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In order to de®ne the mean DNA bend angle and distribution of DNA
bend angles in the catabolite activator protein (CAP)-DNA complex in
solution under standard transcription initiation conditions, we have
performed nanosecond time-resolved ¯uorescence measurements quanti-
fying energy transfer between a probe incorporated at a speci®c site in
CAP, and a complementary probe incorporated at each of ®ve speci®c
sites in DNA. The results indicate that the mean DNA bend angle is
77(�3)� ± consistent with the mean DNA bend angle observed in crystal-
lographic structures (80(�12)�). Lifetime-distribution analysis indicates
that the distribution of DNA bend angles is relatively narrow, with
<10 % of DNA bend angles exceeding 100 �. Millisecond time-resolved
luminescence measurements using lanthanide-chelate probes provide
independent evidence that the upper limit of the distribution of DNA
bend angles is �100 �. The methods used here will permit mutational
analysis of CAP-induced DNA bending and the role of CAP-induced
DNA bending in transcriptional activation.
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Introduction

The Escherichia coli catabolite activator protein
(CAP; also known as cAMP receptor protein
(CRP)) is a sequence-speci®c DNA-binding protein
involved in transcriptional regulation.1,2 CAP func-
tions by binding, in the presence of the allosteric
effector cAMP, to speci®c DNA sites in or near
promoters and enhancing the ability of RNA poly-
merase to bind to DNA and initiate transcription.
The consensus DNA site for CAP is 22 bp in
length and exhibits 2-fold sequence symmetry:
50-AAATGTGATCTAGATCACATTT-3'.3
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Crystallographic structures of CAP, of CAP in
complex with the consensus DNA site, and of CAP
in complex with other DNA sites have been
determined (refs. 4±8; J. Liu, G. Parkinson, S.
Chen, J. Vojtechovsky, E. Blatter, H. Berman, &
R.H.E., unpublished results). CAP is a dimer of
two identical subunits, each of which is 209 resi-
dues in length and contains a helix-turn-helix
DNA-binding motif.9 The CAP-DNA complex is 2-
fold symmetric: one subunit of CAP interacts with
one half of the DNA site; the other subunit of CAP
interacts in a 2-fold symmetry-related fashion with
the other half of the DNA site. CAP bends DNA
sharply in the CAP-DNA complex, yielding a
DNA bend angle of �60 � to �90 � (80(�12)�;
mean � standard deviation for PDB accession
numbers 1RUN, 1DB7, 1EHP, 1CGP, 2CGP, and
1BER). The DNA bend is oriented such that the
DNA wraps toward and around the sides of the
CAP dimer. The DNA bending is distributed
approximately equally between the two halves of
the DNA site. Within each half-site, DNA bending
is localized to two phased kinks: a ``primary kink''
of �10 � to �50 � (41(� 24) �) compressing the DNA
major groove between positions 6 and 7, and a
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454 FRET Analysis of CAP-induced DNA Bending
``secondary kink'' of 0 � to ÿ20 � (ÿ9(�7) �), com-
pressing the DNA minor groove between positions
ÿ1 and 2. The driving force for CAP-induced DNA
bending appears to be formation of electrostatic
interactions between positively charged residues
on the sides of the CAP dimer (Lys26, Lys166,
His199, and Lys201; possibly, Lys22 and Lys44)
and negatively charged DNA phosphate groups
(positions ÿ5 to 2).

It has been proposed that the crystallographic
structures may underestimate the DNA bend angle
in the CAP-DNA complex, due to crystal lattice
constraints and due to the use of relatively short
DNA fragments in the crystallographic structures
(30-46 bp).6,10 Speci®cally, it has been proposed
that the DNA bend angle in the CAP-DNA com-
plex in solution with suf®ciently long DNA frag-
ments may be >100 �, with CAP inducing
formation of an additional phased kink in each
DNA half-site (``tertiary kink,`` compressing the
DNA major groove between positions ÿ6 and ÿ4)
via electrostatic interactions between additional
positively charged residues of CAP (His19, His21,
Lys22, and Lys44) and additional, more distal,
negatively charged DNA phosphates (positions
ÿ11 to ÿ5).6,10,11

Electrophoretic mobility shift measurements,12-17

electro-optical measurements,18-20 cyclization
measurements,21-23 and topological measurements24

con®rm that CAP bends DNA sharply in solution,
and yield estimates of the mean DNA bend angle
in the CAP-DNA complex in solution that
range from �70 � to �180 �. However, these
measurements do not provide direct information
regarding the structural organization of the
complex but ± rather, provide information regard-
ing macroscopic properties of the complex (electro-
phoretic mobility, ligation rates, DNA topology, or
rotational correlation times) that can be related to
structural organization only with dif®culty ± and
thus these measurements do not permit direct,
accurate quantitation of mean DNA bend angles.
In addition, for technical reasons (interference of
salt with electrophoresis, electro-optical methods,
and ligation), most of these measurements can
be performed only under low-salt conditions
(0-50 mM monovalent cation), and, to date, none
has been performed under standard transcription
conditions (40 mM Tris-HCl, pH 8, 100 mM KCl,
10 mM MgCl2, and 5 % glycerol).

Fluorescence resonance energy transfer (FRET)
measurements of DNA end-to-end distances in the
CAP-DNA complex further con®rm that CAP shar-
ply bends DNA in solution and yield an estimate
of the mean DNA bend angle of 80 � to 100 �.25 ± 27

FRET measurements of DNA end-to-end distances
provide direct information regarding the structural
organization of the complex and, in principle, can
be performed under standard transcription con-
ditions. However, FRET measurements with con-
ventional ¯uorescent probes are accurate only for
distances less than �100 AÊ .25 ± 29 Therefore, accurate
FRET measurements of DNA end-to-end distances
in the CAP-DNA complex can be performed only
with very short DNA fragments (426 bp)25 ± i.e.,
DNA fragments too short to contain the proposed
full determinants for CAP-induced DNA bending
(544 bp),11,13 and even too short to contain the full
determinants for af®nity in the CAP-DNA inter-
action (532 bp)13,}28 ± or with DNA fragments
containing multiple non-helical segments.26,27

The absence of an assay permitting direct, accu-
rate quantitation of CAP-induced DNA bending in
solution under transcription conditions with suf®-
ciently long, fully helical, DNA fragments has
thwarted quantitative comparison of CAP-induced
DNA bending in solution to CAP-induced DNA
bending in the crystallographic state, has thwarted
mutational analysis of CAP-induced DNA bend-
ing, and has thwarted assessment of whether and,
if so, how CAP-induced DNA bending is involved
in transcriptional activation by CAP.

In this work, we use FRET29,30 measurements of
protein-DNA distances, and luminescence reson-
ance energy transfer (LRET)29,31 measurements of
DNA end-to-end distances, to quantify the mean
DNA bend angle and distribution of DNA bend
angles in the CAP-DNA complex in solution under
standard transcription conditions. We ®nd that the
mean DNA bend angle is 77(�3)�, a mean DNA
bend angle similar to those determined in the crys-
tallographic structures, and that the range of DNA
bend angles is �40 � to �100 �. The results set the
stage for mutational analysis of CAP-induced
DNA bending and the role of CAP-induced DNA
bending in transcriptional activation.

Results and Discussion

Mean DNA bend angle in the CAP-DNA
complex: standard transcription conditions

In principle, FRET experiments of DNA end-to-
end distances can be used to estimate mean DNA
bend angles in protein-DNA complexes.25 ± 27,32 ± 38

However, in the CAP-DNA complex, in which
DNA wraps around the sides of a dimeric protein
with a diameter of �60 AÊ , the DNA end-to-end
distance for a DNA fragment containing all deter-
minants for interaction and containing no non-heli-
cal segments is too long for accurate FRET
measurements with conventional ¯uorescent
probes (>100 AÊ ; Figures 1 and 2).5 ± 8 Thus, FRET
measurements with the CAP-DNA complex using
a 32 bp DNA fragment terminally labelled with
conventional ¯uorescent probes yield energy trans-
fer ef®ciencies of <2 %,25 and FRET measurements
with the CAP-DNA complex using 40, 42, and
52 bp DNA fragments terminally labelled with
conventional ¯uorescent probes yield energy trans-
fer ef®ciencies of <1 % (ref. 25; A. Gunasekera &
R.H.E., unpublished results).

In this work, as an alternative to FRET measure-
ments of DNA end-to-end distances within the
CAP-DNA complex, we have performed FRET
measurements of protein-to-DNA distances within



Figure 1. FRET measurements:
model for the structure of the
CAPAEDANS-ICAP52F,ÿ11 complex.
CAP is in cyan, DNA is in red,
AEDANS (donor) is in green, ¯uor-
escein (acceptor; both Rp and Sp

diastereomers shown) is in yellow.
The green and the yellow cones
represent the conformational space
sampled by AEDANS and ¯uor-
escein as de®ned in time-resolved
anisotropy experiments (see
Materials and Methods). The white
bar represents 50 AÊ .
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the CAP-DNA complex (Figure 1). This strategy
reduces the distances to be measured from >100 AÊ

to 30-70 AÊ and, correspondingly, increases the
energy transfer ef®ciency to be measured from <2 %
to 10-40 %. We have prepared a CAP derivative
having the ¯uorescent probe 5-[(acetamido-ethyl)-
amino]naphthalene-1-sulfonic acid (AEDANS),
which can be used as a donor in FRET,39 ± 40 site-
speci®cally incorporated at position 17 of each
CAP protomer (Tables 1 and 2; green in Figures 1
and 2). We have prepared ®ve 52 bp DNA frag-
ments, each containing the consensus DNA site for
CAP and the ¯uorescent probe ¯uorescein (which
can be used as an acceptor to AEDANS in FRET)
incorporated at single, de®ned phosphate groups
¯anking the DNA site for CAP: i.e., at position
ÿ15, ÿ13, ÿ11, ÿ9, or ÿ7 relative to the consensus
DNA site for CAP (Tables 1 and 2; yellow in
Table 1. FRET measurements: spectroscopic properties of lab

CAP-DNA complex lmax, exc (nm)

CAPAEDANS-ICAP52 337
CAP-ICAP52F,ÿ15 499
CAP-ICAP52F,ÿ13 493
CAP-ICAP52F,ÿ11 492
CAP-ICAP52F,ÿ9 492
CAP-ICAP52F,ÿ7 492

Table 2. FRET measurements: steady-state and time-resolved

CAP-DNA complex
hAi

(steady-state)

Ao

(time-
resolved) bG

CAPAEDANS-ICAP52 0.089 � 0.03 0.19 � 0.02 0.11 � 0
CAP-ICAP52F,ÿ15 0.150 � 0.04
CAP-ICAP52F,ÿ13 0.046 � 0.02 0.36 � 0.04 0.06 � 0
CAP-ICAP52F,ÿ11 0.048 � 0.02
CAP-ICAP52F,ÿ9 0.048 � 0.02
CAP-ICAP52F,ÿ7 0.047 � 0.02

hAi is the steady-state ¯uorescence anisotropy of AEDANS or
¯uorescence anisotropy of AEDANS or ¯uorescein in the CAP-DNA
relation time for global re-orientation of the ¯uorescent probel, and
of the labelled macromolecule; yc is the half-cone angle through whic
Figures 1 and 2). For each DNA fragment, we
formed the CAP-DNA complex, separated the
CAP-DNA complex from unbound CAP, quanti-
®ed the ef®ciency of energy transfer (E) using
nanosecond time-resolved ¯uorescence data
(Figure 3 and Table 3), and, as a control to verify
rapid reorientation of donor and acceptor, and
thus to validate interpretation of E solely in terms
of donor-acceptor distances, measured steady-state
and nanosecond time-resolved anisotropies of
probes (Table 2).

To obtain an initial, rough estimate of the DNA
bend angle, we compared the measured values of
E to expected values of E for DNA bend angles of
10 � to 160 � ± calculating expected values of E
from the structural models in Figure 2, considering
only the donor incorporated in the CAP subunit
proximal to the site of incorporation of acceptor in
elled complexes

lmax, em (nm) e (Mÿ 1cmÿ 1)

502 5,850 � 100
522 74,000 � 2000
520 81,000 � 3000
521 82,000 � 2000
521 88,000 � 2000
522 79,000 � 2000

¯uorescence anisotropies of labelled complexes

fG (ns) bL fL (ns) yc (deg.)

.02 25 � 5 0.08 � 0.02 1.0 � 0.5 34

.02 12 � 4 0.30 � 0.05 0.8 � 0.4 56

¯uorescein in the CAP-DNA complex; Ao is the fundamental
complex; bG and fG are, respectively, the amplitude and cor-

bL and fL are the analogous parameters for local re-orientation
h each probe dipole wobbles.



Figure 2. FRET measurements: experimental design. (a) DNA fragments analyzed. Each DNA fragment is 52 bp in
length and contains the 22-bp 2-fold symmetric consensus DNA site for CAP (rectangle). Each DNA site also contains
¯uorescein (circle) incorporated at a single, de®ned phosphate group (asterisk; phosphate groups 50 to positions ÿ15,
ÿ13, ÿ11, ÿ9, and ÿ7). DNA fragments are named with superscript F indicating the presence of ¯uorescein, and a
superscript number indicating the position at which ¯uorescein is incorporated. (b) Modelled structures of
CAPAEDANS-ICAP52F complexes with DNA bend angles of 0 �, 40 �, 50 �, 60 �, 70 �, 80 �, 90 �, 100 �, 110 �, and 120 �.
Sites of incorporation of AEDANS and ¯uorescein are indicated by green spheres and yellow spheres, respectively.
Distances between sites of incorporation of AEDANS and ¯uorescein vary as a function of DNA bend angle.
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Figure 3. FRET measurements: representative data. AEDANS ¯uorescence-intensity decays are shown for the
CAPAEDANS-ICAP52F,ÿ11 complex (open circles) and the CAPAEDANS-ICAP52 complex (donor-only control; ®lled cir-
cles). The instrument response function (I(t)), and double-exponential decay ®ts are shown as continuous lines. Satis-
factory w2 values (0.91 and 0.98 for CAPAEDANS-ICAP52F,ÿ11 and CAPAEDANS-ICAP52, respectively) and random
patterns of weighted residuals (inset panels) support the quality of the ®tting. The faster ¯uorescence-intensity decay
of the CAPAEDANS-ICAP52F,-11 complex versus the CAPAEDANS-ICAP52 complex is indicative of energy transfer. From
the recovered mean lifetimes (Table 2), the mean energy transfer for the CAPAEDANS-ICAP52F,ÿ11 complex is calcu-
lated to be 19 %.
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DNA (which, due to the inverse-sixth-power
relationship between distance and E,29,30 is respon-
sible for the majority of E), and modelling probes
as discrete points at sites of incorporation (see
Materials and Methods). The best ®ts were
obtained with structural models with DNA bend
angles of 70 �-90 � (not shown).

To obtain a more accurate estimate of DNA
bend angle, we compared the measured values of
E to expected values of E for DNA bend angles of
60 �, 70 �, 80 �, 90 �, and 100 �, in this case, consider-
ing the donors in both CAP subunits, and explicitly
accounting for the conformations and dynamics of
probes (see Materials and Methods). Within exper-
imental error, all measured values of E were in the
Table 3. FRET measurements: AEDANS ¯uorescence lifetime

CAP-DNA complex w2 a1 t1 (ns)

CAPAEDANS-ICAP52 0.99 0.31 � 0.03 4.5 � 0.3 0
CAPAEDANS-ICAP52F,ÿ15 1.10 0.40 � 0.02 4.0 � 0.4 0
CAPAEDANS-ICAP52F,ÿ13 0.99 0.33 � 0.02 3.5 � 0.1 0
CAPAEDANS-ICAP52F,ÿ11 0.95 0.41 � 0.04 3.9 � 0.1 0
CAPAEDANS-ICAP52F,ÿ9 1.10 0.48 � 0.01 2.6 � 0.1 0
CAPAEDANS-CAP52F,ÿ7 1.25 0.52 � 0.02 3.0 � 0.1 0

w2 is the statistic describing ®t of the double-exponential-decay m
are the amplitudes, and t1 and t2 are the lifetimes, of the decay com
lifetime calculated as in equation (2); E is the ef®ciency of resonance
tor; Ro is the donor-acceptor distance at which the ef®ciency of ene
¯uorescence-intensity-decay measurements per CAP-DNA complex.
range of expected values of E for DNA bend angles
of 70 � to 80 � (Figure 4, cf. ®lled circles and heavy
line versus light lines). We then calculated and
plotted root-mean-square differences between
measured values of E and expected values of E
(rmsdE; Figure 4, inset). The minimum of a spline
®t of the plot of rmsdE versus DNA bend angle was
77 � (Figure 4, inset). The rmsdE for 77 � was 1.3 %;
for comparison, the rmsdE for 70 � was 3.0 %, and
the rmsdE for 80 � was 1.8 %. We conclude that the
mean DNA bend angle in the CAP-DNA complex
in solution in standard transcription buffer is 77 �

with an uncertainty of � � 3 �.
The mean DNA bend angle estimated in this

work (77(�3)�) is in excellent agreement with DNA
s, E, and Ro

a2 t2 (ns) hti (ns) E (%) Ro (AÊ )

.69 � 0.03 13.9 � 0.1 10.9 � 0.2

.60 � 0.02 12.8 � 0.2 9.3 � 0.5 14 � 2 47.9

.68 � 0.02 12.5 � 0.2 9.6 � 0.1 13 � 1 48.5

.60 � 0.04 12.4 � 0.2 8.9 � 0.2 19 � 1 48.5

.52 � 0.01 12.1 � 0.3 7.5 � 0.1 32 � 2 48.8

.49 � 0.02 11.9 � 0.5 7.3 � 0.2 34 � 2 48.3

odel to the experimental ¯uorescence-intensity decay; a1 and a2

ponents, as described by F(t) � �ai exp (ÿt/ti); hti is the mean
energy transfer from a ¯uorescent donor to a ¯uorescent accep-
rgy transfer equals 50 %. Data represent means of at least four



Figure 4. FRET measurements: mean DNA bend
angle in the CAP-DNA complex in solution. Main
panel, observed values of energy transfer (®lled circles
and heavy lines) and expected values of energy transfer
for modelled DNA bend angles of 60 �, 70 �, 80 �, 90 �,
and 100 � (light lines) are shown for the CAPAEDANS-
ICAP52F,ÿ15, CAPAEDANS-ICAP52F,ÿ13, CAPAEDANS-
ICAP52F,ÿ11, CAPAEDANS-ICAP52F,ÿ9, and CAPAEDANS-
ICAP52F,ÿ7 complexes. Inset, root-mean-square differ-
ences between observed values of energy transfer and
expected values of energy transfer (rmsdE) plotted as a
function of DNA bend angle. The minimum of the plot
de®nes the mean DNA bend angle (77 �).
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bend angles observed in crystallographic structures
of the CAP-DNA complex (80(�12)�; mean � stan-
dard deviation for PDB accession numbers 1RUN,
1DB7, 1EHP, 1CGP, 2CGP, and 1BER5 ± 8) and is at
the low end of the range of the DNA bend angles
estimated from solution measurements (70 �-
180 �).11 ± 25 The excellent agreement with the crys-
tallographic structures rules out proposals6,10 that
crystallographic structures underestimate DNA
bending due to crystal lattice constraints or due to
the use of relatively short DNA fragments.
Table 4. FRET measurements: buffer-composition effects

Buffer
Monovalent cation concentration

(mM)

TBCb 120
DCFc 7
DCF � 25 mM NaCl 32
DCF � 50 mM NaCl 57
DCF � 100 mM NaCl 110
DCF � 150 mM NaCl 160
DCF � 200 mM NaCl 210
0.5 � TBEd 40

a All data are corrected for buffer-composition effects on spectros
and (12)).

b TBC (transcription buffer containing cAMP): 40 mM Tris-HCl
glycerol, 0.2 mM cAMP.

c DCF (divalent cation-free buffer): 10 mM Tris-HCl (pH 8), 1 mM
d 0.5 � TBE (0.5� Tris-borate-EDTA buffer): 45 mM Tris-borate (p
Mean DNA bend angle in the CAP-DNA
complex: buffer-composition effects

We have performed analogous FRET measure-
ments in a divalent-cation-free buffer at each of six
NaCl concentrations: 0, 25, 50, 100, 150, and
200 mM (Table 4). The results indicate that the
mean DNA bend angle decreases with increasing
NaCl concentration, decreasing from �80 � at
0 mM NaCl to �60 � at 200 mM NaCl. The obser-
vation that the mean DNA bend angle decreases
with increasing NaCl concentration supports the
proposal that electrostatic interactions between
positively charged residues on the sides of the
CAP dimer and negatively charged DNA phos-
phate groups, and concomitant counterion release,
provide a driving force for CAP-induced DNA
bending.6,10,11,13,41 The mean DNA bend angle in
transcription buffer (77 �; Figure 4; Table 4) is
somewhat higher than the mean DNA bend angle
in divalent-cation-free buffer at comparable mono-
valent-cation concentrations (�70 �; Table 4). This
observation suggests that divalent cations, speci®-
cally Mg2�, may have a speci®c role in facilitating
CAP-induced DNA bending.

We have performed measurements in the buffer
used to assay CAP-induced DNA bending in elec-
trophoretic mobility shift experiments: i.e., 0.5�
TBE.11,14,42 The mean DNA bend angle in 0.5� TBE
as measured by FRET was 79 � (Table 4). This
value is similar to the mean DNA bend angle in
transcription buffer as measured by FRET (77 �;
Figure 4; Table 4), but is very different from DNA
bend angle as measured in electrophoretic mobility
shift experiments (�100 �- � 140 �).14-17 We attribute
this difference to limitations of electrophoretic
mobility shift DNA-bending experiments, and of
the theoretical framework for relating electrophor-
etic mobilities to DNA bend angles.

Distribution of DNA bend angles: FRET

To assess the distribution of DNA bend angles
in the population of CAP-DNA complexes in
Divalent cation concentration
(mM)

DNA bend anglea

(deg)

10 77
0 83
0 80
0 73
0 70
0 66
0 62
0 79

copic properties of probes (QD, FD(l), and eA(l); equations (11)

(pH 8), 100 mM KCl, 10 mM MgCl2, 1 mM dithiothreitol, 5 %

dithiothreitol, 5 % glycerol, 0.2 mM cAMP.
H 8), 0.1 mM EDTA, 0.2 mM cAMP.



Figure 5. FRET measurements: distribution of DNA
bend angles in the CAP-DNA complex in solution.
(a) Distribution of AEDANS ¯uorescence lifetimes
in the CAPAEDANS-ICAP52F,ÿ13 complex (heavy line).
Arrows, mean AEDANS ¯uorescence lifetimes (t1,AEDANS

and t2,AEDANS) for the donor-only control CAPAEDANS-
ICAP52 complex. (b) Histogram of the distribution of
energy transfer values, E, in the CAPAEDANS-ICAP52F,ÿ13

complex. Heavy line, Gaussian distribution ®t.
(c), Histogram of the maximum distribution of DNA
bend angle in the CAPAEDANS-ICAP52F,-13 complex.
Heavy line, Gaussian distribution ®t.
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solution in transcription buffer, we per-
formed ¯uorescence-lifetime-distribution analysis.43

Heterogeneity of ¯uorescence lifetimes in popu-
lations of CAPAEDANS-ICAP52F complexes arises
from two sources: (i) differences in DNA bend
angles (``DNA-bend-angle heterogeneity''), and
(ii) differences associated with probes (``probe
heterogeneity''; i.e., the presence of multiple
probe conformations, the presence of Rp and Sp

acceptor diastereomers, and the presence of two
copies of donor per complex (Figures 1 and 2)). We
are able to correct in part, but not in full, for probe
heterogeneity. Therefore, ¯uorescence-lifetime-
distribution analysis provides an upper limit,
not an absolute estimate, of DNA-bend-angle
heterogeneity.

The distribution of AEDANS ¯uorescence life-
times in the CAPAEDANS-ICAP52F,ÿ13 complex (a
complex with relatively long distances between
probes (Figure 2) and thus relatively less subject to
complications arising from probe heterogeneity)
was calculated from nanosecond time-resolved
¯uorescence decays using the exponential
series method.44ÿ45 The distribution of AEDANS
lifetimes was bimodal, with one peak centered at
12.5 ns (t2; full width at half maximum (FWHM) of
2.5 ns), and a second peak centered at 3.5 ns (t1;
FWHM of 1.7 ns) (Figure 5(a); see also discrete
exponential analysis in Table 3). A histogram
representing the corresponding distribution of
energy transfer was calculated (Figure 5(b)),
using E � 1 ÿ (t2,AEDANS�F/t2,AEDANS), where
t2,AEDANS�F represents points along the t2 lifetime
distribution, and t2,AEDANS � 13.9 ns (Figure 5(a);
Table 3, data for CAPAEDANS-ICAP52). Finally, a
histogram representing the corresponding distri-
bution of DNA bend angles was calculated
(Figure 5(c)), relating each value of E to expected
values of E for DNA bend angles of 60 �-120 �
(Figure 4).

The resulting distribution of DNA bend angles
exhibited a FWHM of �65 �, with <15 % of DNA
bend angles in the distribution exhibiting DNA
bend angles >100 � (Figure 5(c)). Correction, in
part, for probe heterogeneity arising from the pre-
sence of multiple probe conformations and the pre-
sence of Rp and Sp acceptor diastereomers reduced
FWHM to 55-60 �, with <10 % of complexes exhibit-
ing DNA bend angles >100 � (not shown). We con-
clude that the distribution of DNA bend angles in
the CAP-DNA complex in solution is relatively
narrow, with DNA bend angles substantially high-
er than those in the crystallographic structures
being present in only a small minority of com-
plexes.

Distribution of DNA bend angles: LRET

Whereas FRET measurements of DNA end-to-
end distances in the CAP-DNA complex are poss-
ible only for short DNA fragments or for DNA
fragments with non-helical segments,25 ± 27 LRET
measurements are possible for relatively long, fully
helical, DNA fragments (due to the availability of
LRET pairs with Ro >65 AÊ , and to the high signal-
to-background ratios of LRET detection.29,31,46,47

LRET involves energy transfer on time-scales that
are long relative to those for protein and nucleic
acid dynamics (millisecond time-scale for LRET
with Tb(III)-chelate probes31,46,47 versus pico- to
microsecond time-scale for most protein48 and



Figure 6. LRET measurements. (a) Synthesis of N-(iodoacetyl)-p-phenylenediamine-diethylenetriaminepentaacetic
acid-carbostyril-124:Tb(III). (b) Incorporation of N-(acetyl)-p-phenylenediamine-diethylenetriaminepentaacetic acid-car-
bostyril-124:Tb(III) at the 50 end of a 50-phosphorothioate oligodeoxyribonucleotide. (c) DNA fragments analyzed.
Each DNA fragment is 42 bp in length and contains the 22-bp, 2-fold symmetric DNA site for CAP (rectangle). DNA
fragment ICAP42Tb,ÿ10/Cy3,�32 contains a Tb(III) chelate at one end and Cy3 at the other end. DNA fragment
ICAP42Tb,ÿ10 contains only the Tb(III) chelate and serves as a donor-only control. DNA fragment ICAP42Cy3,�32 con-
tains only Cy3 and serves as an acceptor-only control. (d), Emission spectrum for the CAP-ICAP42Tb,ÿ10 complex
(heavy line) and absorbance spectrum for the CAP-ICAP42Cy3,�32 complex (light line). Ro was calculated as 69 AÊ ,
using k2 � 2/3, n � 1.4, emax,Cy3 � 150,000 cmÿ1 Mÿ1, and QTb � 0.80 in 2H2O.76 (e) Representative luminescence-inten-
sity decays for the CAP-ICAP42Tb,ÿ10/Cy3,�32 complex (open circles) and the donor-only-control CAP-ICAP42Tb,ÿ10

complex (®lled circles). The lines are bi-exponential ®ts; top and bottom insets show residuals. The faster lumines-
cence-intensity decay for the CAP-ICAP42Tb,ÿ10/Cy3,�32 complex versus the donor-only-control CAP-ICAP42Tb,ÿ10

complex indicates the presence of LRET (E � 15 %).

460 FRET Analysis of CAP-induced DNA Bending
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nucleic-acid49 dynamics). Therefore, LRET
measurements de®ne dynamically accessible clo-
sest-approach distances between probes, rather
than mean distances between probes.50,51 We
reasoned that LRET measurements of DNA end-to-
end distances in the CAP-DNA complex would
de®ne the dynamically accessible closest-approach
DNA end-to-end distance, and thus would de®ne
the dynamically accessible upper limit of the distri-
bution of DNA bend angles.

We prepared a 42 bp DNA fragment containing
the DNA site for CAP and having a
Tb(III)-chelate probe (N-acetyl-p-phenylenedia-
mine-diethylenetriaminepentaacetic acid-carbostyr-
il-124:Tb(III); Figure 6(a) and (b)) incorporated at
one end and Cy3 incorporated at the other end
(DNA fragment ICAPTb,ÿ10;Cy3,�32; Figure 6(c)). We
then formed the CAP-ICAPTb,ÿ10;Cy3,�32 complex
and measured Tb(III)! Cy3 LRET. Following cor-
rection for contributions due to diffusion-enhanced
intermolecular Tb(III)! Cy3 LRET (see Materials
and Methods),45,50 we calculated the ef®ciency of
Tb(III)! Cy3 LRET to be 10(�3)% (Table 5). This
corresponds to a closest-approach Tb(III)-Cy3 dis-
tance of 100(�10) AÊ , which, in turn, corresponds to
a closest-approach DNA end-to-end distance of
110(�15) AÊ (Table 5). Comparing the observed clo-
sest-approach DNA end-to-end distance to the
expected DNA end-to-end distances for DNA bend
angles of 60 �, 70 �, 80 �, 90 �, 100 �, 110 � and 120 �
(Figure 2), we estimate the maximum DNA bend
angle ± the dynamically accessible upper bound of
the distribution of DNA bend angles ± to be
100 �(�20)�. This estimate is in excellent agreement
with the upper bound of the distribution of DNA
bend angles determined by FRET (�100 �; see the
preceding section). We conclude that, in the CAP-
DNA complex in solution, DNA bend angles sub-
stantially higher than those in the crystallographic
structures5 ± 8 are rare or absent.

Prospect

It has been established that transcriptional acti-
vation by CAP at simple CAP-dependent promo-
ters involves protein-protein interaction between
CAP and RNA polymerase.2 However, it has not
been established whether transcriptional activation
also involves CAP-induced DNA bending. In prin-
ciple, CAP-induced DNA bending might be
Table 5. LRET measurements: Tb(III) luminescence lifetimes,

CAP-DNA complex a1

t1

(ms) a2

t2

(ms)

CAP-ICAP425b,ÿ10 0.41 160 � 30 0.59 2380 �
CAP-ICAP42Tb,ÿ10/Cy3,�32 0.43 180 � 30 0.57 2020 �

a1 and a2 are the amplitudes, and t1 and t2 are the lifetimes, of t
the sum of intermolecular and intramolecular energy transfer ef®cien
closest-approach RTb(III)-Cy3 distance; RDNA end-to-end is the closest-a
required to create the appropriate geometry for
protein-protein interaction between CAP and RNA
polymerase, and/or to create the appropriate DNA
conformation for protein-DNA interaction by RNA
polymerase. To de®ne possible roles of CAP-
induced DNA bending in transcriptional acti-
vation, it will be necessary to identify mutants of
CAP, or mutants of DNA, speci®cally defective in
CAP-induced DNA bending under standard tran-
scription conditions and to assess their effects on
transcriptional activation. The method used here
permits, for the ®rst time, identi®cation and
characterization of such mutants (A.N.K. and
R.H.E., unpublished results).

Materials and Methods

p-Nitroanilino-diethylenetriaminepentaacetic acid-
carbostyril-124

In this and all subsequent synthetic steps, glassware
was acid-washed, and aqueous solutions were treated
with Chelex-100 (Bio-Rad) to remove any contaminating
metals. Diethylenetriaminepentaacetic acid dianhydride
(Aldrich, 660 mg, 1.86 mmol) and triethylamine (Aldrich,
1.00 ml, 7.20 mmol) were dissolved in 15 ml of anhy-
drous dimethylformamide. To the resulting solution,
were added over a period of 1.5 hours aliquots of, p-
nitroaniline (Aldrich, 300 mg, 2.17 mmol, in 5 ml of
dimethylformamide) and carbostyril-124 (Aldrich,
320 mg, 1.86 mmol, in 5 ml of dimethylformamide). Sub-
sequently, 2 ml of deionized water was added, and the
reaction mixture was stirred for two hours. The reaction
mixture was evaporated to a brown oily solid. The pro-
duct was puri®ed by ¯ash chromatography (silica gel,
230-400 mesh; NH4OH/ethanol, 1:4, v/v). Yield 112 mg,
8.5 %; MS, m/e 670 (M � H) �.

p-Phenylenediamine-
diethylenetriaminepentaacetic acid-carbostyril-124

p-Nitroanilino-diethylenetriaminepentaacetic acid-car-
bostyril-124 (100 mg, 0.140 mmol) and triethylamine
(0.112 ml, 0.806 mmol) were dissolved, with warming, in
5 ml of anhydrous ethanol. To the resulting solution was
added 40.0 mg of 10 % Pd-charcoal (Aldrich), and the
solution was hydrogenated for 12 hours under 1 atm
(101,325 Pa) of H2. The reaction mixture was ®ltered
through Celite (Aldrich) and was evaporated to dryness.
The product was puri®ed by ¯ash chromatography (sili-
ca gel, 230-400 mesh; NH4OH/ethanol, 1:4, v/v). Yield:
25.8 mg, 30 %.
E, Ro, and R

E
(%)

Eintramol

(%)
Ro

(AÊ )
RTb-Cy3

(AÊ )
RDNA end-to-end

(AÊ )

30
30 15 � 2 10 � 3 69 100 � 10 110 � 15

he decay components, as described by F(t) � �aiexp(ÿt/ti); E is
cies; Eintramol is the intramolecular energy transfer; RTb-Cy3 is the

pproach DNA end-to-end distance.
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N-(Iodoacetyl)-p-phenylenediamine-
diethylenetriaminepentaacetic acid-carbostyril-124

p-Phenylenediamine-diethylenetriaminepentaacetic
acid-carbostyril-124 (12.0 mg, 0.0176 mmol) and triethy-
lamine (0.00234 ml, 0.0170 mmol) were dissolved in
0.5 ml of anhydrous methanol. To the resulting solution
was added iodoacetic anhydride (Aldrich, 12.0 mg,
0.034 mmol). The reaction proceeded for 0.5 hour. The
resulting suspension was evaporated and triturated, and
the solid was collected. Yield 11.5 mg, 77 %; MS: m/e 795
(M-H). ÿ

N-(Iodoacetyl)-p-phenylenediamine-
diethylenetriaminepentaacetic acid-carbostyril-
124:Tb(III)

Reaction mixtures (0.1 ml) contained 6 mM N-(iodoa-
cetyl)-p-phenylenediamine-diethylenetriaminepentaacetic
acid-carbostyril-124, 6 mM Tb(III)Cl3 (Aldrich), 20 mM
sodium citrate (pH 6), and 50 mM NaCl. Reactions were
carried out in the dark and proceeded for 40 minutes at
25 �C.

DNA fragments

Oligodeoxyribonucleotides and phosphorothioate-con-
taining oligodeoxyribonucleotides were prepared as
described.52 Cy3-labelled oligodeoxyribonucleotides
were prepared using Cy3-phosphoramidite (Glen
Research), and using dimethylformamido-dG-cyanoethyl
phosphoramidite (Glen Research) instead of isobutyrylo-
dG-cyanoethyl phosphoramidite (Glen Research). Fluor-
escein-labelled oligodeoxyribonucleotides were prepared
by reaction of 30 mM 5-iodoacetamido-¯uorescein (Mol-
ecular Probes) and 1 mM phosphorothioate-containing
oligodeoxyribonucleotide in 100 ml of 40 mM potassium
phosphate (pH 6) and 25 % (v/v) dimethylformamide
for 18 hours at 37 �C in the dark (pH 7 and six hours at
37 �C for ICAP52F,ÿ15), and were puri®ed by reversed-
phase HPLC on a 250 mm � 4 mm LichroCART column
(EM Science), using a gradient of 5 %-30 % (v/v) aceto-
nitrile in 50 mM triethylammonium acetate (pH 7).
Tb(III) chelate-labelled oligodeoxyribonucleotides were
prepared by reaction of 0.6 mM N-(iodoacetyl)-p-pheny-
lenediamine-diethylenetriaminepentaacetic acid-carbos-
tyril-124:Tb(III) and 1 mM phosphorothioate-containing
oligodeoxyribonucleotide in 0.5 ml of 20 mM Tris-HCl
(pH 8) for four hours at 25 �C in the dark, and were puri-
®ed by reversed-phase HPLC as described for ¯uor-
escein-labelled oligodeoxyribonucleotides. Rp and Sp

diastereomers of labelled oligodeoxyribonucleotides53

were not separated.
DNA fragments for FRET (ICAP52, ICAP52F,ÿ15,

ICAP52F,ÿ13 ICAP52F,ÿ11, ICAP52F,ÿ9, and ICAP52F,ÿ7;
Figure 2) were prepared by annealing oligodeoxyribonu-
cleotides in 10 mM sodium phosphate (pH 7), 500 mM
NaCl, and 1 mM EDTA (90 �C for two minutes; cooling
from 70 �C to 25 �C over 12 hours). DNA fragments for
LRET (Figure 6(c)) were prepared by annealing oligo-
deoxyribonucleotides in 10 mM Mops-NaOH (pH 7.3)
and 200 mM NaCl in 2H2O (90 �C for one minute;
cooling from 70 �C to 4 �C over one hour).

CAP derivatives

Plasmids pAKCRP, pAKCRP[Ser178], and pAKCRP-
[Cys17;Ser178] encode CAP, [Ser178]CAP, and
[Cys17;Ser178]CAP, respectively, under the control of
bacteriophage T7 gene 10 promoter. Plasmid pAKCRP
was constructed by replacement of the NdeI-HindIII seg-
ment of pET21a(�) (Novagen) by the NdeI-HindIII crp
segment of plasmid pWNCRP5-N (derivative of plasmid
pYZCRP54 with cleavage sites for NdeI, SpeI, and XhoI
introduced at nucleotides 368, 751, and 940 of crp (num-
bering of nucleotides as in GenBank accession number
J01598; A.N.K. & R.H.E., unpublished results).
pAKCRP[Ser178] and pAKCRP[Cys17;Ser178] were con-
structed from pAKCRP by use of site-directed
mutagenesis.55

For preparation of CAP derivatives, cultures of Escher-
ichia coli strain BL21(DE3) (Novagen) transformed with
appropriate pAKCRP derivatives were shaken at 37 �C
in 1 L LB}56 containing 200 mg/ml ampicillin until
A600 � 0.5, isopropyl-b-D-thiogalactoside (IPTG) was
added to 1 mM, and cultures were shaken for an
additional three hours at 37 �C. Cultures were harvested,
and cells were lysed. CAP derivatives were puri®ed by
cAMP af®nity chromatography, followed by cation-
exchange chromatography on Bio-Rex70 (Bio-Rad), fol-
lowed by gel-®ltration chromatography on Biogel-P6DG
(Bio-Rad) (methods essentially as described57). Concen-
trations were determined spectrophotometrically (eCAP

protomer, 278 � 20,000 Mÿ1cmÿ1). Yields were �20 mg, and
purities were >99 %.

Reaction mixtures (500 ml) for site-speci®c incorpor-
ation of AEDANS at residue 17 of CAP contained
1.5 mM 1,5-IAEDANS (Molecular Probes), 15 mM
[Cys17;Ser178]CAP, 0.2 mM cAMP, 20 mM Tris-HCl
(pH 8), 200 mM KCl, 0.1 mM EDTA, 0.45 mM dithio-
threitol, 5 % (v/v) glycerol. Reactions proceeded for ®ve
hours at 25 �C in the dark, and were quenched by
addition of dithiothreitol to 15 mM and incubation 30
minutes at 25 �C. Products were puri®ed by two rounds
of gel-®ltration chromatography on NAP-5 (Pharmacia)
in transcription buffer containing cAMP (TBC) (40 mM
Tris-HCl (pH 8), 100 mM KCl, 10 mM MgCl2, 1 mM
dithiothreitol, 5 % glycerol, 0.2 mM cAMP), and were
stored in aliquots at ÿ80 �C. Quanti®cation of UV absor-
bance (eAEDANS, 337 � 5850 Mÿ1cmÿ1), and quantitation of
residual solvent-accessible Cys residues,57 establish that
�0.95 mol of AEDANS is incorporated per mol of
[Cys17;Ser178]CAP protomer (with the two methods
agreeing within 10 %). Control experiments establish
that, under identical conditions, <0.05 mol of AEDANS
is incorporated per mol of [Ser178]CAP protomer, con-
®rming the site-speci®city of incorporation. Fluor-
escence-anisotropy DNA-binding experiments52 con®rm
that CAPAEDANS is fully functional in CAP-DNA complex
formation.

CAP-DNA complex formation

Reaction mixtures for CAP-DNA complex formation
contained 4 mM CAP derivative and 2 mM ICAP52
derivative in 150 ml of TBC. Following reaction for 20
minutes at 25 �C, complexes were puri®ed from
unbound CAP derivative by ®ltration through a 0.6 ml
column of BioRex-70 (Bio-Rad), and were analyzed
immediately. Electrophoretic mobility shift experiments17

indicate that, in the resulting preparations, 96(�1)% of
CAP derivative is present as CAP-DNA complexes, and
4(�1)% is present as unbound CAP derivative. The long
half-lives of CAP-DNA complexes (>2 hours; data not
shown), and the use of concentrations of CAP and DNA
much higher than the Kd for CAP-DNA complex
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formation (10ÿ10 M),3 ensure that no signi®cant dis-
sociation of CAP-DNA complexes occurs during data
acquisition.

Time-resolved fluorescence-intensity measurements

Time-resolved ¯uorescence-intensity measurements
were performed using a commercial ¯uorescence-lifetime
instrument (C720, Photon Technology International
(PTI)). The excitation source for measurements of
AEDANS emission was a pulsed nitrogen laser (GL-3300
(PTI); lexc� 337 nm; pulse width, �500 ps; instrument
response function, �1.6-1.8 ns FWHM; repetition rate,
10 Hz). The excitation source for measurements of ¯uor-
escein emission was a pulsed-nitrogen-laser-pumped dye
laser (GL-302 (PTI); lexc� 480 nm; laser dye, coumarin
481 (Exciton)). The laser output was coupled through
®ber optics to the sample compartment, and focused in a
100 ml microcuvet (Starna) containing 0.5-1 mM
CAPAEDANS-DNA complex in TBC. AEDANS emission at
470 nm and ¯uorescein emission at 525 nm were moni-
tored using a stroboscopic detector (PTI), after passing
through a long-pass ®lter (KV418, Schott) and a mono-
chromator. Detector signals were ampli®ed and inter-
faced with a personal computer.

The stroboscopic-optical-boxcar technique58 with a
random-acquisition mode was used for data acquisition.
A digital delay generator (DG535; Stanford Research Sys-
tems) triggered by the nitrogen laser set delay times for
¯uorescence detection. Data were collected for �10-15
minutes yielding a signal to noise ratio >150:1. (A ratio
of 100:1 is equivalent to 10,000 counts at the top-counts
channel for time-correlated single photon counting.58)
Fluorescence-intensity decays were analyzed as exponen-
tial decays described as:

F�t� �
Xn

i�1

ai exp�ÿt=ti� �1�

where ai and ti are the amplitude and lifetime, respect-
ively, of each exponential decay. Mean ¯uorescence life-
times, hti, were calculated as:

hti �
Xn

i�1

aiti

 !� Xn

i�1

ai

 !
�2�

Observed ¯uorescence decays, S(t), were related to
deconvoluted ¯uorescence-intensity decays, F(t), as:

S�t� �
Zt

0

I�t0�F�tÿ t0� dt0 �3�

where I(t0) is the instrument response function, measured
using Ludox silica (Sigma) as scatterer. Data analysis
was performed using a non-linear least-squares algor-
ithm and iterative reconvolution.59 The criteria for good-
ness of ®t were magnitudes of w2 and reduced w2(wR

2 ),
randomness of plots of weighted and modi®ed residuals
(actual data minus calculated data), and randomness of
the autocorrelation function. Color-artifact-shift and ana-
log-background corrections were incorporated in the
analysis.58 AEDANS ¯uorescence decays in CAPAEDANS-
ICAP52 complexes could not be ®t to a single exponen-
tial (w2 > 5), but could be described well by a sum of two
exponentials (w2 � 1.1; see Figure 3), characterized by a
component of �14 ns (�85 % of total intensity) and a
component of 4.5 ns (�15 % of total intensity) (hti�10.9
ns, where hti is the mean ¯uorescence lifetime). (For
reference, ¯uorescence-intensity decays of 1,5-IAEDANS
and other AEDANS-protein conjugates also are bi-expo-
nential or tri-exponential (presumably due to existence
of multiple, slowly interconverting conformers (ref. 39,
ref. 40, and data not shown)). Fluorescein ¯uorescence-
intensity decays in CAP-ICAP52F,ÿ13 (where ¯uorescein
is incorporated at an internal DNA position) also were
described well by a sum of two exponentials, with life-
times of �4.0 ns (90 % of total intensity) and �0.80 ns
(10 % of total intensity) (hti � 3.1 ns; not shown). Fluor-
escein ¯uorescence-intensity decays in the CAP-
ICAP52F,ÿ15 complex (where ¯uorescein is incorporated
at the end of the DNA fragment) exhibited substantial
quenching (hti�1 ns; not shown).

AEDANS ¯uorescence-intensity decays also were
used to recover lifetime distributions,43 using the expo-
nential-series method,44,45 which involves ®tting ¯uor-
escence decays to a series of exponential functions with
®xed log-space lifetimes using goodness-of-®t criteria
similar to single or multiple-lifetime ®tting. Deconvolu-
tion of lifetime-distribution components was performed
using the additive character of the variance of the com-
ponents that contribute to the width of lifetime distri-
butions.

Time-resolved luminescence intensity measurements

Time-resolved luminescence-intensity measurements
were performed using a commercial phosphorescence/
luminescence instrument (QM-2, PTI). The excitation
source was a pulsed xenon ¯ashlamp (R-914T (PTI);
instrument response function, 80 ms FWHM; repetition
rate, 50 Hz), and the detector was a gated photomulti-
plier tube (PTI). Samples (50 ml) of 0.2 mM CAP-DNA
complexes (formed as described above, but omitting the
BioRex-70-®ltration step), 25 mM Mops-NaOH (pH 7.3)
and 200 mM NaCl in 2H2O were excited at 328 nm, and
emission was detected at 545 nm. Data were collected
for 10-15 minutes (300 channels per decay), and back-
ground associated with the gated detector was sub-
tracted. No polarizers were used, since Tb(III)-chelate
luminescence is isotropic, and the Cy3 dipole is comple-
tely depolarized on the millisecond time-scale.
Tb(III)-chelate luminescence-intensity decays were ana-
lyzed as described in the previous section. Tb(III)-chelate
luminescence-intensity decays in CAP-DNA complexes
could not be ®t to a single exponential, but could be
described well by a sum of two exponentials, character-
ized by a component of 2380 ms (96 % of total intensity)
and a component of 160 ms (4 % of total intensity)
(Figure 6(e)). The 2380 ms lifetime component, typical for
Tb(III) chelates in 2H2O, participates in energy transfer
and was used for LRET measurements (cf. refs. 31, 46).

Steady-state fluorescence anisotropy measurements

Steady-state ¯uorescence anisotropy measurements
were performed using a commercial ¯uorescence instru-
ment (QM-1, PTI) equipped with T-format Glan-Thomp-
son polarizers (PTI). Steady-state ¯uorescence anisotropy
(A) was measured using:

A � �IVV ÿ GIVH�=�IVV � 2GIVH� �4�
where IVV and IVH are ¯uorescence intensities with the
excitation polarizer at the vertical position and the emis-
sion polarizer at, respectively, the vertical position and
the horizontal position, and G is the grating correction
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factor.60 For AEDANS, anisotropy was measured using
0.5 mM CAPAEDANS-ICAP52 in TBC (excitation wave-
length, 340 nm; emission wavelength, 470 nm). For ¯uor-
escein, anisotropy was measured using 0.1 mM CAP-
ICAP52F in TBC (excitation wavelength, 480 nm; emis-
sion wavelength, 520 nm). Measured steady-state ¯uor-
escence anisotropies for AEDANS in CAPAEDANS-ICAP52
complexes, and for ¯uorescein in CAP-ICAP52F

complexes were low compared to the fundamental aniso-
tropies of the free probes (0.089 versus 0.180 (Table 2;
ref. 61), and 0.046-0.150 versus 0.4 (Table 2; ref. 60)),
indicating rapid reorientation of probes during the
timescales of the probe lifetimes.

Time-resolved fluorescence
anisotropy measurements

Time-resolved ¯uorescence anisotropy measurements
were performed using the instrument used for the time-
resolved ¯uorescence-intensity measurements, with the
addition of L-format Glan-Thompson polarizers (PTI)
after the excitation monochromator and before the emis-
sion monochromator. The excitation polarizer was set to
the vertical position, and the emission polarizer was
switched between vertical (VV) and horizontal (VH) pos-
ition at two minute intervals.

Analysis of anisotropy decays included the following
steps:62 (i) simultaneous analysis of the ``raw'' decays,
I0VV and I0VH; (ii) deconvolution of the recovered ampli-
tudes and lifetimes to obtain deconvoluted decays, IVV

and IVH; (iii) calculation of the deconvoluted difference
function, D(t), and sum function, S(t); and (iv) calcu-
lation of anisotropy decay, A(t), using:

A�t� � D�t�=S�t� �5�

D�t� � IVV ÿ GIVH �6�

S�t� � IVV � 2GIVH �7�
Anisotropy decays were ®tted to the following
equation:40

A�t� � bL exp�ÿt=fL� � bG exp�ÿt=fG� �8�
where bL and fL are, respectively, the amplitude and
correlation time for local re-orientation of the ¯uorescent
probe, and bG and fG are the analogous parameters for
global re-orientation of the labelled macromolecule.40

The sum of bL and bG equals the fundamental anisotro-
py, Ao, for the wavelengths used (Table 2). Results for
AEDANS in the CAPAEDANS-ICAP52 complex revealed
both local and a global reorientation of the probe, with
the local component accounting for �40 % of anisotropy
decay (Table 2). The correlation time for the local com-
ponent (�0.8 ns) is short compared to the mean
AEDANS excited-state lifetime in the CAPAEDANS-
ICAP52 complex (10.9 ns; Table 3), indicating that the
probe reorients rapidly during the excited-state lifetime,
and thus justifying the assumption k2 � 2/3 used in cal-
culation of Ro. The results for ¯uorescein in the CAP-
ICAP52F,ÿ13 complex also revealed both local and global
reorientation of the probe, with the local component
accounting for �80 % of the anisotropy decay (Table 2),
indicating rotational freedom of the probe. Anisotropy
parameters were also used to calculate the depolariz-
ation factors for each probe, hdxi, and the half-cone
angle, yc, through which each probe dipole wobbles:63
hdxi � �bG=Ao�1=2 � cos yc�1� cos yc�=2 �9�
The values obtained for AEDANS and ¯uorescein in
CAPAEDANS-ICAP52F complexes were hdx;AEDANSi�0.76
with yc,AEDANS � 34 �, and hdx;Fi � 0.43 with yc,F � 56 �
(Table 2; see Figure 1 for cone representation). These
values con®rm unrestricted local motion of probes and
absence of speci®c probe-macromolecule interactions,
further justifying the assumption k2 � 2/3 used in calcu-
lation of Ro.

Fluorescence resonance energy transfer (FRET)

FRET has been extensively used as a ``molecular
ruler'' to measure distances of 10-80 AÊ between speci®c
sites within macromolecules.29,30 For a system containing
a ¯uorescent donor and a ¯uorescent acceptor, the aver-
age donor-acceptor distance, R (in AÊ ), can be calculated
from the ef®ciency of donor! acceptor energy transfer,
using:

E � R6
o=�R6

o � R6� �10�
where E is the average ef®ciency of energy transfer, and
Ro is the donor-acceptor distance at which the ef®ciency
of energy transfer equals 50 %. Ro is a function of the
spectroscopic properties of donor and acceptor, the rela-
tive orientations of donor and acceptor transition
dipoles, and the physical properties of the medium:

Ro � 0:211� 10ÿ5�nÿ4QDk2J�1=6 �11�
where n is the refractive index of the medium (1.4 for
dilute protein solutions),40 QD is the donor quantum
yield in the absence of acceptor (0.39 for AEDANS in the
CAPAEDANS-ICAP52 complex in TBC; measured using
quinine sulfate in 0.05 M H2SO4 as standard
(QQS � 0.51)40 ), k2 is the orientation factor relating the
donor emission dipole and acceptor excitation dipole
(approximated as 2/3 for the AEDANS-¯uorescein pair
in CAPAEDANS-ICAP52F complexes; see preceding section
and below), and J is the spectral overlap integral of the
donor emission spectrum and the acceptor excitation
spectrum:

J � �R FD�l�eA�l�l4dl�=�R FD�l�dl� �12�
where FD(l) is the normalized corrected emission spec-
trum of donor, eA(l) is the molar extinction coef®cient of
acceptor, and l is the wavelength.

For the CAPAEDANS-ICAP52F complexes analyzed, Ro

in TBC was determined to be 47.9-48.8 AÊ (Table 3), a
range of Ro typical for the AEDANS-¯uorescein pair.39,40

An upper bound on the uncertainty in Ro arising from
uncertainty in the approximation k2 � 2/3 can be esti-
mated from depolarization factors, hdxi, obtained from
time-resolved ¯uorescence-anisotropy measurements64

(Table 2; see the preceding section). The estimated upper
bound on the uncertainty in Ro is �15 % (41.7-58.8 AÊ ).
The actual uncertainty in Ro will be substantially less
than �15 %, since uncertainty in the approximation
k2 � 2/3 is reduced by three circumstances not
addressed by depolarization factors: (i) AEDANS emis-
sion exhibits mixed polarization,65 (ii) CAPAEDANS-
ICAP52F complexes contain two copies of AEDANS with
unsynchronized rotational reorientation (one per CAP
subunit), and (iii) populations of CAPAEDANS-ICAP52F

complexes contain 50 % Rp diastereomeric ¯uorescein
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and 50 % Sp diastereomeric ¯uorescein (see Materials
and Methods, DNA fragments).

The mean ef®ciency of energy transfer, E, was calcu-
lated using:40

E � 1ÿ �htDAi=htDi� �13�
where htDi is the mean donor lifetime in the absence of
acceptor, and htDAi is the average donor lifetime in the
presence of acceptor (average lifetimes calculated as in
equation (2)).

Luminescence resonance energy transfer (LRET)

LRET was determined essentially as for FRET. Due to
the long excited-state lifetime of the Tb(III)-chelate
probe, a signi®cant component of LRET (�30 %) results
from diffusion-enhanced intermolecular energy transfer.
Control experiments were performed at a series of con-
centrations of CAP-ICAP42Tb,ÿ10/Cy3,�32 complexes (20,
30, 50, 80, and 200 mM) to quantify the diffusion-
enhanced intermolecular component of LRET, allowing
calculation of intramolecular energy transfer47 by
subtraction.

Molecular modelling and molecular dynamics

Atomic coordinates for 52 bp DNA fragments with
DNA bend angles ranging from 0 � to 160 �, in steps of
10 �, were generated using the program
DNA_FIT_MAN.41 For DNA fragments with DNA bend
angles of 10 �, 20 �, 30 �, 40 �, 50 �, 60 �, 70 �, and 80 �, rolls
of, respectively, 5 �, 10 �, 15 �, 20 �, 25 �, 30 �, 35 �, and
40 �, were introduced between positions 6 and 7 of each
DNA half-site (``primary kink''; major groove com-
pressed; see Introduction). For DNA fragments with
DNA bend angles of 90 �, 100 �, and 110 �, rolls of 40 �
were introduced between positions 6 and 7 of each DNA
half-site, and rolls of, respectively, ÿ5 �, ÿ10 �, and ÿ15 �,
were introduced between positions 1 and 2 of each DNA
half-site (``secondary kink''; minor groove compressed;
see Introduction). For DNA fragments with DNA bend
angles of 120 �, 130 �, 140 �, 150 �, and 160 �, rolls of 40 �
were introduced between positions 6 and 7 of each DNA
half-site, rolls of, respectively, ÿ15 �, ÿ15 �, ÿ20 �, ÿ20 �
and ÿ20 �, were introduced between positions 1 and 2 of
each DNA half-site, and rolls of, respectively, 5 �, 10 �,
10 �, 15 �, and 20 � were introduced between positions ÿ5
and ÿ4 of each DNA half-site (``tertiary kink''; major
groove compressed; see Introduction). (Overall DNA
bend angles were de®ned as the sums of absolute values
of introduced roll angles.) Modelled bent DNA frag-
ments were superimposed on the DNA fragment in the
crystallographic structure of the CAP-DNA complex,5

using all non-hydrogen atoms for positions 7 to 16 of the
DNA site for CAP for superimposition (Figure 2(b)).

Probes and linkers were modelled in Insight II (MSI),
and minimized in Discover (MSI) (see Figure 1). For each
modelled DNA fragment, nine sets of atomic coordinates
were generated: i.e., atomic coordinates for DNA frag-
ments with probe at ÿ15, probe at ÿ13 in the Rp con-
®guration, probe at ÿ13 in the Sp con®guration, probe at
ÿ11 in the Rp con®guration, probe at ÿ11 in the Sp

con®guration, probe at ÿ9 in the Rp con®guration, probe
at ÿ9 in the Sp con®guration, probe at ÿ7 in the Rp

con®guration, and probe at ÿ7 in the Sp con®guration.
(The chemistry for preparation of DNA fragments with
¯uorescein incorporated at internal positions results in a
1:1 distribution of Rp and Sp derivatives.47)
For each modelled CAPAEDANS-ICAP52F complex with
a DNA bend angle of 60 �-100 �, molecular-dynamics
simulations66,67 were performed to de®ne the ensemble
of probe and linker con®gurations, and thus the ensem-
ble of donor-acceptor distances and expected values of E.
Molecular-dynamics simulations were performed in
vacuo using a dielectric constant of 1 (to simulate sol-
vent-screening effects).68 Counterions (CVFF Na�) were
added 2.5 AÊ from DNA-phosphate oxygen atoms. Poten-
tials and partial charges for all atoms of CAPAEDANS

and of positions ÿ15 to ÿ6 of ICAP52F were assigned in
Discover. The RATTLE algorithm69 was used to con-
strain covalent bond lengths. Positions of atoms of
CAPAEDANS other than of atoms AEDANS and linker
(de®ned as atoms distal to Cys17 Ca), and positions of
atoms of ICAP52F other than atoms of ¯uorescein and
linker (de®ned as atoms distal to the phosphorothioate
phosphorus atoms), were held constant. Energy mini-
mization was performed in two stages to obtain starting
coordinates: ®rst, for counterions; and second, for probes
and linkers (600 steps per stage, 1.0 convergence limit).
Molecular-dynamics simulation then was performed,
with an equilibration stage of 10 ps in 2 fs timesteps,
and a data-collection stage of 1000 ps in 2 fs timesteps.
The molecular-dynamics simulation employed a con-
stant-temperature, constant-volume ensemble with an
initial temperature of 298 � K, initial velocities from a
Gaussian distribution of velocities (generated using ran-
dom-number seeds), the CVFF force-®eld70 ± 72 with Ver-
let velocity integrator,73 and calculation of non-bonding
interactions using the cell-multipole method74 with all
atom pairs included. At each 5 ps interval in the 1000 ps
data-collection phase of the molecular-dynamics simu-
lation, the conformation was sampled, the AEDANS-¯u-
orescein distances (de®ned as the distances between the
centers of symmetry of the fused aromatic ring systems
of the probes75) for AEDANS in the proximal CAP sub-
unit and AEDANS in the distal CAP subunit were
measured, and the corresponding conformation-speci®c
value of E, Econf, was calculated as:

Econf � �R6
o=�R6

o � R6
1� � R6

o=�R6
o � R6

2��=2 �15�
where R1 is the AEDANS-¯uorescein distance for
AEDANS in the proximal CAP subunit, and R2 is the
AEDANS-¯uorescein distance for AEDANS in the distal
CAP subunit.

For each modelled DNA bend angle of
the CAPAEDANS-ICAP52F,ÿ13, CAPAEDANS-ICAP52F,ÿ11,
CAPAEDANS-ICAP52F,ÿ9, and CAPAEDANS-ICAP52F,ÿ7

complexes, the expected value of E, Eexp, was calculated
as:

Eexp �
X200

i�1

Econf;Rp �
X200

i�1

Econf;Sp

 !�
400 �16�

where Econf,Rp is Econf for Rp diastereomeric ¯uorescein,
and Econf,Sp is Econf for Sp diastereomeric ¯uorescein. For
each modelled DNA bend angle of the CAPAEDANS-
ICAP52F,ÿ15 complexes, Eexp was calculated as:

Eexp �
X200

i�1

Econf

 !�
200

In addition to the molecular-dynamics approach
described above, three alternative approaches were used
to calculate Eexp: (i) calculation based on distances
between sites of incorporation of probes on CAP and
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DNA, neglecting AEDANS in the distal CAP subunit
(which, due to the inverse-sixth-power relationship
between distance and E, makes only a small contribution
to E), (ii) calculation based on distances between sites of
incorporation of probes on CAP; and (iii) calculation
based on distances between probes modelled with fully
extended linkers (data not shown). Like the molecular-
dynamics approach, these alternative approaches yield
values of Eexp that, in conjunction with measured values
of E (Table 3 and Figure 3), indicate that the mean DNA
bend angle is between 70 � and 80 � (77 � (rmsdE � 1.8 %)
for molecular-dynamics approach; 80 � (rmsdE � 7.9 %)
for alternative approach (i); 73 � (rmsdE � 3.2 %) for
alternative approach (ii); and 75 � (rmsdE � 6.2 %), for
alternative approach (iii)).
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