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ABSTRACT: Sac7d is a small, chromatin protein fromSulfolobus acidocaldariuswhich induces a sharp
kink in DNA with intercalation of valine and methionine side chains. The crystal structure of the protein-
DNA complex indicates that a surface tryptophan (W24) plays a key role in DNA binding by hydrogen
bonding to the DNA at the kink site. We show here that substitution of the solvent-exposed tryptophan
with alanine (W24A) led to a significant loss in not only DNA binding affinity but also protein stability.
The W24A substitution proved to be one of the most destabilizing surface substitutions in Sac7d. A
global linkage analysis of the pH and salt dependence of stability indicated that the protein stability surface
(∆G vs temperature, pH, and salt concentration) was lowered overall by 2 kcal/mol (from 0 to 100°C,
pH 0 to 7, and 0 to 0.3 M KCl). The lower free energy of unfolding could not be attributed to significant
structural perturbations of surface electrostatic interactions. Residual dipolar coupling of partially aligned
protein and the NMR solution structure of W24A confirmed that the surface substitution resulted in no
significant change in structure. Stabilization of this hyperthermophile protein and its DNA complex by a
surface cluster of hydrophobic residues involving W24 and the two intercalating side chains is discussed.

Sac7d1 is a member of the Sul7 family of basic 7 kDa
chromatin proteins found in the crenarchaeonSulfolobus.In
addition to Sac7d fromSulfolobus acidocaldarius, examples
include Sso7d fromSulfolobus solfataricus, Ssh7 from
Sulfolobus shibatae, and Sto7 fromSulfolobus tokodaii(1-
5). While the function of these proteins has not been
described, they appear to be unique toSulfolobus, a ther-
moacidophile which lacks the histones that have been
characterized in a number of other archaea (6). The Sul7
proteins are basic, monomeric proteins which are present in
significant amountsin ViVo and bind to DNA non-sequence-
specifically with moderate affinity (2). It is commonly
believed that they play an architectural role in packaging
and stabilizing genomic DNA at the high growth tempera-
tures of these hyperthermophiles (viz. 75-85 °C).

Sac7d adopts an OB fold and may represent an ancient
ancestor of the chromo domain found in many chromosomal
proteins (7). The protein is highly basic with an especially
high charge density (30 charged groups in 66 residues). DNA

binding occurs by interaction of a three strandedâ-sheet with
the minor groove of DNA (8). A hydrophobic cluster on the
surface of the sheet is composed of W24, V26, and M29. The
cluster is conserved in all Sul7 proteins. W24 is the only
tryptophan in Sac7d, and the intrinsic fluorescence is quench-
ed by∼90% upon DNA binding, indicating that it is inti-
mately involved with DNA binding or associated structural
changes. Crystal structures of DNA complexes with Sac7d
and Sso7d indicate that these proteins significantly bend
DNA by inducing a sharp kink primarily at a singe base pair
step with intercalation of V26 and M29 side chains (8, 9).
In the seven crystal structures of Sul7-DNA complexes
determined to date (Protein Data Bank entries 1azp, 1azq,
1ca5, 1ca6, 1c8c, 1bnz, and 1bf4), a hydrogen bond between
W24 and the DNA appears to enforce the sharp kink by
anchoring the base pair adjacent to the kink site (Figure 1).

Comparison of the NMR solution structure of free Sac7d
(10) with that of the crystal structure of the Sac7d-DNA
complex (8) demonstrates that there is little change in the
protein upon DNA binding. Most interestingly, the position
of the W24 side chain in the free and DNA-bound structures
is nearly identical. Theø1 angle for W24 in the NMR
structure is 70°, compared to 64.5° in the crystal structure
of the DNA complex [with Cγ trans to HR, this is thep
rotomer in the Richardson nomenclature (11), g- in that of
Janin et al. (12), and g+ in the nomenclature of Markley et
al. (13)]. This is not the most preferredø1 rotomer for
tryptophan, but it places the side chain in an ideal position
for hydrogen bonding to DNA. By “pre-positioning” the side
chain in this orientation prior to binding, an unfavorable
entropic contribution to binding is prevented.

As part of a study of the interactions at the Sac7d-DNA
interface which are responsible for bending DNA, we have
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performed an alanine scan of the protein residues thought
to be important in DNA binding. Truncation of the interca-
lating V26 and M29 led to a small decrease in theTm of the
protein which was consistent with a loss of the hydrophobic
interactions with W24 (14). Removal of the intercalating side
chains led to a small decrease in DNA binding affinity and
a decreased ability to bend DNA. We extend these studies
here with alanine substitution of W24 and show that the
substitution has only a minor effect on the structure of the
protein. Surprisingly, we find that the surface tryptophan not
only is important in defining DNA binding affinity but also
plays an important role in defining the stability of the protein.

MATERIALS AND METHODS

Proteins.The Sac7d gene in the pET-3b expression vector
was expressed inEscherichia coliBL21(DE3)pLys, and the
recombinant protein was purified as previously described
(15). Site-specific mutagenesis of tryptophan 24 was per-
formed using the Clontech Transformer Site-Directed Mu-
tagenesis Kit. Recombinant proteins were expressed and
purified in a manner similar to that for Sac7d, and the identity
of the protein was confirmed by changes in UV absorbance,
fluorescence, and NMR sequential assignments (see below).
15N-labeled proteins were made by expressing the protein
in minimal media supplemented with15NH4Cl.

UV Absorbance and Fluorescence.Protein concentrations
were determined from UV absorption spectra. The UV
extinction coefficient for Sac7d was 1.1 M-1 cm-1 at 280
nm (15), and that for the W24A, W24T, and W24F proteins
was determined to be 0.34 M-1 cm-1 based on the amino
acid content of the protein (16, 17). DNA concentrations were
determined using an extinction coefficient of 8400 M-1 cm-1

at 260 nm for poly(dGdC) (18). Wavelength and absorbance
accuracies of the spectrophotometer were checked using
potassium chromate (19). Fluorescence data were collected
on an SLM 8000C spectrofluorimeter as previously described
(20).

DNA Binding Assay.DNA binding of recombinant proteins
lacking W24 was monitored indirectly in a competitive assay
in which the binding of native Sac7d was assessed in the
presence of varying concentrations of nonfluorescent recom-

binant protein. Reverse titrations of Sac7d/recombinant
protein mixtures were performed with increasing concentra-
tions of poly(dGdC). The extent of Sac7d binding was
indicated by fluorescence quenching with excitation at 295
nm and emission at 350 nm. Three to five reverse titrations
were conducted with the same concentration of Sac7d
(typically 2 × 10-6 M). Data were fit using the McGhee-
von Hippel model (21) assuming noncooperative binding (20)
to obtain the binding constant, site size, and maximal
quenching. Excellent fitting of the data was obtained by
assuming identical binding site sizes for Sac7d and competi-
tors. No attempt was made to fit the data with different site
sizes for the two proteins.

Circular Dichroism. CD spectra were measured on an
AVIV 62DS spectropolarimeter as described elsewhere (15).
All wavelength scans were collected at 20( 0.2 °C, except
when using 0.01 cm cuvettes when the sample was main-
tained at room temperature. Spectra were collected from 330
to 180 nm (or until the dynode voltage reached 500 V) in 1
nm intervals with a 10 s/nm averaging time. Water baselines
were subtracted from all protein spectra. CD wavelength
spectra were smoothed as described by Savitsky and Golay
(22). The CD was calibrated usingd-camphor-10-sulfonic
acid. The molar CD per peptide bond was determined using
standard procedures (23) along with the UV extinction
coefficient reported above.

All thermal unfolding experiments followed by CD were
monitored at 205 nm at 1°C temperature increments, using
a 30 s averaging time after a 1.5 min equilibration time. The
temperature was maintained within(0.2°C by a computer-
controlled cuvette jacket.

Differential Scanning Calorimetry.Differential scanning
calorimetry was performed on an N-DSC II calorimeter
(Calorimetry Sciences Corp., Provo, UT) as previously
described (24) with a scan rate of 1°C/min. Excess heat
capacity data were analyzed using in-house software to
determine midpoint temperatures as well as calorimetric and
van’t Hoff enthalpies (24).

Protein Stability Data Analysis. Circular dichroism spectral
intensities as a function of temperature, pH, and salt
concentration were fit globally by nonlinear regression to a
model in which protein folding was linked to two chloride
binding and two carboxyl protonation reactions as described
previously (25). Fitting of simulated data indicated that this
minimal model (although oversimplified) was capable of
accurately defining (fitting) the unfolding free energy surface
to within approximately 0.1 kcal/mol (25).

A model which links two ionization and two ligand
binding reactions to protein folding contains at least 19
independent reactions (25), each of which is characterized
by three independent thermodynamic parameters: an equi-
librium constant [or equivalently a temperature at which the
equilibrium constant equals 1 (i.e., aTm)], ∆H, and∆Cp. As
described for Sac7d (25), the number of parameters was
reduced to 11: the∆Cp of the intrinsic unfolding reaction,
pKu for the carboxyls in the unfolded protein which are
affected by folding at low and high salt concentrations, pKn

for the same carboxyls in the native folded protein at low
and high salt concentrations, pK1 for these carboxyls in the
folded protein with bound chloride at low and high salt
concentrations, two chloride binding constants at low salt
concentrations (KCl and K′Cl), a single chloride binding

FIGURE 1: Structure of the Sac7d-GCGATCGC complex (PDB
entry 1azp) showing W24 (cyan) and the intercalating V26 and
M29 (green) side chains at the kink site. The C2-G3 step with a
roll angle of 66° [calculated with FREEHELIX (59)] is colored
blue. Hydrogen bonding between the indole NH group of W24 and
N3 of G3 is indicated with the black dashed line.
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constant at high salt concentrations (KCl), and the enthalpy
and heat capacity of chloride binding.

The following data sets were fit simultaneously: (1) a
series of eight CD thermal melts (100 data points each) as a
function of pH in the absence of added salt (“low salt”), (2)
a series of seven CD thermal melts (100 data points each)
as a function of pH in 0.3 M KCl (“high salt”), (3) variation
of the extent of folding from pH 0 to 8 obtained from CD at
20 °C at low salt (26 data points) and 0.3 M KCl (38 data
points), and (4) variation of the extent of folding with salt
concentration followed by CD (31 data points) at 25°C and
pH 2. Chloride concentrations were converted to activities
using the parametric equations of Pitzer (26, 27). The sum
of the squares of the residuals for each data set was weighted
by the root-mean-square noise level of the respective data
set. Parameter optimization was accomplished by iteratively
applying adaptive grid refinement global optimization (Loe-
hle Enterprises, Naperville, IL), grid search (28), and simplex
optimization (29) until no further improvement of the reduced
ø2 was obtained. Adaptive grid refinement has the advantage
of locating multiple minima in aø2 surface and contracting
a grid around each simultaneously. No evidence of multiple
minima was obtained in the fitting of the data. The extent to
which the 11 model parameters could be defined by the
experimental data was determined by statistical measures of
the precision of each parameter defined by the variation
required to increase the reducedø2 by 1 (28). A mapping of
theø2 surface by varying each parameter demonstrated that
in some cases the depth of the minimum in the reducedø2

surface in that parameter space was less than 1, and an upper
and/or lower limit for such parameters could not be defined.
In such cases, the precision limit is reported to be infinite,
indicating a lack of definition of the parameter by the data
(e.g., the lower limit for pKn).

The temperature dependence of∆G, ∆H, and ∆S was
calculated usingTm, ∆H(Tm), and∆Cp with the following
equations:

where∆S(Tm) ) ∆H(Tm)/Tm. The errors in∆H, ∆S, and∆G
were defined by the square root of the respective variances
calculated using standard propagation of error equations and
assuming negligible covariances (25).

Nuclear Magnetic Resonance.NMR spectra were collected
on Varian (Palo Alto, CA) INOVA 500 and 800 MHz NMR
spectrometers with 5 mM protein samples in a 10% D2O/
90% H2O mixture at 30°C. The pH of the sample was
adjusted to 4.5 with HCl using a Radiometer glass electrode
without correction for the deuterium isotope effect. The
protein sample used for amide hydrogen exchange was
dissolved in 99% D2O with 0.3 M KCl.

NMR data were processed using Varian VNMR software,
NMRPipe (30), FELIX (Accelerys, San Diego, CA), and
NMRView (31). Two-dimensional (2D) DQF-COSY, TOC-
SY, and NOESY spectra were collected using standard
procedures as described for Sac7d with a 6000 Hz spectral

bandwidth in both dimensions (10, 32). Data sets typically
consisted of 256t1 increments, with 32 FIDs per increment
and 1024 complex data points in thet2 acquisition time
domain. The data were zero-filled to 2048 points in both
dimensions and apodized with the Lorentzian-Gaussian
window function.3JHNHR coupling constants were determined
from DQF-COSY spectra with increased resolution using 256
t1 increments with 8192 complex data points int2. 1H-15N
HSQC spectra were collected on15N-enriched samples in
0.7 mL of a 90% H2O/10% D2O mixture with gradient
selection and minimal perturbation of the water (33, 34). 1H
chemical shifts are referenced relative to the appropriate shift
of the water line, which had been previously measured at 5,
35, and 55°C relative to TSP in separate experiments without
protein.15N chemical shifts were calculated from the relative
frequencies (¥) (13) of DSS (1H) and liquid ammonia (15N).
W24A 1H-15N HSQC spectral peak assignments were made
by comparison to the Sac7d HSQC assignments (32) and
confirmed using a combination of three-dimensional (3D)
NOESY-HSQC and TOCSY-HSQC data (34). Proton as-
signments were made using 2D DQF-COSY, TOCSY, and
NOESY spectra.

15N-1H residual dipolar couplings were measured using
a 2D 1H-15N HSQC IPAP pulse sequence from L. Kay’s
laboratory (http://abragam.med.utoronto.ca/software.html)
with 422 and 256 complex points in the1H and 15N
dimensions, respectively. The data were apodized with a
shifted sine bell squared function, linear predicted in the15N
dimension, and zero filled to 512× 1024 points. Couplings
were measured using in-house scripts written for NMRView
(31). The proteins were aligned withn-alkyl-poly(ethylene
glycol)/hexanol media (5% C12E5,r ) 0.85) and gave a2H
splitting of 24 Hz at 30°C (35). The magnitudes of the axial
(Da) and rhombic (R) components of the alignment tensor
used for initial structure refinement were determined from
the distribution of the15N-1H dipolar couplings to be 8 and
0.4 Hz, respectively (36).

Initial structure refinement and automated assignment of
ambiguous NOEs were performed using ARIA 1.2 (37) with
370 NOE volumes. Additional restraints for ARIA included
48 3JHNHR coupling constants, 13 hydrogen bonds, and 59
15N-1H residual dipolar coupling measurements. The final
distance restraints assigned by ARIA consisted of 262
unambiguous restraints, of which 160 were medium- and
long-range restraints. Refined values of the axial (Da) and
rhombic (R) components of the alignment tensor were
calculated from the ARIA structure to be 7.8 and 0.41 Hz,
respectively. The final set of restraints was used to generate
a set of 100 structures using Cartesian simulated annealing
with CNS 1.1 (38) at an initial temperature of 10 000 K.
The 13 structures with the fewest restraint violations and
best stereochemistry were selected for a brief refinement with
a full electrostatic potential in the presence of water, and
the results presented here are based on these models. A single
structure for comparison was generated by energy minimiza-
tion of the average of the ensemble of best structures (PDB
entry 1XX8).

SolVent Accessible Surface Areas.Extents of solvent
exposure of polar and nonpolar surface areas were calculated
using Naccess with a 1.4 Å water probe (39). Accessible
surface areas for unfolded proteins were calculated using the
standard accessibilities in Naccess for an AXA tripeptide.

∆H ) ∆H(Tm) + ∆Cp(T - Tm) (1)

∆S) ∆S(Tm) + ∆Cp ln(T/Tm) (2)

∆G ) ∆H(1 - T
Tm

) + ∆Cp[T - Tm - T ln( T
Tm

)] (3)
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RESULTS

UV, Fluorescence, and CD Spectral Changes.Substitution
of the single tryptophan (W24) in Sac7d with alanine,
threonine, or phenylalanine (W24A, W24T, and W24F,
respectively) led to a reduction in UV absorbance withε278

decreased from 1.1 to 0.34 M-1 cm-1. The far-UV CD
spectra (180-260 nm) of W24A, W24T, and W24F were
essentially identical and differed slightly from that of Sac7d
(data not shown). Analysis of the spectra by the variable
selection method of Johnson (40) indicated that theâ-sheet
content remained the same as that of Sac7d (24%), but the
level of R-helical structure was reduced to 18% (compared
to 25% in native Sac7d).

DNA Binding.Substitution of W24 with alanine resulted
in a significant loss of DNA binding affinity. DNA binding
was monitored indirectly by assessing the ability of W24A
to compete with native Sac7d in binding to poly(dGdC).
Figure 2 shows poly(dGdC)-induced quenching of the in-
trinsic tryptophan fluorescence of native Sac7d in the pres-
ence of three concentrations of W24A. Alanine substitution
of the surface tryptophan dramatically reduced the binding
affinity of the protein so that the binding isotherm observed
for native Sac7d in the presence of equimolar W24A (2×
10-6 M) was essentially indistinguishable from that of Sac7d
alone. A 10-fold excess of W24A led to a significant
reduction in the level of binding by Sac7d (Figure 2), and
fitting of the data yielded dissociation constants for binding
to poly(dGdC) of (4.5( 0.5) × 10-5 M-1 for W24A and
(1.5 ( 0.5) × 10-7 M-1 for native Sac7d in 10 mM KH2-
PO4 buffer (pH 6.8) at 20°C, with identical size sizes for
both proteins of 4.5( 0.2 bp. Threonine substitution (W24T)
was slightly less detrimental with a dissociation constant of
(2.5 ( 0.5) × 10-5 M-1, and phenylalanine was the least
disruptive with aKd of 3 × 10-6 M-1 observed for W24F.

Thermal Stability.DSC of W24A in 0.3 M KCl and 10
mM acetate (pH 7) indicated that unfolding of the mutant
protein was reversible and exhibited aTm of 81.1°C and a
∆Hvh of 46.8 kcal/mol. TheTm and∆Hvh were significantly

lower than those observed for Sac7d (Tm of 90.1°C and∆Hvh

of 58.5 kcal/mol), indicating that the surface tryptophan
played a significant role in stabilizing Sac7d under these
conditions. The decrease inTm observed for W24A was one
of the largest observed in a complete alanine scan of Sac7d
surface amino acids, including all five aspartates, seven
glutamates, 14 lysines, and four arginines (J. Bedell, N.
Szary, A. Clark, S. Edmondson, and J. Shriver, unpublished
results). DSC and CD thermal melting experiments indicated
negligible differences in the stabilities of W24A, W24T, and
W24F (data not shown).

In an analysis of DSC data, it is standard practice to anal-
yze the variation of the enthalpy of unfolding withTm to
obtain a∆Cp of unfolding using the Kirchhoff relation (41)
by varying the pH over a range necessary to achieve a signif-
icant variation inTm (e.g., pH<4). Such an approach has
been shown to be inaccurate with Sac7d due to chloride
binding and acid-induced folding below pH 4 (42). This was
further complicated in recombinant W24A by the low ther-
modynamic stability of the protein (even though theTm was
high at pH 7) and the inability to obtain completely folded
protein below pH 4 at 25°C (see below). The calorimetric
enthalpies of unfolding obtained under such conditions do
not reflect the molar enthalpies. Therefore, DSC was used
primarily to determine theTm and∆H for unfolding of W24A
at high pH in 0.3 M KCl. DSC scans were collected below
pH 4 to verify predictions made from parameters obtained
from fitting the CD experimental data. Protein aggregation
prevented DSC experiments below pH 1.5 for W24A.

Salt and pH Dependence of Stability. CD was used to
monitor the extent of W24A unfolding as a function of pH,
salt, and temperature. As for Sac7d (42), decreasing the pH
at 20°C led to significant unfolding of W24A as indicated
by changes in the far-UV CD spectrum (Figure 3). The extent
of unfolding was much greater than that observed for the
native protein. In low salt (0.001 M glycine), W24A began
to unfold below pH 4, and the CD decreased, reaching an
essentially flat minimum between pH 1.5 and 2.5. The far-

FIGURE 2: Reverse titrations of Sac7d in the presence of various
concentrations of W24A. Intrinsic fluorescence quenching of Sac7d
by poly(dGdC) was monitored at 20°C in 10 mM K2HPO4 (pH
6.8) and 50 mM KCl. Titrations were performed with 2× 10-6 M
Sac7d and 0 (4), 2 × 10-6 (9), 1.4× 10-5 (2), and 3.0× 10-5 M
W24A (b). Fitting of the data with the noncooperative McGhee-
von Hippel model is indicated by the solid curves.

FIGURE 3: Extent of folding of Sac7d and W24 mutant proteins as
a function of pH at 20°C under low-salt conditions (0.001 M
glycine). Folding of W24A (b), W24T (1), and W24F (9) is
compared to that of native Sac7d (O) (42). The extent of folding
was obtained from the observed CD at 205 nm (∆ε205

obs) according
to the relation (∆ε205

obs- ∆ε205
U)/(∆ε205

N - ∆ε205
U), where∆ε205

N
is the maximal CD observed at 205 nm at 20°C and pH 7 and
∆ε205

U is the CD of the unfolded state at 20°C obtained by
extrapolating the high-temperature baseline in a thermal unfolding
at pH 2 to 20°C (42).
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UV CD spectra of the protein between pH 1.5 and 2.5 were
similar to that observed for the thermally unfolded protein
at higher pH. Little or no thermal transition was observed
in the CD between pH 1.5 and 2.5. Decreasing the pH below
1.5 led to an increase in CD, indicating acid-induced protein
folding. The extent of refolding in W24A was less than that
observed for Sac7d [Figure 3 (O)], which was completely
refolded to the native state at pH 0 (32). At higher salt (e.g.,
0.3 M KCl), less unfolding of Sac7d was observed below
pH 4, with a minimum of 60% unfolded near pH 2. The
extent of unfolding of W24T and W24F as a function of pH
at 20°C was essentially identical to that observed for W24A
(Figure 3), consistent with the similar thermal stabilities
observed for the three proteins by DSC.

An increasing salt (KCl) concentration at pH 2.0 revealed
that a chloride concentration above 1.5 M was required to
completely refold W24A at this pH (Figure 4). This is
consistent with the inability to completely refold W24A at
pH 0, given that the chloride activity at pH 0 is 1 M. We
have previously shown that salt-induced refolding of Sac7d
at low pH is due to anion binding, and the nature of the
cation had little effect. Sulfate and perchlorate were signifi-
cantly better than chloride at promoting folding of W24A at
pH 2 (data not shown), with half-maximal folding achieved

with ∼0.5 mM SO4
2- or ClO4

-, while 0.2 M Cl- was
required to achieve a similar effect. This is similar to that
observed for the effectiveness of anion-induced folding of
native Sac7d and other proteins (32, 43).

Thermal unfolding of W24A as a function of pH and salt
concentration was monitored by CD (Figure 5). At low salt
(1 mM glycine), the midpoint of the melting transition (Tm)
was pH-dependent, and decreased down to pH 2.4 where
the protein was essentially completely unfolded. Below pH
1.5, a transition could be observed, and theTm increased as
the pH was decreased to 0. Stabilization of the folded state
at 0.3 M KCl permitted observation of a thermal transition
over the entire pH range (data not shown). Cold denaturation
was evident in the thermal melt data at low pH, where less
than 100% folded protein was present at the beginning of
the scan. The ability to observe a maximum in the thermal
melting scans was important in accurately defining a∆Cp

for unfolding (see below).
Stability Data Analysis.The stability of Sac7d and W24A

is controlled in part by electrostatic interactions. This is
reflected in the pH and salt dependence of the stability which
is dictated by the linkage of anion binding and protonation
to protein folding. The steepness of the dependence of folding
on pH and salt required at least two anion (chloride) binding
sites and the protonation of at least two acidic groups linked
to protein folding. A minimal model containing two anion
binding sites and two acidic groups was used to parametrize
the folding free energy surface as a function of temperature,
pH, and salt concentration (25). More than two anion binding
reactions and two acid ionizations would also be consistent
with the data, but were not required. The fitted parameters
are similar to those obtained for Sac7d (Table 1), and the

FIGURE 4: Extent of folding of W24A (bottom panel) as a function
of pH and KCl concentration at 20°C. Data defining the extent of
folding (red circles) were obtained from the CD at 205 nm as
described in the legend of Figure 3 in 0.001 M glycine. The
overlayed surface is defined by the parameters in Table 1 obtained
from a global fitting of the complete CD and DSC data as described
in the text. A comparison to similar data for Sac7d (top panel) (42)
demonstrates the dramatic changes resulting from the W24A
substitution which lead to significantly greater unfolding at low
pH as well as a lower binding affinity for chloride.

FIGURE 5: pH dependence of the thermal unfolding of W24A
(bottom panel) compared to that of Sac7d (top panel). Solid curves
show thermal unfolding at various pH values in low salt (0.001 M
glycine), and yellow circles show the pH dependence of folding at
20 °C (0 M KCl data from Figure 3). The extent of folding was
obtained from CD at 205 nm as described in the legend of Figure
3. The overlayed surface is defined by the fitted parameters obtained
from a global fitting of all of the CD and DSC data. Sac7d data
are from ref42.
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quality of the fitting is demonstrated with overlays of the
fitted surfaces onto experimental data (Figures 4 and 5).

The accuracy of the fitted parameters in defining the tem-
perature, salt, and pH dependence of the free energy and en-
thalpy of unfolding W24A was indicated by the ability to
account for the difficulty in observing a DSC endotherm near
pH 2 in 0.3 M KCl. Thermal melts followed by CD indicated
that 60% of the protein is folded at 25°C under these condi-
tions, and a thermal unfolding transition can be observed by
CD. However, the fitted parameters demonstrate that the ob-
served∆H° of unfolding decreases significantly with pH mak-
ing it difficult to observe a transition by DSC near pH 2.

Table 1: Thermodynamic Parameters Characterizing the Temperature, pH and Salt Dependence of the Stability of W24A Compared to That of
Native Sac7da

Sac7d W24A

Intrinsic Unfolding Reaction
Tm 90.7( 0.1 81.1( 0.1
∆H(Tm) 58.5( 1.0 46.8( 1.0
∆Cp 711( 19 719( 11

Chloride Binding Constants and Associated
Heats and Heat Capacity Changes

pKCl (0.0 M KCl) -0.14( 0.06 0.32( 0.14
pK′Cl (0.0 M KCl) 1.84( 0.07 1.05( 0.2
pKCl (0.3 M KCl) -0.14( 0.5 -0.12( 0.06
∆H (cal/mol) -676( 1315 -538( 1400
∆Cp (cal deg-1 mol-1) -101( 122 -80 ( 135

pK Values of Linked Acidic Groups in the Unfolded Protein
pKu (0.0 M KCl) 4.67( 0.15 4.43( 0.04
pKu (0.3 M KCl) 4.45( 0.19 4.47( 0.03

pK Values of Linked Acidic Groups in the Folded Protein
pKn 0.01 (-∞ f 1.2) 0.12 (-∞ f 1.5)

pK Values of the Linked Acidic Groups
in the Folded Protein with Bound Chloride

pKl (0.0 M KCl) 2.98( 0.03 2.73( 0.09
pKl (0.3 M KCl) 3.15( 0.6 3.43( 0.03

a Parameters are described in Materials and Methods as well as in Clark et al. (25). TheTm and∆H(Tm) values for the intrinsic unfolding reaction
were fixed in a global fit to the experimental values measured from DSC at pH 7 (above the pH range where linkage of carboxyl and chloride
binding contribute). Chloride binding constants are reported as pKCl, i.e., the log of the binding constant. All protonation and chloride binding pK,
∆H, and∆Cp values are defined at 25°C. Errors [except for those ofTm and∆H(Tm)] are the precision limits determined by the variation required
to increase the reducedø2 by 1.0 (28). The error inTm and∆H(Tm) is the estimated experimental error from repeated DSC measurements.

FIGURE 6: Temperature and pH dependence of the unfolding free
energy of W24A compared to that of native Sac7d. The free energy
of unfolding of W24A was defined by the fitted parameters in Table
1 obtained from a fitting of the pH, salt, and temperature dependence
of the extent of folding as described in the text. The surfaces differ
primarily by a 2 kcal/mol decrease in the folding free energy of
W24A compared to that of Sac7d.

FIGURE 7: Protein stability curves for Sac7d and W24A at pH 7 in
low salt. The free energy of unfolding is defined by the linkage
model with the fitted parameters in Table 1. The difference (∆)
between the two curves is indicated by the dashed line, with an
average∆∆G of unfolding of 1.9( 0.1) kcal/mol over the entire
temperature range.
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The free energy surface describing the stability of W24A
as a function of temperature, pH, and salt is similar to that
observed for Sac7d, except for an overall decrease of∼2
kcal/mol (Figure 6). Cross sections through the surfaces at
pH 7 indicate that the stability of W24A is 1.9( 0.1 kcal/
mol less than that of native Sac7d (Figure 7). The observed
free energy of unfolding for Sac7d is 6.2 kcal/mol at pH 7
and 20°C (in 0.3 M KCl), whereas for W24A, it is 4.2 kcal/
mol. The temperatures of maximum stability at pH 7 are
essentially identical for the two proteins: 18.9°C for W24A
compared to 17.9°C for Sac7d. Variation of the salt
concentration at pH 7 and 20°C had little effect on the
difference in stability, with a difference of 2.1( 0.2 kcal/
mol from 0 to 0.3 M KCl (data not shown). The difference
in anion binding affinity at low pH is simply a manifestation
of the difference in energies of the folded states of the two

proteins. Similarly, variation of the pH had little effect, with
a difference of 1.9( 0.4 kcal/mol from pH 0 to 7. The
negligible changes in the pH and salt dependence of Sac7d
as a result of the W24A substitution indicate that the loss of
the surface tryptophan does not significantly perturb sur-
rounding electrostatic interactions important in defining the
stability of Sac7d. We conclude that the 2 kcal/mol decrease
in free energy due to the W24A substitution is largely due
to the expected changes in hydrophobic, van der Waals, and/
or hydrogen bonding interactions.

The decrease in unfolding free energy observed for W24A
is primarily due to a decrease in the∆H of unfolding, with
the fitted heat of unfolding decreasing from 7.7 kcal/mol at
20 °C (0.3 M KCl at pH 7) to 5.0 kcal/mol as a result of the
W24A substitution, and no significant change in∆Cp. T∆S
for unfolding becomes slightly less favorable, decreasing

FIGURE 8: Changes in NMR1H-15N HSQC chemical shifts and residual dipolar couplings due to the W24A substitution. The change in
chemical shift resulting from the W24A mutation is indicated in the top panel by the absolute value of the vector length of the displacement
of the NMR peak with appropriate weighting of the1H and 15N chemical shifts to account for the difference in magnitude of the two
chemical shift scales using the relation∆δ ) x(∆δHN)2 + (0.15∆δN)2 (60). The residual dipolar coupling for each residue in W24A is
plotted against that in native Sac7d in the bottom panel. Selected dipolar couplings are labeled for those residues showing the largest
changes in NH chemical shifts. A dipolar coupling for M29 could not be measured because of spectral overlap. The absence of a significant
difference between the RDCs of Sac7d and W24A indicates that the changes in chemical shift in the top panel can be attributed to local
susceptibility differences and ring current effects due to removal of the aromatic tryptophan side chain.

Surface Tryptophan and DNA Binding Biochemistry, Vol. 44, No. 3, 2005921



from 1.5 to 0.8 kcal/mol under these conditions.
NMR Structure. The relatively small size (66 residues),

wide chemical shift dispersion, and high solubility made1H
chemical shift assignments of W24A straightforward using
2D NMR spectra with conventional methods. These were
confirmed with1H-15N HSQC, 3D1H-15N HSQC-NOESY,
and HSQC-TOCSY data.1H-15N HSQC chemical shift
differences due to the W24A substitution occurred in residues
in the three-strandedâ-sheet adjacent to W24A, with the
largest change occurring for the NH group of F32 in the
adjacent strand (Figure 8, top panel). The NH group of F32
is hydrogen bonded to the carbonyl of G43 in the third strand
of the sheet. Theø1 angle for W24 places the aromatic side
chain over theâ-sheet so that deletion of this group is
expected to cause significant susceptibility changes in the
underlying NH groups. The lack of a significant structural
change due to the W24A substitution is indicated by the1H-
15N residual dipolar couplings of W24A, which are virtually
identical to those measured for Sac7d with a correlation
coefficient of 0.99 (Figure 8, bottom panel). RDCs for those
NH groups which displayed the largest changes in chemical
shifts in the HSQC (Figure 8, top panel) exhibited a
negligible change, within the experimental error of 1.0 Hz.
We note that the RDCs indicate that the orientation of the
NH vector for V26 differs significantly from that of the other
NH vectors in theâ-sheet. This is due to a noticeable
curvature of the sheet at the tight turn between the first and
second strands. This most likely plays a role in properly
positioning the V24 and M29 side chains for intercalation.

To confirm the above implications that the W24A sub-
stitution had little effect on the structure of Sac7d, the
solution structure of W24A was defined using ARIA/CNS
with RDCs as well as NOE, dihedral angle, and hydrogen
bond constraints. The NMR structure was well-defined with
a backbone (C′, CR, and N) rmsd over all residues of 1.34 Å
(0.71 Å over backbone atoms involved in ordered secondary
structure). A summary of the refinement statistics is presented
in Table 2. Comparison of the W24A structure with the NMR
structure of Sac7d (PDB entry 1sap) confirms that little

change in backbone atom positions results from the W24A
substitution (Figure 9). Except for W24 in native Sac7d (10),
the majority of the side chain positions are not well defined
in the NMR structures. A backbone rmsd of 1.1 Å between
the Sac7d and W24A structures was calculated, which is
comparable to the level of precision in the individual
structures and indicates that they are identical within
experimental error. The rmsd over the DNA-binding three-
strandedâ-sheet (excluding the unstructured loop between
D35 and T40) was 0.81 Å.

DISCUSSION

We have shown that the solvent-exposed tryptophan which
exists on the DNA binding surface of Sac7d plays an
important role in defining the stability of the Sac7d-DNA
complex. The results are consistent with expectations based
on the crystal structures of Sac7d-DNA complexes which
demonstrates that the surface tryptophan W24 packs against
the sugar-phosphate backbone and hydrogen bonds to a
nucleotide base at the intercalation site. Surprisingly, mu-
tagenesis of W24 results in a significant reduction in the
stability of the protein, which could potentially result from
structural changes that might be responsible for the loss in
DNA binding affinity. A decrease in thermal stability of the
homologous Sso7d has been reported as a result of a similar
W23A substitution in that protein (44). We have therefore
performed a careful analysis of changes in both the stability
and structure resulting from the W24A substitution in Sac7d.
Analysis of the dependence of the stability on pH and salt
concentration has permitted an accurate measure of the
protein stability surface which demonstrates that the W24A
substitution results in a global lowering of the stability curve
of the protein. The global linkage analysis indicates that the
change in stability cannot be explained by the structural
perturbation of surrounding electrostatic interactions for this

Table 2: NMR Solution Structure Refinement Statistics

no. rmsd

NOE restraints
short-range NOEs 102
medium-range NOEs 102 -
long-range NOEs 58 -
total NOEs (unambiguous) 262 0.026 Å
ambiguous NOEs 77 0.009 Å

other restraints
hydrogen bonds 13 0.047 Å
3JHNHR coupling constants 48 1.03 Hz
dipolar couplings 59 0.65 Hz

Ramachandran plot (%)
most favored 69
additional allowed 23
generously allowed 6
disallowed 2b

comparison of best 13 structures
backbone, using secondary regionsa 0.71 Å
backbone, all residues 1.34 Å
all heavy atoms 1.84 Å

a Residues 3-8, 11-34, and 41-59. b Backbone dihedral angles
were observed in disallowed regions of a Ramachandran plot for
residues N37 (in the loop between the second and third strands of the
â-sheet) and K52 (at the beginning of the C-terminal helix).

FIGURE 9: Overlay of the NMR solution structure of W24A (white)
onto the NMR structure of native Sac7d (blue) demonstrating that
little change in the backbone conformation results from the W24A
substitution. The structures are the energy-minimized average
structures of the ensemble of best structures. Structural alignment
was performed by minimizing the differences between backbone
atoms of the two structures over regions of well-defined secondary
structure (specifically, C′, CR, and N atoms in residues 3-8, 11-
34, and 41-59). Side chains for W24, V26, M29, and S31 are
indicated to demonstrate the proximity of the residues in the folded
protein. Except for W24 (10), the side chain rotomers are not well
defined by the NMR data. Theø1 for W24 in the native Sac7d
solution structure (PDB entry 1asp) is similar to that in the crystal
structure of the DNA complex (PDB entry 1azp).
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highly charged, hyperthermophile protein. This is confirmed
by residual dipolar couplings and a refinement of the NMR
structure.

Structure of W24A.The structure of W24A was shown to
be virtually identical to that of native Sac7d. A slight
movement of V26 away from residue 24 by∼1.5 Å indicates
that surface hydrophobic interactions between W24 and V26
(and possibly M29) may exist in the native protein, leading
to a slight curvature of theâ-sheet. However, the magnitude
of this difference is small and borders on the precision limit
of the NMR structure. The inability to detect amide protons
in the C-terminal helix after the protein was dissolved in
D2O indicated that the helix was less stable in W24A than
in Sac7d, where slowly exchanging amide protons were
observed from residue 53 to 66. Thus, the C-terminal helix
has a greater tendency to be disordered in W24A than in
Sac7d. This explains the difference in the far-UV CD spectra
of W24A and Sac7d at pH 7.0 which indicated that the
percentage ofR-helix decreased from 25 to 18% in W24A.
We attribute the decrease in helical stability in the NMR
data and loss of helical content reflected in the CD to the
decrease in global stability of W24A and not to a local
destabilization. Hydrogen exchange experiments (M. Kahsai
and J. Shriver, unpublished results) indicate that the C-
terminal helix of Sac7d is less stable than the DNA binding
interface defined by the three-strandedâ-sheet. A decrease
in global stability will therefore increase the probability of
local “breathing motions” and hydrogen exchange in the
C-terminal helix without changing the structure of the folded
state.

DNA Binding Affinity.The removal of the tryptophan side
chain resulted in a 300-fold decrease in DNA affinity. Given
the lack of significant structural changes in the protein DNA
binding site, we attribute this to the loss of specific
interactions between the tryptophan and the DNA, including
hydrophobic interactions as well as the potential for hydrogen
bonding as indicated in the crystal structure. In the crystal
structures (PDB entry 1azp), the aromatic side chain of W24
packs against the deoxyriboses of G3 and A4 of the DNA
molecule [d(GCGATCGC)2], and the NH group of the
tryptophan indole side chain makes a hydrogen bond to N3
of the G3 base (Figure 1). In addition, the lowered stability
of W24A and possible increased disorder in the C-terminal
helix can lead to protein folding upon DNA binding and an
entropy penalty which will be reflected in a lower binding
affinity. The fact that W24A, W24F, and W24T demonstrated
different binding affinities with essentially the same loss in
protein stability would indicate that the predominant factor
leading to the loss in affinity was a change at the interface
and not protein stability. Notably, the 20-fold lower affinity
observed for W24F compared to the 300-fold loss observed
for W24A would indicate that hydrophobic packing at the
protein-DNA interface outside of the intercalation site is
an important part of the binding interaction for this nonspe-
cific DNA binding protein.

Stability of W24A.Crystal structures of a number of
Sac7d- and Sso7d-DNA complexes indicate that the single,
solvent-exposed tryptophan in Sac7d plays a central role in
DNA binding (8, 9, 45, 46). Positioning of the W24 side
chain in the p rotomer (ø1 ) 70°) for optimal DNA
interactions exists in the free protein prior to binding. Thep
rotomer with Cγ trans to HR is observed for∼20% of all

tryptophans located inâ-sheets (11, 12). The conformer
population distribution would indicate that this rotomer
should be destabilizing. Prepositioning the side chain in a
disallowed conformer for proper alignment at the DNA
interface can be expected to require specific interactions in
the native protein with surrounding residues. It is therefore
surprising that removal of the bulky aromatic side chain of
tryptophan should lead to little change in structure and one
of the largest decreases in stability that has been observed
in Sac7d due to single-amino acid substitutions at the surface.

Tryptophan is the least common amino acid in small
proteins (47). It is also the largest and is generally considered
one of the most hydrophobic of the 20 naturally occurring
amino acids. A comparison of its distribution between the
surface and interior of small proteins (∼8 kDa) indicated a
nearly 4-fold greater tendency to be located in the interior,
which was equal to or greater than that observed for
phenylalanine, valine, leucine, isoleucine, and methionine
(3.2, 2.1, 4.1, 2.5, and 1.9-fold differences, respectively) (48).

Although the hydrophobic effect plays an important role
in driving protein folding by burying apolar surface area,
the presence of a hydrophobic residue on the surface is not
necessarily destabilizing (49-51). Since the stability of the
native protein fold represents a difference in free energy
between the folded and unfolded states, destabilization can
result from either a lower native state free energy or an
increase in the free energy of the unfolded structure. If a
surface hydrophobic residue has similar solvent exposure in
the native and unfolded states, solvent accessibility should
have little effect on the stability of the folded state (52).
Destabilization can result from steric interactions with
neighboring groups in the folded state, “hyper-exposure” in
the folded state (53), or from preferential residual structure
in the unfolded chain leading to the “reverse hydrophobic”
effect (49). In contrast, stabilization of the folded state by
surface hydrophobes could result from formation of surface
hydrophobic clusters (50). Such an effect appears to be the
basis for the increase in stability resulting from increased
hydrophobicity in the neutral protease ofBacillus subtilis
(54). Aromatic clusters on the surface of thermophile proteins
have been documented and may contribute to enhanced
stability (55).

The formation of a solvent-exposed hydrophobic cluster
involving W24, S31, V26, and M29 is an obvious possible
explanation for the importance of W24 in stabilizing Sac7d.
Substitution of W24 with an alanine in the NMR structure
of Sac7d (PDB entry 1sap) results in an increase in the
nonpolar surface area of 31 Å2 due to the increased exposure
of the neighboring hydrophobic side chains.2 However,
comparing the surface area of the folded protein to that
calculated from residues in an unfolded chain indicates that
unfolding Sac7d leads to an exposure of nonpolar surface
area (by 150 Å2) greater than that calculated for the W24A
substitution. Thus, on this basis, the native protein would
be expected to be less stable than W24A.

Preliminary experimental evidence for the importance of
a surface hydrophobic cluster comes from a demonstration

2 This change is calculated by making the substitution in a single
structure (PDB entry 1sap) rather than comparing the accessible surface
areas calculated from the NMR structures of Sac7d and W24A because
the differences are small and sensitive to side chain positions, many of
which are not precisely defined by the NMR data.
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of the importance of hydrophobicity of V26 and M29.
Alanine substitution of V26 and M29 leads to a loss in
stability comparable in magnitude to that caused by the
W24A substitution as reflected by a decrease inTm from 90
to 81 °C (W. Peters, S. P. Edmondson, and J. Shriver,
unpublished results). However, perturbation of a surface
hydrophobic cluster cannot explain all of the effects of
mutating W24 on the stability of Sac7d. Substitution of W24
with alanine, threonine, and phenylalanine led to essentially
identical losses in stability. In addition, increasing the
hydrophobicity of V26 and M29 with double isoleucine,
leucine, or phenylalanine substitutions resulted in either no
change or a slight decrease in stability (Tm values of 90, 88,
and 87°C, respectively). Finally, the substitution of alanine
for W24 in the double V26A/M29A mutant led to a further
loss in stability, which was greater than that observed for
the single W24A substitution in native Sac7d (Tm decreased
from 81 to 68°C).

This would indicate that the stabilizing contribution made
by W24 cannot be attributed to a general nonspecific
hydrophobic effect, but rather, effects specific to tryptophan
must play a role. Theâ-sheet propensity of tryptophan can
be eliminated since both threonine and phenylalanine have
similar or higher propensities (56, 57). Tryptophan may also
form cation-π interactions, but there is no evidence in the
NMR structure (or the X-ray structures) for such an interac-
tion. A more likely specific contribution might come from
hydrogen bonding of the S31 hydroxyl to the aromatic rings
of W24 (58). The distance between the hydroxyl oxygen and
the NE1 atom of W24 is 3 Å. However, a survey of known
protein structures indicates that this interaction is not
prevalent, and therefore, it is expected to confer only a small
advantage (58). A detailed study of the influence of S31 on
the structure, stability, and DNA binding of Sac7d will be
presented elsewhere.
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