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The Sequence-Specific Association of the ETS Domain of Murine PU.1 with DNA
Exhibits Unusual Energetits
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ABSTRACT. PU.1 belongs to the ETS family of transcription factors whose DNA-binding domains recognize
purine-rich sequences containing the consenstGEAA/T-3'. We have characterized the sequence-
specific association of the ETS domain of murine PU.1 tolsite of the Id2—4 enhancer as a function

of temperature and pH by electrophoretic mobility shift, filter binding, and CD spectroscopy. From 0 to
25 °C, the dissociation equilibrium constail, is, within experimental uncertainty, insensitive to
temperature, and is only a weak function of temperature from 25 tC52an’t Hoff analysis yielded a

small value ofAC, = —2.1 kJ mot* K~ in phosphate buffer, pH 7.4, containing 250 mM*NKp also

shows a weak dependence at’Z5on pH from 6.7 to 9.0 in phosphate, cacodylate, and Tris buffers that
have disparate heats of ionization. The CD spectrum of the profWA complex could be accounted

for by a simple linear combination of the spectra of the free components throughout the binding temperature
range. Structural calculations indicate that dehydration of solvent-accessible contact surfaces on the protein
and DNA accounts for up taC, ~ —1 kJ mol* K~%. Taken together, these observations suggest that
the hydrophobic effect and, in particular, coupled folding do not contribute significantly to the energetics
of sequence-specific association. This is unusual with respect to other sequence-specific- pidtein
interactions for which significant enthalpic contributions and large negative heat capacities are commonly
observed.

A common observation in the thermodynamic character- water molecules into the bulk solvent. Efforts to estimate
ization of sequence-specific proteiDNA association is a  the relative contributions to the free energy of association
large negative change in heat capadii¢,' and, accord- by dissection of the observed entropy of association point
ingly, strongly temperature-dependent enthalpies and entro-to the hydrophobic effect as the major favorable contributor
pies of associatiorl-13). While a variety of processes can to binding (L7, 18, a theme reproduced from earlier studies
produce this patternl@, 15, it is generally explained in ~ on the thermodynamic stability of globular proteirigy

terms of the hydrophobic effecL). The molecular origin Coupled folding has also been proposed as a means of
of the hydrophobic effect is usually attributed to protein achieving sequence specificit¢ ), whereby a portion of
folding coupled to site-specific DNA bindingl8, 17 the binding energy is channelled into inducing steric comple-

resulting in dehydration of significant amounts of solvent- mentarity between the binding surfaces on the protein and

exposed hydrophobic protein surfaces with an attendantDNA by means of coupled foldingl@). This is consistent

(entropically favorable) release of thermodynamically bound with, for example, a near-zerdC, found for nonspecific
Cro—DNA association 12), the predominantly electrostatic
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sulfate-polyacrylamide gel electrophoresis; TBE, 89 mM Tris base, guénces containing the consensUSBAAIT-3' (25—27).

89 mM boric acid, 2 mM NgEDTA, pH 8.3; MOPS, 3(N-morpholi- The crystal structure of the specific PU.1 ETBNA

no)propanesulfonic acid; HEPER;(2-hydroxyethyl)piperaziné¥-2- ; ; _ hali ;
ethanesulfonic acid; CD, circular dichroism; DSO, direct search pompl_ex €s) shows_a\_/vmged heh.Xtur.n helix (HTH) moj[lf
optimization; HTH helix-turn—helix; Kp, equilibrium dissociation in which the protein inserts helia3 into the DNA major

constant;AC,, change in heat capacity at constant pressure. groove at the core '85GA-3 consensus where strictly
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51 - AAAGCGAATAAAAGGAAGTGAAACCAACCGT TA was largely as describe®Y). The construct cDNA was
3 ' -CGCTTATTTTCCTTCACTTTGGTTGGCA ¢ CA subcloned into a pET15b vector (Novagen, Madison, WI),
which added aiN-terminal (His) tag followed by a thrombin
Ficure 1: AB DNA probe used in this study6—38). The cognate

sequence (with the B3GAA-3 consensus shaded in gray) is cIeavage.sne. Transjorme_Ei coli (BL'21DE3-pLysS) was
flanked by a trinucleotide & track; the 5AAA-3' overhang cultured in LB medium, induced with 1 mM IPTG, and

facilitates end-labeling by T4 PNK. subsequently lysed with Triton X-100. Cell lysate was loaded
onto an immobilized CY affinity resin (Clontech, Palo Alto,
conserved arginine residues make base-specific contactsoA) and washed twice with 20 mM imidazole, and the target
while the adjacent loops contact backbone atoms a half- cgnstruct was eluted in a 500 mM imidazole buffer. The
helical turn on either side at the minor groove. This pattern (His)s tag was cleaved by incubation with thrombin &t@
is reproduced in other specific EF®NA complexes,  gyernight in a Tris buffer (50 mM, 500 mM NaCl, pH 7.6)
namely, human Ets-120), murine Ets-1 §0), fli-1 (31), and removed by passing through theOmsin. SDS-PAGE
GABPa/f (32), SAP-1 @3), and Elk-1 B4), but differs  of eluates sampled at various stages demonstrated single
significantly from other known HTH proteins3%). bands (by Coomassie blue staining) after affinity chroma-
We report here a thermodynamic characterization of the tography and thrombin proteolysis at the expected mobility.
sequence-specific association of the DNA-binding domain aAfter purification, EDTA and PMSF were added to 1 mM
(DBD) of murine PU.1 to the central 23-bp region of the each, and the protein was stored in small aliquots- a8
AB site of the murine 1§2—4 enhancer36—38). Electro-  °c BSA and glycerol were added to aliquots in active use
phoretic mobility shift and filter-binding titrations of PU.1 (to 0.2ugluL and 50%, respectively) and kept-a20 °C or
DBD by /B sites demonstrate that the stability of the specific |ower. Periodic assays by gel electrophoretic mobility shift
protein-DNA complex is, within experimental uncertainty, (see below) indicated that under these storage conditions the
only weakly sensitive to temperature within the physiological protein retained>95% specific binding after 60 days.
range. It also exhibits a weak dependence on solvent pH from Quantitate Gel Electrophoresis Mobility ShifPU.1
6.7 10 9.0 in phosphate and Tris buffers at’25 In f_:lddiltion, DBD (0.2-0.4xM) and radiolabeled DNA probe (0.85 nM)
the CD spectrum of the PU.1 DBEAB complex is highly  \vere mixed with graded concentrations of unlabeled DNA,
similar to a sum of the spectra of the unbound protein and 0.1ug of BSA, and 1.7g of poly[d(AT)] in 6 uL of binding
DNA across the entire temperature range in which binding pyffer (25 mM NaHPQ,, 1 mM H,EDTA, 10% glycerol,
was observed. Taken together, these observations sugges{aC| at the required concentration). The mixture was
that the sequence-specific PU.1 DBIDB association is not  jncubated at the stated temperatutel °C) for at least 60
motivated by coupled folding. To our knowledge, this is the mjin. Incubations above ambient temperature were carried
first report on the thermodynamics of sequence-specific oyt in a GeneAmp 2400 PCR thermocycler (Perkin-Elmer,
binding by an ETS protein. Since structural studies have Norwalk, CT) in which the tubes were closed against a heated
demonstrated a highly homologous structural paradigm in top (103°C) to prevent evaporation without the use of
sequence-specific binding by different ETS proteBS, @9, mineral oil. After incubation, 5.%L of each sample was
our results may find applications in understanding the |gaded onto a running 8% polyacrylamide gel in a MOPS
thermodynamics of general site recognition by this family running buffer (23 mM NaMOPS, 89 mM boric acid, 2.5
of transcription factors. mM NaEDTA, pH 7.4 at 30°C without adjustment) at
30 £+ 1 °C and electrophoresed at 200 V for 25 min. The
EXPERIMENTAL PROCEDURES gel was vacuum-dried onto filter paper and scanned radio-
Materials [y-32P]ATP (6000 Ci mot?) and poly(dA-dT) metrically using an Ambis 4000 detector (Scanalytics,
poly(dA-dT) were purchased from Amersham Pharmacia Billerica, MA).
Biotech. Thrombin and DNase | came from Boehringer  Gel scans were visualized using One-Dscan (version 1.33,
Mannheim, T4 PNK from MBI Fermentas, and BSA from Scanalytics). Lane traces were fitted to exponentially modi-
Calbiochem. Oligonucleotides were synthesized by ACGT fied Guassian distributions (to account for tailing peaks)
Corp., Toronto, Ontario, Canada. Sources of other chemicalsalong a linear baseline using PeakFit (version 4, SPSS Inc.,
and materials are as indicated below. All reagents are of Chicago, IL). Based on a 1:1 stoichiometr38], Kp and

analytical grade or better. total PU.1 DBD concentration, [Plvere estimated by fitting
DNA Preparation A 64-nt DNA hairpin containing the  the integrated intensities of the bound and unbound bands
central 23-bp region of thég site of the murine 1§2—4 to eq 1 using Origin (version 6.0, Microcal, Northampton,

enhancer was used (Figure 1). Radiolabeled probe wasMA):

prepared with 7-3°P]JATP and T4 PNK, and eluted into

binding buffer (described below) through a polyacrylamide [D][P]; — (ID]; + [P]; + Kp)[DP] + [DP?=0 (1)

size-exclusion column (Bio-Spin 6, Bio-Rad) which also

removed unincorporatedy{??P]JATP. The DNA was re-  where [D]is the total DNA concentration and the integrated

annealed by heating to 9& for 5 min followed by gentle intensities of the (radiolabeled) bound and unbound bands

cooling over 2 h. Unlabeled probe was scanned and quanti-are taken to represent the distribution of total DNA in the

fied at 25°C on an Aviv 14DS spectrophotometer (Lake- bound and unbound states at each concentration.

wood, NJ), assuming an OD of=% 50 ug mL~* at 260 nm Filter-Binding ExperimentsPU.1 DBD (10 nM) was

and a calculated molecular weight of 19 701. mixed with radiolabeled DNA probe (diluted to a known
Protein Expression and PurificationThe cloning and  concentration with unlabeled probe), 0.2§ of BSA, and

purification of the murine PU.1 DBD (amino residues 54 15 ug of poly[d(AT)] in 50 uL of binding buffer consisting

266, equivalent to the human protein numbering-1284) of 25 mM NaHPQ,, sodium cacodylate, or Tris base at the
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pH as described in the text and tables, 1 mMEBETA, NaCl

as stated, and 10% glycerol. Mixed cellulose nitredeetate
filters (Millipore type HA, 0.45 um pore size) were
equilibrated for several hours in binding buffer. For each
sample, after incubation to equilibrium at the desired
temperature, a fresh filter was mounted onto a vacuum
filtration apparatus, washed with 1 mL of binding buffer
which had been equilibrated to the incubation temperature,
and immediately loaded with 4GL of binding mixture
followed by a second 1.0 mL wash with binding buffer. The
filter was aspirated for another 1 min and counted in 5 mL
of scintillant (CytoScint, ICN, Costa Mesa, CA). Background
binding (i.e., in the absence of PU.1 DBD) was followed
similarly. Total DNA concentrations were determined by
counting 3uL of each remaining sample andi& of the
radiolabeled DNA stock.

For each experiment, radioactivity measurements were
converted to concentrations using the total counts of the 3-
sample and stock aliquots. Background binding increased
linearly with DNA concentration to a maximum ef15%
of the total signal at the highest concentration of probe used
(~3 uM). The total DNA, [D}, and apparent, background-

subtracted complex, [DR}, concentrations were fitted to
eg 1 with the substitution:
[DP]
[DP] =—— 2

wheree is the filter retention efficiency. [RPvas indepen-
dently determined by control gel mobility shift experiements,
and this value was used in the estimatior @fypically 30—
40%) andKp.

Circular Dichroism Spectroscopy?U.1 DBD, B site
DNA, and PU.1 DBB-AB complex were separately dialyzed
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FIGURE2: Representative electrophoretic gel mobility shift titration
of the PU.1 DBD withAB site DNA. 0.44M PU.1 DBD in 25
mM NaHPO, 1 mM HEDTA, 200 mM NaCl, pH 7.4, was

against excess volumes of the same preparation of bindingincubated at 23C to equilibrium with 0.1xg of BSA, 1.7ug of

buffer (25 mM NaHPQ,, pH 7.4, 1 mM HEDTA, 200 mM
NaCl, 10% glycerol) overnight at 4C. CD spectra from

poly[d(AT)]-poly[d(AT)], and graded concentrations of th@ site
(each sample containing the same amount of radiolabeled probe).
Electrophoresis was carried out as described under Experimental

198 to 310 nm were scanned at 1.0 nm increments at constanprocedures. The data shown here are taken from a single experiment

temperatures#0.1°C) on an Aviv 62A DS CD spectrometer
(Lakewood, NJ). PU.1 DBDeggo= 22 190 Mt cm™?) and
DNA concentrations were determined from accompanying
dynode voltage plots. Thermal-induced unfolding of the
protein was conducted at 28 0.1 °C intervals with an
equilibration time of 60 s at each temperature.

RESULTS

Stability of the Sequence-Specific PU.1 DBIB Complex
Displays an Unusual Temperature Dependeng& have
performed equilibrium titration experiments for the sequence-
specific binding of the ETS domain of PU.1 to thB site
of the Igl2—4 enhancer as a function of temperature under
different buffer conditions by electrophoretic mobility shift
(Figure 2, Table 1) and filter-binding titrations (Table 2). In
phosphate buffers containing 150 or 250 mM*IN&oth
techniques showed the unexpected resultkizatas, within
experimental uncertainty, independent of temperature from
0 °C to at least 25°C, and began to increase at higher
temperatures. In the electrophoretic mobility shift serigs,
appeared to reach a slight trough at 37 for both salt
conditions (Table 1); this was not observed in the filter-

in which aliquots of the proteinDNA mixture were simultaneously
incubated at the indicated temperatures and electrophoresed. The
radiometric gel images for two temperatures (0 and°6) are
shown, aligned to show the effect of increasiigyDNA concentra-

tions from left to right. As bound DNA accounted for a decreasing
fraction of totallB DNA concentration, the intensity of the bound
band decreased. The curves are best fits of the data to eq 1 with a
common capacity parameter ([Passigned to the entire data set.

binding series, in whichKp either remained constant or
increased slightly up to this temperature (Table 2). The
increase irkp above 37°C appeared linear in a van't Hoff
representation of the data (Figure 3). In Ki}, varied a mere
10-fold across a temperature range of 82 with little
variation in the physiologic range. No electrophoretic mobil-
ity shift was observed at 61 in 150 mM Na. The complex
appeared to be somewhat more stable at 150 mM compared
to 250 mM N4, but not beyond experimental error. Thus,
the temperature dependencekgfexhibited two qualitatively
different ragimes—a weakly temperature-dependent one from
0 °C to between 25 and 3T, and a temperature-dependent
one above 37C (Figure 3).

We also investigated the pH dependence of PU.1 BBD
AB association by filter binding (Figure 4). In phosphate
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Table 1: Temperature Dependencekef for the Interaction
between the PU.1 ETS Domain and &t Site by Quantitative
Electrophoretic Mobility Shift

[Na*]/mMa TI°C pH Ko x 10°8/M
150 0 7.4 3.5£0.3
150 11 7.4 4.4£0.4
150 25 7.4 4304
150 37 7.4 3.5£0.4
150 50 7.4 9.8: 1.0
150 60 7.4 —b
250 0 7.4 5.0t 0.4
250 11 7.4 5.3 0.6
250 18 7.4 5.0: 0.6
250 25 7.4 4.9:0.4
250 37 7.4 3.2:05
250 50 7.4 1H1

a Buffer contained 25 mM N&lPQ,, 1 mM H,EDTA, 10% glycerol,
and 100 or 200 mM NacCl to give the stated total {fNeEach sample
(6 uL) also contained 0.kg of BSA and 1.7ug of poly[d(AT)].
bBoundAB DNA was not observed.

Table 2: Temperature Dependencekef for PU.1 ETS-AB
Association by Filter Binding

buffer [NatymMa  T/°C pH Kp x 10°8M

25 mM NgHPO, 250 25 6.7 5.1+ 05
250 0 7.4 4.1+ 0.6
250 12 7.4 43:0.8
250 25 7.4 4.0:0.6
250 37 7.4 9112
250 45 7.4 20t 2
250 52 7.4 37
250 25 8.1 4505

25 mM Na cacodylate 225 0 6.7 H31.2
225 12 6.7 7.923
225 25 6.7 8511
225 37 6.7 7.3:138

25 mM Tris 250 0 9.0 5.90.8
250 12 8.7 6.2 1.0
250 25 8.3 7.81.0
250 37 8.0 9.6t 0.9
250 45 7.8 25+ 3
250 52 7.6 43+ 7
250 25 9.0 6.3t 0.5

& Included contribution from buffer salt and added NaCl. Buffer also
contained 1 mM HEDTA and 10% glycerol; each sample (5Q)
was co-incubated with 0.2Gg of BSA and 15ug of poly[d(AT)]
(previously dissolved in the stated buffet)Buffers were prepared at
25 °C. The pH of Tris buffer at other temperatures was measured
directly.

buffer at 25°C, Kp, did not change beyond experimental error
with pH over a range of 6:78.1. The observe&p at pH

9.0 at 25°C in Tris buffer was somewhat higher, but remains
in line with that observed in this buffer at the same pH at 0
°C (cf. Table 2 and Figure 3), so this difference from the

phosphate buffer data appeared to be particular to Tris and

not due to any coupled protonation equilibria. As in the case
of temperature dependence, the variatiorKgpspanned a
range of only about 2 1078 M from pH 6.7 to pH 9.0.
The lack of a significant pH dependence was confirmed by

parallel temperature dependences in phosphate buffer at pH

7.4, cacodylate buffer at pH 6.7, and Tris buffer at
comparable Na concentrations. Tris has a large positive
enthalpy of ionization AHion = 47.4 kJ/mol;40), and the
25 mM Tris buffer used underwent a pH change—t.4
units from 0 to 52°C (Table 2), but the temperature
dependence dfp values in this buffer was nearly identical
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Ficure 3: Energetics of the sequence-specific association of PU.1
DBD andiB DNA. Protein and DNA were incubated to equilibrium
under different buffer conditions and separated by (A) gel mobility
shift or (B) filter binding as described under Experimental
Procedures. Numerical values and additional information are given
in Tables 1 and 2. The lines in panel B are intended only to guide
the eye.
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Ficure 4: pH-dependence of the dissociation constant for the PU.1
DBD—AB complex at 25°C in 250 mM N& as determined by
filter binding. Experiments at pH 6-78.1 were performed in 25
mM phosphate buffer and at pH 9.0 in Tris buffer (both containing
250 mM Na") as described in the text and Table 2, where the
numerical values are given.
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to that observed in phosphate buffer, which has a much LI R S L B A N B R

smaller AHion = 5.12 kJ/mol 40), and cacodylate buffer, er A 7
which has a small negativ&Hio, = —1.97 kJ/mol 40). 50 |- { 164911
UV/CD SpectroscopyCD spectra of the unbound PU.1 . .

DBD in phosphate-binding buffer (pH 7.4) were obtained
from 198 to 310 nm at temperatures from O to°@(Figure T 50
5A). In the far-UV region, a CD signature with minima at .°
208 and 222 nm was observed. These minima were observed=
at temperatures up to 5. Consistent with a macroscopi- 4 1o
cally two-state transition, two isodichroic points are apparent,
one at 230 nm and the minima at 208 nm is also isodichroic. ]
This pattern is characteristic af helices, and the large a0l | -go4s53
amplitude of the signal might have overwhelmg@dsheet T P v v
contributions 28). It was not possible to measure the CD -

signal below 198 nm due, in part, to strong absorption by

the buffer, which was matched to the conditions of the (L L A L L

mol™

-164911

o~

-100 -329821

[®]/deg cm

-494732

-200 -659642

binding experiments. ot 4
The ellipticity, 6, at 222 nm was followed as a function :
of temperature to study the melting behavior of the free -0 §

protein (Figure 5B). Consistent with the presence of the two
isodichroic points, the data was adequately described by a
two-state, unimolecular transition model assuming a constant
ACy:

o3

i}
°

E
-

®222
L
w

®obs =

15 L 4
1 1 1 1 1 1 1 1 I 1
20 25 30 35 40 45 50 55 60 65 70 75

AHn(1 1
Oy + mT+ (0, + myT) ex R(T__T) st
(3) T/°C

m
AHn(1 1
l+exp—-|=—=
_ . FiGure 5: CD spectroscopic characterization of the PU.1 DBD.
where the subscripts N and U refer to the native and unfolded pj 1 pBD was e&tensim;’ dialyzed in 25 mM NPO,, 200 mM

states, respectivelyn is the slope of the lower and upper NaCl, 1 mM HEDTA, and 10% glycerol. (A) Buffer-subtracted
e e ok ted eparaon was thowad b e
e_nthalpy of_unfoldlng atfhe melting tEmperatEFrre The fit (elli)pticity at 222 nm at 2.0+ 0.1 °C intervals ywith 2-mir?
yieldedTm = 54.5+ 0.6°C gndAHm - 180# 17 kJ/mpI. equilibration at each temperature. The line represents the best fit
Analogous data for théB site under identical conditions  of the data to a two-state unimolecular transition, eq 3, yielding a
were also determined by monitoring UV absorption at 260 van't Hoff enthalpy of unfoldingAH,, = 1804 17 kJ/mol atT,,
nm, and we found,, = 77.2+ 0.1°C andAH,, = 142 + =545+ 0.6°C.r2 = 0.997.
3 kd/mol (data not shown). Thus, while the melting temper-
ature of theiB DNA is above the temperature at which ©f the PU.1 DBD-AB complex at 10.G+ 0.1°C intervals
binding is abolished, thermal stability of the PU.1 DBD may from 0 to 60°C in terms of the CD spectra of the unbound
impact on the observekl for site recognition. components at the corresponding temperatures. Solutions
As CD is h|gh|y Sensitive to macr0m0|ecu|ar Conforma_ Containing micromolar Concentrations Of the Unbound com-
tion, we also wished to use this technique to detect Ponents and the complex (with exces3 DNA to ensure
conformational changes that might occur upon formation of Stoichiometric binding of PU.1 DBD) were extensively
the complex. To this end, we determined the extent to which dialyzed in the same binding buffer to avoid any variation
the CD spectrum of the PU.1 DBEAB complex could be with different preparations. The model used is a simple linear
expressed as a linear combination of the CD spectra of combination of the spectra of the unbound components:
unbound PU.1 DBD and théB site. On one hand, a
noninteracting mixture would predict a perfect deconvolution CDcompied4) = fpu 1CDpy4(4) + f1gCD(4)  (4)
(within experimental error) of the normalized spectrum of
the mixture into the corresponding spectra of the components;wheref; is the scaling coefficient for each component;ZP
on the other, a significant lack of agreement between could Since it was not possible to spectrometrically quantitate the
reveal a perturbation in the secondary structure of one orconcentrations of the free and bound DNA in the mixture
both of the components. A “noninteracting” fit was not solution, the raw, unnormalized ellipticities of the unbound
expected as the components do interact, and the resultantomponents (at approximately the same concentrations as
new transition dipoles should alter to some degree the CDin the mixture) were used in the fitting as their amplitudes
spectral behavior of the complex. Nonetheless, close agreeare of the same order of magnitude as the observed signal
ment would be consistent with a “rigid-body” association of the mixture. This would prevent potential numerical
by the protein and DNA. pitfalls arising from multiplying numbers of vastly different
A direct search optimization (DSO) approachl) was magnitudes as in the case if normalized ellipticities were
employed to empirically deconvolve the observed CD spectraused. The scaling coefficients would then be related to the
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Table 3: Fitting Parameters for Deconvolution of the CD Spectrum
of the PU.1 DBD-AB Complex

R
T/°C Cpu_lmix/‘uMa CABmiX///th DSC geF r2e

0 11.2 13.8 0.81 0.8& 0.20 0.989
10 10.8 13.8 0.78 rd 0.991
20 10.3 13.7 0.75 0.8& 0.19 0.993
30 9.9 13.8 0.71 nd 0.993
40 9.1 13.8 0.65 nd 0.995
50 8.2 14.0 0.59 0.9%0.18 0.996
60 7.4 13.9 0.53 nd 0.996

ab Computed from eq 5¢py 0" = 17.7 uM, cp°" = 8.1 uM.
¢ R = cpy™*/c;gM. 4 Determined as for gel mobility shift titration as
described under Experimental Procedufd3SO was adapted to

minimize the sum of squares weighted to the inverse signal-to-noise

ratio in the dynode voltage (the physically measured quantity) of the
instrument at each wavelength scanned ahe- (regression SS)/(total
SS).f Not determined.

“actual” concentrations in the mixture by

C!TIIX

i~ _alone
G

(5)

where the superscripts refer to the concentration of compo-

nenti contributing to the observed signal in the PU.1 DBD/
AB mixture or alone.
The distribution of the bound and unbouAB DNA at

Poon et al.

55 °C and the independently determin&&#' estimates a
temperature-invariant stoichiometric concentration PU.1
DBD that was most closely matched &y ™ at 0°C (Table

3). These observations thus suggest that the protein undergoes
a small progressive loss of secondary structure with increas-
ing temperature, which is deleterious but evidently not fatal
to complex formation.

DISCUSSION

Experimental Procedure$Ve have investigated the tem-
perature- and pH-dependence of the association of the PU.1
DBD to the central 23-bp region of thd site of the murine
IgA2—4 enhancer by gel electrophoretic mobility shift and
filter-binding titrations. Gel mobility shift is a standard
technique in thermodynamic and kinetic studies of nonco-
valent association by DNA-binding proteins, e.g., CAR (
43), Gal repressor44), trp repressor45), as is filter binding,
e.g., RNA polymerase holoenzym20j, cl repressor46),
c-Myb DBD (8).

Nondenaturing gel electrophoresis allows separation of
tightly bound protein-bound and free DNA despite a run time
(25 min in our case) that is clearly much longer than the
complex’s solution half-life 47, 48. Thus, even for com-
plexes of moderate stabilit)k = 107°—10"8 M; 48), such
as those of ETS proteins, this technique yields valid
measurements &fp (27). Arrowsmith and co-workers have
used gel mobility shift (performed with much longer run-

these temperatures was independently followed by electro-times than the 25 min used here) to perform quantitative

phoretic mobility shifts of a small aliquot of the dialyzed
mixture spiked with 37.5 fmol of radiolabeled DNA in

a small volume (gels not shown). According to this technique,
the bound-to-unbound ratig?®' did not change significantly

titrations on this protein DNA system 27, 39. We had also

performed a number of preliminary experiments to probe
possible effects of electrophoretic conditions on observed
equilibrium constants. Neither the choice of running buffer

across the entire temperature range investigated, as expected BE, MOPS, or HEPES with or without boric acid at pH

given the saturating concentrations used relative tokihe
at these temperatures (cf. Tables 1 and 2).
The results of the DSO fits are shown in Figure 6 and

7.4), its concentration, polyacrylamide content (from 6 to
149%), nor the duration of the run (up to 90 min) produced,
within experimental error, differences in the determination

Table 3. In each case, an excellent empirical fit could be Of Ko (data not shown). The temperature of electrophoresis,
made at each temperature studied ¥ 0.98). Much of the however, did appear to have a mild influence on the observed
lack in fit occurred at wavelengths above 240 nm where the Ko (for identically prepared samples incubated under the
fit was higher than the observed spectra of the complex, andSame temperature), producing an “enthalpy of electrophore-
especially at the peak and shoulder above 270 nm; thisSis” of approximately 4 kJ/mol (data not shown). To avoid

disparity diminished with increasing temperature (Figure 6), possible complications, electrophoretic runs were conducted
resulting in a modest increase in the goodness-of-fit (Table at a fixed temperature, and the running buffer was formulated
3). At the same timefpu 1 decreased at progressively larger 0 have a pH of 7.4 at that temperature. The quantitative

steps with increasing temperature from a fitbeg;mix value
of 11.2uM at 0 °C to 7.4uM at 60 °C; this happened

consistency between these data and those from the filter-
binding measurements (Tables 1 and 2) makes it highly

because most of the changes in the complex’s spectra withunlikely that our thermodynamic observations were an
increasing temperature occurred in the far-uv region, and artifact of the eleCtrOphOI’eSIS procedure but reflect the

this trend qualitatively correlated with the temperature-
dependent variation itp (Figure 3; Tables 1 and 2). In
contrast,f;g remained remarkably constant, corresponding
to a concentration of 14M for unboundiB DNA (Table

3), which closely matched the value calculated from the

solution distribution of free and bound DNA at the time of
loading, and also bolsters confidence that the observed
thermodynamics of PU.1 DBBAB site association is an
intrinsic phenomenon of this biochemical system.

As we have studied the thermodynamics of PU.1 DBD

known amount of DNA used (5.6 nmol), assuming no loss AB site association by measuring equilibrium binding, we
into the dialysate from the 0.1 kDa cutoff dialysis membrane, were mindful of any indication that our van’t Hoff assump-
and an approximate retentate volume of 4Q0 Thus,fpy 1 tions might be invalid. Although the observed equilibrium
was changed in each case to accommodate the fit. As anwas well described by a simple bimolecular reaction, it was
actual change in total PU.1 DBD concentration is not possible that constituent processes might mutually compen-
physically meaningful, this occurrence ought to be interpreted sate each other and yield anomalous thermodynamic param-
as a change in the CD contribution of the PU.1 DBD. We eters. If this were true, these compensatory contributions
note that the melting temperature of the PU.1 DBD is only might be expected to vary differentially with solvent condi-
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Ficure 6: Deconvolution of the CD spectra of the PU.1 DBBB complex in terms of contributions from the unbound components. PU.1
DBD, AB DNA, and complex were dialyzed extensively against the same batch of buffer, and CD spectra were obtained from 200 to 310
nm at 10.0+ 0.1 °C intervals. The raw spectra of unbound PU.1 DBD (dashed lineBnBNA (dotted line) were fitted (dashdotted

line) nonparametrically to the observed PU.1 DBIB complex (heavy solid line) according to eqs 4 and 5 by direct search optimization.
The weighted residual for each fit is shown at the bottom of each plot. Numerical values of the fitted parameters and global statistical
details are given in Table 3. The spectra and fits for60are not shown.

tions, revealing unexpected values &AH, AS and AC,. conditions. Moreover, dissociation kinetics exhibited
However, in our experiments we examined a number of monoexponential decay consistent with simple, unimolecular
different salt and pH conditions (with buffers featuring dissociation of the complex (data not shown). Thus, there is
widely different heats of ionization), and the temperature no evidence to suggest that the assumptions inherent in the
dependence oKp remained the same under each of these van't Hoff analysis (i.e., a macroscopically bimolecular
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association) are invalid, and therefore the observed thermo- 80 ———————————— .
dynamic parameters appear to be intrinsic to the overall

L 418

association mechanism. ” o = o 147
The Energetic Profile of Sequence-Specific Binding of the 40 r K 1
PU.1 DBD Exhibits Striking Differences from Many Other 20 F aS Lo 1% =

L A -4 15

Reported Systemdn many site-specific proteinDNA
interactions reported in the literature, sucteasRI (13, 18,

lac repressor 13), E. coli trp repressor §), the Oct-1
transcription factorZ), and the TATA-binding protein from
the hyperthermophilic arched?. woese(6), AH andTAS
terms make large and comparable contributions to the

114
20 F e \—4 .
4 = 5 4

L AG = - \ |
-60 | .

Contributions to AG / kd/mol

observed\G. Moreover, these contributions exhibit a marked -80 [

dependence on temperature over even a modest range .. [ ]
(typically from O to 40°C) indicative of a large negative S P S L
AC, which is usually taken as a constant. While many ° 20T/°C % 40 %

physical processes may contribute A€, (14, 19, large . o o

- . hosphate buffer containing 250 mM Nat pH 7.4 according to
the hydration of the solvent-accessible surface area (SASA){Ohe h?/drophobic effect@). ?he 3-paramete$ relationshigin ED

upon binding, and are quantitatively modeled by a simple = (AC/R)[T./T — In(T¢/T) — 1] was used to fit the experimental
parametrization of the observedC, into changes in filter binding data (circles) in phosphate buffer, pH 7.4. This yielded
hydrophobic and polar SASALY, 5. The hydrophobic ~ ACp, = —2.5+ 0.4 kJ mof* K™%, Ty = 11.8+ 0.2°C, andTs =
model predicts a global temperature minimumKp at a 28.6+ 1.2°C, where the subscriptelds represent the temperatures

characteristic temperature in the physiological range at which ?rte\grgﬁgrg]ﬁ? gzgigaﬁgggi:e Azﬁg’c r:esApgs(tlTve_lyT.:)'thct;fe:rved

AH = 0, Ty, and an analogous minimum iGgys at Ts at AC, IN(T/Ts), andAGeaic = AHcaic — TASac are also shown. The
which ASTs) = 0 (9, 13. In contrast to this “typical” dotted line is a constant line fitted to the data from 0 te°25the

energetic profile for sequence-specific protelNA interac- fitted —In Kp = 17.00+ 0.02.

tions, we observed a remarkable insensitivity of the stability . o )

of the specific PU.1 DBB-DNA complex to temperature ~ Negative values oAC, show significant spectral changes in
up to about 37C. Above this temperature;In Kp assumed ~ the protein-DNA complex @, 9). We emphasize that a
an apparently linear descent with the inverse temperaturePerfectfit is not, and indeed should not be, expected because
(Figure 3). The hydrophobic model was able to formally fit the new interactions that occur as a result of association

the van't Hoff data in phosphate buffer, pH 7.4, as should p'erturb the CD signature of the complex. Some
determined by filter binding, to yield a fited\C, = changes in the spectra of the complex were observed, namely,

—254+ 0.4 kImoft K1 Ts=28.6+ 1.2°C, andTy = the hypodichroism in the complex’s spectra above 240 nm,
11.8+ 2.1 °C, although the experimentalln Kp does not which diminished with increasing temperature as the ob-
show a distinct temperature maximum near the presumedServedko also began to rise noticeably above“®&7 (Figure

Ty (Figure 7). This fitted value oAC, is significantly smaller ~ 6). Taken together, the lack of distinctive changes in the CD
in magnitude than those reported for other sequence-specificsPectrum of the PU.1 DBBAB complex and the small fitted

protein-DNA systems, which are at least 5 kJ mok~1  value of AC, suggest that coupled folding is a minor or
(9) and typ|ca"y much h|gherl6, 1'0 Since the temperature_ negl|g|b|e contributor to the Stablllty Of the Complex. The
dependent curvature iKp is dependent on not onljC, decline in the apparent value @by ™ and the modest

but also Ty and Ts, it might be argued that this small improvement in the goodness-of-fit with increasing temper-
magnitude ofAC, is “compensated” by a relatively small ature (Table 3) may reflect the protein’s thermal stability.

value of Ty. We note, however, that the value B is in Indeed, given that the melting temperature of the PU.1 DBD
itself unusual for the majority of proteirDNA interactions IS only 55°C, the binding energy may be utilized to stabilize
reported, which is typically above 26C (13, 17. We the protein against denaturation, resulting in the observed

interpret this particular set of parameters to merely reflect ise inKp above 37C. Quantitative confirmation of protein
the fact that the observed for the PU.1 DBD-AB stabilization, however, is difficult with the present titration
association, per se, lacks a distinct temperature minimumdata, given the necessary assumptions regarding the ther-
and is overall a modest function of temperature compared modynamics of the “intrinsic” association equilibrium and
to other sequence-specific systems, varying a mere 10-foldthe substantial parametrization required by such a scheme
across over a 560C Change in temperature (Figure 3) relat|Ve to the ||m|ted degreeS Of freedom n the data.

To the extent that the hydrophobic effect (and, specifically, ~The notion that coupled folding is not a significant
a large observed negativeC,) applied to sequence-specific  energetic contributor to PU.1 DBD site recognition is also
protein—DNA interactions is primarily attributed to coupled supported by structural data. A solution NMR study of a
folding in the protein 17, 18, our CD spectroscopic results  93-residue construct of the PU.1 ETS domalf)(showed
are consistent with this interpretation. Across the entire that the secondary and tertiary structures in the protein
temperature range in which binding is observed, the CD observed in the crystal structure of the complg) (were
spectra of the complex can be closely approximated by apresent in the free state. In particular, each of the native
linear combination of the spectra of the unbound componentsstructural elements observed in the crystal structure was
(Table 3). This observation is not altogether unexpected, for entirely present in the unbound solution NMR structure
CD titration experiments with other systems with large except for six residues at the C-terminal of heliecgsand
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Table 4: Solvent-Accessible Surface Area ax@, Calculation from the Crystal Structure of the PU.1 DBEB Complex ¢8)

SASA/Aza
PU.1 DBD? DNAP complex ASASA AC® (kI moltK 1)

Lee and Richardq51)

hydrophobic 2950.3 1718.1 3800.1 —879.9 —-1.2+0.1

polar 2783.4 4654.7 5957.2 —1480.8 0.9+ 0.2

total 5733.7 6372.7 9745.7 —2360.7 —0.3+£0.3
Fraczkiewicz and Brauir(52)

hydrophobic 2852.3 3418.9 5151.1 —1120.0 —-154+0.2

polar 3131.0 2232.8 4379.1 —984.7 0.6t 0.2

total 5983.2 5651.7 9530.2 —2104.7 —0.9+0.3

2Values are the mean of the two observed complexes in the asymmetric unit. (PDB ID: 2BpueComputed in the absence of the other
binding componentt Using ACCESS version date March 6, 1983, with a water probe radius of 1.4 A and a Z-step of 0.25 A. Decreasing the Z-step
to 0.08 A produced negligible changes to the resditdsing GETAREA 1.1 at http://www.scsb.utmb.edu/cgi-bin/get_a_form.tcl with a water
probe radius of 1.4 A. The differences between the two models stem largely from the assignment of polar and hydrophobic groups based on atom

identity (51) or functional groupsg2). ¢ Parametrization proposed by Spolar and Recaif): (AC,/(J mol? K=%) = (1.3 + 0.2)ASASAnydrophobié

A + (—0.6 £+ 0.2)ASASA/A.

a3. It is clear that the coil-to-helix transition of these six
residues did not make a significant incremental contribution
to the overall helical content of the PU.1 DBI2B complex,

as judged by the DSO fits of the CD data (Figure 6, Table

entropic penalties due to binding, changes in vibrational
modes {4), and electrostatic interactiondq) which are
operative. Here again we see no need to invoke the
hydrophobic effect as a significant player.

3). The authors also reported that the 12-residue loop between Our titration data across a pH range from 6.7 to 9.0

a2 anda3 was unusually flexible in the unbound PU.1 DBD
and proposed that it helped the docking of the recognition
helix a3 into the DNA major groove at'85GAA-3'. While

it is not possible to evaluate this proposal on binding
specificity directly with our present results, it is reasonable
to expect that reduction of conformational entropy in the
absence of folding would not contribute strongly to the

indicated that the observel§h was weakly dependent on
pH. The observed, was marginally higher at pH 9.0 in
Tris buffer; this might be suspected as this pH is near the
pK, of the N-terminus of the protein, but a connection to
significant proton uptake or release is unlikely, because the
Kp values in Tris buffer at the same pH at 0 and°25were
equal within experimental error. If proton linkage were

observedAC,. important to the energetics of association, significant dif-
With these considerations in mind, and noting that in the ferences in the temperature dependence of the obs&red
crystal structure the PU.1 DBD covers a relatively long would be expected among the different buffers, especially
stretch of DNA, we took the crystal structure of the given the large heat of ionization of Tris. However, we
nucleoprotein (Protein DataBank ID: 1puwi8) and calcu- observed a remarkable similarity in the temperature profile
lated the changes in SASA from simple juxtaposition of the of the observed in all the buffers investigated. A basis
two components in order to estimate the contribution due to for this lack of pH dependence may be understood from the

dehydration of the binding surfaces tC, using the
parametrization proposed by Spolar and Recdrg.(The

changes in hydrophobic and polar SASA calculated accord-

ing to the methodology of Lee and RichardSO) or
Fraczkiewicz and Braurb(l) yielded estimates cAC,, (due

crystal structure Z8) in which the N-terminus is solvent-
exposed and situated away from the DNA contact interface.
The PU.1 DBD construct used in our experiments also
contained a short N-terminal remnant of the cleaved ¢His)
tag from purification, which was expected to be conforma-

to hydration changes) that are small, at best about half thetionally unrestricted in solution.

magnitude of the formal value &fC, = —(2.5 £ 0.4) kJ Although extensive comparative studies have been per-
mol~t K~ obtained by fitting the observe&p to the formed to explore differences among sequence-specific
hydrophobic model (Table 4). Although the total base complexes formed by ETS proteing7, 33-35, 52, the
sequence of the DNA used in the crystal structure is thermodynamics of site recognition by ETS proteins remain
somewhat different and shorter (16 bp), DNase | and inadequately explained by the detailed structural knowledge
hydroxyl radical footprinting experiments have confirmed a of this family of transcription factors. Our findings have
highly homologous DNA footprint in specific PU.1 ETS discounted coupled folding and coupled proton uptake or
complexes with different cognate sequences, including therelease as major energetic contributors to sequence-specific

crystal structure sequence and thB site used in our
experiments 5, 37, 38. We also note that in the crystal
structure, proteir DNA contacts are observed only along a
11-bp tract centered about theGGAA-3' consensus even
though the complete sequence is 5 bp lon@8&; 39. This
11-bp tract is identical to th&B site except for the two bases
immediately 5 to the consensus&GAA-3' (5-AA-3' in
the AB site instead of 5GG-3'). Thus, the structurally
derived ASASA estimates should be applicable, within the
error inherent in this method, to the PU.1 DBIBB complex
as well. The remaining “exces&C, ~ —1 kJ mol* K 1is

binding. It is also evident that the enthalpy change arising
from binding is not the principal component of the associa-
tion free energy in the physiological temperature range. Using
uncharged methylphosphonate bases, Soukup and Ma)er (
demonstrated that the energetic cost of the overaliehd
observed in the DNA in the PU.1 nucleoprotein complex
could be compensated by the neutralization of backbone
phosphates on one face of the DNA helix. The importance
of charge neutralization to the binding energetics would lead
to the prediction of a large salt dependence in the observed
Kp. Binding experiments with [Ng from 150 to 250 mM

small and can be accounted for by contributors such asproduced only an insignificant increaseip (Table 1, Figure
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3). Since the polyelectrolyte theory predicts a linear increase as the primary energetic contributors to nonspecific associa-

in In Kp with In [Na*] (6 In Kp/d [Na'] = Zy, whereZ is tion (18), although significantly enthalpic processes such as
the number of Nareleased angy = 0.88 for dsDNA for protonation equilibriag0) and specific ion releasé&1) may
[Na*] = 0.5 M; 54, 59, this lack of salt-dependence Kb be coupled. While a number of systems have been observed

across a range of 100 mM would impose at best a modestto conform to this description, there are also exceptions. For
upper limit for the significance of counterion release as an example, Koblan and Acker§?) obtained linear van’t Hoff
energetic contributor to PU.1 DBBAB association. A plots for the site-specific interactions of tliecl repressor
mitigating factor in evaluating the energetic role of charge at the G sites indicating a mainly entropically driven
neutralization is the tendency of the protein to polymerize association. For MM17, a covalently linked dimer of the
under “low"-salt conditions, which rendered it difficult to  transcription factor MASH-1, strikingly similar temperature
maintain unaggregated samples at concentrations above aboutependence of the observAt#i andASis observed for both
30uM at 250 mM Na even in the presence of cognate DNA  specific and nonspecific DNA binding\Cp, ~ —2 kJ mof™
in the solution (data not shown; see also a discussion of theK™? for both; 3). Our studies with the ETS domain of PU.1
same problem by Jia et ah0). This complication could limit are also apparently incongruent, where the energetic profile
the applicability of a linear salt-dependence over a wide rangewe observed for the sequenspecifichinding of the PU.1
of salt concentration. At the least, however, it appears that DBD is similar to that observed for the binding of Crt¥,
phosphate neutralization does not drive DNA binding in the also a HTH protein, tawonspecificDNA at corresponding
physiologically relevant salt range tested in our experiments temperatures. In nonspecific CGr®NA interactions,—TAS,ps
(150-250 mM), in contrast to other specific systems, for is the greater contributor to th&®G,ps while AH is temper-
instance Lac repressor O%™ interactions $6). ature-invariant between 4 and 2Q (above which thermal
Quantitative applications of the hydrophobic effect find denaturation of the protein begins to contribute toAffi&g).
their greatest usefulness in systems for which the magnitudeFurther thermodynamic characterizations on ETBNA
of the observed\C, is large (5). In the present case, itis interactions and data on many more protedNA systems
reasonable to consider the van't Hoff data, which estimate may confirm the suspicion that, perhaps not surprisingly,
an “anomalously” small value oAC, and are generally a  nature exploits multiple strategies in achieving binding
weak function of temperature, out of the context of this oft- specificity.
cited model. Without being unnecessarily speculative, one
can adopt the phenomenological view that the apparentACKNOWLEDGMENT
insensitivity of Kp to temperature from 0 to 25C (Figure
7, dotted line) indicates a negligibfeHqns and AC,, for that
temperature range Thus, to a first approximation, the
association is driven entirely by entropy, i.AGeps ~
—TASs The emergent sensitivity to heat above Z5is
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