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ABSTRACT VP16, a protein encoded by herpes simplex virus, has a well-characterized 78 amino acid acidic activation
domain. When tethered to DNA, tandem repeats of an eight amino acid motif taken from this region stimulate the transcription
of a nearby gene. This work addresses how these minimal activation motifs interact with a putative target, the general
transcription factor TATA box binding protein (TBP), and the biological relevance of this mechanism of action. I developed
novel biophysical techniques to discriminate among three possible mechanistic models that describe how reiterated peptide
motifs could synergistically effect transcription: 1) the peptide motifs simultaneously bind to quasi-identical sites on TBP,
producing a high-affinity bivalent interaction that holds the general transcription factor near the start site of transcription; 2)
the binding of one recognition motif causes an allosteric effect that enhances the subsequent binding of additional peptide
motifs; or 3) a high-affinity interaction between the peptide repeats and TBP does occur, but rather than being the result of
a “bivalent” interaction, it results from the summation of multiple interactions between the target protein and the entire length
of the peptide. I generated self-assembled monolayers (SAMs) that presented different densities of the activation motif
peptide in a two-dimensional array to test for avidity effects. Surface plasmon resonance (SPR) was used to measure the
amount of target (TBP) binding as a function of the peptide density; a marked increase in avidity above a characteristic, critical
peptide surface density was found. Competitive inhibition experiments were performed to compare the avidity of peptide
motifs, tandemly repeated two or four times, and single motifs separated by a flexible linker. Four iterations of the motif,
preincubated with TBP, inhibited its binding to high-density peptide surfaces �250-fold better than two iterations. Single
peptide motifs joined by a flexible amino acid linker inhibited TBP binding to surface peptide nearly as well as four tandem
repeats. The results favor mechanistic model 1: reiterated activation motifs interact with TBP through a high-affinity
interaction that is the result of the cooperative effect of single motifs simultaneously binding to separate sites on TBP. This
finding is consistent with the idea that DNA-bound activation domains trigger the transcription of a nearby gene by tethering
the general transcription factor, TBP, near the start site of transcription.

INTRODUCTION

Self-assembled monolayer (SAM) biosensor chips were en-
gineered to present different surface densities of peptides to
target molecules in solution. SAMs were chosen for peptide
immobilization because they are highly ordered two-dimen-
sional (2D) arrays that allowed for the controlled spacing
and orientation of peptides.

Alkane thiolates spontaneously self-assemble onto gold
substrates, from solution, to form uniform monolayers.
Studies indicate that the sulfurs deposit on the gold in a
defined hexagonal tiling pattern while the alkyl chains pack,
due to hydrophobic forces, to form a highly ordered crys-
talline-like matrix (Nuzzo et al., 1990). The pioneering
work of Whitesides and colleagues (Pale-Grosdamange et
al., 1991) showed that alkane thiolates, terminated with
bulky headgroups, could form SAMs without disrupting the
underlying order of the packed carbon chains. We recently
reported (Bamdad et al., 1994; Sigal et al., 1996) the gen-

eration of a mixed species SAM that incorporated a Ni(II)
chelating group [nitrilotriacetic acid (NTA) (Hochuli et al.,
1987)] for the specific capture of histidine-tagged proteins.
This paper describes how the density of NTA in the 2D
SAM was varied to present different densities of histidine-
tagged peptides to probe the binding site(s) of a target
molecule, TATA box binding protein (TBP). The objective
of this work was to determine the feasibility of 1) using
variable density peptide surfaces to determine the “valency”
of a target molecule by seeking a kinetic difference between
monovalent and bivalent binding, and 2) extrapolating an
interbinding site distance on the target molecule by calcu-
lating an average distance between peptides on the surface.
We imagine that this kind of structural information about a
target molecule (previously only available by difficult and
time-consuming structure determination) could be valuable
for the design of high-affinity bivalent drugs.

Variable-density NTA-SAMs were used to probe the
binding site(s) of a biologically important molecule, the
human general transcription factor TATA box-binding pro-
tein (hTBP) (reviewed by Burley and Roeder, 1996). hTBP
has been implicated as a direct target of transcriptional
activators such as VP16 (Ingles et al., 1991); in fact, the
need for an activator is eliminated when TBP is artificially
tethered to a DNA promoter (Xiao et al., 1995). Transcrip-
tional activator proteins are modular in that they have func-
tionally separable domains (Brent and Ptashne, 1985): a
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DNA binding domain and an activating region. The struc-
tures of TBP (Nikolov et al., 1995) and several activator
DNA binding domains (Marmorstein et al., 1992; Ellen-
berger et al., 1992; Baleja et al., 1992) have been solved, yet
the structure of an activating region, alone or complexed
with a target molecule, has remained elusive. Fundamental
questions as to how an activating region effects gene tran-
scription remain unanswered. One mechanistic model of
gene activation proposes that DNA-bound activators trigger
transcription by merely “recruiting” some necessary factor,
perhaps TBP, to the promoter through direct contact with
the activating region (Triezenberg, 1995). Another model
proposes that activating regions induce a conformational
change in a target protein(s) (Sheldon and Reinberg, 1995)
or sequentially perform some function until a threshold is
reached that catalyzes gene transcription.

An interesting observation is that in eukaryotes, more
than one DNA-tethered activator is typically required to
achieve activated transcription and that multiply bound ac-
tivators transcribe synergistically (Lin et al., 1990). Cryptic
repeats of minimal activation motifs have been identified in
eukaryotic activators that, when tandemly reiterated and
tethered to DNA, efficiently activate transcription in vitro
(Tanaka and Herr, 1994). An eight amino acid minimal
activation motif (DFDLDMLG) derived from the prototypic
mammalian activator VP16 was recently identified (Tanaka,
1996). This research used novel biophysical methods to
quantitate the kinetics, as well as investigate the mecha-
nism, of the interaction between hTBP and tandem repeats
of the VP16 minimal motif.

The interactions were characterized by surface plasmon
resonance (SPR) in a BIAcore instrument. SPR is a fairly
new optical technique for the real-time detection and kinetic
analysis of intermolecular interactions (Liedberg et al.,
1983; Daniels et al., 1988; Löfås and Johnsson, 1990). The
basis of the technology is as follows: ligands are immobi-
lized on a surface; putative target molecules are flowed over
this surface; the protein concentration at the solution surface
interface changes as the target binds the ligand. The in-
creased protein mass at the interface causes a change in the
optical properties of the system. The amount of new protein
recruited to the interfacial region can be quantitated by
measuring the change in the angle at which light reflected
off the interface is a minimum (for a review see Bamdad,
1997). Changes in this angle are measured in resonance
units (RU) where 1 RU is defined as a change of 1/10,000
of a degree. A rule of thumb is that for a distance of �150
nm from the interface, 1 ng protein/mm2 registers 103 RU.

SAMs that incorporated an NTA group for the specific
binding of histidine-tagged peptides were generated. The
density of NTA in the SAM was varied so that different
amounts of a histidine (His)-tagged activation motif could
be presented to TBP in solution. SPR was used to quantitate
avidity effects between TBP and surface-bound peptides as
a function of peptide density.

METHODS

Protein preparation

hTBPc was prepared according to Nikolov et al. (1996) and full-length
His-tagged hTBP according to Lee et al. (1991). Glutathione S-transferase
(GST) fusion proteins were prepared according to Tanaka (1996). The
preparation of Gal-4–VP16 is described by Hori et al. (1995).

DNA

TATA sequence DNA was prepared according to Parvin et al. (1995), and
TATA-37 was prepared with the exception that it was not circularized. A
50-bp double-stranded oligo containing two Gal-4 binding sites, synthe-
sized and quantitated by GibcoBRL (Life Technologies Inc., Grand Island,
NY), was used as nonspecific control DNA. Equal mass amounts of
specific versus nonspecific DNA were added.

Synthetic peptides

Peptides were obtained from the Biopolymers Facility, Department of
Biological Chemistry and Molecular Pharmacology, Harvard Medical
School, Boston, MA. They were generated by F-MOC synthesis and
quantitated by amino acid analysis, analytical HPLC, and mass spectroscopy.

Preparation of self-assembled monolayers

NTA-SAM were prepared according to Sigal et al. (1996). A panel of
incrementally different density NTA surfaces was generated by serial
dilution of a stock solution containing 11.4% NTA-thiol, relative to trieth-
ylene glycol-terminated thiol, into solutions containing the triethylene
glycol-terminated thiol alone. Total thiol concentration was kept constant
at 1 mM. NTA-SAM were stored under argon for up to 1 week before use.
Background levels of binding were assessed by passing reactants over
underivatized GST surfaces and subtracted.

Surface plasmon resonance

Experiments were carried out in a BIAcore instrument (Biacore AB,
Uppsala, Sweden) at room temperature in phosphate buffered saline (PBS)
(137 mM NaCl) running at a constant flow rate of 5 �l/min. Sample
injection volumes (plugs) were 35 �l. Association and dissociation rate
constants were extracted from the data with BIAevaluation software,
version 2.1, assuming a pseudo-first-order kinetics model: A � B º AB.
Error rates were taken from the deviation of measurements among multiple
experiments performed on surfaces of different NTA densities with a range
of protein concentrations and using several different protein preparations,
of the same species, to account for variation of the active concentration of
a component.

Statistical calculations

Sulfur atoms bind to gold to form a face-centered hexagonal tiling pattern
4.99 Å on edge (Ulman, 1966). We assume that in an ordered monolayer
all the positions of the hexagon are occupied by a thiol. Each vertex is
shared by three hexagons, so there are three possible positions for thiol
deposition per hexagon. If the thiol solution is doped with a derivatized
species of thiol, such as ours is, the average number of NTA-thiols
deposited per some number of hexagons (�), can be calculated, assuming
Poisson statistics, for a given NTA-thiol concentration. (It was assumed
that the concentration of NTA-thiol in solution was equal to its concen-
tration in the SAM; see Fig. 2 of Sigal et al., 1996). The equation in Fig.
1 calculates how many hexagons, on average, must be filled before two
NTA- thiols are deposited. For a 3.8% NTA-thiol concentration in solution,
relative to EG3-thiol, an average of 17.5 hexagons must be filled before two
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NTA ligands appear. For a 5.7% NTA solution, 11.7 hexagons must be
filled before an average of two NTA ligands are deposited. The area of a
hexagon 4.99 Å on edge is 64.69 Å2, which is equal to the area of a square
8.04 Å on edge; 17.5 hexagons would occupy the same area as a square
(17.5 � 8.042)1/2 Å on edge, which equals 33.6 Å. Two NTA ligands were
arbitrarily placed in a square representing 17.5 hexagons either 33.6 Å or
23.8 Å apart (see Fig. 1). We argue that since there are equal numbers of
nearest and next-nearest neighbors, the average of these two distances is a
first-order approximation of the average distance between ligands resulting
from a random distribution. According to this model, NTA ligands on
SAM formed from a 3.8% NTA-thiol solution would be an average of 29
Å apart, while NTA ligands in a SAM formed from a 5.7% NTA-thiol
solution would be 23 Å apart. Calculations were done to evaluate the
contribution of clustering using Poisson statistics. Equation 1 calculates the
probability, P, of having n NTA ligands per unit area, where � equals the
average number of NTA per unit area. Equation 2 calculates the ratio of the
probabilities of having one NTA ligand to two NTA ligands deposited per
unit area. It is 17 times more likely to get one NTA than two, per unit area,
for 3.8% NTA-thiol SAM and 11 times more likely at 5.7% NTA
concentration.

P�n� � e���n/n! (1)

P�1�

P�2�
�
e�(3 sites)([0.038]NTA)��3��0.038�	1/1!
e�(3 sites)([0.038]NTA)��3��0.038�	2/2!

(2)

RESULTS

A panel of variable-density NTA-SAMs were prepared by
diluting the concentration of the active component, NTA-

thiol, relative to that of the inert component, EG3-thiol, in
ethanol solutions. Gold-coated glass slides were incubated
in solutions containing 1.3%, 3.8%, 5.7%, or 11.4% NTA-
thiol, with the total thiol concentration constant at 1 mM.
The SAMs were glued onto blank CM-5 SPR chip cassettes
and docked into a BIAcore instrument. A 16-mer peptide
comprised of two repeats of the eight amino acid minimal
activation motif (DFDLDMLG X), derived from the human
activator VP16, was fused to His-tagged GST (GST-2X).
The fusion proteins were then immobilized on variable-
density SAMs through complexation of the NTA group by
the protein’s His tag. This generated a series of surfaces that
displayed peptides at incrementally decreasing distances
from each other. The core region of human TBP (hTBPc:
residues 155–335) (Nikolov et al., 1996) was injected over
the peptide surfaces. GST-2X immobilized at low density
(1.3–3.8%), was unable to bind hTBPc. In contrast, when
the same concentration hTBPc was injected over a more
dense (5.7–11.4%) GST-2X surface, where the average
distance between peptide motifs would be smaller, a high-
affinity interaction resulted (see Fig. 2 and Table 1). As a
control, fusion proteins bearing four iterations of the mini-
mal motif (GST-4X) were immobilized on the different
density SAMs and assayed for the ability to bind the target
molecule. Human TBPc, in solution, bound identically to
GST-4X surfaces irrespective of the peptide density (see
Fig. 3 and Table 1). As the graph of Fig. 4 shows, the
stoichiometry of hTBPc binding to GST-4X derivatized
surfaces is a constant, independent of the immobilization
density. In contrast, the binding of hTBPc to GST-2X
surfaces is a nonlinear function of the surface density.
Notably, at corresponding surface concentrations, GST-2X
bound half as much hTBPc as GST-4X, suggesting that two
2X modules immobilized at close proximity to each other
(high density) simultaneously contact one hTBPc molecule.
Kinetic rate constants were extracted by analyzing associa-
tion and dissociation phases of sensorgram curves using a
nonlinear regression curve fitting program: BIAevaluation
2.1 (Biacore AB). The analysis assumed pseudo-first-order
reactions. The interaction between GST-4X and hTBPc was
characterized by an average association rate of 2.5 � 104

s�1 M�1 and an average dissociation rate of 4 � 10�4 s�1,
yielding a calculated average kD of 16 � 10�9 M. Standard
errors obtained for each SPR experiment were considerably
smaller than the variation in kinetic rates measured among
several experiments using a wide range of NTA concentra-
tions. There could be as much as a twofold variation in the
calculated kD.

Sensorgram association curves from the binding of hT-
BPc to GST-2X could not be fit by pseudo-first-order ki-
netics, again consistent with the idea that two 2X modules
bind one hTBPc molecule. However, the dissociation phase
of the sensorgram was well fit and yielded an average kd of
1.5 � 10�3 
 0.13 s�1 for the interaction. The almost
10-fold difference between the 4X kd and 2X kd may indi-
cate that the 2X dissociation curve is the superposition of
two decay rates, corresponding to two dissociating species.

FIGURE 1 Mixed SAMs were generated by doping a thiol solution with
an NTA-terminated thiol (designed to capture His-tagged proteins). Sulfur
atoms deposit on gold substrates in a hexagonal tiling pattern 4.99 Å on
edge with three possible positions for thiol deposition per hexagon. If we
assume that in a well-ordered SAM all sites are occupied, we can calculate
from Poisson statistics an average distance between NTA-thiols for a given
NTA concentration. The equation calculates how many hexagons must be
filled before two NTA-thiols are deposited. For a 3.8% NTA-thiol con-
centration in solution, relative to EG3-thiol, an average of 17.5 hexagons
must be filled before two NTA ligands appear. For a 5.7% NTA solution,
11.7 hexagons must be filled before an average of two NTA ligands are
deposited. The area of a hexagon 4.99 Å on edge is 64.69 Å2, which is
equal to the area of a square, 8.04 Å on edge. NTA ligands on SAM formed
from a 3.8% NTA-thiol solution would be an average of 29 Å apart, while
NTA ligands in a SAM formed from a 5.7% NTA-thiol solution would be
23 Å apart. (It was assumed that the concentration of NTA-thiol in solution
was equal to its concentration in the SAM; see Fig. 2 of Sigal et al., 1996).
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We speculated that, at high NTA density, the chip surface
acted as a rigid linker between two 2X modules to mimic a
4X module, thus creating a higher affinity ligand. Three
possible models might explain why the 4X peptide is a
higher affinity ligand for hTBPc than a 2X peptide (Fig. 5).
Model 1 proposes that the 4X peptide is a “bivalent” ligand
that simultaneously and cooperatively binds more than one
site on the target protein, producing a high-affinity interac-
tion characterized by a slower off-rate (Jencks, 1981).
Model 2 says the binding of one recognition motif causes an
allosteric effect that enhances the binding of subsequent
motifs. Four connected minimal motifs provide for an in-
creased local concentration of ligand available for the sec-
ond higher-affinity interaction. Model 3 proposes that the
higher-affinity interaction is the result of the summation of
multiple interactions of equal strength between the target
protein and the entire length of the peptide. A prediction of
Model 1 is that 2X peptides, free in solution, will interact
with hTBPc independently and exhibit a faster off-rate,
which is characteristic of monovalent binding. Therefore, if
hTBPc is pre-bound by peptide in solution, the 4X peptide

should be a much better inhibitor of hTBPc binding to
surface immobilized ligand than the 2X peptide. Model 2
predicts that hTBPc pre-bound by 4X or 2X peptides (at
twice the concentration) would be similarly inhibited, so
long as incubation concentrations were high enough to
compensate for the 4X “local concentration advantage.”
Model 3 implies that mutation of amino acids within the
peptide would decrease its affinity for TBP as an approxi-
mately linear function of the number of mutations.

In order to compare dissociation rates, aliquots of hTBPc
were preincubated at very high concentration (35 �M) with
either buffer, 2X peptide (1:4 stoichiometry), or 4X peptide
(1:2 stoichiometry), then diluted to the usual hTBPc con-
centration (124 nM) before injection over GST-4X surfaces.
Synthetic 2X (16-mer) and 4X (32-mer) peptides were used
to eliminate possible interference from GST. Table 2 shows
that the preincubation of hTBPc with 2X peptide was in no
way inhibitory to its interaction with surface immobilized
GST-4X. In contrast, preincubation of hTBPc with 4X
peptide completely abolished the interaction. Additional
experiments showed that the 32-mer, but not the 16-mer,

FIGURE 2 hTBPc in solution will not bind to GST-2X peptide surfaces unless peptides are immobilized close to one another. The BIAcore SPR
instrument records changes in the angle of minimum reflectance (RU) as a function of time. Reagents are flowed over individual flow cells of the SAM.
The “square waves” represent injections of protein “plugs” that interrupt the constant buffer flow. An association constant can be derived from an analysis
of the initial phase of the injection and a dissociation rate can be extracted from analysis of the system as it returns to buffer flow. GST-2X or -4X fusion
proteins (X � DFDLDMLG) were separately immobilized on NTA-SAMs via His-tags, then hTBPc [124 nM] was injected over the surfaces. An overlay
of two SPR sensorgrams shows that hTBPc does not bind to GST-2X immobilized on a 3.8% NTA-SAM (dashed line), but binds very tightly when
immobilized on a 5.7% NTA-SAM (solid line).

TABLE 1 There is a synergistic increase in affinity between hTBPc in solution and surface-bound GST-2X when the density of
immobilization is increased from 3.8% to 5.7%

Protein
Immobilized

Mass Immobilized
(RU)

Protein in
Solution

Mass Captured
(RU)

Ratio Captured/
Immobilized

Low NTA GST-2X 1186 hTBP [124 nM] 5 0.004
Density GST-4X 1060 hTBP [124 nM] 448 0.423
High NTA GST-2X 2080 hTBP [124 nM] 550 0.264
Density GST-4X 2516 hTBP [124 nM] 1254 0.498

Low (3.8% NTA) then high (5.7% NTA) density SAMs were docked in an SPR device. Histidine-tagged GST-2X and GST-4X fusion proteins (0.3 mg/ml)
were separately immobilized on individual flow cells of the SAMs. The mass of the immobilized species is recorded in resonance units (RU), where 1000
RU � 1 ng protein/mm2. One RU results from a net change of 1/10,000 of a degree in the angle of minimum reflectance (off the differential dielectric
interface) of the sensing wave. hTBPc [124 nM] was then injected over the derivatized surfaces. The mass of the captured analyte was obtained by taking
the difference between RU values recorded 10 s before and 25 s after the injection. When GST-2X was immobilized at low density it was not able to bind
hTBP. However, when immobilized at slightly higher density, a high-affinity interaction resulted. The stoichiometry of surface immobilized GST-4X
binding to hTBPc was relatively constant but, notably, twice that of GST-2X binding to hTBPc, which reinforces the idea that two 2X ligands bind one
hTBPc molecule.
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peptide also blocked the binding of hTBPc to high-density
GST-2X surfaces, again demonstrating that GST-2X, im-
mobilized at high density, behaves like GST-4X.

The competitive inhibition experiments tabulated in Ta-
ble 2 argue against the allosteric effect model but are
consistent with Models 1 and 3. The question is, does the
increased binding energy of the hTBP-4X interaction result

from the cumulative effect of multiple bonds along the
length of the peptide or from the synergistic effect of two
minimal motifs simultaneously binding to the target mole-
cule, with the intervening amino acids merely serving as a
tether between the two? A synthetic 31 amino acid peptide
consisting of two minimal motifs (DFDLDMLG) separated
by a flexible linker [(Ser4 Gly1)3] was generated. This
peptide, 1X-linker-1X, when preincubated with hTBP (un-
der the same conditions described above) inhibited by 83%
the complex’s ability to bind to surface-immobilized
GST-4X (see Table 2). These results reinforce the premise
of Model 1 and imply that the enhanced strength of binding
between hTBP and the 4X peptide is due to a synergistic
effect caused by two connected minimal activation motifs
simultaneously binding to two separate and discrete sites on
hTBP. One may also infer, from the last experiment, that the
interaction between minimal activation motifs and hTBP is
specific.

The kinetics of the surface interactions were compared to
analogous interactions in solution. A series of equilibrium
inhibition experiments were performed to characterize the
solution interactions between hTBPc and 2X or 4X pep-
tides. Aliquots of hTBPc, [124 nM], were mixed with in-
creasing amounts of synthetic 2X or 4X peptide, then incu-
bated at 4° for 1 h before injection over GST-4X surfaces.
Titration curves (Fig. 6) yield an IC50 of 370 nM for the 4X
peptide and 90 �M for the 2X peptide binding to hTBPc. In
summary, the 4X peptide binds hTBPc �250 times better
than the 2X peptide. We propose that this is the relative
difference between monovalent and bivalent binding of
hTBPc. The interaction between the 4X peptide and hTBPc
in solution is �20 times weaker than the comparable sur-
face interaction where diffusion is limited.

FIGURE 3 The binding of target protein TBP was measured, by SPR, as
a function of peptide surface density. A series of NTA-SAMs were gen-
erated to display peptides at low to high density. When two tandem repeats
of the minimal activation peptide (GST-2X) were displayed at low density
(1.3–3.8%), human TBPc did not bind to the surface. In contrast, more
dense GST-2X surfaces (5.7–11.4%), bound significant amounts of human
TBPc. Fusion proteins bearing four tandem repeats of the minimal activa-
tion peptide (GST-4X) bound hTBPc whether the peptides were displayed
at low or high density. The stoichiometry of the interaction was a constant,
independent of the immobilization density. Notably, at corresponding
surface concentrations, GST-2X bound half as much hTBPc as GST-4X,
suggesting that two 2X modules immobilized at close proximity to each
other (high density) simultaneously contact one hTBPc molecule.

FIGURE 4 The binding of hTBPc to surface immobilized GST-2X is a
nonlinear function of the surface density of the peptide. His-tagged pep-
tides were separately immobilized on SAMs presenting NTA over a wide
range of surface densities. SPR was used to quantitate the amount of target
protein, hTBPc, that bound to each surface. The mass ratios of captured
hTBPc to surface immobilized peptide (GST-2X or -4X) was plotted as a
function of peptide concentration. The binding of hTBPc to GST-4X
(dashed - - line) is roughly constant over the range of surface peptide
densities. However, the binding of hTBPc to GST-2X (solid—line) ap-
proximates a step function of GST-2X surface concentration.

FIGURE 5 Experiments were designed to discriminate among three pos-
sible mechanistic models to explain how reiterated peptide activation
motifs synergistically effect transcription of a nearby gene. Model 1: two
connected peptide motifs must be positioned such that they can simulta-
neously bind to quasi-identical sites on TBP. The bivalent, high-affinity
interaction would keep the general transcription factor tethered near the
start site of transcription awaiting other steps in the transcriptional activa-
tion process. Model 2: the binding of one or two peptide activation motifs
causes a conformational change in TBP. The allosteric effect enhances the
subsequent binding of additional peptide motifs and a high-affinity inter-
action results. Model 3: a high-affinity interaction occurs between the
peptide repeats and TBP, but rather than resulting from a “bivalent”
interaction or an allosteric effect, it results from the simple summation of
multiple interactions between TBP and the entire length of the activation
peptide.
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The physiological relevance of the interaction between
hTBP and the reiterated minimal motifs was investigated. It
has been argued that the widely observed in vitro interac-
tions between TBP and activation domains are artifacts
resulting from a nonspecific interaction between TBP’s
basic DNA-binding region and the acidic peptides. To rule

out this possibility, N-terminally His-tagged hTBP was im-
mobilized on NTA-SAMs, then separately incubated with
either 1) TATA sequence DNA; or 2) DNA that did not
contain a hTBP recognition sequence. GST-4X was then
injected over the derivatized surfaces. DNA that did not
contain a TATA sequence did not bind to the immobilized
hTBP significantly. DNA containing a TATA sequence
bound to immobilized hTBP with approximate 1:1 stoichi-
ometry but was in no way inhibitory to the subsequent
binding of GST-4X (Fig. 7). In fact, hTBPc complexed by
its cognate DNA bound roughly twice as much GST-4X as
the uncomplexed hTBPc. This result is consistent with the
observation that hTBPc exists as a dimer that is disrupted
upon DNA binding (Taggart and Pugh, 1996). The binding
of an activating region does not seem to disrupt hTBPc
dimerization.

A competitive inhibition experiment was performed to
determine whether the 4X peptide could block the interac-
tion between hTBP and the native activation domain of
VP16. A His-tagged Gal-4(1–147) � VP16(413–490) fu-
sion protein was immobilized on NTA-SAMs. hTBP was
incubated with buffer or 4X peptide, then injected over
VP16 derivatized surfaces. The last two lines of Table 2
show that preincubation of hTBP with the 4X peptide (32
amino acids) completely abolished the hTBP-VP16 (78
amino acids) interaction. This result is consistent with the
idea that minimal activation motifs recognize the same
binding site(s) on hTBP as the parent activator.

CONCLUSION

SAMs were used to form biospecific rigid, nanoscale probe
arrays of known surface density and then used to determine
the number of binding sites on a target molecule and an

TABLE 2 Competitive inhibition experiments show that 2X ligands behave very differently in solution than when surface is
immobilized and that reiterated minimal activation motifs effectively compete for the same binding site(s) on hTBP as the parent
protein

Protein
Immobilized

Mass Immobilized
(RU) Protein in Solution

Mass Captured
(RU) Ratio Inhibition

GST-4X 358 hTBPc alone 230 0.642 0%
GST-4X 438 hTBPc � 2X peptide 322 0.735 0%
GST-4X 571 hTBPc � 4X peptide 0 0.000 100%
GST-2X 2080 hTBPc alone 550 0.264 0%
GST-2X 2141 hTBPc � 2X peptide 556 0.259 2%
GST-2X 1930 hTBPc � 4X peptide 51 0.026 91%
GST-4X 923 hTBP alone 600 0.650 0%
GST-4X 1094 hTBP � 1X-linker-1X 122 0.111 83%
Gal-4-VP16 732 hTBP alone 483 0.659 0%
Gal-4-VP16 727 hTBP � 4X peptide 36 0.049 93%

Histidine-tagged GST-4X or GST-2X were separately immobilized on NTA-SAMs docked in a Biacore SPR instrument. hTBPc (residues 155–335) or
hTBP (full length) was pre-incubated at high concentration [35 �M] with either buffer, a synthetic 2X peptide (X � DFDLDMLG) at 1:4 stoichiometry,
a 4X peptide at 1:2 stoichiometry, or a 1X-linker-1X peptide (DFDLDMLG-((Ser)4Gly1)3-DFDLDMLG) at 1:2 stoichiometry for 1 h at 4°C. Just prior to
injection over the derivatized surfaces, the preincubation mixtures were diluted such that the final hTBP concentration was 124 nM. The synthetic 4X and
1X-linker-1X peptides blocked the interaction of hTBP with surface-immobilized ligands but 2X peptides were not inhibitory. Histidine-tagged Gal-4
(1–147) � VP16 (413–490) were similarly immobilized on NTA-SAMs. hTBP was preincubated, as described above, with either buffer or 4X peptide,
then diluted and injected over the VP16 presenting surfaces. The 32 amino acid 4X peptide effectively blocked the interaction of hTBP with the 78 amino
acid VP16 activation domain.

FIGURE 6 Titration curves, summarizing competitive inhibition exper-
iments, yield IC50s that show the 4X peptide binds hTBPc 250 times tighter
than the 2X peptide. In order to quantitate the solution kinetics of hTBPc
binding to synthetic 4X peptides (four tandem repeats of DFDLDMLG) or
2X peptides (two repeats), aliquots of hTBPc [124 nM] were incubated
with increasing concentrations of either peptide at 4°C for 1 h. The
mixtures were then separately injected over identical SAM that were
pre-bound with GST-4X. Percent inhibition is plotted against the concen-
tration of the blocking peptide in solution. Zero percent inhibition was
taken to be the amount of hTBPc that bound to GST-4X surfaces when it
was incubated with buffer alone. Background levels of binding were
determined by injection of protein mixtures over naked GST surfaces. An
IC50 of 370 nM and 90 �M describe the equilibrium kinetics of hTBPc
binding to 4X and 2X peptides, respectively.
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approximate distance between sites. This approach is not
hampered by the vagaries of secondary or tertiary structures
that would be encountered by using DNA or peptide spacers
to determine distances between active sites. We used SPR to
show that the avidity between TBP, in solution, and surface
immobilized peptides was a nonlinear function of peptide
surface density. Peptides immobilized on a 3.8% NTA-
SAM were not able to bind hTBP, while peptides presented
on a 5.7% NTA-SAM bound TBP with nanomolar affinity.
These findings are consistent with the idea that this large
increase in binding strength marks the transition between
mono and bivalent binding of the target protein. Individual
eight-amino acid minimal activation motifs separated by a
15-amino acid flexible linker bound hTBP nearly as well as
four tandem repeats of the motif, leading to the conclusion
that hTBP has at least two discrete sites capable of simul-
taneously interacting with the eight amino acid motif. Cal-
culations based on an assumed Poisson distribution of NTA
in the SAM indicate that the surfaces that did not bind hTBP
(3.7% NTA) presented peptides an average distance of 29 Å
apart, while peptides in denser arrays (5.7% NTA) that
bound hTBP with high avidity were, on average, 23 Å apart.
The crystal structure of hTBPc has been solved (Nikolov et
al., 1996). The peptide consists of two imperfect repeats that
form a two-domain saddle-shaped DNA-binding protein
with twofold intramolecular symmetry. TBP binds DNA
with the concave underside of its “saddle” shape. The gen-
eral transcription factor TFIIB binds near the TBP/DNA
complex at the downstream end, leaving the convex “seat”
of the saddle available for other intermolecular interactions.
Quasi-identical structures composed of basic helices and �
sheets flank the seat of the saddle. Mirror image helices H2
and H2� are separated by distances on the order of 20 Å. It
is conceivable that the minimal activation motifs, described
herein, simultaneously bind to twofold related pseudo-iden-
tical recognition sites that may be separated by �23 Å.

We imagine that similar schemes can be devised to de-
termine distances between active sites on other bivalent
molecules or complexes. Of particular interest are dimeric
hormone receptors whose signaling activity depends on its
association state. Detailed knowledge of distances between
active sites would allow for the rational design of agonist or
antagonist drugs.
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