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ABSTRACT. The conformational stabilities of the vnd (ventral nervous system defective)/NK-2 homeodomain
[HD(wt); residues +80 that encompass the 60-residue homeodomain] and those harboring mutations in
helix Il of the DNA recognition site [HD(H52R) and HD(H52R/T56W)] have been investigated by
differential scanning calorimetry (DSC) and ellipticity changes at 222 nm. Thermal unfolding reactions
at pH 7.4 are reversible and repeatable in the presence-e5@D mM NaCl withAC, = 0.52+ 0.04

kcal K=t mol~1. A substantial stabilization of HD(wt) is produced by 50 mM phosphate or by the addition
of 100-500 mM NacCl to 50 mM Hepes, pH 7.4, buffer (frofg, = 35.5°C to T, 43—51 °C; AHy =

47 £+ 5 kcal mofi1). The order of stability is HD(H52R/T56W) HD(H52R) > HD(wt), irrespective of

the anions present. Progress curves for ellipticity changes at 222 nm as a function of increasing temperature
are fitted well by a two-state unfolding model, and the cooperativity of secondary structure changes is
greater for mutant homeodomains than for HD(wt) and also is increased by adding 100 mM NacCl to
Hepes buffer. A 33% quench of the intrinsic tryptophanyl residue fluorescence of HD(wt) by phosphate
binding Kp' = 2.6+ 0.3 mM phosphate) is reversed®0% by DNA binding. Thermodynamic parameters

for vnd/NK-2 homeodomain proteins binding sequence-specific 18 bp DNA have been determined by
isothermal titration calorimetry (3630 °C). Values ofAC, are+0.25,—0.17, and—0.10+ 0.04 kcal

K~1 mol~1 for HD(wt), HD(H52R), and HD(H52R/T56W) binding duplex DNA, respectively. Interactions

of homeodomains with DNA are enthalpically controlled at 298 K and pH 7.4 with correspondting
values of—6.6 + 0.5,—10.8+ 0.1, and—9.0+ 0.6 kcal mot? andAG' values of—11.0+ 0.1,—11.0

=+ 0.1, and—11.34+ 0.3 kcal moft?! with a binding stoichiometry of 1.8 0.1. Thermodynamic parameters

for DNA binding are not predicted from homeodomain structural changes that occur upon complexing to
DNA and must reflect also solvent and possibly DNA rearrangements.

The homeodomain is the highly conserved DNA-binding melanogaste(11—13) and is the parent member of the vnd/
domain of a class of proteins that function as transcriptional NK-2! class of homeodomains first described by Kim and
regulators, specifying positional and temporal information Nirenberg (1). The availability of the NMR solution
in the commitment of embryonic cells to specific develop- structures of the free and DNA-bound forms of the vnd/NK-2
mental pathways. An early step in the cascade of eventshomeodomain determined by Tsao et al4,(15 and
associated with development is the sequence-specific bindingGruschus et al.16) permits identification of those amino
of the transcriptional regulator, i.e., the homeodomain- acid residues that interact with DNA. Moreover, the effects
containing protein, to a specific sequence or a specific setof amino acid replacements in the vnd/NK-2 homeodomain
of sequences of DNAI1(3). Various genetic diseases and have been studied and give valuable information on both
developmental abnormalities have been mapped to basehe stability and changes in the affinity for sequence-specific
changes in a homeobox, the gene that encodes the homeot8 bp DNA based on electrophoretic mobility shift assays
domain protein4—7). Such mutations often alter structural (8). To complement structural studies, the conformational
stability, DNA recognition specificity, or binding affinity of
the homeodomain for DNA&-10). 1 Abbreviations: vnd/NK-2, ventral nervous system defective/NK-2

The homeodomain studied here is encoded by it homeodomain protein; HD(wt), wild-type vnd/NK-2 homeodomain;

i _ i HD(H52R), vnd/NK-2 homeodomain in which His52 has been replaced
(ventral nervous system defective)/NK-2 gendésophila by Arg; HD(H52R/T56W), vnd/NK-2 homeodomain in which both
His52 and Thr56 have been replaced by Arg and Trp, respectively;
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stabilities of the wild-type homeodomain [HD(wt)] and those

Gonzalez et al.

Calculated values af (specific absorbance) at 280 nm were

with one and two amino acid residue replacements in the 10 910 Mt cm™ (1.13 cn#/mg), 10 910 Mt cm(1.12 cn?¥/

DNA binding region of the NK-2 homeodomain [HD(H52R)
and HD(H52R/T56W)] have been studied here by differential
scanning calorimetry and far-UV circular dichroism as a

mg), and 16 460 Mlcm™! (1.66 cn#/mg) for HD(wt), HD-
(H52R), and HD(H52R/T56W), respectively, and these
values were used for calculating protein concentrations from

function of buffer/salt composition. Tertiary structural changes absorbance measurements at 280 nm.

have been monitored by second derivative UV absorbance Differential Scanning CalorimettyDSC measurements
and fluorescence measurements. Isothermal titration calo-utilized the VP-DSC of Plotnikov et al1@) from MicroCal,
rimetry has been used to determine apparent associatiorinc., Northampton, MA. Instrument calibrations were per-
constants and enthalpic changes upon vnd/NK-2 homeo-formed as previously described(). The VP-DSC was run
domains forming 1:1 complexes with sequence-specific 18 without feedback and with a 30 min preequilibration time

or 28 bp DNA under different ionic conditions at pH 7.4.

MATERIALS AND METHODS

(usually at 15°C) before the first scan; for experiments in
which two or more consecutive scans were set up, the interval
between scans was extended~@ h. Before DSC runs,
protein samples were thoroughly dialyzed in the appropriate

ChemicalsHepes (Sigma), salts, and other reagents werep, ¢ors and the instrument baseline was determined by

of analytical grade. All aqueous solutions were prepared with

distilled water that was deionized and filtered through a
Millipore MilliQ-UV-Plus reagent-grade system. This water

scanning the dialysate buffer in both the sample and reference
cells of the VP-DSC instrument at the scan rate to be used
for the protein. Buffer and protein solutions were thoroughly

also was used for rinsing glassware and for cleaning yeqassed prior to loading into the cells. DSC data obtained

calorimeter cells.

DNA. Single-strand 18 base DNA-3GTGTCAAGTG-
GCTGTAG-3, and its complementary;,-€ TACAGCCACT-
TGACACA-3, and single-strand 28 base DNA-GGC-
CGTGTGTCAAGTG GCTGTAGGCGCG-3 and the com-
plementary, 5CGCGCCTACAGCCACTTGACACACG-
GCC-3, containing the vnd/NK-2 target site'{6AAGTG -

for the protein in the sample cell vs dialysate in the reference
cell were corrected for the instrument baseline, normalized
for a scan rate of 60C/h, and moles of protein in the sample
cell (0.5114 mL). DSC profiles were analyzed with either
the calorimetry software from ORIGIN-MicroCal, Inc., or
the EXAM program of Kirchhoff 21), which yielded areas

of endotherms after pre- and posttransition baselines were

3) as part of the core, were synthesized and purified by subtracted AH.) and calculated van't Hoff enthalpies

Midland Certified Reagent Co. (Midland, TX). The purity

(AH.y). Protein concentrations were -380 uM for DSC

of the strands was checked by mass spectroscopy. Themeasurements, although 20 or 8 homeodomain was

corresponding duplex (18 or 28 bp) DNA oligomers were

used in some experiments. Enthalpy values are expressed in

prepared by mixing equal molar amounts of the appropriate kilocalories per mole, where 1.000 cal4.184 J.

single strands from stock solutions 824 mg/mL in water
and annealing by heating for 4 min at 96 and slowly
cooling to 4°C. Annealing was checked by agarose gel

Circular Dichroism Circular dichroism measurements
were made using a Jasco-710 spectropolarimeter with an
attached Neslab RT-110 circulating bath and controlled by

electrophoresis, and proton NMR was used to check the corethe computer software. Buffer contributions to protein CD

structures. DNA stock solutions in waterd mM) were
stored at-20 °C. Concentrations of dialyzed, diluted duplex

spectra (in the same cell) were determined both before and
after protein spectra and were subtracted from the protein

DNA for ITC experiments were determined by absorbances CD Spectra_ Changes in the e|||pt|c|t9] [Of the protein at

at 260 nm ¢ = 193 000 and 289 000 M cm* for 18 and
28 bp DNA with corresponding/, of 11 000 and 17 180,
respectively).

Protein Expression and Purificatioficach 80 amino acid

222 nm, as a function of temperature, were performed with
protein concentrations of~0.4 mg/mL in a jacketed,
cylindrical cell having 0.05 cm path length. The experimental
results are expressed as mean residue molar ellipticity units

residue protein that contains the vnd/NK-2 homeodomain (deg cn? dmol?), using mean residue molecular weights of

HD(wt), HD(H52R), or HD(H52R/T56W) was cloned in the
expression vector pET15b and overexpressdekicherichia
coli growing in a LB—ampicillin—chloramphenicol medium
after inducing expression with isoprop§ip-thiogalactoside
(17) as described by Weiler et aB)( Cells were harvested
and resuspended in buffer A containing 5 mM imidazole,
500 mM NacCl, and 20 mM Tris-HCI (pH 7.9). Purification
steps were as described by Xiang et 9). Purified proteins
were dialyzed against water, lyophilized, and storeet20

119.68 for HD(wt), 119.91 for HD(H52R), and 122.55 for
the 1°N-labeled HD(H52R/T56W). Thermal unfolding ex-
periments were performed at a scan rate of®(h from 10

to 80°C; a second cycle of heating was nea@ h after the
sample was rapidly cooled to 2C. CD data were analyzed
by fitting to a two-state model of unfolding using the EXAM
program g1). Equilibrium CD measurements were per-
formed by waiting for the protein in the cell to reach a time-
independent ellipticity value~15 min) after temperature

°C. Proteins were homogeneous by SDS gel electrophoresisncreases in 8C increments.

and mass spectroscopy, which also yielded molecular weights

for HD(wt), HD(H52R), and**N-labeled HD(H52R/T56W)

of 9693.7 + 0.7, 9713.0+ 1.1, and 9936.0+ 1.4,
respectively. Molecular weights calculated from the amino
acid sequencesly) were 9694, 9713, and 9927 for HD-
(wt), HD(H52R), and>N-labeled HD(H52R/T56W), respec-
tively. Corresponding molar extinction coefficients were
calculated from 555pTrp +1340 Tyr + 1505 Cys (18).

Isothermal Titration CalorimetryThe VP-ITC microcalo-
rimeter (MicroCal, Inc., Northampton, MA) was used as
recommended by the manufacturer. Running temperatures
were 10 to 35C. In typical experiments, 1518 consecutive
injections of 5uL aliquots of 35-65 uM protein solutions
were injected from the syringe into the reaction cell (1.4061
mL) containing 0.9-1.6 uM sequence-specific 18 or 28 bp
duplex DNA. The duration of each injection was according
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to the volume added (24. of injectant), and injections were
made at intervals of 5 or 7 min. The DNA solution was
maintained at a constant stirring speed of 300 rpm in order
to ensure proper mixing after each protein injection. A first
injection of <10% of later injection volumes was made for
each titration in order to avoid artifacts arising from a bubble
and/or diffusion from the syringe tip during temperature
equilibration @2). Dilution heats of protein into DNA
solutions (which agreed with those obtained by injections
of proteins into the same volume of buffer) were subtracted
from measured heats of binding. Both the protein and DNA
solutions were dialyzed in separate Slide-A-Lyzer Cassettes Wavelenght (nm)

(1000 MW cutoff, Pierce) against the same buffer prior to Ficure 1: Far-UV circular dichroism spectra for the HD(H52R)

ITC experiments to ensure chemical equilibration. Some protein in 50 mM sodium phosphate/100 mM NaCl, pH 7.4, buffer.
instability of dilute, dialyzed DNA solutions stored at@ CD spectra of the protein (0.37 mg/mL) at 10 (solid line), at 80

between ITC experiments was apparent, which introduced °C after heating from 10 at 6%C/h (dashed line), and after rapid
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an error into calculations of the stoichiometry of protein
DNA complex formation f = 1.0 &£ 0.1). The binding

cooling of the sample from 80C and equilibrating fo2 h at 10
°C (dotted line).

enthalpy was calculated from the average of the measured Far-UV circular dichroism spectra are shown for the HD-

heats for the first 29 injections in each experiment when

(H52R) protein in 50 mM sodium phosphate/100 mM NacCl,

duplex DNA was in molar excess of the homeodomain. ITC pH 7.4, at 10°C before heating (solid line in Figure 1), at

titration data were analyzed with the Origin program
provided by Micro-Cal, Inc.
Second Detmiative UV Spectral MeasurementSecond

80°C (dashed line), and after cooling to 40 for 2 h (dotted
line). A second heating from 10 to 8C followed by cooling
gave the same spectra as obtained for the first cycle (data

derivative UV spectral measurements as a function of not shown). Thus, the secondary structure of the HD(H52R)
temperature were performed using a diode array Hewlett- protein is disrupted by heating, and the folded form is
Packard 8453 spectrophotometer with a peltier temperatureregained upon cooling. The same far-UV CD spectra and

control device 23, 24). Each second derivative spectrum was

reversibility are obtained with HD(wt) and HD(H52R/

an average of 10 spectra and was obtained by heating ther56W). The far-UV CD spectrum for the folded form of

sample 0.2 mg/mL) in a microcell (10@L volume, 1 cm

the vnd/NK-2 homeodomain in sodium phosphate buffer is

path length). Spectra were taken between 275 and 300 nmsimilar to that reported by Damante et &7) for the TTF-1

every 5 deg from 20 to 78C, after equilibration at each
temperature for 10 min.

Fluorescence Spectroscogyluorescence measurements
were performed in a SLM Aminco-Bowman Series 2

homeodomain, which also has the helbarn—helix DNA
binding motif.

Progress curves for ellipticity changes at 222 nm as a
function of increasing temperature are shown in Figure 2

spectrofluorometer attached with a programmable water- (panels A, B, and C) for HD(wt) in 50 mM Hepes, pH 7.4,
circulating bath, Neslab RT-111. Measurements were takenbuffer containing 0, 100 mM, and 500 mM NacCl, respec-

using polarizers positioned at 54.ih the emission light
beam and Dfor the excitation. Excitation was at 295 nm,
with 4 nm slits for both excitation and emission. Water-

tively. In the absence of NaCl, hysteresis during refolding
of HD(wt) occurs. The presence of NaCl apparently is
necessary for correct refolding (within 2 h at 10) after

jacketed cuvettes (1 mL, 1 cm path length) were connectedheating to 80°C (compare panels B and C with panel A in
to the circulating bath. The temperature inside the sample Figure 2). During refolding in the presence of NaCl after
cuvette was monitored with a microthermocouple (Omega rapid cooling from high temperatures, a return to the initial

Inc., Stamford, CT) inserted into a cell (containing water)
in tandem with the sample cuvette. Titrations of HD(wt) (18
uM concentration in water or 50 mM Hepeis NaCl, pH
7.4, buffer at 20C) with sodium phosphate were performed
by addition of small aliquots frm a 1 M sodium phosphate
solution stock, pH 7.4. For the titration of HD(wt) with

ellipticity values at 10C has been observed to take as long
as 1.5 h when the CD signal was monitored as a function of
time. However, equilibrium CD measurements (during which
the CD signal is monitored at® increments of increasing
temperatures until time-independent changes are complete:
12—15 min) for HD(wt) under the conditions of Figure 2B

sodium phosphate followed by the addition of an equimolar give essentially the same results as obtained at a heating rate

amount of 28 bp DNA (1.64 mM stock solution), corrections
for the buffer baseline, dilution, and inner filter effect were

of 60 °C/h (data not shown). Thus, an equilibrium between
folded and unfolded states of the protein occurs from 20 to

made £5). Procedures and assumptions in the data treatmentg0 °C when scanned at a rate of 8G/h when 100 mM

for the calculation of an apparelb’ for sodium phosphate
are described in Ginsburg et akf).

RESULTS

Thermal Unfolding Studie§ he conformational stabilities
of the wild-type protein, HD(wt), as well as HD(H52R) and
HD(H52R/T56W) of the vnd/NK-2 homeodomain have been
investigated by far-UV circular dichroism and differential
scanning calorimetry.

NacCl is present. CD data for the first and second cycles of
heating are fitted well to a two-state unfolding model (Figure
2, overlaid solid curves). Parameters of these fits as well as
those obtained by fitting progress curves of CD changes at
222 nm as a function of increasing temperature for HD(wt)
and both HD(H52R) and HD(H52R/T56W) proteins under
various ionic conditions are given in Table 1. ValuesTgf
from DSC and ellipticity changes at 222 nm at a scan rate
of 60 °C/h agree.
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Table 1: Thermodynamic Data from DSC and CD Experiments at
pH 7.4
73 AHcaI AHvH
£ Tm  (kcal  (kcal
Q; protein buffer salts method (°C) mol™Y) mol) CR°
© HD(wt), A+0mM DSC 481 18 43 0.42
§’ " ~50uM NacCl CD 47.9 26
o A+200mM DSC 4938 28 44 0.64
e NacCl CD 50.2 33
x 9 B+ 0mM DSC 355 11 43 0.27
= NaCl CD 35.8 19
> 42 B+100mM DSC 430 20 47 042
5 NaCl CD 430 34
= CD®  43.0 25
= 6 B+500mM DSC 512 34 50 0.68
= NaCl CD 520 42
° -9 HD(H52R), A+ 0mM DSC 55.8 21 52 0.42
= ~40uM NaCl CD 56.3 42
12 A +50mM DSC 555 34 48 0.71
NaCl CD 55.7 38
A+100mM DSC 56.1 35 48 0.73
10 20 30 40 50 60 70 80 NaCl cb 55.8 a7
Temperature (°C) B+ 0mM DSC 422 21 40 0.53
Ficure 2: Progress curves for ellipticity changes at 222 nm as B —T?ng M 88 gllg jg'
functions of increasing temperature for 0.42 mg/mL HD(wt) in 50 NaCl m :
mM Hepes, pH 7.4, buffer in the absence of NaCl (A) and the a

B+ 100mM DSC 50.4 36 48 0.75
presence of 100 mM NaCl (B) and 500 mM NacCl (C). In each KCI cD 503 45

panel (A, B, or C), CD values are connected by a heavy solid line ypHsor/ A+ 0mM DSC 580 30 54 055

for the first heating cycle whereas open circles correspond to a  Tsgw), NaCl CcD 555 44

second heating cycle; thin solid curves show superimposed fits of  ~30uM B + 0mM DSC 445 27 44 0.61

CD data to a two-state unfolding model. The arrows indicate the NacCl CD 42.1 32

midpoint denaturation temperatures (see Table 1). B+100mM DSC 576 44 55  0.80
NacCl CD 55.2 54

The HD(H52R) and HD(H52R/T56W) proteins have an 2 Standard errors ar&y, + 0.2 °C andAH + 8%. DSC data have
ion pair interaction between Glul7 and Arg52 that is not been fitted to a non-two-state model, whereas CD data have been fitted

; A _ ; to an ideal two-state unfolding model (see teXtuffers, pH 7.4 (at
present in the wild-type vnd/NK-2 homeodoma).(This ~25 °C), are as follows: A, 50 mM sodium phosphate; B, 50 mM

additional salt bridge apparently stabilizes these proteins asjepes 'in the absence and presence of the indicated neutral salt
shown by transition temperatures being higher figmalues  concentrations: CR is the cooperative ratidyHea/AHy. ¢ This DSC
of HD(wt) under the same buffer conditions (Table 1). data set gives a value féxC, = 0.52+ 0.04 kcal K'* mol™* (Figure
DSC experiments have been performed with HD(wt), HD- 4). © From equilibrium CD measurements.
(H52R), and HD(H52R/T56W). To investigate the effect of
buffer salts on homeodomain stability, proteins have been for NK-2 homeodomain proteins HD(wt), HD(H52R), and
heated in either 50 mM Hepes/NaOH or 50 mM sodium HD(H52R/T56W) occur over a more narrow temperature
phosphate buffer at pH 7.4 containing various concentrationsrange than predicted for two-state unfolding, which indicates
of NaCl. Reiterative DSC heating cycles (following rapid that either intermolecular cooperativity (in the absence of
cooling and equilibration at 13C for 2 h) show no irreversible self-association) or some unusual intramolecular
significant change in areas or shapes of endotherms. This isprocess occurs during the thermal unfolding process, (i
illustrated in Figure 3A, which shows raw data from three AHc/AHyy ratio <1.0; see below).
consecutive DSC scans of the HD(H52R) proteinin 50 mM A better estimate of thAC, value has been obtained with
sodium phosphate/50 mM NaCl, pH 7.4, buffer and the HD(wt) and increasing concentrations of NaCl, which
reproducibility of the endotherm in the three cycles of markedly stabilize the protein in 50 mM Hepes/NaOH buffer
heating. The absence of shifts in the posttransitional baselinesat pH 7.4. TheT,, value is increased from 35X to 43.0
indicates that aggregation or self-association does not occurand 51.2°C in the presence of 100 and 500 mM NacCl,
Moreover, the denaturation temperature is scan rate§80  respectively, as shown by maxima in DSC endotherms
°C/h) and concentration~0.2—0.9 mg/mL) independent.  (Figure 4). A plot ofT,, values vs the calculated values of
Reversibility also has been tested by stopping DSC scans atAH,y from A, B, and C in Figure 4 (inset) gives a straight
<50% completion of endotherms followed by scanning the line with a slope AC;) equal to 0.52+ 0.04 kcal K'* mol~2.
full temperature range which gives superimposed DSC This AC, value agrees with that estimated for HD(H52R)
profiles 28, 29). from DSC (Figure 3B) and also indicates th&C, is not
Figure 3B shows the first DSC scan for HD(H52R) after affected by the presence of NaCl.
normalization for scan rate and protein concentration and a Values ofAH,4 from DSC profiles are based on the ratio
sigmoidal baseline connecting pre- and posttransitional of the maximum peak height to the area of the transition
baselines for nonzeraC,. The data have been fitted both curve over the sigmoidal baselin20( 30), and the average
to a two-state model (dotted line in Figure 3B) or to a of these values is 47 5 kcal mol! for the three
nonideal (non-two-state model; dashed line) wiiG, = 0.4 homeodomain proteins in different buffers (Table 1). In
+ 0.1 kcal K2 mol™1, AH¢y = 34 kcal mott, AH,y = 48 contrast, fits of CD data to a two-state model of unfolding
kcal mol?, andT,, = 55.5°C. The observed endotherms show that the cooperativity of unfolding secondary structures
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from CD although the magnitude ofH., values are lower.
0.04 meal K The most striking feature of the data presented in Table 1
is the substantial stabilization of the wild-type NK-2 homeo-
domain and both HD(H52R) and HD(H52R/T56W) proteins
by phosphate (1214 °C). The presence of 166600 mM
NaCl in Hepes, pH 7.4, buffers also stabilizes the homeo-
domain proteins, whereas the addition of NaCl to phosphate,
pH 7.4, buffer has little additional stabilizing effect. The
substitution of KCI for NaCl has been found to severely
impair the ability of the wild-type and both HD(H52R) and
HD(H52R/T56W) proteins to refold, although almost the
B same thermodynamic parameters are observed for the first
heating in the presence of KCl as with NaCl. Possibly, K
exerts a steric hindrance and/or unfavorable change in
solvation water during refolding or Napromotes correct
refolding of the vnd/NK-2 homeodomain protein by specific
binding.
y Tertiary Structural Properties and Stabilityryptophan
residue 48 is conserved within the “DNA recognition helix”
of all classical homeodomains. Trp48 in helix Il has its
20 30 40 5 60 70 80 indole ring extended toward helix | and perpendicular to the
Temperature (°C) helix | axis (see Figure 8 below). Maxima in the intrinsic
Ficure 3: Differential scanning calorimetry. Panel A: DSC data 1P fluorescence emission (with excitation at 295 nm) for
for three consecutive scans of the HD(H52R) protein (0.54 mg/ HD(wt) or HD(H52R) in the presence of Hepes, phosphate,
mL) in 50 mM sodium phosphate/50 mM NaCl, pH 7.4, buffer at or DNA occur at 343 nm. A titration of HD(wt) in Hepes

a scan rate of 60C/h. The sample was cooledrf@ h at 15°C )buffer, pH 7.4 at 20°C, with sodium phosphate gives an
0

between scans; first scan (solid curve), second scan (dashed curve Il 33% d d f
and third scan (dotted curve). The instrument baseline (buffer vs OV€ra o fluorescence decrease and an appgno

buffer) is shown by the top sloping line. Panel B: First scan (solid 2.6 == 0.3 mM phosphate. [In contrast, the fluorescence of
line) from panel A after subtracting the instrument baseline and NATA under the same conditions shows orhp% quench

normalizing for scan rate and protein concentration. A progress hy 50 mM sodium phosphate.] Following the addition of 28
baseline has been fitted to the DSC profile and is shown connecting . . .

pre- and posttransitional baselines, which illustrates @Gat 0. mM sodium phosphate to HD(wt) at which concgptratlon
The DSC data are fitted better to a non-two-state model iith no further quench in fluorescence occurs, the addition of an
= 0.4 kcal K1 mol-! (dashed curve) than to an ideal two-state equal molar quantity of “recognition-site, sequence-specific”
model (dotted curve) with the sanieC, value; see Table 1 for 28 bp DNA to HD(wt) produces a fluorescence increase of

C, (mcalK")

0.4 keal K'mol™

Excess Heat capacity (kcal K'mol”)

DSC parameters. 19% (after correcting for inner filter effects caused by light
24 . . ' . . . ' absorption by DNA). Thus, the quenching of the intrinsic
5 A Trp48 fluorescence by phosphate is partially reversed by
—.: z0r . 1 DNA binding (data not shown). The quench of Trp48
T 16} ) ] fluorescence by phosphate may be a local effect since the
i Ll e | addition of NaCl, which also stabilizes vnd/NK-2 homeo-
T T domains, has no effect on Trp48 fluorescence.
§ 08 . Representative second derivative UV absorption spectra
5 o4l | at 25 and 65°C reveal changes in the environment of Tyr
z and Trp residues during thermal unfolding of HD(wt) in
g 00f 1 either 50 mM sodium phosphate or 50 mM Hepes/500 mM
d g4 P S . . NacCl, pH 7.4, buffer (Figure 5). Changes in the peak-trough

20 3 40 S0 60 70 380 at ~287—283 nm (a) represent mainly Tyr exposure with
Temperature (°C) some contributions from Trp whereas those~&93—290

FIGURE 4: Stabilization of HD(wt) by increasing NaCl concentra- nm (b) represent mainly Trp environmental chan@3s24).
tions. DSC profiles of 0.39 mg/mL HD(wt) in 50 mM Hepes (pH  The ratio ofa/b = Ry for the native, folded protein aralb
7.4) with 0 NaCl (A), 100 mM NaCl (B), and 500 mM NaCl (C)  — R for the unfolded protein, and these parameters have
after subtraction of the instrument and progress baselines (see F|gur% § .
1). Inset: Plot of calculatecH, vs Ty, values with a slope of een used by Ragone et a3 to estimate the degree of
0.52+ 0.04 kcal K'* mol-t for AC,; see Table 1. exposure of Tyr in proteinsa. = (Ry — Ro)/(Ry — Ro), where

Ry is a reference state for the protein in ethylene gly&al (
is in the order HD(wt)< HD(H52R) < HD(H52R/T56W), = —0.10). Using this relationship for the HD(wt) protein
as reflected by correspondimgH,n values in Table 1. In  (with a Tyr/Trp ratio of 4/1), values od for the degree of
addition, the CD data of Table 1 indicate that the coopera- exposure of Tyr at 28C are~0.78 (3.2 Tyr) and 0.87 (3.5
tivity of unfolding secondary structures in the wild-type and Tyr) in Hepes/NaCl and sodium phosphate buffer, respec-
mutant vnd/NK-2 homeodomains is increased in each casetively. This means that 75% of the Tyr residues in the vnd/
by 100 mM NaCl in Hepes buffer or 50 mM sodium NK-2 homeodomain are solvent accessible in the native,
phosphate. The trend @H, values from DSC under the folded form, although phosphate produces subtle differences
different ionic conditions is similar té&\H values obtained in the second derivative spectrum (Figure 5). Comparison
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Ficure 5: Second derivative UV spectra for folded and unfolded
forms of HD(wt). Spectrad’) are given in the units Mt cm™!
and were obtained with 24M HD(wt) in 50 mM Hepes/500 mM
NaCl, pH 7.4 (solid line at 25C and dotted line at 68C), and
with 15uM HD(wt) in 50 mM sodium phosphate, pH 7.4 (dashed
line at 25°C and dot-dashed line at 8F). Peak-through amplitudes

a andb are indicated by vertical lines at 283 and 290 nm, and the
ratios Rup) are 1.4 (25°C) and 1.8 (65°C) in Hepes and 1.3 (25
°C) and 1.5 (65°C) in sodium phosphate.
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FiIGURe 6: Representative titration of sequence-specific 18 bp
duplex DNA with wild-type vnd/NK-2 homeodomain in 50 mM
sodium phosphate, pH 7.4, buffer at Z5. The DNA concentration

in the ITC sample cell is 1.68M, and 35.3uM HD(wt) is in the
syringe. Upper panel: Observed heats (after instrument equilibra-
tion) for 2—18 injections of SuL protein additions at 7 min intervals
after baseline correction. Heats of dilution for protein are obtained
from injections 1718 and subtracted from the data. Lower panel:
Corrected, normalized binding enthalpies vs protein/DNA molar
ratios are shown. Injections-® give the binding enthalpy at
saturating DNA. The data® are fitted to a one-site binding model
(—) which giveK,y' =124+ 01 x 1M1, AH=-72+ 0.1
kcal mol1, andn = 0.998 for the stoichiometry of HD(wt) binding

to specific duplex DNA.

of the magnitudes of thb peak-trough at 25 and 6% in
Figure 5 indicates thahemax' = 240 M cm™? for Trp48
exposure during thermal unfolding in either Hepes or
phosphate buffer. This is the same value within the error of
this method as that previously found for the maximum
change in Trp exposure during thermally induced exposure
of a single Trp in an unrelated protei@1).

Thermodynamics of Binding Sequence-Specific Double-
Stranded DNAA representative ITC experiment in which
injections of 0.177«mol of HD(wt) per 5uL addition into
1.63uM sequence-specific 18 bp duplex DNA at 25 in
50 mM sodium phosphate, pH 7.4, is shown in Figure 6.
Under these conditions, the enthalpy of binding DNA is
obtained from the second through ninth additions of protein
to DNA, and the signal decreases after the ninth addition of

Gonzalez et al.

Table 2: Enthalpies for vnd/NK-2 Homeodomains Binding
Sequence-Specific Duplex DNA at pH 7.4 under Different
Condition$

temp
protein buffer  (°C) AH (kcal mol?) N
HD(wt) A 10 —10.8+£0.2 3
15 —8.1+0.2 5
20 —79+£0.1 13
20 —7.7+£0.2 P
25 —-7.2+£0.1 8
30 —514+0.1 5
B 10 —10.6+ 0.4 14
C 10 —-10.1+0.1 10
20 -76+0.1 &
HD(H52R) A 10 -8.1+0.1 10
15 —9.3+0.2 19
20 —-10.3+0.2 13
25 —10.9+ 0.2 10
HD(H52R/T56W) A 10 —754+0.2 7
25 —9.0+0.6 12

a From initial injections of protein into saturating concentrations of
18 bp duplex DNA (unless otherwise indicated) in the VP-ITC at the
indicated temperatures. Concentrations of stock protein wereé35

uM, and DNA was 0.9-1.6 uM in the ITC cell. Stoichiometry of

protein-DNA interaction was 1.& 0.1. Values ofAH at saturating
DNA, the standard deviation from the mean, and the total number of
injections from one to three titrationbl) are given for each condition.
Buffers at pH 7.4 were as follows: A, 50 mM sodium phosphate; B,
50 mM Hepes; C, 50 mM Hepes/100 mM Na€Bequence-specific
28 bp duplex DNA was used.

HD(wt) since all of the DNA has been complexed by the
homeodomain. The areas for the heat of dilution of protein,
which are the same as obtained by adding HD(wt) to buffer,
are obtained from the 1718th additions in Figure 6, and
this value is subtracted from the areas for injectionrsl@

of protein. A fit of corrected enthalpy values (Figure 6, lower
panel) gives a stoichiometry= 0.998,K,' = 1.2+ 0.1 x
1M1, andAH = —7.2+ 0.1 kcal/mol for HD(wt) binding
DNA under the conditions used. The availability of the more
sensitive VP-ITC than that of the prior model [MC2 Omega
ITC from MicroCal, Inc.] used by Carra and Privalo®2j
allows measurements of association constants 6f 1

1

Titrations of either 18 or 28 bp specific DNA by HD(wt)
at different temperatures [at which HD(wt) is folded] and in
different buffers also have been performed. Average values
of AH obtained at saturating DNA together with standard
errors of the mean and the total number of injections are
summarized in Table 2. Within experimental error, binding
enthalpies for HD(wt) interacting with DNA are the same
in either sodium phosphate or 50 mM Hep&s100 mM
NaCl at the same temperature. This indicates an absence of
a net proton uptake or release in the binding of DNA by
HD(wt), since the heat of protonation of Hepes-i8-fold
that of phosphate. Moreover, approximately the same binding
enthalpies are obtained with either the 18 bp or 28 bp duplex
DNA containing the specific 'SCAAGTG-3 binding se-
guence in the core.

Comparable data for titrations of 18 bp specific duplex
DNA with HD(H52R) and HD(H52R/T56W) in 50 mM
sodium phosphate, pH 7.4, are given also in Table 2. In all
cases, the stoichiometry of homeodomain binding DNA is
1.0+ 0.1. Association constants of 1.200.15x 10® M~*
and 1.95+ 0.75 x 10® M~* have been obtained for HD-
(H52R) and HD(H52R/T56W), respectively, binding DNA
at 25°C in 50 mM sodium phosphate (pH 7.4).
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DISCUSSION

For thermal unfolding of vnd/NK-2 homeodomairig,
values from DSC and far-U¥CD measurements agree
(Table 1). Changes in secondary structure during thermally
induced unfolding of HD(wt) (Figure 2), HD(H52R), and
HD(H52R/T56W) show ideal two-state behavior although
differences in the cooperativity of unfolding are evident, as
has been observed by Weiler et &).(Equilibrium CD
measurements give the same results. In contrast, DSC data
require a non-two-state model for fitting endotherms (Figure
3). The presence of phosphate or NaCl increases the
~__ cooperativity of CD transitions, and for HD(H52R) and HD-
Ficure 7: Enthalpy changes for vnd/NK-2 homeodomains binding (H52R/T56W) in 100 mM NaCl, enthalpic values for CD

sequence-specific 18 bp duplex DNA in 50 mM sodium phosphate, . .
bH 7.4, as a function of the temperature of the ITC measurements. Fansitions approximaté\Hyy values calculated form DSC

Shown are averagaAH values at saturating DNA from separate data. Usually there is agreement betweék, from DSC
titrations of DNA: A, HD(wt); ®, HD(H52R); B, HD(H52R/ and far-UV ellipticity changes for thermal unfolding of small
T56W). Under these condition3,, values for protein unfolding  globular proteins, but this is not the case for vnd/NK-2
are =48 °C (Table 1). Each data set has been fit by linear least homeodomains. Although both methods monitor unfolding
squares, and the slopAC,) values are shown. o . o .
transitions in proteins, DSC measurements reflect predomi-
nantly changes in the hydration of hydrophobic residues
whereas far-UV CD is most sensitive to changes in helix

. '
=] -2
2

DNA-Binding Enthalpy (kcal mol™)
=

0
=
N

10 15 20 25 30
Temperature (°C)

Figure 7 showsAC, plots of AH values fromdifferent
titration experiments with 18 bp duplex DNA and HD(wt),
HD(H52R), and HD(H52R/T56W) in 50 mM sodium COMeNt , _
phosphate, pH 7.4, buffer at different temperatures. Values DSC results for the thermal unfolding of the wild-type

i ; e d/NK-2 homeodomain at pH 7.4 give a cooperative ratio
of AC, have been obtained by linear least-squares fitting of V! ; "
the A[;-| values at the different temperatures for each (AHca/AHyw) less than unity under all conditions (Table 1).

L . For thermal unfolding of HD(H52R) and HD(H52R/T56W)
hpmeodomaln binding DNA. The slopes of the . plots in in the presence of 100 mM NacCl, cooperative ratios-6f8
Figure 7 give theAC, values and SD errors shown in Table .

i are observed. That is, endotherms have narrower temperature
3. These heat capacity changes are much smaller than usuall

g - . - ¥anges than expected for ideal two-state unfolding (Figure
ggzet;\élec?v\f;) F protein interactions with specific DN2g(34; 3). The usual explanation for a cooperativity ratio less than

unity is that intermolecular interactions occur during unfold-
Dissociation constants for the same proteins [HD(wt), HD- ing. However, the absence of posttransitional baseline shifts,
(H52R), and HD(H52R/T56W)] binding to sequence-specific the reliability of baselines, and the repeatability of DSC scans
18 bp DNA have been determined by Weiler et 8).ffom suggest that any intermolecular interactions at high temper-
gel mobility shift assays at 4C to be 1.0+ 0.5 x 10°° atures are not irreversible such as those leading to aggrega-
M~1L This value and the values &fH andAC, determined  tion. Moreover, NMR studies have not detected any dimer-
here for the these homeodomains binding specific DNA at ization or higher aggregates of vnd/NK-2 homeodomains
25°C give calculated\G' values at 298 K of-11.6+ 0.3, even though>10-fold higher concentrations of protein are
—11.6+ 0.3, and—11.7+ 0.3 kcal mot for HD(wt), HD- present in NMR than in DSC measurements. The reversibility
(H52R), and HD(H52R/T56W) binding DNA, respectively. Of transitions (Figure 3), the similarity in calculatedy
These calculated values AS' are somewhat more negative Values from DSC data (4% 5 kcal motf™) for all proteins
than measured here (Table 3), but electrophoresis buffersunder different conditions, the variation &Hc values, and
and other conditions differ from what has been used in the the noncorrelation between DSC and CD data suggest that

present studies. Moreover, both free and DNA-bound protein W€ Seek an alternative explanation for ratiog\bica/ AHux
are in equilibrium in ITC measurements. being less than unity for vnd/NK-2 homeodomains. One

) ) possibility might involve unusual intramolecular tertiary
Table 3 summarizes thermodynamic parameters for HD- gtrcture interactions that influence DSC endotherm shapes
(wt), HD(H52R), and HD(H52R/T56W) binding sequence- pejow and above transition temperatures. The substitution
specific 18 bp duplex DNA at 298 K in 50 mM sodium  of His52 by Arg, which markedly stabilizes the vnd/NK-2
phosphate at pH 7.4. In all cases, DNA binding reactions homeodomain [presumably by bridging helices | and8)],(
are enthalpically controlled at 298 K with smaller, positive increases the cooperative ratio (Table 1). Thus, the length
values ofTASthan negative binding enthalpies, whex&'= and flexibility of helix Ill of the vnd/NK-2 homeodomain
AH — TAS.For completeness\C, values (see above) are (8) appear to affect the unfolding and refolding of tertiary
given also in Table 3. The sign and magnitudd ASvalues structure. Studies of scan rate dependence, which might
are unexpected in view of the ordering of the vnd/NK-2 detect such behavior, are necessarily limited by the small
homeodomains HD(wt) and HD(H52R) that occurs upon signal [1.1-3.4 cal/g for HD(wt); Table 1] and the instability
DNA binding (14). HD(H52R/T56W) has a longer helix Il of proteins during prolonged exposure to high temperatures,
in the free state than does HD(wt) or HD(H52F),(and for which reasons only 30 and 8C/h scan rates have been
yet the TAS value is only~one-half that of the wild-type  examined.
homeodomain. Thus, the solvent contribution to the DNA The NMR solution structure of the wild-type vnd/NK-2
homeodomain interactions must have an important role. homeodomain determined by Tsao et &b)(indicates that



4930 Biochemistry, Vol. 40, No. 16, 2001 Gonzalez et al.

Table 3: Thermodynamic Parameters for vnd/NK-2 Homeodomains Binding Sequence-Specific 18 bp Duplex DNA in 50 mM Sodium
Phosphate, pH 7.4 at 298K

AG' (kcal mol) AHP (kcal mol?) TAS (kcal mol™) AC® (kcal K"t mol™?)
HD(wt) —11.0+0.1 —6.6+0.5 +4.4+ 0.5 +0.25+ 0.04
HD(H52R) —11.0+0.1 —10.8+0.1 +0.2+ 0.1 —0.174+0.01
HD(H52R/T56W) —11.3+0.3 —9.0+ 0.6 +2.3+ 0.6 —0.104+ 0.04

aFrom ITC titrations in which the stoichiometry of homeodomains binding DNA isA@1 (see text)? Values ofAH at 298 K are from linear
least-squares fitting oAH values vs temperature (Figure 7)rrom the slopes of the plots in Figure 7 with linear least-squares errors in the fits of
the data.

a salt bridge between Arg19 (helix 1) and GIu30 (helix II) is
present together with hydrogen bonds between the backbone
of Arg24 (first loop) and the Arg53 side chain (helix IlI).
An unusual His in position 52 of the vnd/NK-2 homeo-
domain [usually occupied by Arg in most homeodomain
proteins; see Gehring et all){ precludes the formation of

a salt bridge between Glul7 and residue 52. In fact, the HD-
(H52R) protein has an ion pair interaction that bridges Glu17
(helix 1) and Arg52 (helix IIl) 8), and yet the cooperative
ratio for unfolding is less than unity as it is for the wild-
type homeodomain. In contrast, DSC studies of Carra and
Privalov 32) on the thermal unfolding of the yeast MA®
homeodomain (which has an Arg residue at the fourth
position downstream from the conserved Trp in the DNA
binding region) show that this protein has a cooperative ratio
equal to unity under a variety of conditions. Nevertheless,
CD measuremepts at 222 nm for the_ unfolding of M4T Ficure 8: Close-up view of the HD(WJEDNA complex from the
do not agree withAHc, values. In this case, the authors NMR solution structure of Gruschus et al6]. The helix-turn—

Helix I11

estimate that residues 588 of the MATo.2 helix Il in the helix motif of the vnd/NK-2 homeodomain is shown in blue, and
DNA recognition site are unfolded in the free state and the DNA strands are in pink with the &nd 3 ends labeled. The
measureAHq = 33 kcal mot (3.3 callg) for thermal “recognition-site” helix (Ill) is inserted into the center of the major

groove of the DNA structure. Backbone structures of Glu17, Trp48,

unfolding of this homeodomain in 20 mM sodium phosphate 3,4 His52 are shown to display relative positions.

(pH 7.0) in the absence of NaCl, which-sl.6-fold greater
than that measured by DSC here for the thermal unfolding region, the wild-type vnd/NK-2 homeodomain protein (helix
of HD(H52R). Clearly, the behavior of the vnd/NK-2 turn—helix structural motif) undergoes several changes
homeodomain in DSC studies of thermal unfolding differs in both side chain and secondary structural organization
from that of MATo2 due possibly to differences in tertiary [Gruschus et al. 16); Figure 8]. Both N- and C-terminal
structure. regions become more ordered upon DNA binding; several
The presence of 50 mM sodium phosphate at pH 7.4 interactions between amino acid residues and DNA bases
significantly stabilizes the vnd/NK-2 homeodomain [HD- are formed, and various contacts are made between Argb
(wt), HD(H52R), and HD(H52R/T56W)] witi, increases ~ and Leu7 in the N-terminal segment with the minor groove
of ~13 °C in reference td, values observed for the same of DNA. Also, interactions between Arg53 and Asn51 (both
proteins in 50 mM Hepes, pH 7.4 (Table 1). The stabilization in helix 1lI) with the DNA backbone and significant
by phosphate appears to be due to specific binding, and thehydrophobic contacts between lle47 and Tyr54 with deoxy-
quench of Trp48 produced by phosphate binding is partially ribose rings in the major groove have been identified by
reversed by adding a stoichiometric amount of sequence-NMR spectroscopy. Moreover, a remarkable increase in the
specific DNA. This observation supports the idea that length of helix lll (from 11 to 19 amino acid residues) upon
phosphate binds to some homeodomain sites that interacbinding to specific duplex DNA has been reported by Tsao
with the phosphates of DNA, and one likely site is Arg53 et al. (L4).
with an involvement of Tyr54 in both the quench of Trp48 A large negative heat capacity change is usually associated
fluorescence and interactions with duplex DNA. The pres- with site-specific binding of proteins to DNA, as summarized
ence of NaCl also increases the stability and reversibility of by Spolar and Record3B) and Privalov et al. 34). A
unfolding transitions of vnd/NK-2 homeodomains (Table 1; coupling of local protein folding, in which the burial of apolar
Figure 2). Since vnd/NK-2 homeodomains have a net positive surfaces has a dominant role, can account for observed
charge, the effects of NaCl relate to electrostatic factors negativeAC, values 83). Despite the fact that helix 11l of
during unfolding/refolding. However, comparing the con- the wild-type vnd/NK-2 is elongated upon binding to DNA
formational stabilities of HD(H52R) and HD(H52R/T56W)  (14), the observed value &C; is small and positive£0.25
to that of HD(wt), T, values of the former are higher than kcal K™ mol™?), as determined here by isothermal titration
that of HD(wt) irrespective of the presence of phosphate or calorimetry from 10 to 30C under which conditions HD-
NaCl. (wt) is folded. Thus, this appears to be an exceptional case
Upon binding to duplex 18 bp DNA (B-form) containing in which a decrease in the solvent-accessible, hydrophobic
the specific 5CAAGTG-3 binding sequence in its central surfaces produced by DNA binding is offset by solvent
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rearrangement, burial of polar surfaces, and possibly a strain
in the duplex DNA conformation. AlthougAC, values for
HD(H52R) and HD(H52R/T56W) binding specific duplex
DNA are negative £0.17 and—0.10, respectively), their

magnitude is considerably less than predicted from changes

in surface-exposed areas that occur upon binding.

From the values oAH determined by ITC at 1630 °C
for HD(wt) binding 18 bp duplex DNA in 50 mM sodium
phosphate at pH 7.4AH = —6.6 kcal mot™* for this binding
reaction at 298 K. Under the same condition] = —10.8
and—9.0 kcal mot* at 298 K for HD(H52R) and HD(H52R/
T56W), respectively, binding 18 bp duplex DNA (Table 3).
Enthalpic changes andG' values obtained from ITC
titrations under the same conditions indicate that for vnd/
NK-2 homeodomain proteins binding sequence-specific
duplex DNA, reactions are enthalpically controlled. Corre-
spondingAS values are approximately15, +1, and+8
cal Kt mol™* for HD(wt), HD(H52R), and HD(H52R/
T56W) proteins binding sequence-specific 18 bp duplex
DNA at pH 7.4 and 298 K.

Enthalpic changes for the interaction of HD(wt) with
specific, double-stranded DNA are the same in 50 mM Hepes
+ 100 mM NacCl as in 50 mM sodium phosphate at pH 7.4,

suggesting that a net proton uptake or release is not involved

upon complex formation.
On the basis of the behavior of just the homeodomains
upon binding DNA, the entropy changes are somewhat

surprising. One might have expected a large negative entropy 18

for the binding of HD(wt) and HD(H52R) to DNA as a
penalty to be paid for elongation of helix Il upon binding
and a much smaller entropy change for HD(H52R/T56W)
binding to DNA since, in this case, helix Ill is elongated in
the free state before binding to DNA&,(14). The observed
behavior does not follow this order, presumably due to large
contributions from solvent rearrangements and other factors.

Nevertheless, it is remarkable that the overall entropy changes

for these binding reactions are small considering the large
entropy factors that are involve®3, 34). The origin of
entropy changes associated with vnd/NK-2 homeodomain
binding DNA deserves considerable attention in future
studies. If, for example, the vnd/NK-2 homeodomain exists
as a heterodimer with an as yet unidentified protein,
thermodynamic parameters for binding sequence-specific
duplex DNA possibly will be altered.
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