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ABSTRACT. Fluorescence quenching was used to study the site-specific binding &stieerichia coli
regulatory protein TyrR to a fluoresceinated oligonucleotide (9F30A/30B) containing a TyrR binding
site. The equilibrium constant for the interactidf_ ) was measured as a function of temperature and
salt concentration in the presence and absence of &T& specific ligand for TyrR. Fluorescence titrations
yielded aK, value of 1.20x 10/ M~ at 20°C, which was independent of the acceptor (9F30A/30B)
concentration in the range-%00 nM, indicating that the system exhibits true equilibrium binding. Clarke
and Glew analysis of the temperature dependence of binding revealed a linear dependreimck, 0bn
temperature in the absence of AJ®. The thermodynamic parameters obtained atQQ@#) were

AGj = —35.73 kJ mot!, AH; = 57.41 kJ mot?!, and TAS) = 93.14 kJ mot!. Saturating levels of
ATPyS (200uM) strengthened binding at all temperatures and resulted in a nonlinear dependé&hce of
In K. on temperature. The thermodynamic parameters characterizing binding under these conditions were
AGj = —39.32 kJ mot?!, AHg= 37.16 kJ mat!, TAS) = 76.40 kJ mot!, andAC3, = —1.03 kJ mof*

K~1. Several conclusions were drawn from these data. First, binding is entropically driver?@tia0
both the presence and absence of ABP This can partly be accounted for by counterions released from
the DNA upon TyrR binding; in the absence of AJ® and divalent cations, the Tyrf®F30A/30B
interaction results in the release of two to three potassium ions. Second, the more fai@abkue,

and hence tighter binding observed in the presence ofy&STHs primarily due to a decrease iHj
(—20.3 kJ mot?t), which overcomes an unfavorable decreasdA§; (—16.7 kJ motl?). Third, the
negativeACy, value obtained in the presence of AJ® indicates that the binding of A favors a
conformational change in TyrR upon binding to 9F30A/30B, yielding a more stable complex.

The TyrR protein plays an integral role in the control of The N-terminal domain is implicated in transcriptional
aromatic amino acid metabolism Escherichia coli(1, 2). activation @, 8, 9), its activity believed to be modulated by
TyrR regulates the expression of at least eight unlinked the binding of aromatic amino acids to an ATP-independent
operons comprising the TyrR regulon, whose products are site within this domain10). TyrR binds one mole of ATP
involved in aromatic amino acid biosynthesis and transport. per mole of subunit with half-maximal saturation atBuM
It acts as a repressor afoFtyrA, aroLM, tyrB, aroP, tyrR, (5). Itis likely that the ATP binding site is located in the
andaroG, as an activator ofntr, and as either a repressor central domain, since this region of the protein has a
or an activator ottyrP. Repression varies considerably in = significant degree of sequence homology with the ATP
magnitude between different operor® ¢) and is ATP-  pinding site in adenylate kinase and with sequences present
dependent, usually involving tyrosine as the corepressor, in other prokaryotic regulatory proteins that bind ATP, such
whereas activatic_)n is ATP-in_dependent and requires any of 35 NtrC, NifA, and XyIR (1-13). Since the concentration
the three aromatic amino acids. _ _ _of ATP in E. coli is maintained at about 3 mML4), the

TyrR exists as a homodimer in solution with a subunit a1p binding sites in TyrR should be saturates).( ATP

molecular mass of 57 640 D&,(6). Limited proteolysis  ¢qjjitates ATP-dependent aromatic amino acid binding at a
experiments indicate that it has a multidomain structidye ( gjto 4150 thought to reside in the central domain. The
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identified. Strong boxes contain more than 10 bp the A

consensus sequence and bind TyrR in vitro in the absence

of an aromatic amino acid coeffector. The affinity of TyrR

for strong boxes is enhanced in the presence of A RB)( H i
Weak boxes have less identity with the consensus sequence ©P30A 5%TCTTTGTETCAATGATTGTTGACAG“ACC—3: (9F)30A/30B
and bind TyrR in vitro only in the presence of ATP and an 308 3 AGAMRCACAGTTRCTARCAACTEICTITTES —5

aromatic amino acid and when there is an adjacent strong

box 2, 15—17). All operons exceparoG possess a tandem o
strong/weak box pair usually separated (center-to-center) by
23 bp, witharoFtyrA andaroLM having an additional strong O 5

box centered approximately 50 bp upstream from the weak
box (2). In most operons repressed by tyrosine, overlap of IS O \
N CO (6]

the promoter by the operator is predominantly via the weak B 0 N
box. HN (R
It has been suggested that transcriptional regulation of the )\ |

TyrR regulon is primed by the permanent occupancy of ~ RO
strong boxes by the TyrR dimeATP complex 6), with

the levels of aromatic amino acid coeffectors modulating

TyrR activity. Analyses of insertion mutants of ttyeP and R

aroFtyrA operators suggest that tyrosine-mediated repressionFicure 1: Nucleotide sequences and features of oligonucleotide
requires proteifrprotein interactions between TyrR mol- 30mers used for TyrR binding studies. Part A shows the nucleotide
ecules bound to adjacent boxds$), The observation that ~ Sequences of the complementary oligonucleotides 30A (top strand)

. ; ; ; and 30B (bottom strand) that form the duplex 30A/30B, the
TyrR self-associates from dimer to hexamer in the presenceSequence of which corresponds to base pairs 258 of thetyrR

of ATP (or the nonhydrolyzable analogue AJTE) and  gene 40). The 22 bp enclosed by the rectangle comprise the strong
tyrosine has led to a model incorporating the hexamerization TyrR box (TyrR binding site), which has an approximate 2-fold
of TyrR in situ on the operator DNA to explain tyrosine- axis of symmetry about the centrak Xegion (shaded). The GC
mediated repression6) As part of this model it was basepairs marked by the symbol * are conserved throughout all

. TyrR boxes and are essential for TyrR activiB).(The circled
postulated that the upstream _boxes in #reFtyrA and Ie)t/ter F indicates that thymine residqu of SOAQ?Nés replaced with
aroLM operons can associate with the downstream hexamer 5 5_(3-aminoprop-1-yn-1-yl)*&leoxyuridine residue and subse-
DNA complex via DNA looping, thereby yielding a tighter  quently labeled with FITC. In this case, 30A is known as 9F30A
interaction. In contrast to the disposition of TyrR boxes and the duplex as 9F30A/30B. Part B shows the structure of the
required for tyrosine-mediated repression, only the strong gio"eHe FIECE S SVOPRE A RS
box is required for phenylalgnlne-medlated act|.va.t|oty.dP bamide function, is drawn in’ its predominant (dianionic) form at
and mtr (15, 18), suggesting that self-association is not pH 7.4 @1).
required to bring about this activity. Presumably, the TyrR
dimer, with phenylalanine bound at the ATP-independent

site, is the species responsible for phenylalanine-mediated _ Cligonucleotide Synthesis, Purification, and Labeling
activation (L0). Complementary oligonucleotides, designated 30A and 30B

Notwithstanding the extensive data concerning the interac- (containing the strong box from _tr.tgrR operator, F|gure_
tion of TyrR with DNA obtained by molecular genetic 1), were synthesized, HPLC purified, and transferred into

approaches, there is little known about this area at the buffer F (100 mM KCl, 25 mM KHPQ, pH 7.4 adjusted

thermodynamic level. We have shown previously that with HCI’ 1 mM EDTA, 0.1 mM DTT, O'QZ% Nap) as
conjugation of a fluorescent probe at particular bases within Qescrlbed prewous];/l@, 20). Ollgonuc!eonde concentra-
the consensus sequence can be used to footprint the interadlons were determined at %?O n[? using molar extinction
tion site on the DNA and to determine the equilibrium coeff|(i|lents_(l)f 3.41x 100 M~ cm* for ,30A and 3.47x
constant for the interaction with TyrR®, 20. In this paper ~ +& M~ cm™ for 30B, these values being calculated from
we report the use of one such conjugate to study thethewnucleoﬂdg sequenceal]. qulmolar gmounts of each
thermodynamics of the TyrR-DNA interaction and to define Strand were mixed, and the solution was incubated 90

the contribution ATP makes to the energetics of site-specific for 5 min, then cooled to room temperature at W3min to

TyrR-DNA binding. give the double-stranded oligonucleotide, 30A/30B. In a
separate synthesis, the thymine residue at position 9 from
EXPERIMENTAL PROCEDURES the 8 end of 30A was replaced by a 5-(3-aminoprop-1-yn-

) ) 1-yl)-2'-deoxyuridine residue (Figure 1)9). The modified

Materials FITC (isomer I) was from Molecular Probes, jigonuclectide was FITC labeled, HPLC purified and
Oregon. ATRS was from Boehringer (Mannheim, Ger-  ansferred into buffer F as described previoud, (20).
many). f-Cyanoethyl phosphoramidites were from Applied  The |aheling ratio of the 9F30A conjugate was 1.1 fluorescein
Biosystems. All other reagents were of analytical grade. 5jecules/30mer based on extinction coefficients for the
fluorescein chromophore of 24 10* M~ cm™t at 260 nm

! Abbreviations: bp, base pair(s); FITC, fluorescein-5-isothiocyanate; and 7.2x 10* M~* cmt at 495 nm 19, 22). 9F30A was
ATPyS, adenosine:80-(3-thiotriphosphate); HPLC, high-pressure  gnnegled to 30B as above to produce the duplex 9F30A/
liquid chromatography; SDS, sodium dodecyl sulfate; PAGE, poly- 30B (Fi 1. Th | . f 9F30A/30B
acrylamide gel electrophoresis; fwhm, full width at half-maximum; (Figure 1). The molar concentration o A was
TBE, Tris, boric acid, and EDTA. determined at 260 nm using an extinction coefficient of 5.3
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x 1 M~t cm™1, which accounts for a 30% reduction in
the absorption at this wavelength due to hypochromidigy. (
TyrR Preparation TyrR protein was prepared as de-

performed with 2 mL aliquots of these solutions supple-
mented with 10 mM MgGl

Buffers | and J were prepared for titrations at different
scribed B), with the inclusion of an extra step between KCI concentrations: the composition of each buffer was
phosphocellulose P11 and Superose 12 chromatography (  identical to that of buffer F except that the concentration of
In this step gel permeation chromatography was carried outkCl was 25 and 145 mM, respectively. Both buffers were
with the eluent (buffer F) containing saturating concentrations adjusted to pH 7.4 and mixed to provide buffers with the
of ATP (200uM) and tyrosine (1 mM). This enables the desired potassium ion concentrations. 9F30A/30B was
isolation of TyrR molecules that are fully active with respect diluted to a concentration of 50 nM in 4.2 mL of the
to hexamerization and therefore ATP binding and ATP- appropriate buffer and aliquoted into 2 mL portions for
dependent aromatic amino acid binding. The preparationtitrations. When required, Mggand ATP/S were added
was greater than 95% pure as judged by SPAGE, with to concentrations of 10 mM and 200M, respectively.
a yield of 25 mg/L of culture. The concentration of TyrfR  Gg| ghift Titrations Reaction mixtures were made up to
was determined spectrophotometrically at 280 nm using an 20 uL in buffer F and comprised 9F30A/30B or 30A/30B
extinction coefficient of 3.45< 10* M~* cm! monomer? (0.5uM), ATPyS (200uM), MgCl, (10 mM), glycerol (10%
(19) and is expressed on a dimer basis. v/v), and TyrR (from 0 to 5uM). When ATP/S was not

Thermal Denaturation of Oligonucleotide 30menslelt-

required, it was replaced by buffer F. Ten microliters of

ing curves were measured on a CARY 5 spectrophotometereach mixture was electrophoresed on a 7.5% polyacrylamide
fitted with thermal accessories. Samples were measured el in 1 x TBE for 1 h at a 15 mAconstant current. Gels

260 nm at a heating rate of 1C/min. The solution

were stained in lug/mL ethidium bromide for 10 min,

temperature was monitored with a thermocouple probe gestained in distilled water for 5 min, placed on a UV
inserted into a cuvette containing buffer F, adjacent to the yransilluminator, and photographed.

sample in the thermostated cell block. The transition melting
temperature T,) was obtained from the midpoint of the
denaturation curve.

Fluorescence Spectra and Titration&luorescence mea-
surements were made on a SPEX Fluorat@gnstrument
with 3 mL capacity Teflon-stoppered cells. Spectra were
recorded at 1 nm/min using excitation and emission wave-
lengths of 490 and 515 nm, respectively, with slit widths of
2.5 nm (fwhm). The quenching of 9F30A/30B fluorescence
upon TyrR binding was used to determine the binding
constant for the interaction. In a typical titratiom 2 mL,

50 nM solution of 9F30A/30B (in buffer F plus 10 mM
MgCl,, + 200 uM ATPyS) was titrated with aliquots of
TyrR. ATPyS, a nonhydrolyzable analogue of ATR3j,
was used in these experiments to avoid ATP hydrolysis
catalyzed by the weak ATPase activity of Tyr®]. After
each addition of TyrR, the solution was mixed by gentle
inversion, returned to the cell block, and left for at least 10
min to equilibrate to the experimental temperature, by which ResyLTS

time a stable fluorescence reading was obtained. The

solution temperature was monitored as described in the Binding of TyrR to 9F30A/30BPreliminary experiments
previous section. Fluorescence intensities at each point inshowed that the fluorescein fluorescence of 9F30A/30B was
the titration were measured at the wavelengths above andquenched upon the addition of TyrR. To determine whether
were the average of four readings that were themselvesthe quenching can provide a quantitative measure of the
integrated over a period of 20 s. Data were then correctedbinding equilibrium, the 9F30A/30B acceptor was prepared
for volume dilution and for background fluorescence (typi- at concentrations of 5, 50, and 500 nM, and each solution
cally less than 0.1% of the total signal). To ensure that was titrated with TyrR (Figure 2, parts A, B, and C,
dilution of the 9F30A/30B solution was not greater than 10% respectively). The binding constant for the interactikn,

at the endpoint of a titration, more concentrated TyrR stocks was obtained by a global fit of the three isotherms to eq 4,
were used after the solution had been diluted by 5% andwhich assumes a 1:1 stoichiometry for the Tw&-30A/

Circular Dichroism SpectroscopyCD spectroscopy was
performed on an Aviv Model 62 DS instrument with 0.1
cm path length quartz cuvettes. Unless otherwise stated, data
were collected at 0.5 nm/min and at 2D. Separate spectra
of 30A/30B (10uM) and TyrR (50uM) in buffer F plus 10
mM MgCl, were recorded in triplicate, averaged, and
corrected against buffer F/Mg£l Spectra were offset to 0
mdeg in the region 316340 nm (where neither species
displays ellipticity), then smoothed usif 7 point window.

To examine changes in the DNA structure accompanying
TyrR binding, a mixture containing 30A/30B and TyrR at
the above concentrations was measured. In this case, the
corrected spectrum was obtained by subtracting the CD
spectrum of TyrR in buffer F/MgGIfrom that of the mixture.

The corrected spectrum was then treated as above. Data were
collected and analyzed in a fashion identical to that above
when solutions also contained 208 ATPyS.

7.5%, respectively. Each new stock solution wasbdold
more concentrated than the previous one.

For titrations in the presence and absence of pAS Rt
different temperatures, 9F30A/30B was diluted to a concen-
tration of 50 nM in 50 mL of buffer F. Two portions of
approximately 19 mL were aliquoted into 20 mL standard
flasks, with ATP/S (40uL, 200 uM) added to one and the
same volume of buffer F added to the other. Both flasks
were made up to 20 mL with the original 9F30A/30B
solution and the stocks stored -aR0 °C. Titrations were

30B complex (see Appendix). In each case, the data are
well described by a singl&, value of 1.20+ 0.06 x 107

M~ (continuous lines). This compares favorably with the
analysis of individual isotherms, where the best-fit values
of K_ were 1.03+ 0.01 x 107, 1.22+ 0.02 x 107, and 1.20
+0.01 x 10’ M~ at acceptor concentrations of 5, 50, and
500 nM, respectively. The fact th#t, is independent of
the acceptor concentration confirms the equilibrium nature
of the binding system. Implicit in this treatment is the
assumption that all of the protein is competent in binding to
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FiGUure 2: Fluorescence titrations of DNA with TyrR. Solutions containing 9F30A/30B at concentrations of 5 nM (A), 50 nM (B), and 500
nM (C) were titrated with TyrR, at 20C in the presence of ATFS (200«M) and MgC}h (10 mM). The fluorescence intensitpy is

plotted against the total concentration of TyrR added. The continuous lines are the best global fit of the data to eq 4, which yields a value
of 1.20 x 10" M1 for the binding constar, (see Appendix). The dotted line in Figure 2C is a simulated titration of a 1:1 interaction of

9F30A/30B (500 nM) with TyrR. The line was generated by assigni
of fluorescence quenching as seen in the experimental data. The

9F30A/30B. The legitimacy of this assumption was tested
by further analysis of the data in Figure 2C. Under the
conditions of this experiment, the binding approaches the
stoichiometric limit due to the 9F30A/30B concentration
being 6-fold higher than th&q for the interaction (I4,).
Thus, for TyrR that is completely active in binding to DNA,
the experimental data should mirror a stoichiometric binding
isotherm at low binding occupancy<(0%). To facilitate
this comparison, a simulated stoichiometric binding curve
was generated by increasing the valupfby 2 orders of
magnitude (1.20< 1¢°® M%) and using the same variables
as used to fit the experimental data (Figure 2C, dotted line).
The stoichiometric end point of this curve corresponds to a
TyrR concentration o~520 nM (Figure 2C, downward
arrow), a concentration very near that of 9F30A/30B used
in this experiment (500 nM). The close agreement between
the experimental and simulated data sets at low binding
occupancy suggests that the TyrR prepared for this study
possesses full DNA-binding activity.

The optimal conditions for determining the effect of
temperature and salt concentration on the binding of TyrR
to 9F30A/30B (see below) are those used in Figure 2B where
the acceptor concentration is close to tKg for the
interaction. At higher acceptor concentrations, the binding
becomes more stoichiometric, whereas at lower acceptor

concentrations, errors due to background fluorescence and o

light-scattering artifacts become more problematic. Having
established conditions for studying the thermodynamics of
TyrR—9F30A/30B binding, a larger quantity of the labeled
oligonucleotide was prepared.

Thermal Stability of Oligonucleotides and TyrRThe
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thermal stabilities of the oligonucleotide 30mers and TyrR FIGURE 3: Thermal denaturation of DNA and TyrR. Part A:

were examined to determine the temperature range ove
which the binding equilibrium could be examined (Figure
3). Oligonucleotide melting was monitored spectrophoto-
metrically by making use of the hyperchromicity at 260 nm
(Figure 3A). TheAys nm data were converted to percent
denaturation assuming the 30mers to be fully native at 15
°C and fully denatured at 8%C. Analysis of the melting
curves by the two-state midpoint method of Breslauer and
co-workers 25) gave transition melting temperaturegy)

of 61.4 and 65.3C for 9F30A/30B and 30A/30B, respec-
tively, values that agreed with those obtained by first
derivative analysis of thé,s0 nm data (not shown). While

tnormalized melting curves for 0 9F30A/30B () and 0.7uM

30A/30B (— — —) in buffer F. Aygo Nm data were converted to
percent denaturation assuming the duplexes were fully native at
15 °C and fully denatured at 88C. The transition melting
temperatures for 9F30A/30B (61°€) and 30A/30B (65.3C) were
obtained from the midpoints of their respective melting curves. Part
B: thermal denaturation of TyrR monitored by circular dichroism
at 222 nm. TyrR (1.6:M in buffer F) was measured in a 0.1 cm
path length cuvette over the temperature rangeSBYC. For each
temperature point, the data were averaged for 5 min and corrected
against buffer F.

the introduction of the negatively charged fluorescein dye
into a negatively charged polyelectrolyte destabilized 9F30A/
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' ' ! ' ' Table 1: Temperature Dependence of the Binding Constant for the
. Interaction of TyrR with 9F30A/308
70000 2 - Kb (M)
e § temperature°C) +ATPyS® —ATPyS ratic'
B &
& 60000 | 2 i 5 3.68+0.13x 10° nc*
‘é i g 10 5.76+0.14x 10f 1.114+0.04x 10° 5.2
o = 15 7.30+£0.14x 10° 1.41+0.04x 1¢° 5.2
g AL L 20 1.01+0.01x 107 2.35+0.02x 10 4.3
S 50000 500 1000 1500 2000 2500 25 1.21+0.03x 10/ 3.14+0.06x 1¢° 3.9
2 ) (TyeR], (M) 30 1.67£0.02x 107 5.13+0.07x 10° 3.3
_5 35 1.71+£0.02x 10/ 7.16+0.08x 1¢° 2.4
= 40000 R B . aAll measurements were made in buffer F (see Experimental
p Procedures) containing 10 mM MgCP Binding constantsK,) were
obtained by fitting fluorescence titration data to eq 4 (see Appendix).
36000 A A ) ¢ ATPyS was present at a concentration of 200.  The ratio equals
L L L L L KL(+ATPyS)KL(—ATPyS). ¢ Not determined due to the low binding
0 500 1000 1500 2000 2500 affinity at this temperature.
[TyrR]; ("M) | | , |
Ficure 4: Temperature dependence of the interaction of TyrR with 140 L 4

DNA. Solutions of 9F30A/30B (50 nM) were titrated with TyrR
at 10 ©), 20 @), and 35°C (2) in the presence of AT¥S (200
uM) and MgCh (10 mM). Inset: titration of 9F30A/30B with TyrR 135 -
at 20 °C as abovel) and in the absence of A/S @). The
downward arrow indicates that the addition of 2081 ATPyS
resulted in the fluorescence intensity measured for the titration
conducted in the presence of AF®. The continuous lines in both
sections are the best fit of each titration curve to eq 4 withithe 125
values presented in Table 1.

130 |

RInK

120 |
30B relative to 30A/30B, more than 95% of the labeled

oligonucleotide remained intact up to temperatures ¢fGl0 s b
The increase in circular dichroism ellipticity at 222 nm, ! : ' s
representing the change framhelix to unordered structure, 280 290 300 310

was used to follow the thermal denaturation of TyrR (Figure Temperature (K)

3B). TyrR denaturation was described by a single ransition gigyre 5: Thermodynamic analysis of TyrR-DNA binding. The
between 10 and 5%C, with aTy, of 40 °C determined from K, values shown in Table 1 were converted to the product of the
the midpoint of the transition. A further increase in ellipticity ~gas constant and their natural logarithRilii K.) and plotted as a
was observed from 60 to 8% which coincided with the function of the absolute temperature. The data obtained in the

P . presence®) and absence) of ATPyS were fitted to the Clarke
precipitation of TyrR (data not shown). On the basis of these and Glew equation (see Appendix) about the reference temperature

data and the observation that the rate of ATP hydrolysis by 293 15 K (20°C). The standard heat capacity change at constant
TyrR is maximal at 37C 2 the upper limit for studying the  pressure AC3,) was either used as a fitting parameter) (or

effect of temperature on binding was set at @5 This constrained to zero-(— —).
temperature should provide the largest window for the
thermodynamic analysis of TyrFRDNA binding, at the same  fluorescence due to TyrR binding was relatively independent
time ensuring that both macromolecules retain their structural Of temperature, being approximately 59%.
integrity. The inset to Figure 4 shows that the binding of A/BPto
Effect of Temperature on the Binding of TyrR to DNA TY'R increases the DNA binding affinity by a factor of
Fluorescence titrations were conducted in the presence andPproximately 4.3 at 20C (Table 1). The magnitude of
absence of ATPS over the temperature range-35°C to  the fluorescence quenching in the absence of A ®as
investigate the thermodynamics of the TyrR-DNA interac- Slightly smaller (approximately 56%). However, if AyB
tion. It was assumed that the concentration of ABRised is added at the end of the titration, the fluorescence intensity
(200 uM) was sufficient to saturate the ATP binding sites decreases to that found when it is present from the beginning,
on the TyrR dimer at all temperatures. The temperature @s indicated by the downward arrow in Figure 4 (inset).
dependence of the interaction in the presence of Y3 Thermodynamic Analysis of Tyrf®ONA Binding The
illustrated by the titration curves presented in Figure 4. temperature dependence of the association constant in the
Fitting the data to eq 4 provided association constants of Presence and absence of A#Pis shown in Figure 5. The
5.76 x 10°, 1.01 x 107, and 1.71x 10" M~ at 10, 20, and data are plotted aR In K. versus absolute temperature, so
35 °C, respectively (Table 1). Although the fluorescence that the method of Clarke and Glev2€) can be used to
intensity of 9F30A/30B in the absence of TyrR varied determine the standard free-energy changés?), the
inversely with increasing temperature, the quenching of standard enthalpy changéKi®), and the standard heat
capacity change at constant pressux&j) for the interac-
2 Personal communication, Peter Maroudas, The Russell Grimwadetlcm al a reference temperatute (see Appgndlx). TPIS
School of Biochemistry and Molecular Biology, University of Mel- approach has the advantage over conventional van't Hoff
bourne, Parkville, Victoria, Australia. analysis that the fitting parameteissg, AHg, andAC;e are
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Table 2: Thermodynamic Parameters for the Interaction of TyrR with 9F30A/30B &€ 20

ACS, AG; AHg TAS)®
ATPyS RIn K. (kI molt K™%) (kJ mol?) (kJ mol?) (kJ mol?)
preserit 134.09 —1.03+ 0.43 —39.32+ 0.09 37.16+ 1.84 76.40
absertt 121.97 0 —35.73+£ 0.09 57.41+ 3.13 93.14

aTAS; was calculated using the relationsfipS; = —AGj + AHg. * Values of the thermodynamic paramet&€;,, AGj, and AHg were
obtained by fitting theR In K. versus absolute temperature data shown in Figure 5 to the Clarke and Glew eduattmwere analyzed as above,
except that the value a&C;, was constrained to 0.

independent of each othe2). The reference temperature

6 was chosen as 293.2 K (2@€), as this was the midpoint nar o °

of the temperature range over which binding was studied. o

Values of AG; and AHj obtained from the Clarke and 70 k 4
Glew analysis were used to calculate the standard entropy °

change for the interaction (expressedTasS)) using the
relationshipTAS;, = —AGj; + AH;. A summary of the
thermodynamic parameters for the binding of TyrR to
9F30A/30B at 20°C is presented in Table 2.

In the absence of ATES, the plot of R In K. versus
absolute temperature was linear within experimental error
(Figure 5). Attempts to fit the data according to the Clarke 55+
and Glew method to extract a finite value for the standard . ' : : '
heat capacity change resulted in a value with a high 07 08 09
associated error (0.9% 0.85 kJ mot! K1), indicating ~log [K']
failure to fit to this model. The broken line in Figure 5 shows Ficure 6: Effect of monovalent cation concentration on TyrR-
that the data can be adequately fitted to eq 12 assuming thaDNA equilibria. TheK values shown in Table 3 were converted
AC;, = 0. Separation ofAGj into its enthalpic and to log K data and plotted as a function of the negative logarithm

: . : s - o, Of the total potassium ion concentration. THe values were
entropl_c contrlputlons shows that the interaction Is primarily determined from fluorescence titrations of 9F30A/30B (50 nM) with
entropically driven at 20C (Table 2).

¢ o TyrR at 20 °C in buffer 1/J mixtures containing the desired
In the presence of saturating levels of Af% binding potassium ion concentration (see Experimental Procedures). The

was also an endothermic process over the temperature ranggymbols refer to data obtained in buffer 1/J along,(in buffer 1/

used (Figure 5). However, the Clarke and Glew plot SuPplemented with 10 mM MgelD), and in buffer 1/J supple-

mented with 10 mM MgGl and 200uM ATPyS (©). The

displayed less temperature dependence and was nonlineal,inyous line is the best fit of the data to eq 14 (see Appendix),

Fitting the data to eq 12 provides/C;, value of—1.03+ which provided values foK? and Z of 3.86 + 0.02 x 10 M1
0.43 kJ mot! K~1. Binding is still entropically driven at  and 3.03+ 0.17, respectively.

20 °C, but the more negative value AiG; (reflecting the
ATPyS-induced 4.3-fold tighter binding) is due to a favorable the salt-independent association constdfi,) (see Ap-
decrease imMHj (—20.3 kJ mot?), which overcomes the  pendix) @8, 29).
unfavorable decrease TS (—16.7 kJ mat?). As predicted by polyelectrolyte theory, I&g was a linear

In an attempt to broaden the temperature range used forfunction of log [K"] when binding was studied in the absence
the thermodynamic analysis of the TyrR-DNA interaction, of ATPyS and MgC]} (i.e., in buffer containing only K)
fluorescence titrations were conducted at 37.5 an&iGlth (Figure 6, Table 3). Th& value of 3.03+ 0.17 obtained
the presence and absence of A/BP(data not shown). In  from the fit of the data to eq 14 (see Appendix) indicates
addition to the relatively poor fits of the titration data to eq that three ionic interactions are formed upon association of
4 (especially at 40C), the Clarke and Glew plots appeared TyrR with 9F30A/30B under these conditions. Since the
discontinuous after 35C (308.2 K), withR InK_ decreasing  contributions made to lo, by nonionic and ionic interac-
sharply from 35 to 40C. This behavior is most likely due  tions are described by the quantities I&f and Zy

6.5

log K,

6.0 |-

to TyrR denaturation and justifies the choice of 35 as log [M*], respectively (see Appendix), knowledge of log
the upper limit for this study. K? enables calculation of the percent contribution ionic and
The Dependence of TyrADNA Binding on Mongalent nonionic interactions make to binding. Thus, the I§p

Cation Concentration Fluorescence titrations were con- Vvalue of 3.59+ 0.14 determined from this analysis suggests
ducted at various KCl| concentrations to determine the that ionic interactions contribute approximately 46% to the
contribution made by the displacement of DNA-associated binding equilibrium at 75 mM K, decreasing to about 35%
cations to the TyrR-DNA interaction. The association at 195 mM K. In this analysis, [K] refers to the total
constants governing proteDNA binding (Kas9 are gener- potassium ion concentration, calculated assuming complete
ally found to decrease with increasing salt concentrai@h (  dissociation of KCI and KHPQ,. This represents a close
When measured in buffers containing a single species of approximation of [K], since a small proportion of potassium
monovalent cation (M), log Kassis typically a linear function ~ will remain bound to orthophosphat8q).

of log [M*]. The slope of such a plot yields the number of In the presence of a fixed concentration of divalent cations
cations Zy) displaced from the DNA upon protein binding, (M?"), log Kassdisplays a nonlinear dependence on log M
and the ordinate intercept (extrapolatedlt M M*) yields due to competition betweena¥and the binding protein for
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Table 3: Dependence of the TyrR®F30A/30B Interaction on Potassium lon Concentration under Different Solution Conditions

K (Mfl)
[K*] (mM)2 FATPYS —ATPyS —MgCl® FIOFIK M) (9)e
75 3.47£0.07 x 107 4.854+0.11x 1C° 4,134+ 0.06x 1C° 78.9
90 2.75+ 0.06 x 107 4,434+ 0.06x 10° 2.42+0.25x 1¢° 80.4
105 2.08+ 0.06 x 107 3.614+0.05x 1C° 1.48+0.04x 10° 89.5
126 1.33£0.01x 107 2.27+0.07x 1¢° 8.26+ 0.26x 1C® 91.4
155 7.38+ 0.09x 10° 1.814+0.03x 10° 6.494+0.16 x 1¢° 96.9
195 3.464 0.05x 10° 7.29+0.12x 1® 3.00+£0.09x 1¢® 99.1

a[K*] calculated as the sum of [KCH 2[K,HPQy]. ® Fluorescence titrations were performed at°#0in the desired buffer 1/J mixture (see
Experimental Procedures) containing 10 mM Mg@&hd 200uM ATPyS. ¢ Fluorescence titrations were performed as in footrimtbut in the
absence of ATPS. @ Fluorescence titrations were performed as in footmptieut in the absence of Mggle The initial fluorescence intensity of
9F30A/30B (before the addition of TyrR) under the conditions described in footh@¢f k") is expressed as a percentage of that under the
conditions described in footnote(FI;(<"+Mg*),

DNA. Thus, a third parameter that defines the association The gel shift titration shown in Figure 7A is for 9F30A/
constant for the Mf—DNA interaction KM**~PNA) s re- 30B (lanes +7) and 30A/30B (lanes-814) in the absence
quired in addition t&Z andKZ . to describe data of this type of ATPyS. The TyrR-9F30A/30B complex was first dis-
(29, 31, 32). The procedure used to fit the ldQ.ss versus cerned at M TyrR (lane 4). However, the concentrations
log [M*] data obtained in a mixed MM?2* buffer involves of TyrR used in this experiment were insufficient to saturate
using values o andKZ  obtained in the absence ofa¥ the oligonucleotide, and there is some evidence of dissocia-
and allowingkM**~PNA tg be an adjustable parameter since tion of the complex during electrophoresis (lanes74. In
this is itself a strong function of [M (31). contrast, TyrR-30A/30B complexes were detected at all TyrR

Plots of log K. versus log [K] for the TyrR-DNA concentrations (lanes-94), with 30A/30B essentially
interaction in the presence of and absence of AT Ri.e., saturated at .uM TyrR (lane 14). Dissociation of the
both in the presence of Mg) are also presented in Figure complex was also observed (lanesat).

6. As expected, lo, exhibited a nonlinear dependence  figyre 7B shows the gel shift titration of 9F30A/30B (lanes
on log [K*] due to the interaction being studied in a mixed 1—7) and 30A/30B (lanes-814) conducted in the presence
K¥/Mg?" buffer. In both the presence and absence of 4t ATPyS. The TyrR concentration at which the TyfrR
ATPyS, ”le_ curvature is most evident at low K when 9F30A/30B complex was first observed wagi@ (lane 4),
more Mg is associated with the DNA, and consequently s ais being the TyrR concentration at which the oligo-

the competition between Mg and TyrR for the DNAis 1, cjeotide was saturated. Dissociation of the FyBR30A/
greatest. Althougf TyrR bmdmglls tighter in the_presence 30B complex is evident in lanes4. The addition of 2

of ATPyS at all [K'] values examined (Table 3, Figure 6), ,\1 TyrR was also saturating with respect to 30A/30B (lane
normalization reveals that both plots exhibit very similar 11). However, the TyrR-30A/30B complex was initially
curvature (not shown). This suggests that the same numbefypgeryed at 0.5%M TyrR (lane 9), and did not dissociate
of ionic interactions occur in the unliganded and AB* ~ 4;ing the experiment. The data presented in Figure 7, parts
liganded TyrR-OF30A/30B complexes. Interestingly, the salt 504 B, indicate that TyrR binds to 30A/30B with a higher
dependence of the TyrR-9F30A/30B interaction in the mixed affinity than it does to 9F30A/30B and that this stronger

}(*/Mg” buffer also deviates fr'om the behavior pfef’iCte‘?' binding to the unlabeled species persists in the presence of
in the model above. A comparison of the data obtained in ATPyS.

the presence and absence of Mg®ioth in the absence of " N
ATPyS) reveals that M contributes to an enhancement Competitive fluorescence titrations were performed to

of binding (Table 3, Figure 6). Due to this added effect of OPtain accurate values of the association consténtand
Mg?*, further analyses of these data were not pursued. ~ Ku, which govern the binding of TyrR to 9F30A/30B and

The Effect of Fluorescein Labeling on the TyrBNA 30A/30_B, respectivgly._ The rigor of the procedure u§ed to
Interaction A comparison between the interaction of TyrR determine these binding parameters (see Appendix) was
with the labeled (9F30A/30B) and unlabeled (30A/30B) demonstrated by the analysus_of §ynthgtlc data sets (not
oligonucleotides was made to determine the effect of the Shown). For the purpose of this discussion, we shall treat
conjugated fluorescein chromophore on TyrR binding. Gel the unlabeled oligonucleotide as the competitor for the
shift titrations were employed to qualitatively assess the Pinding of TyrR to the labeled oligonucleotide. These
relative affinities of the labeled and unlabeled acceptors for fitrations were carried out at 28C in the presence and

TyrR. In these experiments the respective oligonucleotides @Psénce of ATPS and involved the addition of TyrR to
were held at a fixed concentration (QcB1) and titrated with mixtures of the labeled and unlabeled oligonucleotides. The

TyrR over the concentration range-6 uM, in the presence
and absence of ATFS. Relative affinities were judged
according to three criteria: (i) the TyrR concentration at

concentration of the 30A/30B competitor was either above
or below that of the fixed concentration of 9F30A/30B.

A competitive fluorescence titration in the absence of

which an electrophoretic band representing the complex wasATPyS is shown in Figure 7C, using 9F30A/30B concentra-
first observed, (ii) the concentration of TyrR required for tions of 20.7 nM and 30A/30B concentrations of 9.1 nM
oligonucleotide saturation (i.e., the disappearance of the free(circles) and 90.0 nM (squares). Assuming a 1:1 stoichi-
DNA species), and (iii) whether the complex dissociated ometry for both complexes, the data were globally fitted to
during electrophoretic separation as evidenced by a smeared modified version of eq 4 (continuous lines), yielding values
trailing edge of the complex band. of 2.22+ 0.01 x 1¢° M~ for K_ and 1.384 0.65 x 10°
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Ficure 7: Binding of TyrR to labeled versus unlabeled DNA. PAGE analysis:ull@eaction mixtures of buffer F containing 0.8V
oligonucleotide, 10 mM MgGJ 10% glycerol, and TyrR (65 «M) were electrophoresed in the presence and absence of &0R a 7.5%
polyacrylamide gel in Ix TBE for 1 h at a 15 mAconstant current. Following electrophoresis, the gels were stained and photographed as
described in Experimental Procedures. Part A: gel shift titration of 9F30A/30B (lanésadnd 30A/30B (lanes-814) in the absence of
ATPyS. For each set of seven lanes (indicated by the lines above the gel), from left to right the TyrR concentration was 0, 0.25, 0.5, 1, 2,
3.5, and 5uM, respectively. The relative positions of the bound and free DNA species are also indicated. Part B: as for A except that
reaction mixtures contained 2@01 ATPyS. Competitive fluorescence titrations: fluorescence titrations were performed@t0described

in Experimental Procedures except that cuvettes contained mixtures of 9F30A/30B and 30A/30B in buffer F supplemented with 10 mM
MgCl,, £ATPyS. Part C: solutions containing 20.7 nM 9F30A/30B plus 9.1 nM 30A/30B gnd 20.7 nM 9F30A/30B plus 90 nM
30A/30B () were titrated with TyrR in the absence of A¥B. The continuous lines represent the best global fit of the data to a modified
form of eq 4 (see Appendix) which provided values for the association constarasdKy of 2.224+ 0.01 x 10° M~ and 1.38+ 0.65

x 108 M1, respectively. Part D: solutions containing 50 nM 9F30A/30B plus 12.8 nM 30A/89)Bafd 50 nM 9F30A/30B plus 132.4

nM 30A/30B () were titrated with TyrR in the presence of 200 ATPyS. The continuous lines represent the best global fit of the data

as abovel{, = 9.57+ 0.23 x 10° M~1 andKy = 3.01+ 3.96 x 10° M~1). The broken line is the best fit as described above for the
mixture containing 50 nM 9F30A/30B and 12.8 nM 30A/308 (= 1.01+ 0.01 x 10’ M~ andKy = 3.16 4+ 2.11 x 10° M™Y.

M~ for Ky (see Appendix). The value &f compares well binding of TyrR to the unlabeled oligonucleotide. Although
with that measured in the absence of competitor (Table 1). the high 30A/30B concentrations used in the presence of
Figure 7D depicts a competitive fluorescence titration in ATPyS precluded accurate determination Kf,, these
the presence of ATFS using 9F30A/30B concentrations of experiments also demonstrated A32enhanced binding of
50 nM and competitor concentrations of 12.8 nM (circles) TyrR to the unlabeled oligonucleotide.
and 132.4 nM (squares). The data were analyzed by the Analysis of TyrR-DNA Binding by Circular Dichroism
procedure outlined above (continuous lines), giving values The TyrR-DNA interaction was examined by circular
for K_ of 9.57+ 0.23 x 10° Mt and forKy of 3.01+ 3.96 dichroism spectroscopy to determine whether TyrR binding
x 1019 M~L. The value ofK, agrees reasonably with that induces a conformational change in the DNA. In these
determined in the absence of 30A/30B (Table 1). However, experiments the unlabeled oligonucleotide 30A/30B was used
the high associated error &, indicates difficulty in fitting instead of 9F30A/30B to avoid contribution of the fluorescein
this parameter. Individual analysis of the mixture containing chromophore to the CD signal.
50 nM 9F30A/30B and 12.8 nM 30A/30B (Figure 7D; The CD spectra of 30A/30B and TyrR recorded in the
broken line) provided & value of 1.014+ 0.01x 10" M™%, absence of ATPS are shown in Figure 8. The oligonucle-
again close to that reported in Table 1, but the value obtainedotide exhibited negative and positive bands at 247 and 282
for Ky was significantly lower (3.16t 2.11 x 1 M™Y). nm, respectively, a feature that is characteristic of the B-DNA
The inability to find a unique solution foKy suggests  structure. At the concentrations used, TyrR exhibited
stoichiometric binding of TyrR to 30A/30B under the negative ellipticity below 250 nm but, compared to the
conditions used, with the latter estimate if probably oligonucleotide, made a negligible contribution in the region
approaching its actual value. The results of these competitive255-300 nm. Because of this difference in the spectral
titrations support the gel shift data and indicate tighter contributions of the oligonucleotide and TyrR, perturbations
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10 . . . . interaction. Fluorescein was chosen because of its high
guantum yield in aqueous solvents. Fluorescence footprint-
ing studies using 42mers have shown that fluorescein labeling
of the thymine residue on thé 3ide of the invariant guanine

of the consensus sequence (see Introduction) results in an
appreciable perturbation of the fluorescence emission con-
comitant with dimer binding Z0). On the basis of this
information, the corresponding thymine residue in the 30A
oligonucleotide was labeled (Figure 1), and the interaction
of the 9F30A/30B duplex with TyrR was studied using
fluorescence titrations under a range of solution conditions.

It is possible to compare the binding of TyrR to the

(=]
T

CD (mdeg)

)
w
T

-15 L - : . aforementioned 42mer (15F42A/42B) and to 9F30A/30B
225 250 275 300 325 from fluorescence titrations carried out under the same
Wavelength (nm) conditions (20°C, in buffer F containing 20@M ATPyS,

FiGURE 8: TyrR—DNA binding monitored by circular dichroism 10 MM MgC, ar‘d 50 nM oligonucleotide). Surprisingly,
spectroscopy. Circular dichroism spectra of AWM 30A/30B the 59% quenching of 9F30A/30B fluorescence observed at

(== =), 50uM TyrR (- - -), 10 uM 30A/30B plus 50uM TyrR saturation with TyrR is inconsistent with the 60% enhance-
(30% ﬁﬁslnsgzme;;rlgoi%tﬁﬂwgr }:Ocrgmamgn%)'l%”ghlﬂoﬂgég% ment of 15F42A/42B fluorescence under the same circum-
2004M ATPyS (—). Samples were incubated at 20 and scanned stqnpes. In addition, TyrR appears have a 5|gr_1|f|cantly lower
at 0.5 nm/min on an Aviv Model 62 DS instrument using 0.1 cm affinity for 9F30A/30B (1.01x 10" M) than it does for
path length quartz cells. 15F42A/42B (upper limit of 9.0 18 M~%). Although a
definitive explanation is not available at present, these
of the positive DNA band observed upon the addition of marked discrepancies are probably due to differences in the
TyrR may be attributed to changes in DNA structure. A chemistries of the reagents used to prepare the labeled
conformational change in 30A/30B resulting from TyrR oligonucleotides. This seems feasible, since different prepa-
binding is evident from the CD spectrum of the 30A/30B rations of the 5-(3-aminoprop-1-yn-1-ylj-Aeoxyuridine
TyrR mixture (Figure 8), where the positive DNA band phosphoramidite were incorporated into the two oligonucle-
increased in magnitude and developed a distinct shoulderotides that were themselves synthesized on separate occasions
around 264 nm. and labeled with different batches of FITC. On the basis of
Individual CD spectra of 30A/30B and TyrR measured in further binding experiments with 15F42A/42B, we consider
the presence of ATFS (not shown) did not differ signifi-  that the 9F30A/30B oligonucleotide used in this investigation
cantly from those described above. Interestingly, the spec-is the more appropriate species for probing TyrR-DNA
trum of the 30A/30B-TyrR mixture measured in the equilibria. We offer the following reasons. First, the effect
presence of ATPS (Figure 8) was virtually identical to that  of ATP(yS) in strengthening TyrR-DNA binding is clearly
in the absence of ATFS. As the high reactant concentra-  evident for the interaction of TyrR with 9F30A/30B (Figure
tions used in both mixtures (1M 30A/30B and 50uM 4, inset), but not for that of TyrR with 15F42A/42B (data
TyrR) would favor saturation of the oligonucleotide with ot shown). Second, the TyrPOF30A/30B interaction
TyrR, these results suggest that the conformational changeexnibits the behavior predicted for a genuine interacting
in the ollgonucleond_e b_rought about by TyrR _blndlng IS system, in that the association constant is independent of
independent of the binding of A to the protein. the acceptor concentration and the binding becomes less
stoichiometric as the acceptor concentration is decreased
DISCUSSION (Figure 2). Conversely, the characteristically stoichiometric
Although TyrR boxes are defined as 22 bp elemeBs (  appearance of the binding curve produced by titration of
DNase | footprinting experiments show that approximately 15F42A/42B with TyrR 20) remains unchanged upon 10-
26 bp are protected by the TyrR dime33}. Indeed, the  fold dilution of 15F42A/42B to 5 nM (data not shown). This
weak interaction observed between TyrR and 22 bp oligo- behavior places considerable doubt on the assertion that 9.09
nucleotides containing a TyrR box is strengthened by x 10° M~! represents the upper limit of the association
extending either side of the binding site with wild-type constant for the TyrR-15F42A/42B interaction. Third, 42A/
sequence2(Q). In previous studies oligonucleotide 42mers 42B was resynthesized with the modified 5-(3-aminoprop-
have been used to examine the binding of dimeric and 1-yn-1-yl)-2-deoxyuridine at position 15 and labeled with
hexameric TyrR. Oligonucleotides of this length are par- FITC to produce 15F42A/42B. Titration of newly prepared
ticularly useful for this purpose, since the hexamer makes 15F42A/42B with TyrR (20°C, in buffer F containing 200
contacts with DNA residues lying outside the 26 bp region uM ATPyS, 10 mM MgC}, and 50 nM 15F42A/42B) gave
protected by the dime(). As the current investigation is  rise to a smooth quenching curve (data not shown). The
concerned only with the dimer-DNA interaction, the use of association constant and degree of fluorescence quenching
a shorter 30 bp oligonucleotide was considered more obtained upon fitting the data to eq 4 (1.£210°" M~* and
convenient. 57%, respectively) were essentially identical to those ob-
The intrinsic fluorescence of TyrR is insensitive to DNA tained for the titration of 9F30A/30B under the same
binding; therefore it was necessary to conjugate an extrinsicconditions (Table 1). Importantly, when the titration of
probe to the DNA to enable fluorescence detection of the 15F42A/42B was conducted in the absence of A$Hdata
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not shown), the association constant and degree of quenchinghe Clarke and Glew analysis (Table 2) is consistent with a
decreased to 2.55 10° M~ and 54%, respectively. conformational change in the TyfRATPyS complex ac-
Binding data were analyzed assuming a stoichiometry of companying DNA binding. The inability to extract a finite
one TyrR dimer per 9F30A/30B acceptor. The validity of value forACg, for the interaction in the absence of Af®
this assumption is supported by simulation of a 1:1 TyrR  suggests either that TyrR does not undergo a conformational
9F30A/30B interaction under stoichiometric conditions (Fig- change involving the removal of nonpolar surface under these
ure 2C), and by ultracentrifugation studies which found a conditions or that such a change is too small to detect using
1:1 stoichiometry for the interaction of TyrR dimer with a this approach. The value oAC;, determined in the
42mer containing the same recognition sequedée (Using presence of ATPS is comparable t&\C; values obtained
this model, the binding parametéd¢s andFs (see Appendix)  for the site-specific DNA binding of other regulatory proteins
were obtained by direct fitting of the raw data, rather than containing the helix-turn-helix motif, such as tkec and
by analysis of transformed data. The binding constant trp repressors<3.77 + 0.42 and—2.26 + 0.42 kJ mof?
determined with different preparations of the labeled 30mer K™, respectively) 36—38). The relatively large uncertainty
at 20°C and in the presence of A} was the same within  associated witlAC; for these systems is mainly due to the
experimental error as that reported in Table 1 (i.e., comparefact that this parameter is estimated indirectly, as the second
1.01+ 0.01x 10’ M1 (Table 1) to 1.2G+ 0.06 x 10’ M2 derivative of a Clarke and Glew or van't Hoff plot. In the
(Figure 2)). Furthermore, different preparations of the TyrR case of a weak proteimucleic acid interactionAC; may
protein had negligible effect on the value of the association be resolved with greater accuracy using a technique such as
constant measured under these conditions (data not shown)titration microcalorimetry, where the binding enthalpy can
The lower thermal stability of TyrRT, = 40 °C) relative be measured directly at a range of experimental temperatures.
to that of 9F30A/30B T = 61.4°C) (Figure 3) determined On a weight basisACy accompanying protein denatur-
the choice of 35°C as the upper limit for studying the ation is substantially greater than for the melting of DNA
thermodynamics of their interaction. The presence of AP  (=0.38-0.63 compared t6=0.17-0.25 J g* K™3). It has
increased the affinity of TyrR for 9F30A/30B at all temper- therefore been suggested that the major contribution to
atures, with the effect being more pronounced at lower AC; for a specific proteirDNA interaction originates
temperatures (Table 1). ATP-mediated enhancement isfrom the protein rather than the DNA and specifically from
presumably an allosteric phenomenon, whereby the bindinga reduction in the water-accessible nonpolar surface area of
of ATP to its site within the central domain of each TyrR the protein on complex formatior28). Nevertheless, a
monomer unit is linked to a conformational change in the distortion of the DNA structure induced by TyrR binding
C-terminal region, resulting in a better fit between the helix- might also contribute to the favoralleCy, for the interac-
turn-helix motifs and the DNA of the strong box. This model tion. The marked change in the positive CD band of 30A/
implies that the unliganded and A7B-liganded TyrR- 30B upon addition of TyrR and ATFS (Figure 8) indeed
9F30A/30B complexes have different three-dimensional indicates that binding of the TyrRATPyS complex alters
structures. Evidence of this is provided by the magnitude the DNA structure. However, the fact that a virtually
of fluorescence quenching in the presence (59%) and absencélentical spectral change was produced in the absence of
(56%) of ATPyS, which indicates a different environment ATPyS suggests that the DNA undergoes the same confor-
of the fluorescein probe in each complex. An effect of ATP mational change upon binding either TyrR or the T#R
in mediating a conformational change in TyrR has been ATPyS complex. Therefore, the negative standard heat
demonstrated by limited proteolysis studi€g. ( These capacity change and the enhanced binding observed in the
studies show that while ATP binding confers protection presence of ATPS can be accounted for solely by a
against trypsin digestion at a site within the central domain, conformational change in the TyrRATPyS complex ac-
the region linking the central domain to the C-terminal companying DNA binding. Unfortunately, such a change
domain becomes more susceptible to proteolytic cleavage.in the conformation of TyrR cannot be monitored easily by
A similar effect of ATP has also been observed with NtrC, CD spectroscopy due to the significant contribution of the
a protein structurally related to TyrBB%). In this case the  oligonucleotide to the ellipticity below 250 nm.
binding of ATPyS results in protection of the central domain The other thermodynamic parameters derived from the
against trypsin digestion but has no effect on the rate of Clarke and Glew analysis also distinguish binding in the
digestion in other parts of the protein. presence of ATPS from that in its absence (Table 2). At
TyrR—DNA binding, expressed aR In K., (Figure 5), the reference temperature (2Q), the greater stability of
exhibited a linear dependence on the absolute temperatureghe ATPyS-liganded TyrR-9F30A/30B complex is demon-
in the absence of ATFS, indicating that the binding enthalpy  strated by &AAG value of —3.59 kJ mot?. Interestingly,
is independent of temperature. In contrast, the presence othinding exhibits enthalpyentropy compensation regardless
ATPyS resulted in a nonlinear dependenceRolin K. on of the involvement of ATRS; that is, in each case the
the absolute temperature. Such behavior is frequently positive and hence unfavorableH; term is offset by a
observed for site-specific binding of proteins to DNA and more positiveTAS; term, resulting in a negative value of
originates from the dependence of the binding enthalpy on AG;. Contributions to the positive entropic terms may
temperature. The derivative of this functio@AH®/aT)p, come from processes occurring at the protddNA inter-
is equal toAC;. For these systems\C; is commonly a face, such as the release of protein-bound water molecules
large negative quantity and is attributed to conformational (resulting from the formation of hydrophobic interactions)
changes in the protein (primarily the burial of nonpolar and the release of monovalent cations associated with the
surface area) upon binding to DNA§ 36). Thus, the phosphate backbone of the DNA. The latter notion is
ACp, value of —1.03+ 0.43 kJ mot* K~* recovered from  supported by the dependence of the Ty@¥30A/30B
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interaction on monovalent cation concentration, which shows of TyrR to a 42-bp oligonucleotide containing the same
that binding is accompanied by the release of two to three recognition sequence as that used in the present investigation.
potassium ions (Figure 6). Although this information was In their experiments, the subsaturating concentrations of
obtained in the absence of AB and magnesium ions, it ATPyS used (3QuM compared to 20«M in the present
suggests that this process plays an important role in FyrR  study) would slightly underestimate the magnitude of the
DNA binding. The more favorablAGj value determined  ATP effect. However, the 3.5-fold enhancement observed
in the presence of ATFS relative to that in its absence is for unlabeled DNA agrees well with the 4.3-fold enhance-
primarily due to the difference imHj rather thanTAS;. ment found for labeled DNA in the current study (Table 1).
The average enthalpy of hydrogen bond formation rangesA study by Kwok et al. 4) of Rsd protection of the strong
from 12 to 24 kJ mol! (39); thus the enthalpy loss observed box of thetyrP operator at 37C showed that saturating
in the presence of ATIS (—20.3 kJ mot?!) may result from ATP concentrations (200M) caused a 34-fold enhance-
the formation of one or two extra hydrogen bonds in the ment of the TyrR-DNA interaction. Given the semiquanti-
TyrR—DNA complex. The existence of extra hydrogen tative nature of the electrophoretic assay used in these studies,
bonds would also confer a greater degree of order to thisthe lower limit of the enhancement (3-fold) is in good
system, and may explain the accompanying losBAS; of agreement with the 2.4-fold enhancement found atGh
16.7 kJ mot™. the present study (Table 1). Thus, it is probable that the
One limitation of conjugating the fluorescein probe within effect of ATP onAHg and ACy, is similar for the labeled
the TyrR box is that it weakens the TyrR-DNA interaction and unlabeled DNA systems, given that these parameters are
(Figures 7A and B). This may be due to the probe sterically respectively the first and second derivatives of the plot of
hindering binding, given that it is positioned in the major the natural logarithm of the binding constant against the
groove of the DNA next to one of the essential GC basepairs absolute temperature. Correspondingly, the values of the
(Figure 1). The quenching of fluorescein fluorescence association constants (and hert&;) obtained with la-
concomitant with TyrR binding suggests that there is contact beled DNA would be offset from their “absolute” values by
between the protein and the probe in the complex. Steric a constant factor across the temperature range used in this
hindrance of binding may be exacerbated by charge repulsionstudy.
between the dianionic probe and the negatively charged DNA Competitive fluorescence titrations involving the addition
backbone, which would result in the probe being oriented of TyrR to mixtures of 9F30A/30B and 30A/30B enabled a
away from the backbone and into the solution. Indeed, this quantitative determination of the extent to which fluorescent
may explain why the binding of TyrR to 9F30A/30B is labeling interferes with TyrR binding (Figure 7C,D). The
tighter in buffer containing both Kand Mg* relative to data obtained in the absence of Af¥were well described
that in buffer containing only K (Table 3, Figure 6). by the competitive binding model (see Appendix) with the
Binding of Mg?" to fluorescein may either partially or values extracted fd&, andKy (2.22+ 0.01x 1®* M~*and
completely neutralize its negative charges, thereby increasingl.38 + 0.65 x 10° M™%, respectively) indicating an ap-
the configurational flexibility of the probe and rendering the proximately 60-fold stronger interaction of the protein with
binding site more accessible to the protein. The greaterthe unlabeled DNA. The concentrations of the 30A/30B
fluorescence of the free 9F30A/30B conjugate (i.e., prior to competitor used in the presence of A7¥were too high to
the addition of TyrR) observed in the mixed #1g>* buffer permit accurate resolution &,. However, thek, andKy
(Table 3) suggests that Migstabilizes the probe in its excited  values recovered from the analysis of the competitive titration
state and provides evidence of KMe-fluorescein binding. containing the lower concentration of competitor (181
Slight unwinding of the 9F30A/30B duplex caused by the 0.01x 10" M~ and 3.164+ 2.11 x 10 M1, respectively)
introduction of the negatively charged probe (Figure 3) may suggest that the affinity of TyrR for the unlabeled DNA is
also inhibit TyrR recognition. Conventional Bbeling has at least 30-fold tighter under these conditions. In both the
the potential to overcome the problem of weakened binding, presence and absence of A% the binding constants
since it removes the probe from the binding site, but in so describing the TyrR9F30A/30B interaction were in close
doing eliminates any influence of the protein in the quantum agreement with those obtained in the absence of competitor
yield of the fluorophore. In this case binding would have (Table 1), reflecting the near-zero correlation between the
to be monitored by an increase in fluorescence anisotropy.fitting parameter§, andKy. As expected, ATPS-mediated
Unfortunately, accurate measurement of the interaction is enhancement of the interaction was also observed for the
more difficult using this approach, since the difference in TyrR—30A/30B interaction. With judicious choice of ex-
anisotropy between the bound and free DNA species is perimental conditions, the competitive binding approach may
relatively small. This is primarily due to the fact that the be extended to investigate the effect variables such as DNA
rotational correlation time of the DNA<(10 ns) exceeds the length, supercoiling, etc. have on the interaction with TyrR.
average lifetime of the probe {2 ns). In particular, this technique could be applied to measuring
The inhibitory effect of the fluorescein probe precludes the strength of TyrR interactions with different operators,
determination of the “absolute” thermodynamic parameters since this is likely to be an important factor, along with box
that characterize the TyrR-DNA interaction. An important position, in determining the extent to which different operons
question is whether the effect of ATP (A¥B) on the are regulated.
interaction is similar, in thermodynamic terms, for both the
labeled and unlabeled systems. There is only limited dataAPPENDIX
available on this question. Bailey et &34} used analytical Analysis of Binding Data.The binding of the TyrR dimer
ultracentrifugation at 20C to show that ATRS caused a (D) to 9F30A/30B (L) to yield a 1:1 complex (LD) is
3.5-fold increase in the association constant for the binding controlled by the equilibrium constahi :



7442 Biochemistry, Vol. 37, No. 20, 1998

L+D==1D K, = [LDJ/[L][D] 1)

where square brackets denote molar concentrations. When

titrations are performed in the presence of saturating
concentrations of ATPS (200uM), it is assumed that D is
complexed with 2 molecules of AHS (DAPr%), and that
this species binds to L to yield the ternary complex*L>.

For convenience the superscript AJ$ is not adopted in

the proceeding discussion; however, this notation is implied

for all species of D under these conditions.
The fractional saturation of L is defined by the binding
functionr,

r=K[DJ(1 + K [D]) )

which can also be written in terms of fluorescence intensities

r=(FI —Fp/(Fg — Fp) €))

whereF| is the measured fluorescence intensity, Bpdnd
Fg are the fluorescence intensities of L and LD, respectively.

Substitution of eq 2 into eq 3 and subsequent rearrangemenE

yields

(Fg — FR(K.[D])

Fl =F.+
F 1+ K, [D]

(4)
where [D] is the solution to a quadratic, solved in terms of
K. and the total concentrations of L and D

[D] =

—(1+ K ([L]; — [D]y) + \/ (1+ K (L], - [D])* + 4K, [D],
2K,

®)

where [L} and [D} refer to the total concentrations of L
and D, respectively. Data were analyzed by nonlinear
regression using eq 4, withl, [L];, and [D} as variables
andK_ andFg as fitting parameters.

Analysis of Competite Binding Data Competitive
titrations involved the addition of D to solutions containing
both L and 30A/30B (U). Itis also assumed that D binds to
U, yielding UD:

Ki

D+L LD

o

ub

whereKy is the binding constant governing the binding of
D to U. The total concentration of L may be written as

[L];=[LIA + K[DD),
which rearranges to give [Df ([L], — [L])/K_[L] (6)

Similar rearrangement of the equations for[&fjd [D} gives
[U] = [U]y1+ K,[D] )
and

[D] = [DI/(1 + K [L] + Ky[U]) (8)

Bailey et al.
Substituting eq 6 into eq 7 gives

_ [ul,
1+ Ky([L], — LD K [L]

[U] (9)

Substituting eq 9 into eq 8 gives
[D],

Ky([U] KL [L])
Kyllly = [LI(Ky = Ky)

[O] = (10)

1+ K L] +

Fs was obtained from the ordinate intercept of a plot ¢fl1/
versus 1/[D] [L] was then calculated as

FI—FF)
B_FF

F

[L] =L t(l - (11)

Equation 10 was substituted into eq 4 and the data analyzed
as described above, withl, [L];, [L], [U]:, and [D} as
variables and, andKy as fitting parameters.

Thermodynamic Analysis of Tyr®DNA Binding The
emperature dependence kf was analyzed by the Clarke
and Glew equation2p) using a reference temperatuie

RInK, =—

0 N T

AC;(,[_IQ_ 1+ |n(g)] (12)

whereAG; is the standard free-energy changé; is the
standard enthalpy change, a7, is the standard heat
capacity change of binding, all at temperatéreR is the
gas constant andl is the absolute temperature.

Effect of Monealent Cation Concentration on TyFRDNA
Binding In dilute electrolyte solutions, the structural charge
density of DNA (in this case 9F30A/30B) is neutralized
principally by the binding of monovalent cations {M The
fraction of M thermodynamically associated with the DNA
per phosphatey() is found to be 0.88t 0.05 for double-
stranded B-DNA 28). Thus, 9F30A/30B can be described
as the weak electrolyte (ML7). In the absence of ATFS
and MgC}, the TyrR-9F30A/30B interaction may be
modeled as a simple cation exchange process. TyrR is
assumed to be Zvalent oligocation (B"), which interacts
with Z phosphates on [}‘/L‘, resulting in a reduction in the
structural charge density of the DNA and the releaseipf Z
monovalent cations from the DNA to the bulk soluti®8(
31).

. +
MIL™+D* <=LD +zyp M+ K; = [LD}ZyM
(13)

Combining the equilibrium expressions fisr andK; (eqs
1 and 13, respectively), the dependenceKpfon [M*] is
given by

AGS
. AH“’(1 + 1) +

log K, =log K? — Zy log [M™] (14)
According to this treatment, the ordinate intercept (log

K?) of a plot of logK, versus log [M] provides a measure

of the association constant aieth M M+ pseudostandard

state (i.e., in the absence of any ionic interactions). The slope
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(Zy) yields the number of monovalent cations released from
9F30A/30B upon the binding of TyrR28).
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