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ABSTRACT: It is now recognized that unfolded states of globular proteins are not random coils but instead
can contain significant amounts of residual structure. Here, we combine amide H/D exchange studies and
thermodynamic measurements to probe pH dependent structure in the unfolded state of the small, mixed
R-â protein CTL9. Themvalue measured by urea denaturation is strongly dependent upon pD, increasing
by 40% from pD 7.5 to 4.85. Likewise, the change in heat capacity upon unfolding,∆Cp°, increases
significantly from pD 7.5 to 5.5. These studies argue that the unfolded state contains interactions, presumably
hydrophobic in nature, that lead to a more compact state at high pH. The expansion at lower pH correlates
with the estimated unfolded state pKa values of the three histidines in CTL9 with additional contributions
from acid side chains at the lower pH. Amide H/D exchange studies were conducted at pD 5.0, 6.0, and
7.0. At pD 5.0, the exchange rates could be measured for 44 residues, 29 of which exchanged by global
unfolding. No evidence was found for any super protected sites, that is, sites that exchange at rates slower
than those expected for global exchange. The estimated precision for the experiments limits detection to
residues that are protected 2.3-fold above the intrinsic exchange rate. Thirty-seven residues could be
followed at pD 6 and 27 residues at pD 7. Again no evidence for a significant super protected structure
was observed. The properties of CTL911 are compared to other structured denatured states.

A detailed description of the denatured state is required
for a complete characterization of the protein folding process.
An understanding of the denatured state is also required to
fully analyze protein stability studies because the measured
stability reflects differences between the folded and unfolded
ensemble, and unfolded state effects can be a significant
factor. For example, point mutants in theN-terminal domain
of L9 and RNase Sa have been shown to cause significant
changes in stability by modulating denatured state properties
(1, 2). Unfolded state structure has also been shown to affect
the thermodynamic properties of mesophilic and thermophilic
variants of RNase H (3), whereas mutations in staphylococ-
cus nuclease are believed to cause significant changes in the
unfolded state ensemble (4-6). Residual structure in the
denatured state can also play a significant role in protein
refolding (1, 7-10).

Denatured states are most easily studied at equilibrium,
under conditions that drive protein unfolding, such as high
concentration of denaturant, extremes of pH, or elevated
temperatures. Although such studies can provide important
clues about denatured state interactions (8, 11-14), the
denatured state populated under these conditions need not
be equivalent to the denatured state under physiologically
more relevant conditions (15, 16). The denatured state that
is most relevant to studies of folding and stability is that
which is in equilibrium with the native state under native
conditions. In a few special cases, it has been possible to
study the denatured state under native-like conditions in the
absence of a denaturant (15-18), but more generally, indirect
approaches need to be applied.

In this article, we describe thermodynamic and amide H/D
exchange studies that are designed to probe the denatured
state of theC-terminal domain of the ribosomal protein L9
(CTL9). CTL9 is a smallR-â protein that contains a mixed,
parallel-antiparallel â-sheet with an unusual topology
(Figure 1). The folding of the protein is two-state and is
relatively slow over the pH range studied (pH 5 to 9) (19,
20). The stability and folding kinetics of CTL9 are strongly
coupled to pH, largely because the domain contains two
buried histidines whose pKa values are significantly lower
in the folded state than those in the unfolded state (19, 20).
We have previously characterized the equilibrium unfolding
of CTL9 in H2O as a function of pH (19). Urea denaturations
were conducted as a function of pH and used to determine
∆G° values in the absence of denaturants andm values, the
dependence of∆G° upon denaturant concentration. We found

† This work was supported by NIH Grant GM70941 to D.P.R.
* Corresponding author. Tel: 631-632-9547. Fax: 631-632-7960.

E-mail: draleigh@notes.cc.sunysb.edu.
‡ Department of Chemistry.
§ Graduate Program in Biochemistry and Structural Biology.
| Current address: Department of Biochemistry, University of

Wisconsin at Madison, Madison, WI 53706.
1 1Abbreviations: CD, circular dichroism; CTL9,C-terminal domain

of ribosomal protein L9 fromBacillus stearothermophilus; ∆Cp°, the
change in heat capacity upon unfolding;∆Gex°, the apparent free energy
of the opening step in an amide H/D exchange experiment;∆H°(Tm),
the enthalpy of unfolding atTm; GuHCl, guanidine hydrochloride;
HSQC, heteronuclear single quantum correlation; NMR, nuclear
magnetic resonance;Tm, the midpoint of the thermal unfolding
transition; TOCSY, total correlation spectroscopy.

8499Biochemistry2006,45, 8499-8506

10.1021/bi052534o CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/24/2006



that the protein becomes less stable as the pH is lowered,
but them value increases significantly. Them values are
related to the change in solvent accessible surface area
between the folded and unfolded states (11, 21). Using NMR
and CD, we have shown that the global fold of the protein
does not change over the pH range studied; thus, these
observations suggest an expansion of the unfolded state at
lower pH. Here, we extended those studies by measuring
them values over a wider pH (pD) range and by measuring
∆Cp° as a function of pH. The∆Cp° value of unfolding
largely reflects changes in the exposure of polar and nonpolar
surface areas between the folded and unfolded states (21).
Thus,∆Cp° should also be sensitive to changes in unfolded
state structure (22). We compliment these studies with pH-
dependent amide H/D exchange studies. Such experiments
can provide information about the hydrogen-bonded structure
in the unfolded state (23-25).

MATERIALS AND METHODS

Expression and Purification of Wild-Type and15N Uni-
formly Labeled CTL9.Wild-type CTL9 was expressed and
purified as described previously (19). 15N uniformly labeled
protein was expressed inE. coli strain BL21(DE3) in 1 L of
M9 minimal media with 0.8 g of15N-labeled NH4Cl.
Ampicillin was added to a final concentration of 100 mg/L.
When the optical density (O. D.) at 600 nm reached about
0.7, protein expression was induced with the addition of
IPTG (0.1 mM final concentration). The cells were harvested,
and the protein was purified as previously described (19).
The identity of the protein was confirmed by MALDI-TOF
(matrix assisted laser desorption ionization time-of-flight
mass spectrometry) with an expected molecular weight of
10 107 and an observed molecular weight of 10 098. The
yield of the15N-labeled protein was about 5 mg/L.

Circular Dichroism (CD) Spectroscopy.All CD experi-
ments were performed using Aviv Model 62A DS and 202SF
circular dichroism spectrometers. Urea-induced unfolding and
thermal unfolding measurements were performed in 20 mM
phosphate and 100 mM NaCl buffers. The protein concentra-
tions were 8-12 µM for all experiments. Both the denatur-
ant-induced and thermal unfolding measurements were
performed in a 1 cmquartz cuvette using a spectrometer
bandwidth of 1.5 nm. Urea-induced denaturations were
carried out using a titrator unit interfaced to the CD
spectrometer. The signal at 222 nm was monitored for both
urea-induced and thermal unfolding experiments. Revers-
ibility was judged by the recovery of the signal at the

conclusion of the experiment. The reversibility of thermal
denaturations for CTL9 was more than 95% for both pH
5.45 and 8.0. Protein concentrations were determined from
absorbance measurements at 276 nm in 6 M GuHCl at pH
6.5 using the extinction coefficient 1450 M-1 cm-1.

Chemical and Thermal Denaturation CurVe Fitting.Urea
denaturation curves were fit using standard methods. Mea-
surements were performed in both H2O and D2O. Deuterated
urea was used for studies in D2O. A two-state model was
used to fit data collected from CD experiments to determine
the stability,∆Gu°(H2O), or ∆Gu°(D2O) in the absence of
denaturant. CTL9 has previously been shown to follow two-
state unfolding over the pH range 5 to 9 (19, 20). The free
energy of unfolding is assumed to be a linear function of
denaturant concentration (26-28). The linear extrapolation
model appears to be valid for CTL9 over the pH range
studied (19).

where ∆Gu° is the apparent free energy for the N-D
transition. The folded and unfolded baselines are assumed
to be the linear function of the denaturant.

Thermal unfolding data were fit by assuming that the folded
and unfolded baselines are linear functions of absolute
temperature

The fraction denatured is given by

whereθ(T) is the observed signal.

ku is the equilibrium constant for unfolding. The Gibbs-
Helmholtz equation describes the temperature dependence
of ∆Gu°

where∆Gu°(T) is the free energy of unfolding,Tm is the
unfolding midpoint temperature,∆H°(Tm) is the enthalpy
change atTm, and∆Cp° is the heat capacity change between
the native and denatured states. Fits to individual thermal
unfolding curves are insensitive to the initial value of∆Cp°.
The value of∆Cp° was estimated to be about 1.0 kcal mol-1

deg-1 on the basis of the number of residues, and this value
was used in the fits. Using the estimated∆Cp° value, theTm

and ∆H°(Tm) at each pH can be derived by fitting the
individual thermal unfolding curve to the following equation

FIGURE 1: Ribbon diagram of CTL9 corresponding to residues 58-
149 of L9. The Figure was made using the program MOLSCRIPT
(33) and the pdb file 1DIV for the full length ribosomal protein
L9. TheN- andC-termini and the three histidines are labeled.

∆GU° ) ∆Gu°(H2O) - m[denaturant] (1)

θn([urea])) an + bn[urea] (1a)

θd([urea])) ad + bd[urea] (1b)

θn(T) ) an + bnT (2a)

θd(T) ) ad + bdT (2b)

fd )
(θ(T) - θn(T))

(θd(T) - θn(T))
(3)

ku )
fd
fn

)
fd

(1 - fd)
(4)

∆Gu°(T) ) ∆H°(Tm)(1 - T/Tm) - ∆Cp°((Tm - T) +
T ln(T/Tm)) (5)
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The values of∆H°(Tm) andTm are insensitive to the exact
choice of∆Cp° and do not change if∆Cp° is varied between
0.5 and 1.3 kcal mol-1 deg-1. A precise value of∆Cp° was
determined by fitting temperature dependent∆Gu° values
to the Gibbs-Helmholtz equation.

Nuclear Magnetic Resonance (NMR) Studies.15N-coupled
3D HSQC-TOCSY experiments were carried out on a Bruker
700 MHz NMR spectrometer. Sensitivity enhanced pulse
sequences were used. Assignments were obtained from 3D
NMR experiments together with the assignments of the full-
length L9 kindly provided by Professor David Hoffman.

Hydrogen-Deuterium exchange experiments were per-
formed on a Varian INOVA 600 MHz instrument. A series
of gradient sensitivity enhanced15N-1H correlated hetero-
nuclear single quantum coherence (HSQC) experiments were
taken immediately after pure D2O was added to the freeze-
dried previously H2O-exposed sample. Each spectrum re-
quired 20 min to collect. Eight scans per t1 value were
collected, and the matrix size was 64× 2048. The spectral
width was 8000 Hz in the proton dimension and 2200 Hz in
the 15N dimension. The matrix was zero filled to 128 by
4096 points during processing. The experiments were
performed at three pD values, 5.0, 6.0 and 7.0, using the
exact same conditions and parameters. The pD values are
the uncorrected pH meter reading in D2O. A 20 mM
deuterated acetate buffer was used, and the protein concen-
tration was around 500µM. All experiments were conducted
at 25°C.

Data Processing and Error Analyses of H/D Exchange
Experiments.The volumes of the cross-peaks of the HSQC
spectra were measured using FELIX 2000 software (Accel-
rys). Amide proton exchange rate constants were obtained
by fitting peak volumes to a single first-order exponential
decay versus time. At pD 5.0, the EX2 exchange mechanism
is dominant (kcl . kin); thus, the expression for the exchange
rate constant can be simplified to

wherekop is the first-order rate constant for the opening step
to form the exchange competent state, andkcl is the first-
order rate constant for the reverse reaction (closing step).
Thekcl value corresponds to the refolding rate constants,kf,
for residues that exchange by global unfolding. The value
of kf was independently measured using stopped flow
methods. For residues that exchange by global unfolding,
kop is given byku, the first-order rate constant for protein
unfolding. The value of∆Gex° for the opening reaction was
calculated using the measured exchange ratekex and the
intrinsic exchange ratekin determined by using the SPHERE
program provided by the Roder laboratory (http://www.fc-
cc.edu/research/labs/roder).

where R is the ideal gas constant, andT is the absolute
temperature. The H/D exchange rates could be measured for
one of the Histidines and the adjacent residue (H144, V145).
For these residues, the intrinsic rates were corrected for pD

effects by using the measured pKa values to take into account
the fraction ionized. Uncertainties in the apparent∆Gex°
values were calculated by propagating the estimated uncer-
tainties in the experimentally determined first-order rate
constantkex

CTL9 contains three prolines, which are trans in the folded
state. The∆G° values determined by the H/D exchange were
corrected for cis/trans isomerization in the unfolded state
using the method of Pace (29). The correction is small, only
about 0.15 kcal/mol.

At pD 6.0 and 7.0, the EX2 condition is not satisfied
because thekcl value for global unfolding (i.e.,kf) is no longer
much greater thanku; therefore, the full expression for the
exchange rate is used to analyze the data as described in the
results section. (The value ofkf (kcl) was measured using
stopped flow methods.)

RESULTS AND DISCUSSION

pH Dependent Thermodynamic Measurements ProVide
EVidence for Unfolded State Structure in CTL9.In anticipa-
tion of conducting H/D exchange measurements, we repeated
our earlier stability measurements as a function of pD in
D2O. We also extended our measurements to cover a wider
pD (pH) range, 4.75-8.25. The protein decreases in stability,
but them value increases. A plot ofm versus pD is shown
in Figure 2. Them value increases from 1.09 kcal mol-1

M-1 at pD 7.0 to 1.18 kcal mol-1 M-1 at pD 6.0, 1.32 kcal
mol-1 M-1 at pD 5.0, and 1.41 kcal mol-1 M-1 at pD 4.75.

Similar to m values, the heat capacity change (∆Cp°)
between the unfolded state and the folded state also depends
on the change in solvent accessible surface area; therefore,
∆Cp° should also depend on pH (21). Of course, other factors
such as pH dependent changes in dynamics could also
contribute. Thus, it is of interest to determine if∆Cp° is pH
dependent for CTL9 and if the pH dependence follows that
observed for them values. The classic method for determin-
ing ∆Cp° is to measureTm and ∆H°(Tm) as a function of

θ(T) )
((an + bnT) + (ad + bdT)exp(-∆Gu°(T)/RT))

(1+ exp(-∆Gu°(T)/RT))
(6)

kex ) (kop/kcl)‚kin ) Ku‚kin (7)

∆Gex° ) -RT ln(kex/kin) (8)

FIGURE 2: pD dependentm values of CTL9. Them values were
derived from urea denaturation measurements. All measurements
were conducted in D2O containing 20 mM phosphate and 100 mM
NaCl at 25°C.

d∆Gex° ) (RTdkex/kex (9)
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pH. This approach cannot be used in our case because∆Cp°
is, itself, expected to be pH dependent. Instead, we used the
Gibbs-Helmholtz equation to fit temperature dependent
stability data. This approach has been successfully applied
to a number of other proteins (26, 27). The Gibbs-Helmholtz
relationship indicates thatTm, ∆H°(Tm), and ∆Cp° are
sufficient to describe the variation of∆G° with temperature,
provided that∆Cp° is independent of temperature.∆H°(Tm)
and Tm can be reliably determined from the analysis of
thermal unfolding curves, but∆Cp° cannot normally be
estimated from a single melting experiment. Here, we
combine measurements of the unfolding free energy obtained
from urea denaturations at different temperatures with a
thermal unfolding experiment to estimate∆Cp°. The thermal
unfolding experiment provides accurate estimates of∆G°
in the transition region. Together, these experiments measure
∆G° over a wide temperature range (5-88 °C in the present
case). The data can be fit to the Gibbs-Helmholtz equation
to obtain ∆Cp° and ∆H°(Tm). A plot of the temperature
dependence of stability at pH 5.45 and 8.0 is shown in Figure
3, and the thermodynamic parameters are summarized in
Table 1. The value of∆Cp° increases from 1.07 kcal mol-1

deg-1 at pH 8.0 to 1.31 kcal mol-1 deg-1 at pH 5.45, about
a 20% change in good agreement with the observed changes
in m values over this range.

pH Dependent Amide H/D Exchange Measurements.
Amide protection factors provide local probes of protein
stability. They can also provide indirect but site specific
information about the unfolded state structure (24, 25, 30).

Apparent∆G°ex values for the opening/exchange step can
be calculated from the observed exchange rates and compared
to the value of∆G° for global unfolding, provided the
exchange occurs in the EX2 limit. In this case, the observed
rate of exchange is given by

wherekop is the rate of the opening reaction that leads to the
exchange competent state,kcl is the rate of the closing
reaction, that is, the reverse reaction from the exchange
competent state to the folded state, andkin is the rate expected
for a residue in an unstructured peptide of the same sequence.
The ratiokop/kcl equals the equilibrium constant for unfolding,
Ku, for those sites that exchange by complete unfolding.
Additional protection beyond that expected for global
unfolding provides evidence for unfolded state structure.

The exchange of the amide hydrogens was followed by
recording a series of HSQC spectra after the protein was
dissolved in D2O. Each spectrum took about 20 min, and
20-40 spectra were collected, depending upon the pD used.
The exchange rates were measured at pD 7.0, 6.0, and 5.0.
These values were chosen because (1) they correspond to
the pD range where there are significant changes inmvalue,
and (2) the protein is stable enough to allow the exchange
to be measured over this pD range. The assignments were
determined by comparison to the assignments reported by
the Hoffman group at pH 7.0 (31). A 3D 15N-1H HSQC-
TOCSY experiment was recorded at pH 5.5 to confirm the
low pH assignments. An example of the HSQC spectrum
for CTL9 at pH 5.5 with the assignments is shown in Figure
4.

At pD 5.0, the peaks for 44 residues can be followed. The
folding and unfolding rates of CTL9 have been determined
as a function of pH (pD) (20). These data together with
known intrinsic amide exchange rates allowed us to deter-

FIGURE 3: Gibbs-Helmholtz plot of the temperature dependence
of the stability of CTL9 at pH 5.45 (O) and pH 8.0 (b). The
unfolding free energy between 5 and 45°C was obtained from urea
denaturations. The points at higher temperatures were obtained from
individual thermal unfolding curves. The solid lines are the best
fit to the Gibbs-Helmholtz equation.

Table 1: Thermodynamic Parameters of CTL9 at pH 5.45 and 8.0a

pH 5.45 pH 8.0

Tm (°C) 71.2 80.7
∆H°(Tm) (kcal mol-1)b 60.3( 0.8 69.0( 2.4
∆Cp° (kcal mol-1 deg-1)b 1.31( 0.03 1.07( 0.08
∆Gu° (25°C) (kcal mol-1)c 3.82 5.77
aData were derived from thermal unfolding and urea-induced

unfolding measurements. All measurements were performed in H2O,
20 mM sodium phosphate, and 100 mM NaCl buffer.b ∆H°(Tm) and
∆Cp° values were obtained by fitting the temperature-dependent
unfolding free energy curve obtained from the urea and thermal
denaturations with the Gibbs-Helmholtz equation.c ∆Gu° at 25°C was
calculated from the above fit parameters.

FIGURE 4: 2D 15N-1H correlated heteronuclear single quantum
coherence (HSQC) spectrum of CTL9 enriched with15N in 90%
H2O/10% D2O. The assignments of the backbone amide resonances,
which are 98% complete, are labeled, and the pairs of amide
resonances on side chains are connected by solid lines. The
resonance of E136 is not in the region shown, and its chemical
shift is 11.3 and 116.8 for the amide1H and15N, respectively.

kobs) (kop/kcl)kin (10)
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mine whether the EX2 limit is satisfied. The exchange
satisfied the EX2 limit under these conditions (Materials and
Methods). In this case, the observed rate of exchange can
be combined with the intrinsic rate of exchange expected
for an unstructured polypeptide of the same sequence to
calculate the free energy for opening step, the conformational
transition to the exchange competent state (∆Gex°). The value
of ∆Gex° will be given by∆GU° for sites that exchange by
complete unfolding. A plot of calculated∆G°ex versus the
residue is shown in Figure 5. Twenty-nine of the 44 residues
that could be followed exchange with a free energy of
opening consistent with global unfolding. The others ex-
changed with rates faster than those expected for global
unfolding. These sites exchange by subglobal unfolding. A
ribbon diagram of the protein is shown in Figure 6, with the
residues that exchange via global unfolding indicated as red
spheres. The 29 residues are scattered throughout the
structure. All of the sites that exchange by global unfolding

are involved in hydrogen bonds. The unfolding free energy
estimated by urea denaturation in D2O is 3.46 kcal mol-1

with an upper limit of 3.78 kcal mol-1. A few sites had
opening free energies larger than 3.46 kcal mol-1, but no
resonances had a free energy for opening above the range
of the global unfolding free energy. Thus, there is no direct
evidence for significantly persistent hydrogen-bonded sec-
ondary structure in the unfolded state ensemble.

Given the estimated uncertainty in our urea denaturation
experiments, a site would have to have a∆Gop° value 0.5
kcal mol-1 greater than the∆GU° value to be classified as
superprotected. This corresponds to a 2.3-fold decrease in
the exchange rate in the unfolded state relative tokin, that
is, given the limits of precision of our stability measurements,
we can only detect sites whose unfolded state exchange rates
are 2.3 times slower than those predicted by their intrinsic
rates. It is of course possible that some sites experience partial
protection in the unfolded state, that is, less than our detection
limit. Shortle and co-workers have argued that protection
factors of less than five in the denatured proteins are likely
unreliable (30).

At higher pD values, 6.0 and 7.0, the EX2 exchange
condition is no longer satisfied. In this case, exchange must
be analyzed using the full expression for the observed rate
(23).

wherekop ) ku andkcl ) kf for sites that exchange via global
unfolding. In general, it is not possible to directly calculate
the opening free energy from exchange data collected at one
pH because the expression forkobs contains two unknowns,
kop and kcl. In favorable cases, one can globally fit pH
dependent data assuming thatkf andku are independent of
pH. This is not applicable to CTL9 because stability and
folding kinetics are strongly pH dependent. Consequently,
we adopted another approach to analyze the exchange data.
CTL9 is a two-state folder, and accurate measurements of
the rate constant for global refoldingkf can be determined
via pH or urea jump-stopped-flow studies (19). The value
of ku can be derived fromkf and∆G°. The expected exchange
rate of each residue can, thus, be calculated for residues that
exchanged by global unfolding. The difference between the
calculated and the observedkex pinpoints the residue(s) that
exchanged more rapidly than the global unfolding residues,
thus indicating those sites that exchange by subglobal
unfolding. Plots of the difference between the observed
exchange rate constant and the rate constant expected for
global unfolding for each residue were generated (Figure 7).
Thirty-seven residues could be followed at pD 6.0 and 27
residues at pD 7.0. Twenty-five residues at pD 6 and 19
residues at pD 7 exchange by global unfolding. Because of
the analysis employed, it is difficult to precisely define the
range of rates that fall within the global folding category.
Hence, these numbers are estimated. The decrease in the
number of residues that exchange by global unfolding at pD
7 relative to pD 6 does not necessarily imply that the slow
dynamics of the protein has changed. It may just reflect the
increased stability at pD 7 relative to that at pD 6. The
analysis also allows the detection of residues that exhibit
super protection, that is, those sites that exchange more
slowly than that expected from global unfolding. Such sites

FIGURE 5: Plot of apparent free energies for the opening reaction
calculated from the H/D exchange experiment at pD 5.0. The pD
value is the uncorrected pH meter reading. The solid line represents
the ∆G° values for each residue, and the dashed lines represent
the range of∆G° determined by urea denaturation in D2O. The
uncertainty in the urea denaturation measurements were estimated
by performing the experiments in triplicate. Estimated uncertainties
in the opening free energies range from 0.003 to 0.2 kcal mol-1.
The error bars are shown. All measurements were performed at 25
°C.

FIGURE 6: (A) Ribbon diagram of CTL9. Residues that exchange
by global unfolding are shown as red spheres. The residues that
exchange by subglobal unfolding are shown as blue spheres. (B)
Diagram of CTL9 rotated by 180° around thez axis.

kex ) kop‚kin/(kcl + kin) (11)
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likely take part in hydrogen-bonded structure in the unfolded
state. No significant highly protected residues were found
at either pD values.

CONCLUSIONS

Our thermodynamic analysis provides good evidence for
pH dependent interactions in the unfolded state of CTL9.

The increase in∆Cp° as the pH is lowered parallels the
measured increase in themvalue. These observations suggest
a pH dependent expansion of the unfolded state with the
unfolded state becoming more expanded at lower pH. The
most plausible explanation for this behavior is that proto-
nation of the histidines leads to a charge-induced expansion
of the unfolded state, presumably by causing the disruption

FIGURE 7: Plots of the deviation between the observed exchange rate constants from H/D exchange experiments and those calculated
assuming that exchange occurs by global unfolding. (A) pD 7.0; (B) pD 6.0; and (C) pD 5.0. All pD values are uncorrected pH meter
readings. The bars above zero represent the residues that exchange more slowly than that predicted by global unfolding, and the bars below
zero represent the residues that exchange faster than that predicted by global unfolding. All measurements were performed at 25°C.
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of hydrophobic clusters. pH dependent stability measure-
ments on a set of His to Gln point mutants of CTL9 indicate
that the unfolded state pKa values of the histidines are not
strongly perturbed from random coil models. A global
analysis of the data indicates that the simplest self-consistent
model is one in which each histidine has an unfolded state
pKa close to 6.8 (20). If correct, this would rationalize the
significant increase in themvalue and∆Cp° observed below
pD 7.5. The predicted net charge of the unfolded protein is
+4.1 at pH 7.4, increasing to+7.3 at pH 5.6, calculated
using pKa values corresponding to isolated residue values.
The increase in charge is consistent with a model that invokes
charge-induced expansion. Interestingly, them value still
increases below pD 5, suggesting that additional residues
might be taking part. The most likely candidates are
obviously Asp or Glu. The calculated net charge of the
unfolded state continues to increase as the pH is decreased
below 5.6, reaching a value of+9.1 at pH 5.0 and+14.4 at
pH 4.1. pH dependent hydrophobic clusters in the unfolded
state have been proposed to play a role in other systems,
notably in RNase Sa, Barnase, s. nuclease, and ribonuclease
H (2, 3, 6, 32).

The thermodynamic measurements provide indirect probes
of interactions that lead to compact denatured states, but they
do not offer residue specific information or much insight
into potential hydrogen bonded structure. For that we turned
to amide H/D exchange studies. At the lowest pD probed,
pD 5.0, we found no evidence for any residues exhibiting
so-called super protection. This argues against significantly
persistent hydrogen-bonded structure in the unfolded state.
The data collected at pD 5.0 was easily analyzed because
the exchange fell within the EX2 limit. At the higher pD
values, this was no longer the case, and the complete
expression for exchange needed to be considered. Our
approach is somewhat novel in that we determinedkf andku

by stopped flow methods in conjunction with equilibrium
stability. With these values in hand, we could calculate the
expected exchange rate for residues that exchange by
complete global unfolding. This allows us to detect sites that
exhibit super protection. Again, no super protected sites were
detected at either pD 6 or 7, arguing against persistent
hydrogen-bonded structure in the unfolded state under these
conditions. Of course, the studies are limited by the precision
of the measurements and would not be able to detect sites
whose protection factors were moderately increased over
those expected for an unstructured peptide. At pD 5.0, the
estimated precision of the experiments limits detection to
residues that have protection factors of 2.3 or greater. Thus,
it is important to stress that the exchange studies do not imply
the complete absence of hydrogen bonding interactions in
the unfolded state and should certainly not be interpreted to
mean that the unfolded state lacks any residual structure.
Along these lines, Shortle and co-workers have pointed out
that a partially formed helical structure should provide only
very low protection factors. Following their argument,
consider the case where a helix is fully formed 30% of the
time and unstructured 70% of the time. The overall protection
factor for exchange will still be very low (1.43), even if the
H-bonded residues in the helical state have infinite protection
factors (30). In fact, studies of the unfolded state at pH 4.0
indicate that there is a residual CD signal that differs from
what is expected for a random coil (15). The picture that

emerges from these studies is that the unfolded state of CTL9
contains significant interactions presumably hydrophobic in
nature that lead to compaction but are not sufficient to confer
significant protection to hydrogen bonds. The unfolded state
of CTL9 appears to be very similar to the∆131∆ fragment
of s. nuclease (30) in that it is compact and contains residual
structure yet lacks protected amides. Thus, this may be a
general feature of unfolded states.
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SUPPORTING INFORMATION AVAILABLE

The assignments of the NMR resonances of CTL9 at pH
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