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Monomeric and Dimeric bZIP Transcription Factor GCN4 Bind at the Same Rate to
Their Target DNA Sité
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ABSTRACT. Basic leucine zipper (bZIP) transcription factors are dimeric proteins that recognize dyadic
and mostly palindromic DNA sites. Dimerization of bZIP transcription factor GCN4 is linked to the folding

of its C-terminal leucine zipper domain. However, monomeric GCN4, lacking a folded leucine zipper,
also recognizes the DNA site with dimerization taking place on the DNA. Here we report the kinetics of
DNA recognition by unfolded monomeric and folded dimeric derivatives of GCN4 using a 19 bp double-
stranded DNA containing a palindromic CRE site. The rate of DNA binding of both monomeric and
dimeric GCN4 has a bimolecular rate constant 863x 108 M~1 s™, which is near the diffusion limit.
Because the rate of dimerization of GCN4 is slower (1.0’ M~ s7%) than the rate of DNA association,

the formation of the dimeric GCN4DNA complex through consecutive binding of two monomers
(monomer pathway) is faster when starting from free monomers. Thus, the results presented here support
facilitated and rapid target recognition by the monomeric transcription factor. However, DNA binding of
preformed folded dimeric GCN4 is as rapid as complex formation through the monomer pathway. Therefore,
the monomer and dimer pathways are kinetically equivalent if monomeric and dimeric GCN4 are at
equilibrium. Hence, the dimer pathway may also have a role uindgro conditions. The lower affinity

of GCN4 in which two DNA contacting residues have been mutated is due exclusively to the faster
dissociation of the mutant proteiDNA complex and not to slower complex formation.

Basic leucine zipper (bZIPjranscription factors make up  of heterodimeric transcription factors such as Jun and Fos,
a large family of DNA binding proteins involved in the initial binding of monomeric peptides could enable recogni-
regulation of DNA transcriptionl(—4). These factors recog- tion of a different target site (for a recent review, see ref
nize promoter and enhancer regions of transcribed genes andl6). Furthermore, a monomer binding pathway may increase
together with other protein factors, contribute to the ef- specificity and prevent the transcription factor from becoming
ficiency by which RNA polymerase binds and initiates trans- trapped at nonspecific DNA sited @12, 14, 15).
cription. In the crystal structure of bZIFDNA complexes, Formation of a bZIP transcription facteDNA complex
the dimeric protein binds to a DNA site with dyad symmetry, via a monomer and a dimer pathway is shown schematically
each monomer of the bZIP factor recognizing one half-site in Figure 1. Step 1 followed by step 2 is the dimer pathway,
(5=7). In view of this structure, and since GCN4 and other and step 3 followed by step 4 is the monomer pathway. The
bZIP factors dimerize in the absence of DNA, it has been two pathways are energetica”y equiva|ent (thermodynamic
thought that bZIP factors need to dimerize to recognize the cycle). However, there could be a kinetic preference for one
DNA target site. However, the observed rapid rates of DNA or the other. Indeed, there is circumstantial evidence of a
binding could not be accounted for if formation of a dimeric preferential monomer pathway even in the case of a
bZIP peptide had to precede DNA bindirg11). Thus, it transcription factor with a thermodynamically stable dimeric
has been proposed that monomeric transcription factors carform (15).
recognize DNA and that these monomers dimerize while  rqr 5 direct comparison of the rates of formation of the

bound to DN_A 8)_. This ha§ t_)een confirmed by experiment peptide-DNA complex along the two pathways, one needs
for several dimeric transcription factorsX-15). In the case ;4 separately study the kinetics of each step of Figure 1.

: : ) _ _ Rapid DNA binding impedes quantitative determination of
. TTQ|st_work was supported in part by the Swiss National Science the DNA binding rates of dimeric (step 2) and monomeric
oundation.

*To whom correspondence should be addressed: Biochemisches(Steps 3 and 4) GCN4 derivatives. As a result, we have
Institut der Universita Zurich, Winterthurerstrasse 190, CH-8057 previously only shown that an unfolded basic region peptide

Zurich, Switzertand. E-mail: hrboss@bioc.unizh.ch. binds at a nearly diffusion-controlled ratelj. In the work

1 Abbreviations: AP-1, activation protein-1 recognition site; bZIP, . .
basic leucine zipper: CRE, cyclic AMP response element: @RE ~ Presented here, we now have achieved the goal of assigning

double-stranded 19mer oligonucleotide containing the CRE site with individual rate constants to steps 2 and 3 thanks to more
the fluorescence marker NBD attached to a phosphorothioate bondsensitive rapid mixing instrumentation allowing for the use

preceding the recognition site; GCN4, general control of amino acid ; ;
synthesis non-derepressible mutant 4 (see Table 1 for GCN4 derivativesmc lower reactant concentrations. Together with the rate

used in this study); NBDN,N'-dimethyl-N-acetylN'-(7-nitrobenzo-2- constants of step 1 determined previousty’)( we can
oxa-1,3-diazol-4-yl)ethylenediamine. approximate the rate constants for step 4 and predict the
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Ficure 1: Dimer pathway (steps 1 and 2) and monomer pathway
(steps 3 and 4) of association of yeast transcription factor GCN4
with its target DNA. In the dimer pathway, formation of the folded

dimeric leucine zipper (step 1) precedes DNA binding of the dimer
(step 2). In the monomer pathway, two monomers bind sequentially
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absorption coefficients2@): ¢ = 1280 cm?! Mt for
C62GCN4 and C62GCN4, ¢ 1340 cmt M~? for
C62GCN4s, BRss, and C62GCN4L™ 9 ande = 1400
cm 1 M~*for BR. All concentrations refer to a single peptide
chain, unless indicated otherwise.

The oligonucleotide TGEAGATGACGTCATCTCC con-
taining a phosphorothioate group between the third and fourth
bases was obtained from MicroSynth (Balgach, Switzerland).
It was labeled with the fluorescent group NBD (Molecular
Probes, Eugene, OR) to obtain the fluorescent oligonucleotide
CREyJ". The identity and purity of the product were
confirmed by ion spray mass spectrometry. GREr CRE;
(oligonucleotide without the fluorescent group) was annealed
by heating to 90C and slow cooling to room temperature.
The concentration of single-stranded DNA was calculated
from the absorption at 260 nm using arof 198.1 mM*
cm ! for CRE and ane of 180.5 mM™* cm™ for CRE

(steps 3 and 4) and the leucine zipper forms only when the second(23). Given concentrations always refer to double-stranded

monomer binds (step 4). The reactions form a thermodynamic cycle
SO thatKle = K3K4 or (kflkfz)/(klkg) = (k73k74)/(k3k4). Step 1
was studied previouslyl{). Step 2 is studied here using the
derivatives C62GCN4, C62GCN4 C62GCN4k, and BRsand
step 3 using derivatives C62GCN#'e"®d and BR (see Table 1
for structures of GCN4 derivatives). The three-dimensional structure
of the GCN4-DNA complex (bottom right) is adapted from réf

overall rates of DNA binding via the monomer and dimer

pathway, respectively. The results demonstrate that in the
r

isolated system studied here, which is composed of a 19me
double-stranded DNA target and the 62-residue C-terminal
DNA-binding domain of GCN4, both the monomeric and

the dimeric transcription factor recognize the palindromic

CRE target site at the same rapid rate. Since the rate of

formation of the dimer in step 1 is significantly slower than
the rates of DNA binding in steps-2, the monomer
pathway is more rapid than the dimer pathway when starting
from two monomeric GCN4 proteins and no dimer, but not
when monomeric and dimeric GCN4 are at equilibrium.

EXPERIMENTAL PROCEDURES
Materials

The plasmid pET-3AC62GCN4 was used to express the
62-residue C-terminal fragment (residues2281) of GCN4
in Escherichia col(18) to obtain C62GCN4 and C62GCRh
as described previouslyL9). GCN4 variants BR, BR; and

DNA.

Methods

Buffer. All experiments were conducted at 66 in 50
mM Tris-HCI, 10 mM NacCl, and 10 mM MgGl(pH 7.8,
ionic strength of 68 mM).

Kinetic ExperimentsRates of peptide DNA association
were studied with an SX.18MV-R stopped-flow spectrometer
from Applied Photophysics (Surrey, U.K.). Equal volumes
of reagent solutions were mixed (dead time<8 ms), and
the change in fluorescence emission above 515 nm was
measured after excitation at 495 nm. Six or more firings were
averaged for each kinetic trace. In one series of experiments,
equally or similarly concentrated solutions of CREand
peptide were mixed. In another series, the peptide was present
in excess over CRH, the concentration of which was kept
constant at 20 nM.

To follow the dissociation of the peptid®NA com-
plexes, 56-100 nM CREJ and 56-100 nM peptide
(monomer or dimer) were pre-equilibrated to form the
peptide-DNA complex. The pre-equilibrated complex was
mixed with nonfluorescent CREin a 40-fold excess over
CREJ". The fluorescence decrease caused by the exchange
of CREy for CRE&" was followed with the fluorescence
emission above 515 nm (excitation at 495 nm). When the
dissociation reaction was slow, mixing was performed
manually and the fluorescence decrease at 544 nm (excitation

LZ (see Table 1 for sequences) were chemically synthesizedat 495 nm) was followed with a Spex Fluorolog instrument.

by employing the Fmoc strateg@@. The variant C62G-
CN4sgneeg termed “one-legged”, was produced by subject-
ing equal amounts of reduced C62GGH4nd LZ to air
oxidation and purifying the products by reverse phase HPLC.
Mutant C62GCN4x was obtained by PCR mutagenesis
according to a modified protocoRl). The mutations were
introduced in two consecutive steps using the following
templates: 5CAA CTT TCT CGC TTT AGA ACG CCT
GCG-3 for R243K, B-GGC GGC TTC AGT GGC TCT
AGC ACG TTT-3 for N235A, and 5ATA ATG GCC TGC
TTC TCG CCG AAA CG-3 as the back primer for both

In manual mixing (mixing time of 510 s), 50uL of CRE;g
was added to 1.8 mL of a stirred solution of the preformed
peptide-CRE¢" complex. We did not correct for the small
dilution of the preformed complex on addition of CRE
Equilibrium Fluorescence Titration and Isothermal Titra-
tion Calorimetry.Fluorescent titrations were performed in a
Perkin-Elmer LS50 luminescence spectrometer by stepwise
addition of small volumes of a-5200«M peptide solution
to 1.8 mL of 125 nM CRE" placed in the cuvette, and the
fluorescence emission in the range of 5BD0 nm (excita-
tion at 495 nm) was integrated. Peptide BR was titrated to

mutations. Changes with respect to the wild-type sequencethe nonfluorescent labeled AP-1 site in a titration calorimeter

are underlined.
The identity and purity of all peptides were determined

(MCS ITC, MicroCal Inc., Northampton, MA) as described
previously @9). Calorimetric titrations were performed at

by ion spray mass spectrometry. Peptide concentrations werés.5°C in 50 mM sodium phosphate buffer and 100 mM NaCl

calculated from the absorption at 280 nm using the following

(pH 7).
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Table 1: Derivatives of Yeast Transcription Factor GCN4 and the Fluorescent Target DNA Site Used in This Study

Basic region leucine zipper
C62GCN4 * MIVPESSDPAALKRARNTEAARRSRARKLQRMKQ-LEDKVEELLSKNYHLENEVARLKKLVGER
C62GCN4gs MIVPESSDPAALKRARNTEAARRSRARKLQRMKQ-LEDKVEELLSKNYHLENEVARLKKLVGERGSGC
MIVPESSDPAALKRARNTEAARRSRARKLQRMKQ-LEDKVEELLSKNYHLENEVARLKKLVGERGSGC
C62GCN4x ¢ MIVPESSDPAALKRARATEAARRSKARKLQRMKQ-LEDKVEELLSKNYHLENEVARLKKLVGER
C62GCN4 g 1e9 MIVPESSDPAALKRARNTEAARRSRARKLQRMKQ-LEDKVEELLSKNYHLENEVARLKKLVGERGSGC
Ac-RMKQ-LEDKVEELLSKNYHLENEVARLKKLVGERGSGCG-NH,
LZ Ac-RMKQ-LEDKVEELLSKNYHLENEVARLKKLVGERGSGCG-NH,
BR Ac-YPESSDPAALKRARNTEAARRSRARKLQRMKQGGC (StBu) G-NH,
BRgs Ac-YPESSDPAALKRARNTEAARRSRARKLQORMKQGGCG-NH,
Ac-YPESSDPAALKRARNTEAARRSRARKLQRMKQGGCG-NH,
CRE," * 5/ -TGG"PAGATGACGTCATCT "' CC-3’
3'-CC ' TCTACTGCAGTAGA™PGET-5"

2 Sequence differences with respect to the wild-type GCN4 sequence are underlinéi-agtyl; NH, amide; StBu, thidert-butyl. ® This
sequence corresponds to C-terminal residues-230 of GCN4 and the N-terminal Met from the expression constig)t Residues of the basic
region contacting the DNA are italicizeBiBasic region N235A and R243K mutatior32) are underlined? CRE site with the NBD fluorescence
tag, with the palindromic recognition sequence underlined.

Data AnalysisA sum of exponentials was used to fit the are the fluorescence signals at time zero and infinite time,

kinetic traces according to respectively. Combining egs 4 and 5 gives
F(t)=Fy + Izai[l — exp(-k")] 1) Fl)=F. — (F, — Fo)([;\ll\loi] — [MN(1)]) ©)

wherek®” values are apparent rate constaatsjalues are _ o
amplitudes, and is the fluorescence signal at time zero. 10 Obtainks, k—s, Fo, andF., kinetic traces of step 3 were
Kinetic traces for monomer binding (step 3 of Figure 1) were analyzed by nonlinear fitting with the help of eq 6 using the

best fit by a single-exponential fluorescence increase, andintégral of eq 3 to calculate [MN). Since simultaneous
rate constants were obtained fro@¥) determination of all four parameters tended to produce poor

estimates ok; andk_; because of ill-defined arrays during
IEPP = I, ([M d +INeg) + kg 2) the fitting proceduref-. was estimated from the experimental
€ ¢ trace and kept constant during the nonlinear fitting procedure,

where [Meg + [Neg, the sum of the concentrations of the which was performed with the program SigmaPlot (version
peptide monomer and single-stranded DNA at equilibrium, 7.0).

was estimated using this determined by fluorescence ~ The best fit for dimer binding (step 2 of Figure 1) was

titration. When the total peptide concentration was much obtained by a two-exponential fluorescence increase. The

larger than the total DNA concentration, [iji+ [Neg was rate constants were obtained fro@¥v

approximated by [M{]. Alternatively, ks andk_3 of single-

exponential kinetic traces were obtained by solving eq 3: K*P=Ky([Deg + [Neg) Tk (78)
d[MN] _ Ko[Deg + [Neg)

a 5([Nol — [ND([M o] — [M]) — k_5[MN] (3) KPP =k,

(Ded + Nog) +kp 2 (D)

where [My] and [Ng] refer to the initial peptide and DNA

concentration, respectively. At any time point of the reaction The above equations describe a biphasic reaction between

two reactants in which the rapid phase exhibits a linear
[IMN(1)] = [Ng] — [N(1)] (4) concentration dependence and the slow phase a hyperbolic
dependence2d). K" is the apparent rate constant of the
where [MN()] is the integral of eq 3. The decrease of free first rapid phase of the experimental trace &#i° that of
DNA with time, [N(t)], is related to the fluorescence increase the slow phase. [B] + [Neg was estimated with the help

described by the kinetic trace according to of K, from fluorescence titration. Under the given experi-
mental conditionskx([Deq + [Neq) Was much larger than
[IN®] _ F. —F@® (5) k-2, SO eq 7b can be reduced g™ = k, + K.
[Ng] F.—Fo Dissociation constanti,, were obtained from fluorescence

titration data by fitting the integrated fluorescence signal,
wherekF(t) is the fluorescence signal at timmandF, andF.. F, according to
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F=[(Fo — FolING] + [P + K —
V(ING + [Pg] + K)? = 4INQJ[PAIVIN o] + Fo) (8)

whereF, andF., are the initial and final fluorescence signal,
respectively. In the case of the monomeric derivatives BR
and C62GCN4L o0, [Pq] is the total concentration of a
single DNA binding site and [} the total concentration of
one half-site of double-stranded CRE In the case of
dimeric derivatives C62GCN4, C62GCh4 C62GCN4,
and BRss [Po] is the total concentration of the dimeric
peptide and [ the total concentration of double-stranded
CREJ".

Error Estimates Standard errors of the regression of the
fits to the experimental data are shown unless indicated.

RESULTS

Design of Monomeric and Dimeric Destives of GCN4
for Analyzing Single Steps of the Monomer and Dimer
Pathway.Transcriptional activator GCN4 is a homodimeric
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Ficure 2: Titration of 125 nM double-stranded CRE with
C62GCN4 @), C62GCN4k (A), C62GCN4Leeg (0), and BR

(d). Solid lines are best fits according to eq 8 describing a 1/1
complex.

10

C62GCN4s (i) with C62GCN4 sufficiently concentrated
to make the monomer concentration negligible, (iii) with

protein composed of two polypeptide chains of 281 residues disulfide-linked basic region peptide B§acking the leucine

each @5, 26). The 30 C-terminal residues contain four

zipper domain, and (iv) with sufficiently concentrated mutant

heptadic repeats that induce dimerization by formation of a derivative C62GCN4 in which two conserved residues

leucine zipper%, 27). Upon DNA binding, thex-helices of
the leucine zipper extend N-terminally into a long bipartite

contacting the DNA are mutated to weaken DNA binding
without destabilizing the leucine zipper dim&2. Reaction

structure that grips the large groove of double-stranded DNA step 3, which is DNA association of the monomer, was
(1). The structure is shown in outline at the bottom right of investigated with two derivatives: the basic region peptide
Figure 1. The C-terminal 60-residue segment of GCN4 is BR and the one-legged derivative C62GGNZ'®9, The
sufficient for DNA recognition 28). It is composed of a basic  latter is the disulfide-linked dimeric leucine zipper with only
region responsible for specific DNA recognition, followed a single basic DNA-binding region. Finally, estimates of
by the C-terminal leucine zipper (Table 1). The basic region equilibrium and rate constants for the binding of the second
recognizes the target sequences ATGACTCAT named themonomer in step 4 were obtained from the thermodynamic
AP-1 site and ATGACGTCAT named the CRE sit29) cycle described in Figure 1.
The latter differs from the AP-1 site by an additional G Equilibrium Fluorescence TitratiorDissociation constants
(underlined), which makes the CRE site palindromic. Both of the peptide-DNA complexes were calculated from the
target sites are recognized with the same overall affidi®y (  fluorescence increase observed when gR®as titrated
30). The 62 C-terminal residues of GCN4 (residues220 with the monomeric or dimeric peptide. Representative
281), called C62GCN41Q), together with a 19 bp DNA titrations are shown in Figure 2, and constaiitsand K3
comprising the CRE site were used in this study. DNA are given in Tables 2 and 3, respectively. As expected, the
association was monitored with the help of the fluorescently best binders are the dimeric wild-type peptides C62GCN4
labeled oligonucleotide CRE (Table 1). The level of and C62GCN4s Their K; values (Table 2) are around 2
fluorescence emission of the NBD group of Gifincreases  nM, the error ofK; being large since fluorescence titrations
on binding to the basic region of GCN4, the fluorescence had to be performed at peptide and DNA concentrations that
change being specific for the AP-1 and CRE sit&§).( were much higher thal,. Independent isothermal titration
CRE harboring the CRE site was used here because it calorimetry of CREg with C62GCN4 at &C, pH 7.6, and
exhibits a somewhat larger fluorescence change upon bindingan ionic strength of 190 mM yields &, of 6.3 &= 3.3 nM
than the NBD-labeled AP-1 sitel]). (19). The dimeric derivative C62GCN4 in which two
The combined monomer and dimer pathways are describedresidues contacting DNA have been mutated shows weaker
by a minimum of four equilibrium and eight rate constants binding with aK, of 114 + 48 nm.
(Figure 1). In principle, all the rate constants may be obtained It should be noted th&{, refers to a 1:1 complex of the
by simultaneous fitting of kinetic traces acquired by mixing dimeric peptide and double-stranded GRE.e., the binding
the peptide and DNA at a series of different concentrations of the two legs of the dimeric peptide to the two half-sites
using a numerical fitting algorithn8(). In practice, however,  of CRE is regarded as a single binding event. This simpli-
experimental noise prevents the unequivocal assignment offication is justified under equilibrium conditions since the
rate constants to each stdb). As an alternative, we decided dimeric peptides were either disulfide-linked (C62GGh4
to study single steps of Figure 1 with the help of appropriate and BRsg) or present at a sufficiently high concentration to
monomeric and dimeric derivatives of GCN4 (Table 1). make the monomer concentration negligible (C62GCN4 and
Thermodynamics and kinetics of reaction step 1 (leucine C62GCN4).
zipper formation in the absence of DNA) have been analyzed The value ofK; for monomer binding was attained using
previously 7). Association of dimeric GCN4 with DNA  monomeric BR and C62GCN4"¢"9 as GCN4 derivatives
in reaction step 2 was studied in four different ways: (i) which make contact with only one half-site. Monomeric BR
with the disulfide-linked, permanently dimeric derivative is the most weakly binding derivative with k& of ~400
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Table 2: Kinetic Rate Constants and Equilibrium Dissociation Constants for DNA Binding of Dimeric GCN4 Derivatives (Step 2 of Figure 1)

k k' DNA displacement * DI[N
D+N (T);z DN* % DN P 2 ——[DA[,*]]EL[;N] !
k,(M's™)* k(s k,+k (™’ Ky, (s™) (nM)
C62GCN4 3.0+1.3)x10° 36+ 15 10+8 (2.4 +0.8)x10”* =2
C62GCN4,, 34+14)x10° 25+20 10+8 5.4+ 1.6)x10™ 1.5+1.0°
C62GCN4,, (1.7+25)x 10° ! 1.1£0.2 50+0.2 114 +48
BR (7.0+2.5) x 10° ! 8+5 =0.02° 58+22

2 From plot according to eq 78.From plot according to eq 7b and the limiting casekgffDeq + [Neq) > k-1.
an excess of nonfluorescent CRE Fluorescence titration of CRE with peptide.® From ref1l f Could not be
error.9 The displacement reaction shows two exponential phases; the averall3.5 s.

¢ Dilution of the complex with
determined because of the large

Table 3: Kinetic Rate Constants and Equilibrium Dissociation Cons
Figure 1)

tants for DNA Binding of Monomeric GCN4 Derivatives (Step 3 of

k k DNA displacement MIN
M+N —= MN Ky=-—72 P Ky =MV
ks ks [MN]
k,(M's™) ko, (s7) (nM) Ky, (57 (nM)
C62GCN4 ™" 4.6+12)x10"" 66+18° 140 £ 54 62102 121+ 11
(6.4+4.3)x 10"’ 33+16" 52442
BR (5.1+1.5)x 10" 83+20" 163 +62 73+5 406 + 32

aFrom plot according to eq 2.From data analysis according to ecf®ilution of the complex with an excess of nonfluorescent GREFrom

fluorescence titration of CRE with peptide.

NM. C62GCN4Le %9 has akz of 1214 11 nM, similar to
the K, measured for the dimeric derivative C62GNg4n
which two residues contacting DNA have been mutated an
similar to theK; of the “minimal” dimer BR;scomposed of
two disulfide-linked basic region peptides.

DNA Association of Dimeric Deratives of GCN4Kinetic

trations ([ + [Neg) are shown in Figure 3B. Whil&;

could be calculated with good accurady,, extrapolated
dfrom y-intercepts had a very large error. In princigté and

k', of the slow phase can be obtained from plots according

to eq 7b provided the experiment can be performed at a

sufficiently low reactant concentration. This was not possible,

traces for GCN4 derivatives with two DNA binding sites and experimental errors were large because of the small
exhibit two exponential phases: an initial rapid phase, which amplitude of the second phase. Therefore, only a rough
depends linearly on peptide concentration, and a slow andestimate ofk, + k'_,) could be obtained. Rate constants for

apparently concentration-independent phase. This behavioithe dimeric derivatives are summarized in Table 2.

can be explained by the following mechanism:
k, k
D+N — DN* -~ DN

where D is the dimeric peptide, N is CRE DN* is an
intermediate, and DN is the final complex. The four rate
constants are related to the two apparent rate congéifits

DNA Association of Monomeric Destives of GCN4.
Figure 4A shows a representative trace of the reaction of
C62GCN4Lees with CRE . Binding of one-legged
GCN4 and binding of the monomeric DNA binding domain
BR exhibit a single-exponential phase described by

M + N === MN
ks

and k3™ as described by eqgs 7a and 7b in Methods. The Here, M corresponds to the single DNA-binding site of

amplitude of the slower phase describedKfy” decreases
at increasing peptide concentrations so tigft’ could no
longer be measured abowe€00 nM peptide. A small amount
of monomeric C62GCN4 or C62GCdat equilibrium with
the corresponding dimer could be neglected siicef the
monometr-dimer equilibrium (step 1 of Figure 1) is 6 nM
at 5°C (17), similar to theK of 8 nM reported for the leucine
zipper domain alone3@). Therefore, C62GCN4 was 85%
dimeric already at the lowest peptide concentration used i

C62GCN4Le%9 or to a single basic region peptide BR,

andN is a half-site of double-stranded CRE Rate constants

ks andk_z were obtained by plotting apparent rate constants

according to eq 2. The plot for C62GCN#&e "9 is shown

in Figure 4B. Alternatively, kinetic traces were also fit

according to eq 6, which is based on the integrated rate

equation, eq 3 (solid line in Figure 4A). The bimolecular

association rates of C62GCN#"'®9 and BR are~5 x 10°
NM~1 s indistinguishable within experimental error (Table

kinetic experiments. Figure 3A shows a kinetic trace for the 3). Also, the dissociation rate constarks; of the MN

reaction of C62GCN4 with CRf. Plots of the observed
rate constant&* andk'5”" versus the equilibrium concen-

complexes are similar but have a large error from extrapola-
tion to they-axis intercept, as hds ; from fitting with eq 6.
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fluorescence (arbitrary)

kcal per mol of injectant
[¢2]

-10

time (s) 12 . ‘ . \ .
0 1 2 3 4 5

Molar ratio of peptide BR per AP-1 site

FicurRe 5: Calorimetric titration of the AP-1 site with basic region
= peptide BR. The solid line is a best fit for a stoichiometryf
~ T 3 % o & 0.96 and &3 of 2 uM, which is larger than th&; obtained by

ot 238° £ . . fluorescence titration (Table 3), probably because of the higher ionic
0 50 100 150 200 250 300 strength applied in calorimetry.

([Deq] + [Neq]) (nM) . L
o . o The measured rate constants and dissociation constants
FicUre 3: Representative kinetic trace of the association of dimeric

C62GCN4 with DNA. (A) Reaction of 140 nM dimeric C62GCN4  Might not pertain to step 3 alone but could encompass steps
with 20 nM CREJ. The solid line is a best fit for &” of 53 s 3 and 4 together if two monomeric peptides bind ;[0 the
(amplitude of 73%) and &3 of 9 st (amplitude of 27%). The dyad|c CRE site. Th|s is very unlikely for C62GCN#e-leg
bottom trace shows the control reaction of GRREwith the basic since the two coiled coils from two molecules of C62G-
peptide EYQALKKKVAQLKAKNQALKKKVAQLKHKG, whose CN4sereleg would interfere with each other in the orientation
sequence is unrelated to the basic region of C62GCN4 (sddref  geen in the crystal structure of the wild-type complex (Figure
for details). (B) Apparent rate constarg® (filled symbols) and 1) | ess steric hindrance is expected for the binding of two

K3 (empty symbols) for DNA binding of C62GCN4 (circles,  mglecules of BR. Isothermal titration calorimetry showed,

solid line) and C62GCN4 (triangles, dashed line) plotted according : : =
to eq 7a and 7b, respectively. Error bars indicate the data range othwever, that only .a §|ngle BR binds to the two half-sites
two or three independent experiments. (Figure 5). The stoichiometry is 0.96 mol of BR per mole

of double-stranded DNA. Furthermore, the heat capacity
A change for binding of a single BR molecule is roughly half
RS o e e that for binding of dimeric C62GCN4 (I. Jelesarov and C.
© TRETR IS T s Berger, unpublished experiments). Hence, the kinetic and
equilibrium data obtained with the monomeric derivative BR
pertain to step 3 alone.

Dissociation Rates Estimated from DNA Displacemant.
independent estimate of the overall dissociation rate constant
of the peptide-DNA complexes was obtained from dilution

- - s s s of the preformed peptideCRE &" complex with an excess
0.00 0.05 0.10 0.15 020 of nonfluorescent DNA according to
time (s)

fluorescence (arbitrary)

P—CRE,y + CRElgis"» P—CRE;;+ CRE,y (9)
200 | B §/§——§”'
.,g——i”i/ where P is either monomer M or dimer D. In the case of a
00r % complex in which only one half-site of the DNA is contacted
by the peptide, the observed rate constant of DNA displace-
ment,kqisp, Should be equivalent to_; if the rate of rebinding
of nonfluorescent CRE is much faster than the dissociation
(Mgl + [Ngg]) (nM) of the complex. Rebinding, calculatediafCRE;¢], was ca.
FiIGURE4: Representative kinetic trace of association of monomeric 1000 s* under the chosen experimental conditions, much
GCN4 with DNA. (A) Reaction of 35 nM one-legged derivative faster thark_s. Figure 6A shows DNA displacement from
C62GCN4Leleg with 35 nM CREJ. The solid line is a best fit the C62GCN4Lee0— CRE, F complex. The reaction obeys

according to eq 6. (B) Apparent rate constddt’ for DNA a sinale-exponential decay withka.. of 6.2 s a value
binding of C62GCN4¢""0 plotted accarding to eq 2. Error bars 5—10gtimespslower tharkfgyobtairﬁi; frorﬁ binciing traces

indicate the data range of two or three independent experiments.
9 P P (Table 3). In the case of the BRCREJ”~ complex, DNA

The dissociation constats calculated ak_s/ks is in the displacement has a rate of 335 s%, in good agreement
range of 56-140 nM for C62GCN4Le o9, in agreement  with ks from binding traces (Table 3).

with K3 from fluorescence titration. For the monomer BR, DNA displacement from dimeric C62GCN4 and C62G-
K3 from kinetics is 3 times smaller than from fluorescence CN4ssis very much slower and has a half-time-e#0 min
titration. (Figure 6B). Even DNA displacement from the complex with

k3app (8_1)

0 50 100 150 200 250 300
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0 100 200
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Ficure 6: Displacement of DNA from the preformed protein
DNA complex. (A) Approximately 20 nM preformed complex
composed of CRE" and C62GCN4Le'e9 or C62GCN4k was
diluted with 2uM nonfluorescent CRE. The solid lines are best
fits for kysp values of 6.2 st (C62GCN4£e ) and 5 s?
(C62GCN4) based on the data from six independent experiments.
The traces are shifted with respect to traxis for clarity. (B)
Approximately 40 nM preformed complex composed of C62GEN4
and CREg™ was diluted with 2«M nonfluorescent CRE. The solid
line is a best fit for akyisp Of 2.4 x 1074 s71. Note the different
scale of the time axes in panels A and B.

the “minimal” dimer BRys has a halftime of~1 min,
significantly slower than the dissociation of the one-legged
complex. However, DNA displacement from the dimeric
mutant C62GNCg, which binds DNA more weakly than
wild-type C62GCN4, is roughly as fast as DNA displacement
from the monomeric one-legged peptide (Figure 6A).

DISCUSSION

Understanding the forces involved in proteidNA

Cranz et al.

by visualizing dimer formation from a fluorescence tag in
the leucine zipper domain was not applicable. The fluores-
cence tag was attached on the DNA instead. An NBD
group was placed next to the palindromic CRE site to ob-
tain CREJ™. Fluorescence emission of NBD reports se-
guence specific binding to the CRE and AP-1 sites but not
unspecific, electrostatically driven DNA binding (control
trace in Figure 3 and reffl). One disadvantage of attaching
the fluorescence tag to the DNA is that experiments are
restricted to short oligonucleotides since the fluorescence
signal becomes very weak when long pieces of double-
stranded DNA are used as these cannot be sufficiently
concentrated for the kind of rapid mixing experiments
performed here. In contrast, peptide binding to a heteroge-
neous mixture of large DNA fragments from calf thymus
could be monitored when the fluorescence tag was attached
to the leucine zipper domaini k)

Dimer Pathway Formation of dimeric C62GCN4 in the
absence of DNA (step 1 of Figure 1) has been studied in
detail previously 7). At 5 °C, the dissociation constant of
dimeric C62GCN4 is 6 nM; the rate constants of dimer
formation and dissociation are 16 10’ M~* st and 0.1
s 1, respectively.

Binding of dimeric derivatives of GCN4 to the CRE site
in a 19mer oligonucleotide exhibits two kinetic phases: a
rapid, concentration-dependent phase and a slow, apparently
concentration-independent phase. The reaction is interpreted
as the concentration-dependent formation of an initial
complex DN*, which rearranges in a concentration-inde-
pendent step to the thermodynamically stable complex DN.
The nature of the intermediate DN* and its rearrangement
to DN are unknown. One is tempted to speculate that DN*
is an intermediate with only “one leg” bound to one DNA
half-site and that the rearrangement conforms to the intramo-
lecular binding of the “second leg” to the second half-site.
In support of this proposition, binding of mutant C62GGN4
whose binding strength is similar to that of the mono-
meric derivatives, also exhibits two exponential reaction
phases, whereas monomer binding is always single-expo-
nential.

recognition requires careful and systematic analysis of the The association rate constagtfor the D+ N — DN~

thermodynamics and kinetics of proteiDNA association.
Electrophoretic mobility shift assays are often used to
investigate proteirrDNA interactions. However, this assay
may be problematic because it is not at equilibrium and
complexes may dissociate during electrophoresis. Monemer

reaction is 3x 1 M~ s™1, which is not far from a diffusion
limit of 5 x 10° M~1 s7! estimated by the von Smolukowski
relationship for the association of uncharged molec88s (
36). The diffusion limit could be larger because of electro-
static attraction between the charged reactants. Similar rates

DNA complexes in particular might escape detection becausehave been reported for the binding of ecoli SSB protein

they are kinetically unstable. Environmentally responsive
fluorescence probes allow us to follow proteiDNA as-
sociation reactions by rapid mixing in the second to mil-
lisecond time range. Patel and co-worke3d)(and Kohler
and Schepartzl6) attached different fluorescence tags to

to single-stranded DNA3({7) and for DNA binding of the
papilloma E2 protein38s).

The two reaction phases of dimer binding are coupled so
that the DN*— DN rearrangement should exhibit hyperbolic
concentration dependence (eq 7b). This was not seen because

the leucine zipper part of Jun and Fos to monitor resonancereactant concentrations had to be relatively large and the

energy transfer when the Jufros heterodimer forms in the

scatter of K5 was considerable. Since the amount of

presence and absence of DNA, respectively. Via this elegantintermediate DN* will be small at equilibriunk;, has to be
approach, it was shown that dimerization of Jun and Fos is significantly larger thark’,, which meansk’, < k3P If

more rapid in the presence of DNAY, 34), that the Jun
Fos—DNA complex is extremely stable34), and that its
formation follows the monomer pathwag5).

we assume the equilibrium is 100 times on the side of the
final complex DN, k, would be similar tok5*" (~10 s
andk’_, would be~0.1 s*. Using these values d, and

Since our goal was the direct comparison of the monomer k’_, together with a, of 3 x 10® M~* s7 and ak_, of 30

and dimer pathway of DNA binding, following the reaction

s 1, the overall equilibrium constamt, for DNA binding to
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dimeric C62GCN4 and C62GCNdis 1 nM? in agreement 120
with the K> estimated by fluorescence titration. The overall 100 L A
dissociation constant of the dimer pathwayHKgK, and

amounts to 6< 10-18 M2 for C62GCN4, in good agreement 8oy
with a value of 4.1x 10" M? reported for a similar dimeric 60

GCN4 derivative bound to the CRE sit&0j.

Monomer PathwayTo study monomer binding (step 3)
in isolation from dimer formation and dimer binding, we
have designed the derivative C62GG4°'9, It contains
the same leucine zipper domain as C62GCN4 but only a
single DNA binding sequence. Because no two molecules
of C62GCN4<Le"e can bind in the proper orientation to
the CRE target site7( 18), the reaction with C62GCNg"e'e9
conforms to step 3 alone. But even the binding of the basic
region peptide BR conforms to step 3 alone, as demon-
strated by isothermal titration calorimetry (Figure 5). Why
no two molecules of BR can bind at the same time is not
entirely clear. Since only part of BR is contacting the DNA
(italicized residues in Table 1), the remaining residues of
two bound molecules of BR may sterically interfere with L .
each other unless kept properly oriented by the leucine zipper 0 1 2 180 200
domain. time (S)

The association rate of the monomer is virtually the same
as that of the dimer, 5 10® M~! s~ The dissociation FiGURe 7: Comparison of the monomer and dimer pathways. The

o . time course of formation of the complex DN via the monomer
constanis of step 3 is~2 orders of magnitude larger than pathway (thin lines), the dimer pathway (dashed lines), and their

theK; of dimef binding because the complex MN dissociates sym (thick lines) are shown. (A) Forced monomer pathway. If the
faster,k—3 being around 50°8. The complex with C62G-  reaction starts from 100 nM monomer and 5 nM double-stranded
CN4one-leg js more stable than that with BR, yet still 100 DNA, more than 90% of the equilibrium concentration of the

times less stable than the complex with dimeric GCN4. Kim complex DN forms via the monomer pathway in less than 1 s.

. . Although the buildup of the complex via the dimer pathway is very
and Little reported & of 1 4M for a complex corresponding g6, more complex forms through the dimer pathway if the system

to MN (8). is let to equilibrate becaude ; < k. (B) In vivo-like situation.
Step 4 of the monomer pathway could not be analyzed in Letting the monomer and dimer pre-equilibrate (stepbg&jore

a direct way. The equilibrium constal follows from the addition of the DNA accelerates the dimer pathway. In the
’ calculated example, 100 nM monomer was allowed to equilibrate

th.ermodynamlc cycle and is & 10__11, M for C62GCN4' to reach a [M]q, of 16 nM and a [D}q, of 42 nM before addition
Since the constants for the associations of monomeric andof 5 nM DNA. Calculations were performed by numerical integra-
dimeric GCN4 are both-5 x 13 M1 s71 it is reasonable  tion using the following rate constant&; = 1.6 x 10’/ M~1 s,

to assume that binding of the second monomer in step 4 hagt-1=0.055% ke =3 x IEM 15 L k=305 K, =10s",

a similar rate. With &, of 5 x 108 M1 s°%, k_, becomes le_s_ol'laid’kk3 _:50631(;81'\/' shks=505%k=5x1C
0.03 s, at least 1000 times slower than the dissociation of ' e '

the f'.rSt monomer from the complex MN'. This tgstlfles t'o complex does not monitor the overall dissociation rate of
the high cooperativity between tethered ligands interacting the complex and tends to overestimate its stability. In the
with two adjacent binding sites39). The degree of coop-  , aqsence of excess DNA during the exchange reaction
erativity can be quantified /K, or (K9)%(KiK5) (8)- One inaric GCN4 may transiently bind to two molecules of -

obtains a value of 1600, which means that the probability double-stranded oligonucleotide, thereby slowing DNA
of the second monomer staying on the DNA is 1600 times exchange.

higher because it can dimerize with the first monomer Rates of DNA Binding through the Monomer and Dimer
throgg? the Ieucmfe Z|ppfer domham.. | Pathway.We can now calculate the time course of complex
Displacement of DNA from the DimeDNA ComplexIs  ¢5-mation through the monomer and dimer pathway using
Very SIow.T_he rate of DNA c.i|.splacement (Flgure 6 af‘d €9 the experimentally determined rate constants of step3 1
9) should mirror the rate-limiting step of the dissociation of together with the estimated rate constants of step 4. Figure
) . o N :
DN, Wh'dChb probably is the DN g DN reacgon step he 7 Shows the results of a numerical integration of the four
governed byk',. Here, we note a discrepancy between the qcorteq reactions of Figure 1. In comparing the two
rate of DNA displacement and the kinetic cgns}?nts for step pathways, one must distinguish between (i) starting the DNA
2. If one assurlgegz',z :Mkdisp : 2.4 x 10™ Sd .le OL binding reaction from free monomeric transcription factor
C62GCN4 would be 3 pM3 orders of magnitude less than alone and (ii) starting from pre-equilibrated monomeric and

Ka from _fluorescence titration. Th_da(z of several bZIP dimeric transcription factor in step 1. The latter condition
transcription factor DNA complexes is on the order of 1.0 may be closer to am vivo situation in which monomeric
nM, far frorr]n th; pllcomolar rar}ggNOAlfa 34, AF]O’ 4(111) g;\lu: and dimeric transcription factor compete for the DNA sites.
It seems that displacement o rom the: dir If starting from monomeric transcription factor alone, DNA
binding through the monomer pathway is very much faster
2 Calculated from the relationshig, = (K_K_,)/(KK_, + Kk,K5). than through the dimer pathway (Figure 7A). The reason is

40}

20 r

% of equilibrium concentration
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the slower rate of monomer to dimer association in com- and dimeric transcription factors along the DNA and on the

parison to the rate of DNA binding of the monomer.

effect of other proteins on the stability of transcription

However, if monomeric and dimeric transcription factor are factor—DNA complexes.

at equilibrium before the reaction with the DNA, the dimer

pathway is as rapid as the monomer pathway (Figure REFERENCES

7B). In the example of Figure 7B, more complex forms
through the dimer pathway because [B] [M] in pre-
equilibrated step 1. It should be noted that the absolute rate
of complex formation depends strongly on the initial

concentrations of peptide and DNA and on the peptide/DNA 3.

ratio. For the calculation shown in Figure 7, we chose 100
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DNA target. However, irrespective of the concentration and
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