri-Lite lamp (World Precision by setting the k=N bond torsion angle to 9Q(rotation) or
Instruments) coupled to a 378 10 nm band-pass filter by setting one R=N—C bond angle to 180(inversion) @9).
(Harvard Apparatus Canada). Photoisomerization was com-Molecular dynamics simulations of the coiled-coil domain
plete (as judged by the lack of any further changes in UV of wild-type GCN4-bZIP were performed by Gorfe et al.
spectra) ir~5 min. Solution conditions are described in the (30) using the CHARMM program. The standard protonation
figure legends. states of the acidic and basic groups at neutral pH were used.
Analytical UltracentrifugationSedimentation equilibrium  Histidines were treated as neutral, and N- and C-terminal
experiments were carried out at the Ultracentrifugation residues were patched with neutral acetate and amide groups,
Service Facility in the Department of Biochemistry at the respectively. The particle mesh Ewald method was used to
University of Toronto. Solutions of between 5 and 30l treat the long-range electrostatics. Because the total charge
GCN4-bzIP (wild type) and AZQ(i + 7) GCN4-bZIP in of the protein was zero, no counterions were added. The
10 mM sodium phosphate buffer, pH 7.0, and 50 mM NaCl protein was immersed in a rectangular box of dimensions
were spun at speeds of 30000, 35000, and 40000 rpm in an70 x 50 x 50 A containing preequilibrated TIP3P water.
An-60 Ti rotor in a Beckman Optima XL-A analytical After minimization, the system was equilibrated for 30 ps
ultracentrifuge at 20C. Absorbance was recorded at 230 under isothermal (298 K), constant volume conditions
nm for GCN4-bZIP (wild type) and at 370 nm (the applying harmonic constraints on the protein heavy atoms
absorbance maximum of the trans cross-linker) for AZO(  with a force constant of 2.0 kcal mdIA~2. The equilibrated
i + 7) GCN4-bzIP. Data analysis was performed using the system was heated to 298 K in 15 ps. The harmonic
Origin Microcal XL-A/CL-I data analysis software package constraint force constant was progressively decreased from
version 4.0. 2.0 to 0.0 kcal moi* A2 in the initial 10 ps, and all atoms
Kinetic Capillary Electrophoresis-used-silica capillaries ~ were free during the last 5 ps of the heating process. The
were purchased from Polymicro (Phoenix, AZ). All solutions System was then subjected to a 20 ps equilibration at constant
were made using Milli-Q quality deionized water and filtered temperature and volume by using Gaussian distribution for
through a 0.22um filter (Millipore, Nepean, Canada). the assignment of atomic velocities. The production simula-
Binding studies were performed with a P/ACE MDQ, tions were performed for 0.3 and 0.7 ns.
Beckman-Coulter instrument with thermostabilization of the
capillary (the outer walls of the capillary were washed with RESULTS
a liquid heat exchanger maintained at a fixed temperature) Protein Design and ProductionFigure 1 shows the
and sample vials. The instrument employed laser-inducedsequence of GCN4-bZIP. On the basis of previous work with
fluorescence detection with a 488 nm line of an argon ion peptides ) we introduced an azobenzene-based cross-linker
laser for fluorescence excitation. An uncoated fused silica between Cys residues with an + 7 spacing. This spacing
capillary was used with the following dimensions: 50 cm is expected to lead to helix stabilization by a cis conformation
x 75umi.d. x 350um o.d. The length from the injection of the cross-linker and helix destabilization by a trans
end to the detection window was 40 cm. Electrophoresis was conformation 8, 10). A sequence alignment of GCN4-bZIP
run with a positive electrode at the injection end and an with homologous protein sequences from the SWISS-PROT
electric field of 400 V/cm at 15C. The run buffer for all databank 1) indicated that the b, ¢, and f positions from
CE experiments was 50.0 mM Tris-HCI at pH 8.2. The the heptad repeat are most tolerant to alteratidg). (
samples were injected into the capillary by a pressure pulseMutation to cysteine of two consecutive f positions in the
of 5sx 0.5 psi (3.5 kPa); the length of corresponding sample heptad repeat would produce the required+ 7 spacing
plug was 6 mm. The capillary was rinsed with the run buffer and would ensure that the cysteine/cross-linker/cysteine
solution for 2 min prior to each run. At the end of each run, moiety would lie on the solvent-exposed side of the coiled
the capillary was rinsed with 100 mM NaOH for 2 min, coil (Figures 1 and 2). The only places where the desired
followed by a rinse with deionized water for 2 min. All CE  changes could be made without altering the charge of the
experiments were performed in three repeats. Samples wererotein were S262C and N269C (Figure 1). To assess the
prepared by mixing protein and DNA in the incubation compatibility of the cross-linked structure with coiled-coil
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2), based on the X-ray crystal structure for GCN4-bZIP in

50,
;\ m-—%ii}-—u > 50, H
— *Ndn.ﬁ_\ by Q d _ complex with cognate DNA. In contrast, the trans conforma-
cl o I 50

tion of the cross-linker forced a considerable bend in the

S“'_ :é the cross-linker in a cis conformation was produced (Figure

hv or A
[+]

; 1"'[“ helix (Figure 2), indicating that the helical dimer was likely
(I)trans (1)<ts to be destabilized.
B basic region Iencine sipper region Native GCN4-bZIP (GCN4-bZIP wild type) and thi {
Hative GCNA-BZTE MKDPAAL B b it i Lo bt -+ 7)Cys GCN4-bZIP mutant were overexpresseéirtoli
AEO(L/AHT) CCRU-DELE MXDERALKRAR ’“’“'”"““"’”'”L"‘:;J LVGER and purified using a combination of hydrophobic interaction

chromatography and ion-exchange chromatography as de-
scribed in Materials and Methods. The cross-linking reagent
(1) (Figure 1) B4) was introduced intoi(i + 7)Cys GCN4-
bZIP at the cysteine residues, resulting in an intramolecular
cross-linkage. The resulting protein, AZQi(+ 7) GCN4-
bZIP (Figure 1), was purified by HPLC and characterized
by ESI-MS. In addition to the main peak there is also some
protein 16 atomic mass units heavier, consistent with some
oxidation of Metl or Met27 as has been recently reported
(35). Oxidation of Met27, in particular, might serve to
FiGURE 1: (A) Chemical structure of the azobenzene cross-linker. decrease the average dimerization affinity of the modified

(B) Sequence of native GCN4-bZIP and the S262C, N269C mutant protein since Met27 is at an “a” position in the heptad repeat
(i, i + 7)Cys GCN4-bZIP showing the attachment of the cross- (see below).

linker. The heptad repeat, basic region, and coiled-coil (zipper) ) ) )
regions are identified. (C) Helical wheel diagram showing the ~ Conformational Properties of Azobenzene Cross-Linked
leucine zipper region of the azo-modified sequence. The arrows at GCN4 in the Absence of DNRigure 3A shows UV spectra
the center of the interface represent the hydrophobic interactions of dark-adapted (trans) and irradiated (370 nnd, mW, 5
between residues in the a and d positions of the heptad repeat. The__. : - : f '

linker is introduced at f positions as indicated, and a single ¢ position in) p“?te'” SqlL!tIOﬂS in the absence of DNA' The pgrcent-
was also modified. age of cis-AZOJ, i + 7) GCN4-bZIP present in the irradiated

sample can be calculated to be/5% on the basis of a
formation, two models were produced, one with the azoben- comparison to the spectrum of the pure (isolated) cis
zene group in a cis conformation and the other with the chromophoreX0, 34). The extent of conversion is consistent
azobenzene in the trans form. The amino acid modifications With other studies of the azobenzene chromophore and is
were incorporated into the high-resolution X-ray crystal determined by the ground state cis and trans absorption
structure 15) of the isolated GCN4 leucine zipper peptide SPectra as well as the relative quantum yields of the—¢is
using the SYBYL package. The conformation of each form trans and trans~ cis photoisomerization processes, which
of the azobenzene cross-linker was the result of ab initio Vary with the environment of the chromophore. The rate of
geometry optimization using the 6-31G* basis function with recovery of the trans conformation of AZO( + 7) GCN4-
Gaussian 98. The GCN4-bZIP dimer structure was then PZIP in the dark was studied at 25 and 3C. Single
separated into two monomers. For each of the monomersexponential recovery curves were observed with half-lives
the cross-linker was joined to the cysteine side chains. Eachsimilar to those measured previously for dark-state recovery
cross-linked monomer was then subjected to energy mini- Of the same chromophore attached to (unstructured) glu-
mization with the AMBER4.1 force field33), while the  tathione (Table 1)34).
cross-linker was constrained to its ab initio low-energy  Circular dichroism (CD) spectroscopy provides a conve-
conformation. After energy minimization the two monomers nient method for assessing the degree of helical structure in
modeled with the cross-linker in a cis conformation remained peptides and proteins. CD spectra of irradiated and dark-
fully helical and could be rejoined to form a dimer. On the adapted states of AZQ(i + 7) GCN4-bZIP are shown in
basis of this result, a model for a modified GCN4-bZIP with Figure 3B together with the spectrum for wild-type GCN4-

C

Cys-AZO-Cys
sho-ozyY-sis

hv
—_—
s A
‘.i‘h 4.
A A A
PAVAE AT ‘;F—"‘\
i )

%

ﬁﬂ&fV*dw
Ficure 2: Models showing the photocontrol of DNA binding by AZQi(+ 7) GCN4-bZIP. In the trans conformation, the cross-linker
induces a bend in the helix, which can be expected to destabilize zipper formation and consequently DNA binding (left). In contrast, the
cis conformation of the cross-linker is compatible with zipper formation and thus DNA binding (right).
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Ficure 3: Spectroscopic analysis of AZQ( + 7) GCN4-bZIP. (A) UV spectra of AZQ(i + 7) GCN4-bZIP in the dark-adapted state
(solid line) and irradiated state (dotted line) and after recovery (ddstline). (B) CD spectra of dark-adapted AZQ(+ 7) GCN4-bZIP
(solid line), after irradiation (dotted line), and after recovery (ceadtt line). The CD spectrum of wild-type GCN4-bZIP (heavy solid line)
is shown for reference. Solution conditions: 10 mM phosphate buffer, pH 7.0, and 50 mM NaCital 2C at a protein concentration
of 20 uM.

Table 1

T1/2 (mln)
temp €C) GCN4-bzIP plus AP1 azoglutathione

25 50+ 3 35+5 25+ 3
37 1442 10£2 12+2

In(Abs).,,

bZIP. Weiss et al. have reported detailed CD studies of the
wild-type GCN4-bZIP domainl(7, 36). They observed that
the CD spectrum is concentration dependent in the range of
0.1-10uM with the protein showing increased helicity with
increased concentration up to a maximum of approximately
70% helix @22, = —22700 deg crhdmol) at 25°C. This
behavior has been attributed to dimerization and helical 0.0 4 I I I | 7
coiled-coil formation by the zipper domain with the DNA- 4.0 415 420 425 430
binding domain remaining unstructureti7y. (radius)’

The CD spectrum of the dark-adapted (trans) form of Ficure4: Sedimentation equilibrium analysis of wild-type GCN4-
AZO(i, i + 7) GCN4-bZIP shows significantly less helicity bZIP (O) and AZO(, i + 7) GCN4-bZIP [0) at 20°C in the same
(47%) than wild-type GCN4-bZIP under the same conditions Solution conditions as used for the CD experiments. Plots of In-

; TR (Abs) (offset so that the axis starts at zero) versus radngslinear,
(Figure 3B). Moreover, the observed helicity is independent indicating the presence of predominantly one species in each case.

of concentration over the range of 50xM, indicating that  cajcylated average molecular weights: wild-type GCN4-bZIP
the aggregation state of trans AZQ( + 7) GCN4-bZIP (12650) and AZQi( i + 7) GCN4-bZIP (8450).

does not change over this concentration range. Interestingly,
however, this degree of helicity is substantially more than It thus appears that cross-linking with a trans cross-linker
for wild-type GCN4-bZIP at low concentrations where the preserves substantial residual helical structure in the mon-
protein is monomeric. omeric protein, even though it is locally incompatible with
To investigate the aggregation state of trans AZOf- helix formation, a result consistent with previous studies of
7) GCN4-bZIP, we performed analytical ultracentrifugation cross-linked zipper domain peptide32).
measurements on wild-type GCN4-bZIP (MW 6876) and Irradiation of the AZO(, i + 7) GCN4-bZIP CD sample
trans AZO(, i + 7) GCN4-bzIP (MW 7317). Figure 4 shows at 370 nm produces a substantial increase in helicity resulting
a sedimentation equilibrium analysis of these two proteins in an overall spectrum very similar to that observed for the
at a concentration of 2@M in 10 mM sodium phosphate  wild-type (dimeric) protein. The shape of the spectrum is
buffer, pH 7.0, and 50 mM NacCl at 28C. Under these  consistent with the presence of a dimeric form of the protein
conditions trans AZQ(i + 7) GCN4-bZIP is predominantly  (37); however, it was not possible to perform analytical
monomeric with an average apparent molecular weight of ultracentrifugation studies to determine the aggregation state
8450 whereas wild-type GCN4-bZIP is predominantly of the irradiated form of AZQ(i + 7) GCN4-bZIP directly
dimeric with an average apparent molecular weight of 12650. since the time required for sedimentation equilibrium is
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AP1 DNA. (A) UV spectra of AZQ(i + 7) GCN4-bZIP in the

dark-adapted state (solid line) and irradiated state (dotted line) and after recoveryddagihe). (B) CD spectra of dark-adapted AZQO(
i + 7) GCN4-bZIP (solid line), after irradiation (dotted line), and after recovery (ddsh line). The CD spectrum of wild-type GCN4-

bZIP (heavy solid line) is shown for reference. Solution conditions
a protein concentration of 20M and AP1 concentration of 20M (du

: 10 mM phosphate buffer, pH 7.0, and 50 mM Na&i at°Q0at
plex).

longer than the half-life for thermal reisomerization to the millimolar range in order not to be observed under these
dark-adapted form even at low temperatures. The observedconditions. The CD spectrum of the dark-adapted (trans)
CD change was fully reversible. Incubation of the sample AZO(i, i + 7) GCN4-bZIP in the presence of target DNA

in the dark at 37°C for 1 h restored the trans spectrum does show increased helicity compared to the DNA-free case

(Figure 3B).

Interaction of Azobenzene Cross-Linked GCN4 with Target
DNA. Since DNA binding by GCN4-bZIP is dependent on
dimerization (9), we then investigated the conformational
properties of the modified protein in the presence of target
(AP1) DNA. Figure 5A shows UV spectra of dark-adapted
(trans) and irradiated (370 nmyl mW, 5 min) protein
solutions in the presence a 2-fold excess of target DNA. The
percentage of cis AZQ(i + 7) GCN4-bZIP present in the
irradiated sample can be calculated to-b&% on the basis
of a comparison to the spectrum of the pure cis chromophore.
As before, the rate of recovery of the trans conformation of
AZO(i, i + 7) GCN4-bZIP in the dark was studied at 25
and 37 °C. These temperatures are below the melting
temperature of the AP1 target oligonucleotide {€3. Single

(Figure 3B). However, the dark-adapted protein is clearly
less helical than the irradiated species, indicating either a
reduced affinity for DNA or a distortion of the DNA-bound
structure or both.

To measure DNA binding directly, we performed kinetic
capillary electrophoresis (CE) measureme3& 89). This
technique is particularly advantageous for assaying light-
modulated DNA-binding activity since all manipulations can
be performed robotically in the dark under temperature-
controlled conditions. Ambient light and temperature changes
during sample manipulation are more difficult to control in
conventional gel-based electrophoretic mobility shift assays.

We prepared a fluorescein-labeled version of the target
AP1 DNA sequence and mixed this with AZQ{ + 7)
GCN4-bZIP in various ratios. Duplicate samples were either

exponential recovery curves were observed in each case withrradiated at 370 nm for 5 min or not and then immediately

half-lives similar to those measured in the absence of DNA
(Table 1).

CD spectra of irradiated and dark-adapted states of AZO-
(i, i + 7) GCN4-bZIP are shown in Figure 5B together with
the spectrum for wild-type GCN4-bZIP. The increase in the
strength of the signal at 222 nm that is observed with wild-
type GCN4-bZIP upon addition of target DNA has been
attributed to folding of the basic heliced? 36). The
spectrum of irradiated AZQ(i + 7) GCN4-bZIP is closely
similar to the wild-type spectrum under these conditions,
suggesting that the structure of the DNA-bound cis AZO(

i +7) GCN4-bZIP protein is similar to that of the wild type.
The concentrations of protein and DNA employed in the CD
experiment 20 uM) are orders of magnitude higher than
normally employed in DNA-binding assays with GCN4.

placed in the sample chamber of the CE instrument& 4
in the dark. At this temperature, thermal reversion is
sufficiently slow that little cis-to-trans isomerization occurs
during the time of the CE measurement. Free and bound
DNA are separated and detected by laser-induced fluores-
cence. Although the (488 nm argon ion) laser may cause
some cis-to-trans isomerization, this will not affect the
determination of DNA binding since bound and free species
have already been separated.

Figure 6 shows typical CE chromatograms. As expected
from the CD measurements, the dark-adapted AZOf
7) GCN4-bZIP does show some affinity for target DNA;
however, irradiation increases this affinity substantially
(Figure 6A). Note that the observed change in fraction bound
with irradiation is protein concentration dependent. The

Interactions would have to have dissociation constants in thelargest difference is seen at low fractions bound, and the
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Ficure 6: Kinetic capillary electrophoresis analysis of AZQ(+ 7) GCN4-bZIP with AP1 DNA. (A) CE traces showing (a) AP1 DNA

alone (50 nM) in MOPS buffer (pH 7.5), (b) plustiM AZO(i, i + 7) GCN4-bZIP before irradiation and (c) after irradiation (5 min, 370
nm). Trace b is recovered after thermal relaxation. (B) Time course of thermal relaxatiori@taZmeasured by calculating the fraction
of bound DNA vs time after irradiation.

difference disappears with large excesses of protein. Equatioraffinity in comparison to wild-type GCN4-bZIP. Upon
1, which describes all or nothing binding (i.e., an equilibrium irradiation of AZO(, i + 7) GCN4-bZIP, an increase in
between free monomers and bound dimers), has been widelyhelical content, as judged by CD analysis, and an increase
used to describe DNA binding by GCN4-bZIP3 24, 40): (~20-fold) in DNA-binding affinity occur (Figures 3, 5, and
6). A larger change in DNA binding for the same relative
— [proteinf (1) protein concentration might be achieved by altering the
K, + [protein]z location in the sequence of the Cys residues, their spacing,
and/or the number of azobenzene cross-links introduced. In

wheref is the fraction of target DNA bound amdepresents ~ Particular, modulation of helix content in the DNA-binding
the maximum fraction bound>0.95 in all cases) anidq is region of helical transcription factors can lead to very
the dissociation constant of the dimddNA complex. If one ~ Substantial changes in binding affinitd3, 44). We note,
assumes that the percentage conversion to the cis isomer aftéfoWwever, that a comparable change in DNA binding mea-
irradiation is similar to that observed during UV and CD Sured in vitro was shown by Vinson et al. to result in
measurements~70% cis), and if one assumes that het- measurable changes in the expression of a reporter gene in
erodimeric complexes (i.e., a dimer of one cis and one transViVo (42).

isomer) do not form, then one can use CE data like that We note also that the apparent affinity of irradiated AZO-
shown in Figure 6 to calculate that the dissociation constant(i, i + 7) GCN4-bZIP is less than wild-type GCN4-bzZIP
(Kg) for the complex decreases approximately 20-fold upon measured under the same conditions by approximately a
irradiation. Enhanced affinity is observed even in the factor of 10 (data not shown). This is partly due to the
presence of an~10000-fold molar excess of nonspecific incomplete conversion to the cis form upon irradiation but
DNA, although the fold change upon irradiation is dimin- may also be due to partial oxidation of Met residues observed
ished. For all cases, incubation of the samples in the dark toduring the production of cross-linked protein. Site-specific
allow thermal reversion completely reversed the observed mutations designed to avoid oxidation and increase the
change in DNA-binding affinity. The time course of this stability of the cis form of the proteir36, 45) may permit
relaxation at 25°C (Figure 6) matches the relaxation a more “wild-type-like” protein to be produced upon irradia-
observed via UV-vis measurements (Table 1). tion.

Importantly, the enhanced DNA-binding ability of cis-

DISCUSSION AZO(i, | + 7) GCN4-bZIP was fully thermally reversible:

Vinson and co-workers have shown that, by altering the the half-life of the cis form in the presence of DNA was
helical propensity of the coiled-coil domain, DNA binding actually slightly less than in the absence of DNA (Table 1).
of bZIP proteins can be altered]; 42). Increased helical  This behavior distinguishes a photoswitchable system,
propensity favors dimerization and DNA binding. We comparable to those found in nature, from a phototriggered
installed an intramolecular azobenzene cross-linking unit via (“caged”) system. The observed reversibility of this system
coupling to two Cys residues introduced at f positions in contrasts with the observations of Mascarenas and colleagues,
the coiled-coil region of the GCN4-bZIP sequence. We who used an azobenzene cross-linker to link the basic helices
expected that the azobenzene cross-linker should directlyof GCN4 directly. In that case, DNA binding prevented the
affect the stability of the AZQ(i + 7) GCN4-bZIP coiled cis-to-trans isomerizatior2(Q). One source of the difference
coil since it has been observed to have strong effects on thein the apparent reversibility of the two systems may be the
helicity of a variety of peptidess]. nature of the chromophore used in each case. Although both

As predicted, the dark-adapted AAQ(+ 7) GCN4-bZIP systems employed azobenzene derivatives, the amide-
showed decreased helicity and decreased DNA-binding substituted azobenzene derivatives used here have substan-
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tially smaller thermal barriers for isomerization. A second
difference is that, in the present case, two chromophores are
present per bound complex rather than one; this feature may
mean that any tendency of the bound complex to inhibit
thermal isomerization is spread over twe=N bonds instead

of one.

The loss of reversibility observed by Mascarenas and
colleagues parallels observations by Nakayama et al. with
an azo-modifiedanHI (46) enzyme as well as earlier work
by Shinkai and colleagued, 48), who studied the behavior
of azobenzene derivatives functionalized with crown ethers
and other metal ion-binding groups. The cis forms of these
compounds bind their targets (metal ions) via electrostatic 300 - -
interactions and bind with higher affinity than the trans forms.
In most cases, however, strong target binding also inhibits
the thermal and photochemical cis trans isomerization
process (i.e., the reversibility of the system) just as is
observed with the Mascarenas system. In the colloid and
polymer literature, inhibition of thermal cis-to-trans isomer-
ization of azobenzene has also been reported (e.g49ef
and attributed to dense packing around azobenzene units and
a decrease in the “free volume” around the chromophore.

In molecular terms, the key criterion for reversibility would 0l ' ' L=
appear to be the accessibility of the transition state for 6 8 10 121416 18
isomerization when the chromophore is attached to the target S-S distance (A)

(protein, po|ymer, or other)_ Since the three-dimensional F_IGURE7Z _Comp_atibility Of Cys S‘S distances in_the GCN4_ leucine
structure of the GCN4-bZIP/DNA complex is known at zipper region with SS distances in the cross-linker. A histogram

. . ; of distances between side-chairatoms of residues 262 and 269
atomic resolution, one can attempt to estimate the aCCeSy, the leucine zipper domain of wild-type GCN4-p1 durind ns
sibility of the relevant transition state. Any such attempt is of molecular dynamics at 298 K. (Above) Sample structures of the
complicated by the fact that there does not appear to beazobenzene cross-linker in cis, rotational transition state, inversional
general agreement on the precise mechanism for azobenzengg?;i]tf:%” f;ﬁteésarzg;{xgzncogfcgt?%tisori‘sd(ifcfg{‘gd'eg todggzg- ”Tr:‘ees)
Isomerization (|..e.., rotation vs inversion). Figure 7 ShO.WS accessible vig single bond rotations in each of thes){e structures are
models of transition states for both processes. If one fixes jngicated (cis state, green; rotational transition state, red; inversional
the geometry of the azo unit at one or other of the possible transition state, orange; trans state, blue).
transition state structures, systematic rotation of all of the
single bonds in the compounds gives the range of sulfur- Itis difficult to perform the same sort of structural analysis
to-sulfur distances (the attachment point to the protein) that of the DNA—protein complex studied by Mascarenas and
are compatible with transition state formation for each case colleagues since one cannot safely assume that the much
(Figure 7). more substantial modifications made to the GCN4-bZIP

If one measures the distance betweestoms of the side  sequence caused no major change in the three-dimensional
chains of residues 262 and 269 in the GCN4-bZIP/DNA structure. In the Mascarenas case, the bZIP sequences are
X-ray crystal structure, one obtains values of 11.4 and 10.2 truncated at residue 248 and then linked together via a Gly-
A for the two protein chains. Jelezarov and colleagues have Gly-Cys-AZO-Cys-Gly-Gly unit 20). It is surprising that
carried out all-atom molecular dynamics simulation of the what appears to be a fairly flexible linking unit does not
coiled-coil domain of GCN4 with explicit solvent3(). appear to provide sufficient flexibility for the transition state
Analysis of these molecular dynamics trajectories as de- to be easily accessed in this system. However, these authors
scribed in the Materials and Methods section shows that thereport that the corresponding peptide without the pairs of
distance betweep atoms of the side chains of residues 262 Gly residues was unable to bind to DNA at all in either the
and 269 varies between about 9.5 and 13.5 A with a mostcis or trans form 20), suggesting that conformational
probable value of 11.2 A. This range is similar to what one demands placed on the linker in their system were, in fact,
obtains by simply rotating thgl side-chain torsion angle quite severe. It would be interesting, therefore, to test whether
of residues 262 and 269. This distance range partially adding more flexibility to the linker in the Mascarenas design
overlaps the distance range compatible with an inversionalwould allow reversibility. Of course, too much flexibility
transition state of the cross-linker (338.5 A) (Figure 7) would be expected to abrogate any difference between cis
and overlaps substantially with the distance range compatibleand trans isomers.
with a rotational transition state of the cross-linker {11 The relative simplicity of this system compared to naturally
17.5 A) (Figure 7). Interestingly, recent computational occurring photosensitive proteins such as rhodopsins and
evidence has suggested the rotational mechanism is preferreghytochromes may permit detailed study of how a localized
for azobenzene isomerizatiorb(Q). In either case, the conformational event (isomerization of one bond) can be
structure of the GCN4-bZIP DNA complex does not prevent transmitted effectively throughout a functional protein.
access to transition states required for isomerization, a keylndeed, Sporlein et al. have shown that the conformational
requirement for full reversibility. dynamics of such systems after a light-triggered isomeriza-
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tion event are amenable to study by all-atom molecular 15.0O’Shea, E. K., Klemm, J. D., Kim, P. S, and Alber, T. (1991)

dynamics simulationsb(l). Such data may be combined with

extensive theoretical and experimental data on the folding ;¢

of helical coiled coils (e.g., reé52) to generate a relatively
complete picture of protein photocontrol.

In addition to providing a tractable model for probing the
molecular mechanism of reversible photoregulation in pro-
teins, these photoregulated DNA-binding protein systems
may lead to practical tools for the study of cellular chemistry.
Several groups have reported that basic zipper domains and/
or cross-linked peptide species similar to the construct

described here can be taken up spontaneously by eukaryotic 19

cells 63, 54) or, alternatively, such constructs could be
modified to include cell-penetrating sequences to permit
cellular uptake %5). Minimal DNA-binding proteins such

as the GCN4 construct described here may be used to bind
to AP-1 target sequences and inhibit function of endogenous
AP-1 binding proteins. Photocontrolled GCN4 analogues
may therefore permit external control of transcriptional
processes. Engineered photocontrol of transcription offers
numerous advantages over conventional inducible gene
expression system$&6—58).
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