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ABSTRACT: Sac7d is a chromatin protein from the hyperthermophileSulfolobus acidocaldariusthat severely
kinks duplex DNA with negligible change in protein structure. In previous work, the overall stability of
Sac7d has been well-characterized with a global analysis of the linkage of folding, protonation, and anion
binding. We extend that work here with NMR measurements of global stability as well as the distribution
of stability and flexibility in the solution structure. Native state amide hydrogen exchange has been used
to identify the most-protected core amide protons which exchange through global unfolding. The pH and
temperature dependence of stability defined by native state exchange is in excellent agreement with the
free energy surface determined by a linkage analysis of the dependence of folding on pH, salt, and
temperature. These results confirm that the∆CP obtained from a Kirchhoff analysis of DSC data (i.e.,
∆H vs Tm) is incorrect, and an accurate description of the protein stability curve for Sac7d requires a
measure of the thermodynamic contributions of protonation and anion binding. Amide hydrogen exchange,
along with generalized order parameters determined by15N relaxation data, demonstrates considerable
variation in stability throughout the structure with some of the least stable regions occurring at the N- and
C-termini. The most stable and inflexible region of the backbone occurs primarily in the DNA-binding
â-sheet which is responsible for bending DNA.

Sac7d from the hyperthermophileSulfolobus acidocal-
dariusbinds nonspecifically to the minor groove of duplex
DNA (1-3). The 7600 Da (66 residue) protein is generally
believed to function as a chromatin protein inSulfolobus, a
crenarchaeota which lacks the true histones that have been
described in other Archaea (4, 5). Sac7d binds DNA as a
monomer with a site size of about 4 base pairs and induces
one of the largest kinks observed for any DNA-binding
protein with a roll angle of approximately 66° at a single
base pair step (6). Although the protein can significantly
distort duplex DNA, there is negligible change in the protein
structure (7). These observations coupled with the high
thermal stability of the protein make Sac7d an excellent
model system for studying the fundamental energetics of
protein-DNA binding and distortion (8, 9). To understand
the interplay of forces responsible for DNA distortion, it is
necessary to accurately define the global stability of the
protein as well as the distribution of stability and flexibility
in the DNA-binding site.

Thermal unfolding followed by CD and also scanning
calorimetry have been used to map the global stability of
Sac7d as a function of temperature (0-100 °C), pH (0-8),
and salt concentration (0-0.3 M) (10, 11). Sac7d is unusual
in that protonation and anion binding promote the native fold
at low pH, and two-state unfolding can be observed to pH

0. A global analysis of the stability data using a model which
includes the linkage of folding, protonation, and anion
binding indicates an intrinsic∆CP of unfolding which is
significantly different from that obtained from a more
traditional Kirchhoff analysis (12). One of the goals of this
work was to use native state amide hydrogen exchange to
obtain an independent measure of the stability of Sac7d as
a function of pH and temperature to determine the accuracy
of the linkage analysis.

Protein stability is often described in terms of the
thermodynamics of global unfolding (13-19). Reversible
two-state (NT U) unfolding has been typically monitored
using thermal denaturation, scanning calorimetry, and chemi-
cal denaturation (20-26). However, global stability measure-
ments of unfolding can be deceptive in that unknown
reactions coupled to unfolding may not be included in the
analysis (27). In addition, global stabilities do not reflect
fluctuations and local unfolding (28). Two-state global
unfolding does not preclude local instability and unfolding
due to fluctuations in the ensemble of folded states (20, 29-
31). Native state hydrogen exchange experiments have
demonstrated that the stability of a protein is not described
by a single set of parameters throughout the structure (32-
35). Rather, a set of core residues unfold with a free energy
representing global unfolding, while the remaining residues
surrounding the core are involved in less stable structures
which open or unfold more readily (at lower energy).
Hydrogen exchange data therefore provide both a measure
of global stability (represented by the core) as well as a
delineation of the less stable regions of the structure.
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Amide hydrogen exchange in proteins results from the
exposure of an amide NH to solvent due to either local or
global unfolding (35, 36). Hydrogen exchange data is
typically analyzed using the following model in which
unfolding disrupts a hydrogen bond making the exposed NH
available for exchange:

wherekop andkcl are the opening and closing rate constants
for the local unfolding reaction, andkch is the intrinsic
exchange rate for the exposed NH (37). The observed
exchange rate constant is given by

If the intrinsic exchange rate is slower than the closing rate
(kcl . kch), then the so-called EX2 exchange kinetics prevails,
and

Under these conditions, the pH dependence ofkobs is dictated
primarily by the pH dependence ofkch, and a plot of logkobs

versus pH is a chevron with a slope of 1 above a minimum
around pH 4 (base-catalyzed exchange) and a slope of-1
at lower pH (acid-catalyzed exchange) (29, 38). The ratio
of kch/kobs is referred to as the protection factor (PF)1 and is
equal to the inverse of the equilibrium constant,Kop, for
opening the structure protecting the NH. In this model, the
free energy change associated with the equilibrium constant
is therefore given by

where the symbol∆GHX
o is used to distinguish the free

energy change from that obtained from more direct thermo-
dynamic measurements (e.g., calorimetry). A set of “core”
amide protons in the protein require global unfolding to
expose the NHs so that the measured∆GHX

o for these
protons can provide a measure of the global stability. This
is only true for NHs undergoing EX2 exchange kinetics. If
kcl , kch (high pH or low stability), then EX1 kinetics exists.
Under these conditionkobs ) kop, and eq 3 is invalid. Amide
protons in the EX1 regime have exchange rates which are
essentially pH-independent. The EX2 kinetics is most easily
demonstrated by the pH dependence of the exchange rate
(35, 38, 39).

In the results presented here, we use native state hydrogen
exchange to define the temperature and pH dependence of
Sac7d stability. Native state hydrogen exchange stability data
for the core residues are consistent with that obtained using

a linkage analysis. Amide exchange data also provide a
mapping of the distribution of stability in the structure which
coincides with the backbone mobility indicated by15N
heteronuclear relaxation data.

MATERIALS AND METHODS

Protein Purification and NMR Sample Preparation.The
sac7d gene in a pET-3b expression vector was expressed in
Escherichia coli BL21(DE3)pLysS cells (1) in minimal
media supplemented with15NH4Cl (Isotec). 15N-Enriched
recombinant protein was purified as described (1), exten-
sively dialyzed against deionized water, and lyophilized.

Amide Hydrogen Exchange Experiments.1H,15N HSQC
spectra were collected on a Varian 500 MHz (11.7 T) NMR
spectrometer with a 5 mmtriple resonance probe equipped
with z-axis shielded gradients. Spectra were collected with
minimal perturbation of the water spin populations using
sensitivity-enhanced pulsed field gradient selection (40).
Spectral widths were typically 6000 Hz in the1H dimension
and 1700 Hz in the15N dimension, with 512 and 256
complex points in the1H and15N dimensions, respectively.
Four transients were collected for eacht1 increment to give
a total data acquisition time per spectrum of 40 min.

NMR samples for hydrogen exchange experiments were
prepared by dissolving approximately 5 mg of lyophilized
protein in 700µL of 99.9% D2O (Sigma) containing 0.3 M
KCl and 10 mM potassium acetate. The pH was adjusted to
the desired value with DCl (Sigma) or NaOH in D2O. Unless
indicated otherwise, reported pH values in D2O were not
adjusted for the deuterium isotope effect. The time of
protein-buffer mixing was recorded as the initiation time
of the exchange process. In studies of the temperature
dependence of exchange, separate NMR samples were stored
and data were collected at identical specified temperatures.
In native state hydrogen exchange experiments, the GdnHCl
concentration in NMR samples was adjusted gravimetrically
using a 3.7 M stock solution of GdnHCl, and the concentra-
tion of the stock GdnHCl solution was measured by
refractometry (23).

Hydrogen Exchange Data Analysis.NMR data were
processed using FELIX (Accelrys, San Diego, CA).1H,15N
HSQC 2D spectra were zero-filled to 1024× 512 data points.
Apodization of both the1H and 15N dimensions was
performed using a shifted sine bell squared function.1H,15N
HSQC peak assignments for Sac7d have been published
previously (41). Peak intensities were quantified by volume
integration, and the time dependence of the volumes were
fit to a first-order exponential functionV(t) ) Vo + Vi

exp(-kobst) to obtain the exchange rate constants,kobs. The
intrinsic rate constant,kch, for each amide proton at a specific
pH and temperature was calculated using the equations from
Bai et al. (42). The apparent free energies of unfolding
determined by hydrogen exchange rates were calculated using
eq 3.

The temperature dependence of the free energy of unfold-
ing (i.e., the protein stability curve (16)) was defined by an
integrated form of the Gibbs-Helmholtz equation (15, 19):

1 Abbreviations: DSC, differential scanning calorimetry; HX, hy-
drdogen exchange; NOE, nuclear Overhauser effect; PF, protection
factor;R1, longitudinal relaxation rate (1/T1); R2, transverse relaxation
rate (1/T2); τm, overall rotational correlation time;T1, longitudinal
relaxation time;T1F, rotating frame relaxation time;T2, transverse
relaxation time.
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with three parameters: the enthalpy of unfolding (∆H) at
the midpoint temperature (Tm) and the change in heat
capacity associated with unfolding (∆CP). Temperatures of
maximal stability, Tmax, were obtained by locating the
maximum of ∆G, ∆Gmax, using Mathematica(Wolfram
Research). Errors in the parameters were propagated using
standard propagation formulas (43).

15N Relaxation and NOE Measurements.15N T1, 15N T1F,
and{1H}-15N NOE measurements were performed on Sac7d
(20 mg/mL, pH 4.6, 90% H2O/10% D2O) at 11.7 T using
pulse sequences kindly provided by Dr. Lewis Kay (Uni-
versity of Toronto) (44, 45). 15N T1 relaxation data were
collected with delay times of 0.04, 0.08, 0.12, 0.16, 0.21,
0.27, 0.33, 0.40, 0.48, and 1.2 s, with a delay of 3 s between
sequence cycles.15N T1F relaxation data were collected with
delays of 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.1, and
0.12 s, with a 3 sdelay between sequence cycles. Suppression
of cross-correlation effects in15N T1F experiments was
obtained using a train of phase alternated (x,-x), random
length1H pulses applied during the15N spin lock as described
(45). 1H saturation for{1H}-15N NOE measurements was
obtained using a train of 120° 1H pulses with 5 ms separation
and a saturation time of 5 s. A total delay of 10 s was used
between sequence cycles for both saturated (5 s delay+ 5
s saturation) and unsaturated (10 s delay) experiments.
Duplicate{1H}-15N NOE, T1, andT1F experiments at three
different delay times were used to estimate uncertainties in
peak intensities in the three types of experimental data. Peak
intensities and errors were extracted using FELIX macros.

{1H}-15N NOE and15N Relaxation Data Analysis. T1 and
T1F peak intensities were fit with the CURVEFIT module of
ModelFree kindly distributed by A. G. Palmer (Columbia
University) (46). R2 relaxation rates were calculated from
R1F rates as described (45). A global rotational correlation
time (τm) was obtained using the method proposed by Kay
et al. (47) as implemented in routines distributed by A. G.
Palmer. An overall rotational correlation time was also
obtained by optimization of the global diffusion model using
only those1H,15N pairs in defined secondary structure. The
extent to which rotational motion was anisotropic was
investigated using the quadric_diffusion program distributed
by A. G. Palmer. Order parameters describing backbone
flexibility were obtained from{1H}-15N NOE and15N T1

and T2 relaxation data using ModelFree v.4.15 with an
isotropic rotational diffusion model.

RESULTS

Amide Hydrogen Exchange and Definition of Core Resi-
dues.Native state amide hydrogen/deuterium exchange in
Sac7d was followed using1H,15N-HSQC NMR spectra for
up to 7 months after dissolution of the protein in D2O buffer.
A considerable variation in exchange rates was observed
(Figure 1), with 30 of the possible 64 amide hydrogens
exchanging at least 2 orders of magnitude more slowly than
observed in model peptides. The EX2 exchange kinetics was
demonstrated for the slowest NHs by monitoring the pH
dependence of the exchange rate at 30°C, the highest
temperature used in this work. A plot of log(kobs) values for
the most slowly exchanging amide hydrogens at pH 6.4
versus log(kobs) values at pH 5 was linear with a slope of
1.0 (R) 0.99) (data not shown). Similarly, a plot of log(kobs)

values at pH 1.99 versus those at pH 1.0 showed a slope of
0.89 (R ) 0.94) (data not shown). Plots of log(kobs) for
slowest exchanging NHs versus pH showed a characteristic
chevron-shaped dependence with a minimum near pH 4 (data
not shown). The combined data showed a slope of ap-
proximately 1 above the minimum (viz. 0.86( 0.01), while
that on the low-pH side was slightly less, with an average
slope of-0.70 ( 0.07.

The exchange kinetics of the nine most protected amide
hydrogens (W24, V30, S31, F32, T33, Y34, G43, V45, and
L55) with protection factors exceeding 10 000 is summarized
in Table 1. Free energies for unfolding,∆GHX

o , were
calculated from the hydrogen exchange rates using∆G )
-RT ln(kobs/kch). The most protected NHs showed a linear
dependence of∆GHX

o on guanidine hydrochloride, and the
native state free energies obtained by extrapolation to 0 M
denaturant gave nearly identical values (6.7( 0.2 kcal/mol)
(Figure 2). Less protected NHs (e.g., I20) showed a nonlinear
dependence of∆GHX

o on guanidine hydrochloride concen-

FIGURE 1: Representative hydrogen-deuterium exchange curves
for selected amide protons in Sac7d (I20 (2), V4 (O), W24 (b),
V30 (0), and S31 (4)). Exchange data was obtained at 30°C in
10 mM potassium acetate (pH 7.3) with 0.3 M KCl.

Table 1: Native State Amide Hydrogen Exchange Kinetics and
Unfolding Free Energies for the Most Protected NHs in Sac7d at
pH 5.0 and 30°C

NH
kobs

a

(× 10-5 min-1)
PFb

(kch/kobs)
∆G°HX

c

(kcal/mol)
∆G°HX (ext)d

(kcal/mol)

W24 4.1 (0.5) 46 800 (5700) 6.47 (0.07) 6.54 (0.05)
V30 4.6 (0.6) 38 000 (4900) 6.35 (0.08) 6.44 (0.04)
S31 9.8 (0.5) 116 000 (5900) 7.02 (0.03) 7.00 (0.03)
F32 8.7 (0.5) 85 000 (4900) 6.83 (0.03) 6.75 (0.05)
T33 8.7 (0.5) 76 900 (4400) 6.77 (0.03) 6.72 (0.03)
Y34 18.0 (0.7) 32 000 (1200) 6.25 (0.02) 6.41 (0.06)
G43 24.7 (0.8) 85 000 (2800) 6.83 (0.02) 6.91 (0.05)
V45 2.4 (0.5) 56 300 (11 700) 6.59 (0.1) 6.57 (0.05)
L55 2.2 (0.1) 108 300 (4900) 6.98 (0.03) 6.87 (0.1)

a pH 5, 0.3 M KCl, 30°C. Errors (standard deviations) obtained
from nonlinear regression are shown in parentheses.b Protection factors
(PF) are calculated using the predicted intrinsic exchange rateskch

calculated according to Bai et al. (42). Errors in parentheses (standard
deviations) are propagated fromkobs. c Hydrogen exchange free energies
of local unfolding were obtained from eq 3 in the text. Errors (standard
deviations) are propagated fromkobs. d Native state free energies of
unfolding obtained by extrapolating the hydrogen exchange free energies
as a function of GdnHCl to 0 M denaturant (Figure 2). Errors (standard
deviations) are obtained from linear fits of the data.
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tration that deviated significantly from the more protected
amide protons at lower concentrations of denaturant. Such
a dependence is often attributed to contributions from local
fluctuations (28). In contrast, the steeper, linear dependence
of ∆GHX

o on denaturant concentration observed for the most
protected NHs indicates that exchange at these sites requires
denaturant-induced global unfolding. This was supported by
the observation that∆GHX

o values for this group at zero
denaturant were comparable to, but slightly greater than, the
unfolding free energy obtained for global unfolding published
previously (10, 12). The exchange data indicate that the most
stable core of Sac7d is located largely in the DNA-binding,
three-strandedâ-sheet, along with additional contributions
from the first turn of the C-terminalR-helix which packs
against theâ-sheet (Figure 3).

The∆G°HX values at zero denaturant for the most protected
core NHs were somewhat greater than that determined

previously for global unfolding using thermal denaturation
experiments. This is explained by the enhanced stability
conferred by D2O in the hydrogen exchange experiments
(26). DSC of Sac7d in D2O at pH 7 (with 0.3 M KCl) showed
a Tm of 92.8 °C and a∆H of 65.5 kcal/mol, compared to
90.1 °C and 58.5 kcal/mol in H2O. Using these values in
the linkage model for Sac7d increased the calculated∆G
for unfolding at pH 5 and 30°C (in 0.3 M KCl) from 5.8
to 7.0 kcal/mol, in good agreement with the measured
∆GHX

o values (i.e., 6.7( 0.2 kcal/mol). The DSC and
hydrogen exchange data indicate that D2O increases the free
energy of unfolding Sac7d by about 1 kcal/mol at 30°C.

Mapping the Free Energy Surface for Sac7d Unfolding
with Hydrogen Exchange.The ∆GHX

o values for the nine
most protected NHs (Y24, V30, S31, F32, T33, Y34, G43,
V45, and L55) were monitored as a function of pH at 30°C
(Figure 4). The stabilities were essentially constant above
pH 6, but a significant decrease was observed below pH 6.
About half of the NHs showed a plateau in∆GHX

o below pH
2 (S31, F32, T33, and G43), while the others indicated a
slight increase in stability below pH 2 (Y24, V30, Y34, V45,
and L55). The observed pH dependence of stability was
similar to the pH dependence of theTm observed previously
by DSC, especially the increase observed below pH 2 (10).
The pH dependence of the stability was consistent with that
obtained from a global linkage analysis of unfolding data
obtained as a function of pH, salt, and temperature (Figure
4, solid line) (10).

The temperature dependence of∆GHX
o for Sac7d was

determined from hydrogen exchange measurements from 5
to 30 °C at pH 7.95 and 0.3 M KCl (Figure 5). The data
showed a broad stability curve with a maximum of ap-

FIGURE 2: Dependence of the free energy of exchange on guanidine
hydrochloride concentration for selected amide protons in Sac7d.
The most slowly exchanging core protons show a linear dependence
on GdnHCl (W24 (b), V30 (0), S31 (4), F32 (O), Y34 (]), G43
(9), V45 (1), and L55 ([)), while the more rapidly exchanging
amide protons (e.g., I20 (2) and A44 (3)) show a nonlinear
dependence due to local fluctuations which merge with global
unfolding at high GdnHCl. Data collected at pH 5.0, 30°C, in 10
mM potassium acetate with 0.3 M KCl.

FIGURE 3: Structure of Sac7d showing the location of the nine
residues with the most protected NHs indicated by native state
hydrogen exchange. The N- and C-termini are labeled.

FIGURE 4: pH dependence of the hydrogen exchange free energies
for amide protons of Sac7d core residues (W24 (b), V30 (0), S31
(4), F32 (O), T33 (3), Y34 (]), G43 (9), V45 (1), and L55 ([)).
Data collected at 30°C in 10 mM potassium acetate with 0.3 M
KCl. The solid curve through the data is the predicted dependence
of the unfolding free energy using the parameters from the global
linkage analysis of stability data (10, 11). The curve has been shifted
vertically by +1.0 kcal/mol to adjust for the increase in stability
due to D2O (see text). The pH is that obtained from a glass electrode
and has not been adjusted for the isotope effect.
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proximately 7.3 kcal/mol at 18.0°C. The temperature
dependence of∆GHX

o is in excellent agreement with that
predicted by the global linkage analysis of thermal unfolding
data if allowance is made for enhanced stability in D2O, that
is, a maximum in stability of 7.2 kcal/mol (6.2+ 1.0 kcal/
mol) at 17.9 °C (solid curve, Figure 5). The hydrogen
exchange data do not support the stability curve calculated
using the∆CP obtained from a Kirchhoff analysis of DSC
data (dashed curve). Nonlinear regression of the temperature
dependence of the combined∆GHX

o values for the core NHs
to an integrated form of the Gibbs-Helmholtz equation (see
Materials and Methods) resulted in a∆H of 74.1 ((8.5) kcal/
mol, ∆CP of 978 ((253) (cal/deg)/mol, with aTm of 85.5
((9.1) °C.

Backbone Flexibility and15N Relaxation.The backbone
dynamics of Sac7d were characterized using15N NOE and
relaxation data at 30°C. Of the 64 possible amide NH vectors
(66 residues minus the N-terminus and P51), 11 were
eliminated from the final relaxation analysis: seven NH
correlations (K2, F6, K39, N37, K22, D35, and K65) could
not be sufficiently resolved for accurate measurement of
relaxation times, and data for four (E62, D36, L54, and R63)
could not be fit by any of the five models in ModelFree in
initial trials. All of the relaxation data for the remaining 53
NH vectors could be fit as single exponential decays, and
the R1, R2, and NOE data are summarized in Figure 6. The
averageR1 andR2 rates were 2.464( 0.247 and 5.172(
0.702, respectively, and the averageR2/R1 ratio was 2.092
( 0.195. The average NOE (excluding the small C-terminal

NOEs for K64 and K66) was 0.607( 0.084, which is
consistent with the size of Sac7d. The relaxation data for 32
NH vectors were selected using the criteria specified by
Tjandra et al. (48) to obtain a global rotational correlation
time τm of 3.70 ( 0.10 ns, in good agreement with that
expected for isotropic rotation of Sac7d (i.e., at 25°C τm(ns)
= MW(kDa)/2). The possibility of anisotropic rotation of
the protein was investigated using the15N relaxation data
with the programquadric_diffusion(A. G. Palmer, Columbia
University). A D||/D⊥ ratio of 1.19 was obtained assuming

FIGURE 5: Temperature dependence of the hydrogen exchange free
energies for amide protons of Sac7d core residues (W24 (b), V30
(0), S31 (4), F32 (O), T33 (3), V45 (1), and L55 ([)). Data were
collected in 10 mM potassium acetate (pH 7.95) with 0.3 M KCl.
The calculated stability curve obtained from a global linkage
analysis of the dependence of folding on temperature, pH, and
salt is shown with the solid curve. For comparison, the stability
curve obtained using thermodynamic parameters obtained from a
Kirchhoff analysis of DSC data is shown with the dashed curve
(∆H ) 58 kcal/mol,∆CP ) 500 (cal/deg)/mol;Tm ) 91 °C). Both
curves have been shifted vertically by+1.0 kcal/mol to adjust for
the effect of D2O.

FIGURE 6: Sequence dependence of the15N heteronuclear relaxation
rates, NOEs, and derived order parameters compared to the free
energies of amide hydrogen exchange for Sac7d. A cartoon
indicating the location of secondary structure in the sequence is
indicated above the relaxation and stability data with fiveâ-strands
(â1-â5), one helix (R1), two 310 helices (310), two tight turns (t),
and a loop (L). Relaxation data for W24, M27, and V30 are
highlighted in red. The line through the data is a spline fit to guide
the eye and facilitate comparison to the secondary structure drawing.
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an axially symmetric model, but little benefit relative to an
isotropic rotation model was indicated by theF-statistic. An
analysis of15N relaxation data was therefore performed with
an isotropic tumbling model. Errors resulting from assuming
isotropic tumbling were minimized by characterizing the
flexibility using generalized order parameters (49).

The 15N relaxation data for each residue were fit using
the “model free” formalism of Lipari and Szabo (50)
as extended by Clore et al. (51) and implemented in
ModelFree (46). An optimized fit of the data provided an
overall rotational correlation time of 3.70( 0.02 ns. The
generalized order parameters fell between a maximum of
0.891 (W24) and a minimum of 0.049 (K66). The average
S2 values over 52 of the 53 vectors used in the final analysis
was 0.794( 0.069 (K66 was excluded in the average due
to its low S2). In general, the largest values forS2 occurred
for NHs in regions of secondary structure, in particular the
310 helix between theâ-ribbon and three-strandedâ-sheet,
the center strand of theâ-sheet, and the beginning of the
C-terminal helix. The most flexible regions occurred in the
loops and turns between the regular secondary structural
elements and also at the end of the C-terminal helix. Less
mobility was observed at the N-terminus, with a signifi-
cant S2 observed starting with K3 (0.73). All of the15N
relaxation data indicated that the C-terminal helix was
increasingly flexible beyond R60, that is, the last 1.5 turns
of helix which extend beyond the interface between the helix
andâ-sheet.

DISCUSSION

The enhanced stability of some thermophile proteins has
been attributed to an optimization of packing and inter-
molecular interactions so that the functional state of the
hyperthermophile protein is similar to that of a mesophile
protein under optimal physiological conditions, that is, similar
biophysical properties in “corresponding states” (52, 53). This
is generally believed to lead to increased rigidity of hyper-
thermophile proteins at temperatures that would be optimal
for mesophile protein function. Similarly, the enhanced
stability of some proteins has been attributed to increased
stabilization of terminal sequences, thus, preventing an
“unzipping” or fraying of the structure (54, 55). Tests of
these hypotheses have been limited by the small number of
hyperthermophile proteins which are amenable to biophysical
characterization of stability and flexibility, although the
number of thermophile proteins which are known to unfold
reversibly has increased considerably in the past few years
(56-62). With the data presented here, there are now three
hyperthermophile proteins for which thermodynamic mea-
surements of reversible unfolding are complemented by
molecular characterizations of flexibility: Sac7d from
Sulfolobus(10-12), rubredoxin (RdPf) fromPyrococcus
furiosus(63, 64), and RNase H fromThermus thermophilus
(65-67). The characterization of the stability of Sac7d is
the most complete of the three, with data covering a broad
range of temperature, pH, and salt concentrations. The
thermal unfolding, hydrogen exchange, and backbone dy-
namics data present a consistent description of the stability
and flexibility of this hyperthermophile protein.

Distribution of Stability and Flexibility.Sac7d adopts a
“chromo domain-like” fold (SCOP 54160), with an SH3

barrel capped by a C-terminal helix. The pattern of backbone
mobility and stability observed in Sac7d is similar to that
described for a number of mesophile SH3 proteins (68-
72), except that the level of disorder observed in the
connecting elements of Sac7d (two turns and a loop) is
significantly less. This is due to the more compact structure
of the thermophilic Sac7d, with the majority of the connect-
ing elements being tight turns (Y8 to E11, and V26 to M29)
and 310 helices (D16 to K19, and E47 to D49). The largest
loop in Sac7d contains only six residues (D35 to T40).
Overall, the relaxation data indicate relatively minor devia-
tions of the backbone order parameters from a mean of 0.80
( 0.06 along the length of the protein up to E62. Such values
are similar to those observed in the least flexible regions of
similar-sized mesophile proteins (44, 68-70, 73, 74). The
relaxation data do not show any indication of unusual rigidity
in this hyperthermophile protein. Similar results have been
reported for rubredoxin (63).

The least stable and most mobile region of Sac7d on the
nanosecond to picosecond time scale is the latter half of the
C-terminalR-helix following E62. The helix was defined to
the C-terminus in the NMR structure primarily because of
hydrogen bonds indicated by the observation of NHs
immediately after dissolving the protein in D2O (7), although
the exchange rates for these protons were relatively fast
leading to small∆GHX values. Notably, the C-terminal helix
was defined to R63 in the crystal structure of the Sac7d-
DNA complex (6). Significant flexibility in the end of the
C-terminal helix of the more thermostable Sso7d was also
mentioned in a relaxation study of arginine side-chain
motions of that protein (75), although no backbone mobility
data were provided.

Hydrogen exchange and15N relaxation data show that the
most stable and inflexible regions largely coincide. They
include the first strand of the N-terminalâ-ribbon, the 310

helix preceding theâ-sheet, the three strands of the sheet
(with the center strand the most stable), and the initial half
of the C-terminal helix which packs against theâ-sheet. Most
importantly, this region includes the DNA-binding site. One
of the most interesting aspects of Sac7d-DNA binding is
the intercalation of V26 and M29 side chains, which enforces
a 66° kink in the DNA. The intercalating residues are
positioned at the beginning and end of the type II tight turn
(V26-G27-K28-M29) between the first and second strands
of the stableâ-sheet. The NHs of G27 and K28 are solvent-
exposed and therefore cannot report on the stability of the
turn. The NH of V26 is hydrogen-bonded to the carbonyl of
M29, and the NH of M29 is hydrogen-bonded back to the
CO of V26. Both of these show significantly slowed
exchange rates relative to reference peptides with∆GHX of
2.4 and 3.4 kcal/mol, respectively. These are not as great as
the free energies for the core and indicate that the turn is
less stable. The generalized order parameters for the V26
and M29 NH vectors in the turn indicate that the position of
the backbone in this important region is relatively inflexible
on the nanosecond to picosecond time scale, although the
errors in the relaxation data for G27 and K28 were
significantly larger than the other NHs and were excluded
from the analysis. The reason for this was not apparent but
may indicate fluctuations in the structure of the turn. This is
consistent with the small increase in imprecision in the NMR
structure in this region (7), as well as the difference in the
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position of the turn in the crystal structure of the protein-
DNA complex compared to that in the NMR solution
structure of the protein alone (i.e., there is a 2 Åshift of CR
of K28 in the DNA complex toward the center of the protein
and away from the DNA). In summary, the NMR structure
and dynamics data are consistent with the DNA-binding
â-sheet being the most stable region of the structure, with
the tight turn containing the intercalating residues being less
stable, possibly allowing for adjustment of the intercalating
residues in the DNA complex.

Two-State UnfoldingVersus Local Instabilities.The un-
folding of Sac7d has been fit with a two-state (NT U)
thermodynamic model to define parameters for global
unfolding of the protein (10). A two-state model for protein
folding is consistent with local instabilities since the model
assumes that only two states are significantly populated (28,
76). Local instabilities are associated with small changes in
enthalpy (andm-values), and therefore, the populations of
the locally unfolded species are not expected to change
significantly with temperature (or denaturant). This is
reflected by the exchange data for I20 and A44 in Figure 2.
At high temperature or denaturant where global unfolding
becomes significant, the local transitions are less important
and unfolding is dominated by global denaturation. At low
temperature or concentrations of denaturant, the extrapolated
∆GHX values for the most stable core NHs depend signifi-
cantly on the perturbant and are believed to correspond to
the free energy of global two-state unfolding.

Protein Stability.The ∆GHX measurements for the core
residues provide a measure of the unfolding free energy of
Sac7d which is independent of that obtained by thermal
unfolding (10, 11) and chemical denaturation (12). The
results are consistent with the global linkage analysis and
confirm the validity of the linkage approach in describing
the stability of Sac7d (10). Like many proteins, Sac7d folding
is promoted by anion binding at low pH, and a detailed study
of the stability of Sac7d as a function of salt and pH indicated
that contributions from anion binding to thermodynamic
measurements of stability were significant. This linkage is
not included in a Kirchhoff analysis as often used to obtain

the ∆Cp of unfolding from the dependence of∆H on Tm

(obtained by varying the pH below 5). Such an analysis
indicated an anomalous∆Cp of unfolding of 497( 20 (cal/
deg)/mol (12). In contrast, a global fitting of the variation
of DSC parameters and circular dichroism intensities as a
function of temperature (0-100 °C), salt (0-0.3 M KCl),
and pH (0-8) indicated that the∆Cp of unfolding was 711
( 19 (cal/deg)/mol (10, 11). While these differences may
appear small given the commonly accepted errors in∆Cp

(19), a 40% increase in∆Cp leads to a significantly different
protein stability curve and free energy surface (Figure 5).
The temperature of maximal stability using a∆Cp of 497
(cal/deg)/mol (and aTm of 90.7 and∆H of 58.5 kcal/mol
from DSC) is predicted to occur at-9.4 °C with a ∆G° of
8.5 kcal/mol. The global analysis including linkage of
chloride binding indicated a maximal stability at 17.4°C
with a ∆G° of 6.2 kcal/mol (11), which would correspond
to 7.2 kcal/mol in HX due to D2O stabilization. The free
energy surface obtained from a global linkage analysis of
Sac7d unfolding as a function of pH and temperature is
shown in Figure 7. Overlayed on the surface are the
temperature and pH dependence of∆GHX (red symbols on
the surface) along with the pH dependence of theTm (red
symbols where the surface intersects the zero plane). The
surface shows a “saddle” with a minimum near pH 2. This
leads to not only an increase inTm below pH 2 but also the
increase in∆GHX at low pH. The maximum in the free energy
surface as a function of temperature coincides with the
maximum in ∆GHX, and differs significantly from that
predicted using the∆CP obtained from a conventional
Kirchhoff analysis of DSC data (bold blue curve). The
temperature and pH dependence of∆GHX are in excellent
agreement with that obtained by the global linkage analysis
and support a∆Cp of unfolding of 711( 19 (cal/deg)/mol.
The native state hydrogen exchange free energies indepen-
dently demonstrate the validity of the global analysis of the
linkage of anion and proton binding to folding.

Hyperthermophile Protein Stability CurVes. One of the
goals of obtaining rigorous measurements of thermophile
protein stability is to define the structural parameters which

FIGURE 7: Amide hydrogen exchange free energies andTm values for Sac7d overlayed onto the calculated free energy surface determined
from global fitting of the linkage of folding on pH, temperature, and salt (10, 11). Experimentally determined free energies of unfolding
from hydrogen exchange data are shown with red circles on the surface and have been decreased by 1.0 kcal/mol to allow for the effect of
D2O. ExperimentalTm values from DSC are shown with red circles at the intersection of the surface with the base plane. For comparison,
the stability curve predicted using a∆CP of 500 from the Kirchhoff analysis of DSC data is shown with the bold blue curve.
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control the placement of the protein stability curve in these
fascinating proteins (eq 4). As mentioned by a number of
authors (12, 77, 78), enhanced protein stability can be
obtained by (1) shifting the protein stability curve vertically
with an increase in stability at all temperatures; (2) shifting
the curve laterally to increase the temperature of maximal
stability, Tmax, without actually increasing the maximal
stability of the protein; or (3) broadening the stability curve
to increase theTm. Thermodynamic studies of a large number
(e.g., 42) of mesophile proteins indicated an averageTmax of
12 °C ((19 °C) (78). The error in this number reflects to
some extent the error in∆CP measurements. The stabilities
of only a small number of hyperthermophile proteins have
been characterized thermodynamically due to irreversible
unfolding of most of the thermophile proteins studied to date.
Thermodynamic parameters for a few well-characterized
thermophile proteins which unfold reversibly are summarized
in Table 2. The temperature of maximal stability,Tmax,
observed for Sac7d is 17°C. This is identical (within 1 SD)
to the average obtained for the thermophile proteins, viz.,
22 ((10) °C. The averageTmax observed for the thermophile
proteins is not significantly different from that observed for
mesophile proteins. The slightly higher averageTmaxobserved
by Rees and Robertson (78) results from the use of a smaller
data set (and the inclusion of the hydrogen exchange data
for rubredoxin which have been modified in recent work
(64)). The data indicate that the forces available to enhance
protein stability in hyperthermophiles do not permit a
dramatic shifting of the temperature of maximal stability to
higher temperature. This likely reflects the thermodynamics
of the hydrophobic effect (18), although contributions from
electrostatic interactions can perturb the position ofTmax (79).
While additional contributions to protein stability are im-
portant in stabilizing thermophile proteins, the major deter-
minant of both mesophile and thermophile protein stability
is expected to be the hydrophobic effect, and therefore, the
maximum in the stability curves for both is expected to be
near 20°C.
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