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ABSTRACT. The Escherichia coliregulatory protein TyrR controls the expression of eight transcription
units that encode proteins involved in the biosynthesis and transport of aromatic amino acids. It binds to
DNA as a homodimer with a subunit molecular mass of 57 640 Da, each of which has a single site for
the binding of ATP within a central structural domain. This paper reports distances between four sites on
the DNA and the ATP binding site as determined by fluorescence resonance energy transfer. The DNA
was a 30mer containing a centrally located binding site for TyrR. Replacement of a thymidine residue
with an aminouridine residue at positior®, —7, —3, and 2 of the palindromic oligonucleotide sequence
enabled the placement of a single fluorescein group along the major groove of the DNA. The energy
transfer acceptor was ATP labeled with a rhodamine group through positicansd23 of the ribose,
positions that are known to cause minimal interference with the binding of ATP to protein. The dissociation
constant for the binding of rhodamine-ATP to TyrR was 300 nM as determined by steady-state fluorescence
anisotropy titrations. The energy transfer efficiencies were determined by measuring the level of quenching
of donor fluorescence on binding rhodamine-ATP to the FyEBRA complex. The experimental transfer
efficiencies were compared to theoretical values calculated for a model of the-Di}#/R complex in

which the position of the ATP binding site was allowed to vary over the surface of the monomer unit.
Theory was written to account for the transfer from one donor to two acceptors, one on each monomer
unit of the TyrR dimer. The results indicate that the ATP binding site is abou#80A from the nearest

point on the DNA and distant from the DNA hetsturn—helix binding domain. The effects of ATP
binding of (i) increasing the TyrR binding affinity by a factor of-8 and (ii) permitting the binding of

the tyrosine corepressor must therefore occur because of a significant allosteric change in the conformation
of the protein.

The TyrR regulatory protein frofescherichia colicontrols central domain is also thought to contain an ATP-dependent
the expression of at least eight unlinked operons comprising binding site for tyrosine. The C-terminal domain is predicted
the TyrR regulon whose genes encode enzymes involved into form a helix-turn-helix motif {) similar to that found in
the synthesis and transport of the aromatic amino adids ( other DNA binding proteins such as the catabolite activator
2). TyrR has a subunit molecular mass of 57 640 Da and protein, thelac repressor, and lambdao.
exists as a homodimer in solutio8) (It binds 1 mol of ATP TyrR binds to DNA sequences known as TyrR boxes that
per mole of subunit with half-maximal saturation atBuM are characterized by the palindromic consensus sequence
ATP (4). Limited proteolysis experiments indicate that the TGTAAANTTTACA. Two types of TyrR boxes have been
protein consists of three domairs.(An N-terminal domain recognized 1). Strong boxes have more than 10 bp in
controls transcriptional activatio®,(7) which is modulated common with the consensus sequence and bind TyrR in vitro
by the binding of aromatic amino acids to an ATP- in the absence of an aromatic amino acid coeffector. The
independent site within this domait, @; T. Kwok, J. Rood, affinity of TyrR for strong boxes is enhanced-3-fold by
and B. E. Davidson, manuscript in preparation). A central the presence of ATPL( 11, 12. Weak boxes have a lower
domain contains a putative ATP binding site identified on level of identity with the consensus sequence and bind TyrR
the basis of sequence homology with the ATP binding sites only in the presence of an aromatic amino acid coeffector
of adenylate kinase and other prokaryotic regulatory proteins and when there is an adjacent strong box.

that bind ATP, such as NtrC, NifA and XyIR3{10). The The current view of transcriptional regulation in the TyrR
regulon in vivo is that strong boxes are permanently occupied
T Supported by grants from the Australian Research Council. by TYrR .d'mer_ATP complexes Q) The observation thfit
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unimelb.edu.au. of tyrosine adjacent weak boxes can occupy another binding
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accounts for the loss of transcriptional activity and the DNase -3
protection of weak boxes when bases are inserted between
strong and weak boxes of thgrP operon in any number
other than that which provides for a full turn of the DNA
helix (13, 14).

Particular bases within the TyrR boxes that are involved
in close contact with the TyrR protein have been identified
by mutation analysis, by methylation, uracil, and ethylation
interference experimentsl%, 16), and by fluorescence
footprinting analysis17). However, further structural studies
have been frustrated by the absence of crystals of the TyrR
protein (or of the TyrR-DNA complex) that are suitable
for X-ray analysis. Low-resolution features of a structure can
be obtained through the application of fluorescence resonancdGURE 1: Sequence of the 30mer oligonucleotide containing a
energy transfer (FRET), a “spectroscopic ruler” that measurescentrally located TyrR strong box. The arrows indicate the positions

dist ithi | | d | | where an aminouridine is substituted for a thymidine to permit the
IStances within macromolecules and macromolecular Com-cqniygation of fluorescein. A circled F indicates a position labeled
plexes (for reviews, see ref§8 and 19). Fluorescence

with fluorescein in separate conjugates. The base positions are
resonance transfer occurs via an induced dipole interactionnumbered relative to the center of the palindromic nucleotide

that depends on the inverse sixth power of the distanceSequence. The asterisks indicate the G and C residues that are

between the donor and acoeptor. It has been applieda=OMe requrement for the binding cf Ty Six nonessentia

extensively to protein systems, but rarely to the measurement

of distances in proteiiDNA complexes, probably because Oligonucleotide LabelingThe nucleotide sequences of

of the difficulty of conjugating a fluorescence probe at the oligonucleotide 30mers containing a centrally located strong

optimal position within a DNA sequence. Heyduk and Lee box from thetyrR operator are shown in Figure 1. Four

(20) assessed FRET between two tryptophan residues in theseparate conjugates were prepared, each being labeled with

CAMP receptor protein and terminal sites on fragments of fluorescein at one of four positions. Labeling was ac-

the lac promotor to show that the DNA bending induced by complished by substituting (aminoethyl)-3-(acrylimidd)-2

the binding of the protein to DNA was symmetrical. Furey deoxyuridine (Glenn Research, Sterling, VA) for a thymidine

et al. 1) measured distances between Cys 751 on theat positions—9, —7, —3, and 2 in the palindromic oligo-

Klenow fragment of DNA polymerase and the single- nucleotide sequence and labeling the free amino group with

stranded template portion of the template DNA and showed fluorescein isothiocyanate. These positions correspond to

that the latter possessed helical structure. positions 7, 9, 13, and 17 from thét®rminus of the 30mer
The ability to label specific bases within a DNA recogni- that have been described in a previous publicati@). (The

tion sequence has important advantages. This approach hasomplementary strand was the unsubstituted complementary

proved useful for fluorescently footprinting the DN#Arotein sequence. The labeling, HPLC purification, and annealing

interaction and for thermodynamic analysis of the interaction have been described previouslyl( 16, 23). The annealed

in cases where the fluorescence of an intrinsic tryptophan duplexes were prepared in 25 mMHPQO;, 100 mM KCl,

+2
-9

TTITCTGTCAA

v oy
GATTG TTGACAGA
i

non-essential

AACC

% = Essential

STRONG TyrR BOX

in the protein is not sensitive to the associatiaf, (L6). In

1 mM EDTA, 0.1 mM DTT, and 0.02% Na{\(buffer F)

this paper, we report the use of FRET to measure the distancg11, 16).

between the ATP binding site in the central domain of the
TyrR protein and four sites within the DNA of the TyrR
strong box. We show that the measurement of four denor

TyrR Preparation TyrR was purified according to pub-
lished methods using a genetically engineered straii.of
coli that overexpresses the prote) {1). The preparation

acceptor distances involving four donor-labeled sites on the was dialyzed against buffer F.

DNA is sufficient to identify the position of the ATP binding
site in the central domain of the TyrR monomer relative to

Rhodamine-ATPThe rhodamine-ATP (Figure 2) was
synthesized by the reaction of (2)-O-[2-(aminoethyl)-

DNA bases. Fluorescein is used as the fluorescent resonancearbamoyl]ATP with lissamine rhodamine sulfonyl chloride
transfer donor and rhodamine-ATP as the acceptor. In theas described for the corresponding GTP analogue by Jameson

latter case, the rhodamine is conjugated to therid 3
positions of the ribose where it is known to have minimal
influence on its interaction with protei2?). Since the TyrR
protein binds to the DNA as a dimer under the experimental

and Eccleston1). We note that although lissamine rhodamine
sulfonyl chloride is often described as a pure compound with
the sulfonyl chloride in the 4-position of the single aromatic
ring, examination of its method of synthesis suggests that it

conditions that were used, it was necessary to modify the will consist of a mixture of the 2- and 4-sulfonyl chlorides.

usual Foster relationship to account for the fluorescence

The NMR spectrum of commercially available material

resonance energy transfer from one donor (on the DNA) to showed the presence of two compounds in equal amounts.
two acceptors (one rhodamine-ATP molecule on each Derivatization of the Z3')-O-[2-(aminoethyl)carbamoyl]ATP

monomer of the TyrR dimer).

EXPERIMENTAL PROCEDURES

Materials FITC (isomer |) was from Molecular Probes
(Eugene, OR). ATPS was from Boehringer (Mannheim,
Germany). Oligonucleotides were obtained from CyberSyn.
All other reagents were of analytical reagent grade.

with the 2-sulfonyl chloride would result in the formation

of an analogue which could cyclize to form a nonfluorescent
spirosultam 24). However, detailed analysis of the product
of the reaction by HPLC and absorption spectroscopy showed
that although the'2sulfonyl chloride derivative was formed
during the reaction, in addition to thé-derivative, they were
cleanly separated from each other by DEAE-cellulose
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NH, excitation light. Spectra were corrected for the acceptor
9o o o N~ SN excitation at this wavelength using a suitable rhodamine-
oo oo <N L ATP control. Because of the high concentration of rhodamine-
0 o o 0 N ATP (8.36uM) required to saturate the site on TyrR, the
rhodamine-ATP emission was high despite its low absorption
© o at 465 nm. Thus, the correction required the subtraction of
4 two large numbers, resulting in values with high associated
O\ error. For this reason, transfer efficiencies were determined
from the donor quench rather than from the acceptor
S sensitization.
HN, The overlap integralJ) expressing the spectral overlap
SO2 between the fluorescein emission and the rhodamine absorp-
O tion was determined as
Slely A
oes I= [Foh)ea)A* o 3)
+
EtoN o NEt, whereea (1) is the molar extinction coefficient of the acceptor

FIGURE 2: Structure of rhodamine-labeled ATP formed by reaction at wavelengthl andFp(4) is the fluorescence of the donor
of 2(3)-O-[2-(aminoethyl)carbamoyl]ATP with lissamine rhodamine  normalized on the wavelength scale. The derexceptor
chioride. distance for 50% resonance transfigs)(was determined as

chromatography, and the material used in this study contained
only the fluorescent '4derivative.

Quantum YieldsFluorescence quantum yield®)(were ) ) )
determined by integration of the area under the emission peakVhere Qo is the quantum yield of the donor and is the
between 480 and 630 nm. Fluorescein in 0.01 M NaOH was orientation factor. The refractive index of the intervening
used as the standard fluorophof@ # 0.93 @5)]. medium () was assumed to be 1.4. The orientation factor

Fluorescence AnisotropyFluorescence measurements Was assumed to be at the dynamic limit where the rates of
were taken with a SPEX Fluorolog Tau-2 instrument. Steady- réorientation of the donor and acceptor are fast compared to
state anisotropy titrations of TyrR with rhodamine-ATP the rates of donor emission and transfgs. values were
(buffer F) were carried out in 10 mm path length cells at 20 detérmined for each of the labeled DNAyrR complexes
°C. Excitation and emission wavelengths were 560 and 600 Since the quantum yield of the fluorescein in these complexes
nm, respectively. The anisotropy) (vas determined as depended on the base position that was labeled.

RS = (8.79x 10 ®Qpx’n~"J (4)

r=(y— 1)/, + 2Gl,) (1)  THEORY
) . ) The Model On the basis of our knowledge of the structure
wherely andly are the vertically and horizontally polarized  of gther complexes between DNA and dimeric heliurn—
components of the fluorescence emission, respectively, andnelix regulatory proteins, we would expect that the 2-fold
G is the grating correction factor. o axis of symmetry of the TyrR dimer would coincide with
Fluorescence Energy Transfefhe efficiency of energy  the 2-fold palindromic symmetry of the operon. The dimer
transfer ) was determined by steady-state methods as theyyoyld therefore be formed by the head-to-head association
quenching of donor emission caused by resonance transfeif two monomers as is found in the case of the andlac
to the acceptor. repressors, and the catabolite gene activator protein (CAP).
We therefore consider a simple model in which a dimer,
E=1-Qpa/Qp 2 P

made up of two roughly globular monomer units with radius
whereQpa and Qp are the quantum yields of the donor in

r (=25 A), binds to linear DNA as depicted in Figure 3.
the presence and absence of the acceptor, respectively. Fo-rrh;]e radquhof 25 'I& IS Ibased on thg VOIIUTf’ otfha? ic:awz_slt_lerét
each donor-labeled oligonucleotide, the transfer experimentSp ere wi Aa moiecuiar rrr:ass e%quwafer;] o that orthe y[)
was conducted in one cuvette in the following sequence: (i) (rjn(;_norgebr. hny pm?etéon tde Srl]” ace OF'F € mgn_(la_rr?er Ca? €
fluorescein-labeled oligonucleotide, (ii) fluorescein-labeled efined by the angles an ¢ shown In Figure 5. The angle
oligonucleotide plus TyrR, and (iii) fluorescein-labeled ¢ varies from 0 to 360, whgrea39 varies from 0 to 18.0)’
oligonucleotide, plus TyrR, plus rhodamine-ATP. On the the 6 angles of 184360 being redundant. The coordinates

basis of the known binding constangs £1), the amount of ;)rf a porllnt on the _surfa(l;e of a sphere relative to the center of
TyrR added was sufficient to bind all of the fluorescein- € sphere are given by

labeled DNA present, and the amount of ATP added was
sufficient to fully saturate all of the TyrR present. The
purpose of this experimental design was to determine changes y =rcosf

in the quantum yield of the fluorescein-labeled oligonucle- z=rsinfsing (5)
otide due to the binding of TyrR before determining the level

of quenching due to energy transfer to the rhodamine-ATP The distanceR;) from a point on the surface of the left-
acceptor. Excitation of the fluorescein donor was at 465 nm hand sphere (Figure 3) to a point on the axis of the DNA
to minimize sensitization of the rhodamine acceptor by the (x.,Y0,2) is given by

X=rsinf cos¢
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Ficure 3: Model for the binding of the TyrR dimer to DNA. The

diagram is drawn to scale and assumes that the diameter of the

TyrR monomer is 50 A, the DNA helix diameter is 10 A, and the

translation per residue is 3.3 A. The two TyrR monomers assemble

in a head-to-head fashion to bind to the palindromic TyrR strong
box. The position of any point on the surface of a monomer can be
defined by the angle8 and¢. R, andR; are the distances from

the ATP sites on the surface of the monomers to a labeled base on

the DNA.

R=yx— %)+ —y)2+@—2)  (6)

The corresponding distancB,f from the reflected point on
the second monomer unit to the same point on the DNA is

Ry= (@R~ x—x Y+ —y)’+@z—2z) (7)

In the absence of knowledge of theoordinate position of

Sawyer et al.

whereRis the distance between the donor and acceptor and
R, is the Fuster distance at which the probability of
resonance energy transfer equals the sum of the probabilities
of all other deactivation pathways. For two acceptors at
distancesR; andR, from the donor, the rates of transfer to
each acceptor are summed such that

kpy + k= (kp + kDi)[(Ro/Rl)6+ (Ro/Rz)G] (12)
Substitution of eq 12 into eq 10 provides
6
s a9)
R+ (RIR)/(R + Ry)
Only whenR; = R, does
R06
E=——-—-— 14
RS+ R/2 (1)

In terms of the model in Figure 3, it is possible to calculate
the theoretical transfer efficiency, according to eq 13, for
any point on the surface of the TyrR molecule defined by
the angle®) and¢ and the distanceR; andR; to a single

point (Xo,Yo,Zo) 0N the DNA. Values ok,,Yo,Z,, and hence of

R, andR; (eqs 6 and 7), were determined for each donor-
labeled position on the DNA, assuming the symmetry of the
complex depicted in Figure 3 and the following parameter
values: radius of the TyrR monomer, 25 A; radius of the

the label on the oligonucleotide, we have assumed that thepna nelix. 5 A: and translation per nucleotide, 3.3 A. Such

florescent donor is located on the central axis of the DNA.
This would seem to be a reasonable approximation given
that the probe is located in the major groove of the DNA.
Resonance Energy Transfefhe quantum vyield of a
fluorescent donor@p) in the absence of an acceptor is given

by

o
ko + ko

wherekp is the radiative decay rate akgl is the radiationless

Qo (8)

a database of transfer efficiencies was calculated for values
of 6 and¢ from 0° to 360 in 10° increments for a given
value ofR,. The data sets of transfer efficiencies ahdnd

¢ values are presented as three-dimensional surfaces in
Figure 4 for four donor-labeled positions on the DNAY,
—7,—3, and 2). The values d%, used in these calculations
were determined experimentally (see below). Examination
of the data sets in Figure 4 indicates that a single transfer
efficiency can be given by more than one point on the TyrR
surface due to the interplay between thand¢ values and

the distances; and R,. Simulations suggested that deter-

decay rate. However, in the experiments reported here, themination of transfer efficiencies for three separately labeled

acceptor that binds to a single site on each monomer unit indonor positions on the DNA would provide sufficient

the TyrR dimer is rhodamine-ATP. The transfer is therefore “trjangulation” to allow identification of the acceptor site

from one donor site on the DNA to two acceptor sites on on the TyrR surface. These simulations also indicated that

the TyrR dimer. In the presence of two acceptors, the the donor-labeled positions on the oligonucleotide should

quantum yield of the donorQpa) becomes cover at least one turn of the DNA helix. In the event, four
K labeled positions were chosen (positions, —7, —3, and

Qpa = 2).
PA ko + ko + kpy t ke

(9)
RESULTS

Binding of Rhodamine-ATP to TyrRTP binds to a single
site on TyrR with a half-saturation value of-% uM (6).
The first task was to determine whether rhodamine-ATP
bound to TyrR with a similar affinity so that we could carry
out the energy transfer experiment under conditions where
the ATP binding site was completely saturated with ligand.
This experimental design avoids the need to correct data for
the binding of any ATP-free TyrR to the DNA. Initial
experiments indicated that the binding of rhodamine-ATP
to DNA was not accompanied by any significant change in
the fluorescence intensity of the rhodamine-ATP. The

wherekr; andkr; are the rates of energy transfer to acceptors
T1 and T2, respectively. The efficiency of transfé&rf 1
— (Qpa/Qp)] is then given by

— le + kTZ
kD-'_kDI +kT1+kT2

From Faster theory (for a review, see réf), the rate of
energy transferkf) from one donor to a single acceptor is

kr = (kp + ko) (R/R)°

E (10)

(11)
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Ficure 4: Dependence of resonance energy transfer efficienay amd¢ angles that define a point of the surface of the TyrR monomer.
The efficiencies are calculated for a donor that is attached at posiior-7, —3, or 2 on the 30mer oligonucleotide. The transfer distances

R; and R, used to calculate the transfer efficiencies according to eq 13 were determined for the model depicted in Figure 3 (i.e., TyrR
radius, 25 A; DNA helix radius, 5 A; and translation per nucleotide, 3.3 A). Note that the distribution of efficiencies is symmetrical about

¢ = 180 since we cannot distinguish between a point on the TyrR surface that is behind or in front of the axis of the DNA.

binding was therefore monitored by the increase in the
fluorescence anisotropy of rhodamine-ATP on the addition
of TyrR, and was assessed at three concentrations of
rhodamine-ATP covering 3 orders of magnitude (2, 20, and
200 nM) as shown in Figure 5. Global fitting of the three
data sets assuming a 1:1 binding stoichiometry as has been
demonstrated for ATPg] provided a value for the dissocia-
tion constant of 0.3&M. Similar titrations under stoichio-
metric conditions indicated that the 1:1 stoichiometry was
maintained when the TyrR existed within the proteDNA
complex.

Binding of TyrR to DNAPrevious studies have shown
that the binding of TyrR to fluorescein-labeled DNA either
enhances or quenches the quantum yield of the fluorophore
depending on the sequence position of the base that is
labeled. The reasons for these changes are not fully under-
stood but presumably relate to the way the fluorescence is
either quenched or enhanced due to local interactions of the
probe with DNA and the TyrR protein, and to the TyrR-
induced distortion of the DNA structurell). Thus, the
quantum yield of the donor oligonucleotid@uorescein
conjugate varies with the position that is labeled. Because
the sixth power of the Hster distance R,) is directly
proportional to the quantum yield of the donor (eq 4), it was
necessary to determine the quantum yield of each of the
labeled oligonucleotides under conditions of full saturation
with TyrR, but in the absence of the rhodamine-ATP
acceptor. This information was then used to determine the
value ofR, for each donotacceptor pair before constructing

Robs

Robs

Robs

0.25

0.20
0.15
0.10

005

1

2 nM Rh-ATP |

0.25

0.20

0.15 +

0.10 +

0.05 |

b

-

20 nM Rh-ATP

0.25

0.20 +

0.15 +

0.10 +

0.05 +

o

T
1

200 nM Rh-ATP

T T
2 3

[TyrR monomer] (uM)

4

the database of transfer efficiencies according to eq 13 FiGURE 5: Binding of rhodamine-ATP to TyrR determined by
(Figure 4). The changes in the fluorescence intensity of steady-state anisotropy titrations at 2, 20, and 200 nM rhodamine-

fluorescein-labeled DNA on the binding of TyrR are shown

ATP (Rh-ATP). The ordinate scald{,y refers to the observed
fluorescence anisotropy. The solid line in each panel is the global

in Figure 6. Fluorescence was enhanced when the fluoresceirit of the three data sets to a single dissociation constant of 300

was conjugated at position9 and 2. There was little change nM.
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FiIGURE 6: Changes in the fluorescence intensity of fluorescein- ) . .

labeled DNA (50 nM) on binding the TyrR dimer in the presence FIGURE 7: Effect of adding TyrR and rhodamine-ATP on the
of 0.2 mM ATPyS. The number for each curve indicates the base €Mmission spectra of the position 2-labeled oligonucleotidz; 50
position on the DNA 30mer at which the fluorescein is conjugated. "M oligonucleotide alone[) oligonuclectide in the presence of
Excitation was at 490 nm and emission at 520 nm. The solid lines 1.7 #M tyrR, and () oligonucleotide in the presence of 1.k

for the position—9, —3, and 2 conjugates are the nonlinear least- YR and 8.36uM rhodamine-ATP, corrected for the small
squares fits to the experimental data and provide values for the €Xcitation of the rhodamine label at the excitation wavelength.
dissociation constant of 6, 5, and 8 nM, respectively. Excitation was at 465 nm.

Table 1: Characteristics of the Fluorescein-Labeled BNArR causes a 36.8% quenching of fluorescein fluorescence, with

Complex and the FRET Efficiencies on Addition of the the concomitant appearance of sensitized rhodamine fluo-
Rhodamine-ATP Acceptor rescence confirming the advent of resonance energy transfer.
donor  Kg donor donor transfer Similar experiments were carried out for the three other DNA
position (nM) quantumyield R, (A) quench (%) efficiency conjugates. The efficiency of energy transfer was determined
_9 6 0.80 56.5 43.8 0.53 from the donor quench at a single emission wavelength (515
-7 - 0.59 53.7 41.4 0.53 nm) as well as by measurement of the area under the
-3 5 0.44 51.1 35.3 0.46 emission curve. The latter method takes account of the slight

2 8 0.64 54.4 36.8 0.52

_— _ : apparent blue shift that occurs on the addition of rhodamine-
a Ky for the binding of TyrR to DNA in the absence oéf rhodamine- ATP, and was therefore used to compare the experimental
ATP determined from the titration data depicted in Figuré ®@uantum - : - . .
yield of fluorescein-labeled DNA fully saturated with TyrR but before values with thQ t.heor.etlcal transfer eff|C|enC|e.s.. Table 1lists
the addition of the rhodamine-ATP acceptobonor quench on  the transfer efficiencies for the four fluoresceinligonucle-
addition of the rhodamine-ATP acceptor. otide—rhodamine-ATP-TyrR complexes. Transfer efficien-

cies were 0.53, 0.53, 0.46, and 0.52 for the positi&) —7,

in fluorescence for the position7 conjugate, but fluores- —3, and 2 conjugates, respectively.

cence was quenched for the posmeﬁ Conjugate_ Nonlinear Control eXperimentS indicated that the blndlng of unlabeled
least-squares fitting of the titrations for the positie, —3, ATP (ATPyS) had no significant effect on the fluorescence
and 2 conjugates gaué, values of 5.9, 4.7, and 8.2 nM, intensity of the fluorescein-labeled fluorescein DNA in the
respectively (Table 1). The small change in the fluorescence TYYfR—DNA complex under the conditions of the energy
for the position—7 conjugate precluded its use in determining transfer experiment. Nor did rhodamine-ATP have any effect
the binding affinity. The quantum yields determined relative On the fluorescence of the fluorescein-labeled DNA in the
to a fluorescein standard were 0.80, 0.59, 0.44, and 0.64 forabsence of TyrR.

the position—9, —7, —3, and 2 conjugates, respectively, Analysis of Transfer Efficiencie¥he data sets of and
providing R, values of 56.5, 53.7, 51.1, and 54.4 A, ¢ angles and the derived theoretical transfer efficiencies for

respectively (Table 1). Literature values Bf for FITC- the four labeled donors are shown in Figure 4. From each
labeled donors and rhodamine-labeled acceptors are in thedata set, a subset @f and ¢ values was selected which
range of 46-56 A (18). provides theoretical transfer efficiencies that matched the

Resonance Energy Transf&igure 7 shows the emission  experimentally determined transfer efficiencies listed above
spectrum of the oligonucleotide (50 nM) labeled at position and in Table 1. In doing so, we accepted all predicted transfer
2 and is illustrative of the data obtained for the other efficiencies (and their correspondirtyand ¢ angles) that
fluorescein-DNA conjugates. On the addition of 1M fell within £2 percentage points of the experimental transfer
TyrR dimer, the emission is enhanced 10.9%. This comparesefficiencies. The exception was 7F30A/30B where predicted
with the 11.2% enhancement at saturation derived from the efficiencies of 0.56-0.57 were closest to the experimental
titration data for this conjugate in Figure 6. We estimate that transfer efficiency of 0.53. The resulting subset$ @nd¢
under the conditions of the energy transfer experiment more angles for the four doneracceptor pairs are shown in Figure
than 95% of the DNA is bound to TyrR, a situation thatis 8. The 0 and ¢ angles that satisfied the experimental
favored by the fact that the binding of ATP or A¥8 to efficiencies for all four donotacceptor pairs were identified
TyrR increases the binding affinity of TyrR for DNA by a by plotting 6 versusp for the subset off and¢ values shown
factor of 4-5 (11). Addition of 8.36uM rhodamine-ATP in Figure 8. This plot off versus¢ for the four donot
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Efficiency

T

A A

Efficiency

Efficiency
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Ficure 8: 6 and¢ angles of computed transfer efficiencies that fall withi@ percentage points of the transfer efficiencies determined
experimentally for each of the four fluoresceiDNA conjugates. The exception is the positiof®-labeled conjugate (top left) where
predicted transfer efficiencies of 0.56.57 were the closest to the experimental efficiency of 0.53. The number above each panel refers
to the position of the label on the oligonucleotide. Thand¢ angles were selected from the extensive database depicted in Figure 4 that
provided the distances and transfer efficiencies from a donor point on the DNA to any point on the surface of a TyrR monomer (see the
text).
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Ficure 10: Position of the ATP site on TyrR relative to DNA.

For clarity, only one monomer of the TyrR dimer is depicted, the

second monomer being arranged as shown in Figure 2. The ATP

. site is at® = 160" and atf = 80—110C° or & = 250-28C°. The

o +——FT—"FT——F T 7T T T T two 6 positions refer to ATP sites on TyrR that are in front of or
45 0 45 90 135 180 225 270 315 360 behind the axis of the DNA, both positions resulting in equivalent

Phi distances from a labeled site on the DNA.
Ficure 9: Plot of 8 vs ¢ for determining those values that match
the transfer efficiencies of all four fluoresceiDNA conjugates.

Theta

:

45

that the ATP binding site is far removed from the DNA
The two ovals indicated the region where the experimental transfer interaction site. However, the smallest region where the four
efficiencies match those predicted for the model depicted in Figure data sets overlap (circled area in Figure 9) is giveroby
3. . .

160° and¢ = 80—11C (or 250-28(C). At this position, the

o o four experimentally determined transfer efficiencies match
acceptor pairs is presented in Figure 9. As expected, the plotthose predicted theoretically. The position of this site on the

is symmetrical aboup = 18(°, since a surface position on  TyrR monomer is shown in Figure 10. The twaositions

a TyrR monomer may be in front of or behind thelane arise from the fact that it is not possible to determine if the
through the central axis of the DNA, both positions being ATP site on the TyrR is in front of or behind the central

an equal distance from a labeled position on the DNA. All axis of the DNA, both positions giving rise to the same
efficiencies fall within the range @f = 120-18(, indicating distances from the fluorescein label on the DNA.
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DISCUSSION

Several criteria must be satisfied if fluorescence resonance
energy transfer is to be used to measure distances betwee

sites on thayrR DNA and the ATP-binding site on the TyrR
protein:
(i) Purified donor-labeled oligonucleotide is required to

Sawyer et al.

mental efficiencies determined for all four dor@cceptor

pairs. This places the ATP site approximately-4® A from

the nearest point on the DNA and at a point on the TyrR

tholecule that is far removed from the DNA binding site.
The errors associated with these estimates relate to the

assumptions inherent in the model of the DNRyrR

complex (Figure 3), and assumptions in the application of

avoid the need to correct for the presence of unlabeled o Fyster theory. The model assumes that the ATP site is

material.
(ii) The TyrR protein should be fully saturated with the

on the surface of the TyrR monomer, whereas it is more
likely to be buried to some degree in a crevice in the protein

rhodamine-ATP acceptor so that resonance energy transfegyciure. This type of error would place the ATP site

can occur in all DNA-TyrR complexes that are formed.

(iif) The DNA should be saturated with TyrR so that every
donor on the DNA has the opportunity to transfer energy to
the acceptor at the ATP site on TyrR.

(iv) The analysis of the transfer efficiencies must allow
for the resonance transfer from one donor on the DNA to
two acceptors, one on each of the TyrR monomers.

Requirement (i) was met by separating labeled from

projected at the protein surface even further removed from
the DNA but buried somewhat in the protein structure. The
model does not take into account the distance of the
fluorescein donor from the helical axis of the DNA nor the
effect of binding the TyrR dimer along the major groove
compared to the purely linear depiction in Figure 3. The side
of the DNA to which TyrR binds is not known, so it is
impossible to orient the fluorescein site relative to the TyrR

unlabeled oligonucleotide by reverse-phase HPLC. Require-protein. However, an examination of the DNA structure
ments (i) and (i) were met by an experimental design that shows that carbon-5 of the uridine, through which the
ensured that more than 95% of the ATP sites on TyrR were fluorescein is attached by a spacer arm, is in the major groove

occupied by rhodamine-ATP and that more than 95% of the of the DNA. Thus, if the labeled position is close to the

DNA sites were occupied by rhodamine-ATPyrR. Spe-
cific knowledge of the two binding affinities was therefore

interaction site, as is the case when the label is at position
9, it is likely that the fluorescein moiety is sandwiched

necessary in planning these experiments. Requirement (iv)between the protein and the DNA and is close to the helical

was taken into account in the derivation and application of
eq 13.

The dissociation constant for the binding of rhodamine-
ATP to TyrR was determined directly by the anisotropy
titration shown in Figure 5. The value of the dissociation
constant (300 nM) is lower than previous estimates for
unlabeled ATP (57 uM), suggesting that the presence of
the rhodamine label may contribute to the binding energy.

Greater than 95% saturation of the ATP site with rhodamine-

axis of the DNA. If the labeled site is on the side of the
DNA opposite the interaction site, the spacer arm would
allow the fluorescein group to swing away from the helical
axis. Consideration of bond lengths suggests that the length
of the spacer arm is about 7.6 A. On this basis, we estimate
that the errors in the transfer distance are no more #%%5.

The main uncertainty associated with thergter theory
concerns the value of the orientation facté(for a review,
see refl8). We have assumed the dynamic limi & %/5).

ATP could not be achieved due to the onset of concentrationWhile this is a reasonable assumption for the labeled

quenching in the fluorometric cuvette. TKg values for the
binding of TyrR to the position-9-, —3-, and 2-labeled

oligonucleotide in solution, the binding of TyrR causes a
significant restriction of the motion of the fluorescein at its

conjugates of DNA in the absence of ATP were determined point of attachment to the DNA1g). Nevertheless, the
from the guenching/enhancement titrations (Figure 6), and resulting values of the anisotropy are relatively low [0.025

were in the range of 58 nM (Table 1). This agrees with
the value of 7 nM reported for the binding of TyrR to
unlabeled DNA (1) determined from competition titrations

compared to the zero time anisotropy of 0-3638 (L6)],
indicating considerable motional freedom. The corresponding
cone semiangles for the DNATYrR dimer complex indicate

using labeled and unlabeled DNA. It appears therefore thatthat the fluorescein label retains considerable motion. The

the labeling of the DNA with fluorescein does not interfere
significantly with the binding of TyrR. We note that labeling
of the DNA with an aminopropyne extension at position 5
of the uridine resulted in weaker binding{= 425 nM at
20 °C (11)] compared to the absence of an effect onkhe

cone semiangles for a fluorescein-labeled 42mer complexed
with the TyrR dimer have been determined for positions
equivalent to positions-9, —7, and—3 of the 30mer used

in the study presented hergé6]. The cone semiangles are
31°, 29, and 42 for positions—9, —7, and—3, respectively.

as in the case of the longer extension arm of seven atomsStryer @5) estimates that the uncertainty in the apparent

used in the work presented here.
Calculation of the theoretical transfer efficiencies for the
model shown in Figure 3 indicated that a single transfer

donor-acceptor distance in assumint= %/ is usually less
than 20% when the cone angle of the restricted motion of
one of the probes is more than°30he anisotropy of the

distance between one site on the DNA and the ATP site onrhodamine-ATP bound to the TyrR dimer was also relatively

TyrR was insufficient to unequivocally locate the ATP site
on each monomer of the TyrR dimer. On the other hand,

low (0.23). We, therefore, believe that the use af &f %3
is a reasonable approximation.

the simulations showed that at least three transfer distances We conclude that the central domain of TyrR that contains

involving three donor-labeled sites on the DNA would be
required to determine the position of the ATP site on the
TyrR to within narrow limits. The position of the ATP site
atf = 190 and¢ = 120-130 (or 230-24C) provides
theoretical transfer efficiencies that agree with the experi-

the ATP binding site and possibly a site for the binding of
the tyrosine corepressor is far removed from the hketlixn—

helix DNA binding domain. Occupation of the ATP site has
a 2-fold effect. First, it permits the binding of tyrosine that
initiates the self-association of TyrR from a dimer to a
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hexamer. Second, it results in a-2-fold enhancement of

the

binding of TyrR to the DNA, an effect that must be

transmitted through the TyrR molecule to the C-terminal
helix—turn—helix DNA binding domain via a significant
allosteric mechanism. Finally, we believe that sufficient

triangulation can be achieved by placing a fluorescent probe
at several sites within the recognition sequence of the DNA

10.

11.

Biochemistry, Vol. 39, No. 19, 200661

Henijoff, S., and Wallace, J. C. (1988)cleic Acids Res. 16
6191-6204.

Morett, E., and Segovia, L. (1993) Bacteriol. 1756067
6074.

12. Kwok, T., Yang, J., Pittard, A. J., Wilson, T. J., and Davidson,

13.

and that the energy transfer approach described here could |,

be of general use in measuring distances between DNA and

a single labeled site on the protein.
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