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ABSTRACT: Peptide fragments corresponding to the N- and C-terminal portions of bovine ubiquitin, U(1-
35) and U(36-76), are shown by NMR to associate in solution to form a complex of modest stability
(Kassn≈ 1.4× 105 M-1 at pH 7.0), with NMR features characteristic of a nativelike structure. The complex
undergoes cold denaturation, with temperature-dependent estimates of stability from NMR indicating a
∆Cp° for fragment complexation in good agreement with that determined for native ubiquitin, suggesting
that fragment association results in the burial of a similar hydrophobic surface area. The stability of the
complex shows appreciable pH dependence, suggesting that ionic interactions on the surface of the protein
contribute significantly. However, denaturation studies of native ubiquitin in the presence of guanidine
hydrochloride (Gdn‚HCl) show little pH dependence, suggesting that ionic interactions may be “screened”
by the denaturant, as recently suggested. Examination of the conformation of the isolated peptide fragments
has shown evidence for a low population of nativelike structure in the N-terminalâ-hairpin (residues
1-17) and weak nascent helical propensity in the helical fragment (residues 21-35). In contrast, the
C-terminal peptide (36-76) shows evidence in aqueous solution, from some HR chemical shifts, for
nonnativeφ and ψ angles; nonnativeR-helical structure is readily induced in the presence of organic
cosolvents, indicating that tertiary interactions in both native ubiquitin and the folded fragment complex
strongly dictate its structural preference. The data suggest that the N-terminal fragment (1-35), where
interaction between the helix and hairpin requires the minimum loss of conformational entropy, may
provide the nucleation site for fragment complexation.

Current models for the mechanism of protein folding favor
a hierarchical process in which folding begins at the local
sequence level involving structural elements of marginal
stability that interact, leading to ever-increasing levels of
complexity, from which nativelike secondary structure and
tertiary interactions emerge (1-5). Much evidence from
peptides and denaturated states of proteins supports the
suggestion that folding initiation is driven by local sequence
information (6-10). These results suggest that peptide
fragments (“microdomains”) should possess the propensity
to associate and assemble into a nativelike protein structure
just as a single, contiguous polypeptide chain, despite the
entropic cost of the bimolecular association. The association
of peptide fragments to form a fully reconstituted nativelike
protein structure, together with a detailed thermodynamic
or kinetic analysis of the complexation process, has been
described in detail for a handful of small proteins, showing
that all the information required for noncovalent interactions
in the native state is also available through the coalescence
of largely disordered complementary fragments (11-14).

Folding studies with peptide fragments provide a highly
complementary approach to examine current models for the

mechanism of protein folding and for studying the energetics
of protein-protein interactions and the nature of the weak
interactions involved in the fragment recognition process
(15). A further advantage is that individual fragments can
be studied at equilibrium under folding conditions to detect
evidence of local interactions within contiguous parts of the
polypeptide chain that may provide the necessary nuclei for
folding (16, 17). The observation that fragments are able to
associate in a bimolecular process strongly supports the idea
that these nucleation events are highly localized (3-5). For
example, barnase is anR + â protein that has been studied
by the fragment reconstitution approach. The elements of
secondary structure of barnase are located in different halves
of the polypeptide chain, enabling them to be separated in
peptide fragments. Studies of the individual fragments show
some evidence for a nativelike structural propensity that
results in rapid folding (11). In contrast, chymotrypsin
inhibitor 2 (CI-2) is anR/â protein in which the secondary
structure is not clearly separated in the two fragments. The
25-fold slower association rate constant compared with
barnase has been explained by the absence of well-defined
initiation sites within each fragment even though the frag-
ments associate tightly to form a stable complex (13).

Only a few studies to date have investigated in detail the
energetics of the fragment complexation process (14). To
this end, we have chosen bovine ubiquitin as a suitable model
system. Ubiquitin is a small protein of 76 residues composed
of a single domain whose folding pathway is not complicated
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by disulfide bond formation or metal or cofactor binding.
Its folding mechanism and stability have been well-studied
by a variety of spectroscopic and calorimetric techniques
(18-23) and hydrogen-deuterium exchange methods (24,
25), while structural data are available from both NMR and
X-ray crystallography (26-28). A partially unfolded state
of ubiquitin (A-state) has been identified in aqueous methanol
in which the N-terminal portion of the sequence (residues
1-35) appears to retain nativelike structure (29). Subse-
quently, NMR and CD studies of the folding of isolated
peptide fragments from the N-terminal 35-residue portion
of the sequence, including theâ-hairpin (1-17) and hairpin-
helix segment (1-35), have shown evidence for residual
structure in aqueous methanol, suggesting these as possible
folding nucleation sites (30). More recently, a small popula-
tion of nativelikeâ-hairpin structure has been identified in
fragment 1-17 in aqueous solution (31).

Toward understanding the mechanism and energetics of
folding of ubiquitin, we describe the reconstitution of a
nativelike structure from two peptide fragments, one corre-
sponding to the N-terminal sequence U(1-35) and the other
encompassing the remainder of theâ-sheet and loop regions
within the sequence U(36-76). The cleavage point between
the two portions of the sequence is located in a solvent
exposed loop at the C-terminal end of the first helix (between
Gly35 and Ile36) in a position expected to have a minimal
destabilizing effect on flanking elements of secondary
structure in the fragment complex (Figure 1). At a 1:1 ratio
of peptides (1 mM concentration) the isolated fragments and
the complex are in slow exchange on the NMR time scale.
We present a detailed thermodynamic analysis of the
association process from pH- and temperature-dependent
changes in the population of the folded state. The stability
of native ubiquitin has been studied by similar methods to
estimate the cost in free energy of the bimolecular association
process and to estimate the extent to which nativelike
interactions are established in the fragment complex. Studies
of the isolated fragments, together with the work of others,
suggest that the N-terminal fragment U(1-35) weakly
populates nativelikeâ-hairpin andR-helical structure and
that this fragment is a good candidate for nucleation of
fragment condensation.

MATERIALS AND METHODS

Materials.Peptides were synthesized using standard Fmoc
solid-phase chemistry (32) and purified by reverse-phase
HPLC on a C8 column (Applied Biosystems Aquapore, 10
mm × 100 mm) with 0.1% trifluoroacetic acid and an
acetonitrile gradient. Sample purity was checked by analytical
HPLC and plasma desorption mass spectrometry and1H
NMR spectroscopy. Peptide U(1-35) was synthesized as the
C-terminal amide with a free N-terminus (mass 3904),
U(36-76) as theN-acetyl derivative with a free C-terminus
(mass 4719), and U(21-35) with both the N- and C-termini
protected asN-acetyl and C-terminal amide, respectively
(mass 1729). Bovine ubiquitin and ultrapure guanidine
hydrochloride (Gdn‚HCl) were purchased from Sigma and
used without further purification. Gdn‚HCl concentrations
were determined by refractive index measurements (33).

NMR Methods.All NMR experiments were performed on
a Bruker DRX500 spectrometer. Phase-sensitive double

quantum filtered correlation spectroscopy (DQF-COSY;34),
total correlation spectroscopy (TOCSY;35), nuclear Over-
hauser effect spectroscopy (NOESY;36) and rotating Over-
hauser effect spectroscopy (ROESY;37, 38) experiments
were performed by collecting 1-2K points inf2 and 400-
600 points inf1. Quadrature detection inf1 was achieved
by use of time-proportional phase incrementation (TPPI), and
solvent suppression was achieved by presaturation or use of
the WATERGATE solvent suppression sequence (39, 40).
TOCSY experiments employed a spin locking field of 5 kHz,
and for ROESY experiments, 2 kHz. Data were processed
on a Silicon Graphics Indy Workstation using Bruker
XWINNMR software. Typically, a sine-squared window
function shifted byπ/4-π/2 was applied in both dimensions,
with zero-filling in f1 to 1K points.

Circular Dichroism Spectroscopy.CD spectra were ac-
quired on an Aviv model 62DS spectrometer (Aviv Associ-
ates), with a 0.2 cm path length cell. Stock peptide solutions
were prepared as 1 mg in 1 mL of solution. Samples were
diluted with water, or aqueous methanol, to give 20µM
solutions for analysis by CD. Typically five scans were
acquired over the wavelength range 190-250 nm in 1.0 nm
steps with a bandwidth of 4 nm at 298 K. The resulting data
were smoothed and baseline-corrected by solvent subtraction.

FIGURE 1: X-ray structure of bovine ubiquitin (PDB code 1ubq)
illustrating the loop region adjacent to the helical sequence (residues
21-35). The arrow indicates the position of Gly35 at the end of
the N-terminal peptide U(1-35) used for fragment complexation
studies with U(36-76). Residues Ile36, Pro37, and Pro38 are also
highlighted. Figure was drawn with MOLMOL (42).
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Thermodynamic Analysis.A two-state model was assumed
in which the two peptide fragments associate cooperatively
and reversibly (confirmed experimentally) to form a native-
like complex: U(1-35) + U(36-76) f U(1-35)‚U(36-
76). Equimolar concentrations of the two peptide fragments
were combined such that the fraction of folded peptidefF
(estimated from the intensity of NMR signals) at a total
concentration of each fragmentc, gives an association
constantKassn, where

with ∆G°assncalculated from-RT ln (Kassn). ∆G°assnshows
a nonlinear temperature dependence enabling∆H°assn, ∆S°assn,
and∆Cp° to be determined at 298 K by fitting the following
expression to a nonlinear least-squares analysis with Ka-
leidaGraph software (Synergy, Inc.):

Values for∆G°assnwere determined directly from integration
of peak intensities in the NMR spectrum and are subject to
relatively small uncertainties (e5%). The resonances for Hε
of His68 and Hε and Hδ of Tyr59 are clearly resolved for
both the unfolded and folded states and were used to estimate
populations. Similar populations were obtained in each case
with no obvious distortions due to differential relaxation rates
caused by differences in local dynamic behavior in the folded
versus unfolded state. Errors in Table 1 for∆H°assn, ∆S°assn,
and∆Cp° are fitting errors. Parameters were determined from
a number of arbitrary starting values and all converged to
the same final values (R >0.98). Various fixed values for
∆Cp° in the range(50% of the value determined iteratively
were also used; however, these all gave poorer fits to the
data.

The folding of bovine ubiquitin was studied in various
concentrations of denaturant (Gdn‚HCl) and at various pHs.
The population of the native folded state was monitored from
the intensity of Hε of His68 close to the midpoint of the
folding transition where the folded and unfolded states are
in slow exchange on the NMR time scale. In this case, the
Hδ and Hε of Tyr59 were obscured by the residual NH peak
from the denaturant. The free energy of folding,∆G°, for
the unimolecular process was calculated from the equilibrium
constantK ) fF/(1 - fF). The protein stability in water
(∆G°water) was determined by the linear extrapolation method
with the assumption

The thermodynamics of folding of ubiquitin at 298 K and at
several pHs were determined from the temperature depen-
dence of the population of the folded and unfolded states
and the data were fitted to an expression similar to eq 2.

Molecular Modeling.Hydrophobic surface area burial,
using a spherical probe of radius 1.4 Å, was calculated by
the molecular modeling programs Macromodel (41) and
MOLMOL (42) with the X-ray coordinates of ubiquitin (26)
and random coil conformations generated in Macromodel.

RESULTS

Reconstitution of Complementary Fragments.The two
peptide fragments U(1-35) and U(36-76) were mixed in

equimolar proportions each at a concentration of 1 mM, and
the degree of association monitored by1H NMR at 500 MHz
using a number of well-resolved aromatic signals. The
majority of resonances in the aromatic region of the spectrum
arise from the C-terminal fragment; only Phe4 is present in
the N-terminal part of the sequence. For example, Hε of His
68 at 8.63 ppm in the spectrum of U(36-76) alone splits
into two signals of very similar intensity in the spectrum of
the 1:1 mixture of fragments at pH 4.0. Similarly, the Hε

and Hδ of Tyr59 are well-resolved into two equally pop-
ulated species representing the folded and unfolded states
(Figure 2). We see no evidence for other folded or partially
folded states in equilibrium and estimate the stability of the
complex by use of a simple two-state model (see Materials
and Methods). The position of this equilibrium is sensitive
to pH such that the fragments are more fully associated at
high pH (Figure 3). On the basis of eq 1,∆G°assnis shown
to have a linear dependence on pH, as illustrated in Figure
3.

Which characteristics of the complex suggest a nativelike
structure? The lowest downfield shifted HR signal observed
for native ubiquitin is that of Phe4 at 5.62 ppm. This signal
is clearly evident at a very similar chemical shift in the
fragment complex (Figure 4a), and>0.7 ppm downfield of
that in the isolated N-terminal peptide. Similarly, the CδH3

of Leu50 has a very large upfield ring current shift from
Tyr59 and appears at-0.17 ppm in the native structure
(Figure 4b); this signal is also visible at a very similar
position in the spectrum of the fragment complex (Figure
4a) and gives a similar pattern of long-range NOEs, sug-
gesting that this nativelike tertiary interaction is preserved.
Similarly, the signals from His68 and Tyr59 (see above) have
practically identical chemical shifts in the fragment complex
and the native structure. Portions of the TOCSY spectrum
showing the HR-NH fingerprint regions of native ubiquitin,
together with that of the complex, are shown in Figure 4c,d

Kassn) fF/[(1 - fF)
2c] (1)

∆G°assn) [∆H°assn+ ∆Cp° (T - 298)] -
T[∆S°assn+ ∆Cp° ln (T/298)] (2)

∆G° ) ∆G°water- m[Gdn‚HCl] (3)

FIGURE 2: Portions of the aromatic region of the1H NMR spectra
of the peptides U(1-35) (a), U(36-76) (b), and the 1:1 fragment
complex at 298 K (c), all at pH 4.0 and peptide concentrations of
1 mM.
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to illustrate the extent of the similarities of the two spectra.
Data collection necessitated use of a relatively low pH to
reduce NH exchange rates; under these conditions, and at
this concentration, the two fragments are not fully associated,
giving rise to residual cross-peaks in the TOCSY spectrum
of the complex due to the unfolded fragments. However,
there are clear similarities in the chemical shift dispersion
observed for the fragment complex versus the native state
(see below).

Thermodynamics of Fragment Association.Since reso-
nances from both the unfolded peptide fragments and the
complex are detected in the same spectrum, we are readily
able to determine the change in the population of the folded
state as a function of temperature. At 298 K and pH 4.0, we
estimateKassn≈ 2 × 103 M-1 and∆G°assn≈ -19 kJ mol-1.
The change in∆G°assnwith temperature is shown in Figure
5 and demonstrates a marked nonlinear relationship, with
the stability maximum of the complex occurring around
∼294 K. The pronounced curvature of this plot, with evi-
dence for the on-set of cold denaturation, is consistent with
∆H°assnand∆S°assnhaving a significant temperature depen-
dence as a consequence of a large change in heat capacity
for association of the fragments. Using eq 2, we have fitted
the data to determine these parameters (Table 1). The data
show that association of the fragments is enthalpy-driven at
298 K with a corresponding adverse entropy change. The
latter is perhaps rather small given the bimolecular nature

of the fragment association, although it is likely to be
significantly offset by favorable entropic contributions from
the hydrophobic effect. The data suggest that the complex
is sufficiently well-ordered to bury a significant amount of
hydrophobic surface area.

Thermodynamics of Folding of NatiVe Ubiquitin. The
stability of native ubiquitin has been investigated by guani-
dine hydrochloride denaturation experiments. NMR provides
a convenient method of analysis because the folded and
unfolded states are in slow exchange with each other on the
NMR time scale at modest concentrations of denaturant and

FIGURE 3: (a) pH dependence of the free energy of fragment
association estimated from populations of the folded and unfolded
states by1H NMR signal intensities at fragment concentrations of
1 mM at 298K (correlation coefficientR > 0.98). (b) Aromatic
region of the1H NMR spectra of the 1:1 fragment complex at
various pHs at 298 K showing changes in the population of the
folded state; at pH 3.30, fragments are largely unfolded, and at pH
5.00, largely folded.

FIGURE 4: Comparison of portions of the 1D NMR spectra of the
fragment complex (a) and native ubiquitin (b) at pH 7.0 and 298
K and of the NH to HR fingerprint region of the TOCSY spectra
of native ubiquitin (c) and the fragment complex [U(1-35) +
U(36-76)] (d) recorded in 90% H2O solution at 288 K and pH
4.0.
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low pH (24). The Hε of His68 is well-resolved and was used
for monitoring the populations of the folded and unfolded
states in the pH range 2.9-5.0 and over a range of
concentrations of denaturant (0-7 M). A sigmoidal unfolding
curve is observed in each case that is completely reversible
upon dilution from high denaturant concentration, with the
midpoint of the unfolding transition occurring around 3.5-
4.0 M Gdn‚HCl. The linear extrapolation method was used
to estimate the stability of the folded state in water alone
(∆G°water) at pH 2.9, 3.9, and 5.0 (Figure 6) (43-46). The
stability of native ubiquitin under denaturing conditions
appears to be insensitive to pH in this range, within the
experimental error of the measurement [∆G°water ) -31
((1) kJ mol-1 at 298 K]. This contrasts with the stability of
the fragment complex, which shows a significant increase
in stability at higher pH. Similarly anomalous pH-dependent
effects on stability in the presence of denaturants have
recently been reported by Ibarra-Molero et al. (19) and are
discussed in detail below.

A complete thermodynamic description of the folding-
unfolding transition for ubiquitin has been determined in an
analogous fashion to that described above by measuring the
temperature dependence of the folded population in 4 M
Gdn‚HCl at pH 4.0 by NMR (Figure 7). Under these
conditions both the folded and unfolded states are roughly
equally populated at 298 K, as judged by a number of well-
resolved NMR signals that are clearly split into two forms.
Thus, although the relative stability of the folded and
unfolded conformations are similar (∆G° ≈ 0), the NMR
data show that the two states are in slow exchange, indicating
a large kinetic barrier that ensures the cooperative integrity
and specificity of the folded state. The protein shows a clear
stability maximum (∆S° ) 0) at 300 K, with denaturation
occurring both above and below this temperature, in agree-
ment with previous studies that indicate that ubiquitin
undergoes cold denaturation (18, 19). Folding is endothermic
in the presence of Gdn‚HCl denaturant and is associated with
a large change in heat capacity, as estimated from the fit to
the experimental data with eq 2. Calculated parameters are
shown in Table 1.

Cost of a Bimolecular Association.One method of
assessing the stability of the native structure arising from

covalent attachment of the two fragments is to use “effective
molarity” as a measure of entropic cooperativity (47). The
effective molarityKeff represents the ratio of equilibrium
constants for the unimolecular (Kuni) and bimolecular as-
sociation (Kassn) processes (Keff ) Kuni/Kassn). We have
compared theKassnvalues for fragment complexation shown
in Figure 3 with theKuni values for native ubiquitin derived
calorimetrically from the DSC measurements of Ibarra-
Molero et al. (19). The latter were estimated over a relatively
small pH range of 2-4 because of the high thermal stability
of ubiquitin close to physiological pH. In contrast, our data
were collected in the range 3.8-7.0; below pH 3.8 complex
formation is more difficult to quantitate. The linear relation-
ship that we observe between complex stability and pH has
enabled us to extrapolate the data to pH 3.0. The very
different slope of the stability-pH plot for fragment com-
plexation, compared with the native structure, results in a
very strong pH dependence ofKeff, which is small at pH 3.0
(Keff ≈ 5 M), indicating only marginally different stabilities,
rising to Keff ≈ 100 M at pH 4.0, all at 298 K. A similar
analysis of the folding of fragments of the B1 domain of
protein G yields aKeff value of≈6 M at pH 5.9 and 298 K,
although pH-dependent effects were not investigated (14).

We have also calculatedKeff values using data derived
from the linear extrapolation method. Here we see very little
pH dependence of ubiquitin stability, as already discussed.
As a resultKeff is smaller at pH 4.0,≈200 M versus≈600
M at pH 3.0, 298 K. Even over this limited pH range, these
are surprisingly small numbers given that much larger values
(102-109 M) are measured experimentally for covalent bond
formation in a variety of inter- versus intramolecular reac-
tions of small organic molecules (48). One possible explana-
tion for the small values ofKeff is that “fraying” of the free
ends of the polypeptide chain at the cleavage site, compared
with the highly restricted backbone in the native protein
structure, may significantly offset the entropic cost of the
bimolecular association (see below). In the present study,
consecutive proline residues (Pro37 and Pro38) are found
immediately adjacent to the cleavage site (Figure 1). It is
conceivable that the absence of strain at this junction in the
complex of the two fragments could partially offset the cost
of the bimolecular association.

Several other groups have assessed the stability of frag-
ment complexes of a number of other small proteins of
comparable size to ubiquitin. Stabilities generally seem to
be larger than reported in this work (Kassn) 2.6× 104 M-1

at pH 6.0), although there is some variability of the conditions
under which the studies were conducted. Chymotrypsin
inhibitor 2 (CI-2) has aKassnvalue estimated to be (1-2.5)
× 107 M-1 at pH 6.3 (13), while a fragment complex of the
B1 domain of protein G hasKassn≈ 1 × 105 M-1 at pH 5.5
(14), and barnase hasKassn ≈ 1.7 × 106 M-1 (11), all of
which are more stable than the ubiquitin complex.

Nucleation Sites for Folding: Conformational Analysis
of the Isolated Fragments.The U(1-35) N-terminal peptide,
and several truncated analogues, have been studied in
solution by NMR (30). A high degree of nativelike structure
has been reported in 60% aqueous methanol, in which the
â-hairpin (residues 1-17) andR-helical portions (residues
21-34) of the sequence are significantly populated. More
recently, theâ-hairpin peptide has been examined in detail
in purely aqueous solution where there is good evidence from

FIGURE 5: Temperature dependence of the free energy of associa-
tion (∆G°assn) of the peptide fragments U(1-35) and U(36-76)
determined from the relative populations of the folded and unfolded
states by1H NMR signal intensities (fragment concentrations of 1
mM at pH 4.0). The line of best fit to eq 2, from nonlinear
regression analysis, is shown (correlation coefficientR ) 0.98);
thermodynamic parameters for folding are presented in Table 1.
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NOE data for a small population of nativelike structure (31).
Our own results are consistent with these findings (unpub-
lished data).

In addition, we have investigated the isolatedR-helical
peptide (residues 21-35) for evidence of autonomous folding
in water. The core residues of the helix, namely contiguous
residues from V26 through to I30, show small upfield
deviations of HR shifts from random coil values of≈0.1
ppm, and deviations of3JNH-HR values in the range 0.4-0.9
Hz, suggesting the presence of some nascent helical structure.
Upon addition of methanol or trifluoroethanol, the peptide
is observed by far-UV CD to undergo a cooperative transition
to the folded state with a high proportion of helix present
above 30% trifluoroethanol (data not shown). Much larger

deviations of HR shifts of between 0.2 and 0.4 ppm for I23
through to Q31, and deviations of3JNH-HR values> 2 Hz,
support this conclusion. We have calculated a family of
structures for theR-helical sequence from NOE data collected
in 40% aqueous TFE solution. We see a large number ofi,
i + 3 NH to HR NOEs and side-chain-side-chain interac-
tions consistent with core helical structure. However, the
C-terminal five residues are relatively disordered, showing
few characteristicR-helical NOEs even under the helix-
forcing conditions employed. Using the linear extrapolation
method and assuming a two-state model for folding of the
N-terminal residues of the helix (11, 49), we have fitted the
sigmoidal solvent-induced folding curve observed by CD
(θ222) and estimate the stability of the helix in water at 298
K to be≈+9 kJ mol-1 (folded population of≈3%). Structure
prediction with AGADIR (50) similarly indicated a very low
population of folded helix in water over a range of pHs.

The C-terminal peptide U(36-76) has also been investi-
gated by CD and NMR for evidence of residual structure in
aqueous solution. The CD spectrum of U(36-76) shows a
negative absorption at∼200 nm, indicative of largely random
coil conformation (Figure 8). However, titration with metha-
nol results in an increase in negative ellipticity at 208 and
222 nm and increasingly positive ellipticity at 194 nm. These
features are consistent with a structural transition to an
ensemble of highly populatedR-helical conformations in the
presence of the organic cosolvent. Similarly, the methanol
denatured state of native ubiquitin also shows a high
propensity to adopt nonnative secondary structure, as also
reported by others (51-53). The chemical shift dispersion
of U(36-76) is sufficiently poor in aqueous solution that
complete and specific assignment of all backbone NH and
HR resonances was difficult to obtain. Narrow line widths
are indicative of rapid conformational averaging about
backboneφ andψ angles. The seven Leu residues of U(36-

Table 1: Thermodynamic Parameters (∆H°, ∆S°, and∆Cp° at 298 K and Extrapolated to 333 K) for Fragment Complexation and Ubiquitin
Folding

∆H° (kJ mol-1) ∆S° (J K-1 mol-1) ∆Cp° (J K-1 mol-1)

U(1-35) + U(36-76), NMR at 298 K -37.5 ((1.6) -61.3 ((5.4) -3904 ((280)
U(1-35) + U(36-76), NMR extrapolated to 333 K -174 ((10) -494 ((35) -3904 ((280)
native ubiquitin, NMR at 298 K +9.8 ((1.5) +31.3 ((5.3) -5180 ((244)
native ubiquitin, NMR extrapolated to 333 K -171 ((9) -544 ((26) -5180 ((244)
native ubiquitin, DSC at 333 Ka -208 -561 -3760

a DSC data from Wintrode et al. (20); errors not given.

FIGURE 6: Linear extrapolation plots for native ubiquitin showing
the free energy of folding at 298 K as a function of Gdn‚HCl
concentration at pH 2.9 (O), 3.9 (0) and 5.0 (2) (in all cases
correlation coefficientR > 0.98); populations of the folded and
unfolded states, which are in slow exchange on the NMR time scale,
were measured from the1H NMR signal intensity of the Hε of
His68 for 1 mM samples of ubiquitin

FIGURE 7: Temperature-dependent stability of native ubiquitin (1
mM concentration, pH 4.0 in 4.0 M Gdn‚HCl) determined from
the relative populations of the folded and unfolded states estimated
from 1H NMR signal intensities. The line of best fit is that from
nonlinear regression analysis (correlation coefficientR > 0.98);
thermodynamic parameters for folding are presented in Table 1.

FIGURE 8: Far-UV CD spectra of peptide U(36-76) recorded at
293 K as a function of aqueous methanol concentration (0-50%
v/v); mean residue ellipticityθ is expressed in degrees times square
centimeters per decimole× 10-3.
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76), which occur largely inâ-sheet within the C-terminal
half of native ubiquitin, have HR chemical shifts in the range
4.07-4.35 ppm indicating upfield deviations of up to≈0.3
ppm from random coil values (54-56). Thus, even in
aqueous solution there is the suggestion that some residue
backbone torsion angles are sampling nonnativeR-helical
conformational space.

Previous studies have shown that methanol is a less potent
R-helix-inducing solvent than trifluoroethanol (TFE), fre-
quently promoting nativelike secondary structure formation
without the nonspecific solvation effects that are associated
with the helix-forcing tendencies of TFE (57-59). In a
peptide derived from the N-terminus of ferredoxin, we
showed that methanol cosolvent only promoted formation
of a nativelikeâ-hairpin, while TFE at low concentrations
produced a complex equilibrium involving both sheet and
nonnative helical structure. It is noteworthy that in the
methanol titration with U(36-76) the equilibrium is readily
displaced from random coil toR-helical structure, despite
theâ-sheet propensity of many of the residues in this peptide
fragment in native ubiquitin. Cox et al. (30) showed that the
accuracy of secondary structure prediction calculations on
ubiquitin is much higher in the N-terminal portion of the
sequence (residues 1-35) than in the C-terminus (residues
36-76) and that secondary structure in the C-terminal
segment would appear to be largely imposed by tertiary
interactions from residues in remote parts of the sequence.
The observed effects of the methanol titration in inducing
R-helical structure we attribute to nonspecific solvation
effects in a sequence that has a low intrinsic nativelike
structural propensity.

DISCUSSION

pH-Dependent Stability of the Fragment Complex and
NatiVe Ubiquitin.Using the linear extrapolation method (33,
43-46), we have estimated the stability of native ubiquitin
in water at a number of different pHs. The stability is largely
insensitive to pH over the range 2.9-5.0 in the presence of
denaturant. In contrast, association of the peptide fragments,
which we assess in water alone from the population of the
folded and unfolded states, shows a significant pH depen-
dence (Figure 3). Since polar side chains are largely solvent-
exposed on the protein surface and ionic interactions are
likely to contribute to protein stability through salt bridges,
changes in pH are expected to change the ionization states
of some residues (particularly carboxylate groups over the
low pH range studied), resulting in disruption of these
charge-charge interactions and a reduction in overall stabil-
ity (23, 60-63). Recent studies using both the linear
extrapolation method from high guanidine hydrochloride
concentration, in parallel with calorimetry methods in pure
water, have highlighted a similar discrepancy in the effects
of denaturants on pH-dependent stabilities (19). One expla-
nation is that the effect of high concentrations of protein
denaturant is to “screen” ionic interactions between side
chains (23, 64), as recently demonstrated for ionic interac-
tions between helices in myoglobin (65). Guanidine hydro-
chloride is likely to be particularly effective in binding to
surface exposed charged groups either through the guani-
dinium cation or chloride anion such that the overall
contribution to protein stability of surface salt bridges is
likely to be small and, as a consequence, relatively pH-

insensitive. It is noteworthy that other proteins do show
significant pH-dependent stabilities determined from guani-
dine-induced denaturation curves (66, 67), suggesting that
some charge-charge interactions on the surface of proteins
do benefit from partial surface burial and reduced access to
solvent and denaturants. The slope (m) of the linear
extrapolation plot of∆G° as a function of [Gdn‚HCl] also
appears to be invariant with pH, within experimental error
(Figure 6). This observation suggests that changes in the
solvent-accessible surface area between the folded and
unfolded states varies little as a function of pH, although
other studies have identified pH-dependent effects, which
have been interpreted in terms of an “expansion” of the
unfolded state through electrostatic repulsions of positive
charges at low pH (66). It seems highly likely that the pH
invariance of∆G° andm values for ubiquitin derived from
the linear extrapolation method find a common origin in the
screening effects of denaturant strongly masking the effects
of pH on specific charge-charge interactions (19).

The slope of∆G°assnversus pH for fragment complexation,
and∆G° versus pH for folding of native ubiquitin, should
give some indication of the extent to which surface-exposed
ionic interactions contribute to the overall stability of the
two structures in the absence of the denaturant (68). In Figure
3, we plot the pH-dependent stability profile of the fragment
complex, which gives a slopempH ) -3.7 kJ mol-1 per unit
of pH. In contrast the data for native ubiquitin derived from
the calorimetry data of Ibarra-Molero et al. (19), also in the
absence of denaturant, has a significantly larger value ofmpH

≈ -15 kJ mol-1 per unit of pH over the linear portion of
their plot (pH 2.5-3.5). Ibarra-Molero et al. (19) similarly
investigated the pH-dependent stability profile of yeast
ubiquitin that differs from the bovine protein in three
conservative substitutions (P19S, E24D, and A28S, all in
the N-terminal helix and preceding loop region) but has
essentially the same structure (69). Despite these small
sequence differences, the stability is markedly reduced (∆G°
≈ -22 kJ mol-1 versus-30 kJ mol-1 at pH 4), with the
yeast protein showing a less pronounced pH-dependent
stability profile with slopempH of ≈-10 kJ mol-1 per unit
of pH (over the pH range 2-4). This is despite the fact that
there is no difference in the nature and number of ionizable
groups between the two proteins. As our data show, further
destabilization of the structure through fragmentation results
in a further reduction inmpH. One possible explanation for
the lower sensitivity to pH of the fragment complex is that
the structure is less compact and considerably more dynamic
(“molten globule-like”) in nature, such that surface interac-
tions have an intrinsically smaller contribution to the stability
of the complex than in the native state. The difference
between the bovine and yeast structures is less obvious since
X-ray analysis shows them to have similar compact folds
(69). Alternatively, there could be differences in solvent
accessibility in the unfolded states that are more difficult to
assess (70). Shortle and Meeker (67) have shown that point
mutations do affect apparentm values for staphylococcal
nuclease mutants, which they attribute to changes in the
denatured ensemble, although deviations from a two-state
unfolding model have been suggested as an alternative (65).

EVidence for a Compact NatiVelike Complex of the Peptide
Fragments.The possibility of a molten globule state for the
fragment complex has been examined by comparing the
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chemical shift perturbations of HR resonances from random
coil values with those for the native protein under similar
conditions. As has previously been argued (10, 71), the
magnitude of downfield shifts of HR resonances in protein
â-sheets is, in large part, a consequence of the anisotropic
effects of carbonyl groups on the opposing strand. The
magnitude of HR shifts should, therefore, be correlated with
mean hydrogen-bonding distance or “compactness” of the
folded state (72). HR chemical shifts in the complex show
all the hallmarks of a compact cooperatively folded structure
(54, 55). A number of buried methyl groups have substantial
ring current shifts in the native structure (see Figure 4) and
show analogous shifts in the fragment complex, suggesting
a similar highly organized hydrophobic core. Although the
stability of the fragment complex changes significantly with
pH, it is noticeable that the chemical shifts of the folded
state are largely insensitive to pH, confirming that only the
overall stability, but not the cooperative integrity of the
nativelike folded structure, changes with pH. Manyâ-sheet
NH and HR resonances of the fragment complex are well-
resolved in the TOCSY spectrum in H2O (Figure 4), showing
similarity with the native protein, consistent with theâ-sheet
core of the fragment complex retaining a similar hydrogen-
bonded network as the native state. It is evident from the
TOCSY data in Figure 4 that although many cross-peaks in
the fingerprint region have similar shifts, the spectra are not
identical. Focusing on clearly resolved downfield-shifted HR
resonances that belong to residues that lie inâ-sheet (δHR
> 4.8 ppm) reveals differences of typically 0-0.2 ppm that
suggest some minor structural rearrangement or repacking
of side chains, in agreement with other fragment complex-
ation studies (12, 13). These are not necessarily a conse-
quence of a “loosening” of the structure because a number
of HR resonances appear to be further downfield in the
â-sheet of the fragment complex, rather than shifted back
toward the random coil values.

TheR-helical residues are less readily identified on account
of overlap with signals from the uncomplexed fragments
U(1-35) and U(36-76), which are also present in the
TOCSY fingerprint region. However, in studies of the
isolated R-helical fragment U(21-35) in strongly helix-
inducing TFE solution, the C-terminal five residues are quite
disordered, suggesting that significant helix fraying in the
fragment complex is also a possibility. The latter observation
perhaps offers an explanation for the relatively small value
of Keff (ratio of stability constants for the unimolecular versus
bimolecular folding process). On one hand, the fraying of
the “loose ends” of both the N- and C-terminal fragments
may help to lower the entropic cost of the bimolecular
association, while the same part of the peptide backbone in
the native structure will be more rigidly constrained. Of
course, some small loss of hydrophobic surface burial
between helix and sheet, as a consequence of end fraying,
may also need to be factored into the equation. On the other
hand, some global structural optimization through relief of
strain energy may also be beneficial to fragment complex-
ation. Overall, the fragment complex retains a largely
nativelike compact fold, folding and unfolding in a highly
cooperative fashion in response to changes in temperature
and pH.

Thermodynamics of Folding: Fragment Complexation
Versus NatiVe Structure.The temperature dependence of the

population of the folded state in equilibrium with the
unfolded form has proved a powerful method for determining
the thermodynamics of folding of both the fragment complex
and native ubiquitin by NMR. The data (presented in Table
1) have been determined at 298 K and are therefore most
accurate at this temperature. Our estimate of∆Cp° for folding
of native ubiquitin of-5.2 ((0.3) kJ mol-1 K-1 compares
favorably with extrapolated calorimetric estimates of∆Cp°
at 298K from Woolfson et al. (21) of -4.8 ((0.5) kJ mol-1

K-1, Wintrode et al. (20) of -5.7 kJ mol-1 K-1, and Ibarra-
Molero et al. (19) of -3.76 ((0.8) kJ mol-1 K-1, the latter
from analogous studies in Gdn‚HCl, where cold denaturation
is also observed by differential scanning calorimetry (DSC)
analysis. By comparison, the change in heat capacity for
fragment association at 298 K, estimated from the data in
Figure 5, gives a value of-3.9 ((0.3) kJ mol-1 K-1, in
reasonable agreement with the above data, given the rela-
tively large uncertainties in some of these parameters. The
data suggest that association of the fragments leads to similar
changes in buried surface area, in support of the structural
similarities already highlighted.

In many cases, good agreement has been reported between
thermodynamic parameters for folding derived from thermal
(DSC) and chemical denaturation methods (66, 73). When
we compare∆H° and∆S° for fragment complexation versus
folding of native ubiquitin we see some differences. While
fragment complexation at 298 K is enthalpy-driven and has
an adverse entropy term (Table 1), the data for native
ubiquitin derived from Figure 5 show folding to be margin-
ally entropy-driven with a small adverse enthalpy term. To
permit comparisons between different data sets for different
proteins, Robertson and Murphy (73) have extrapolated∆H°
and ∆S° to a common temperature (333 K) using experi-
mental values for∆Cp°. Data from DSC measurements on
native ubiquitin at aTm of 333 K give∆H°333 of -208 kJ
mol-1 and∆S°333 of -561 J K-1 mol-1. Extrapolation from
our NMR denaturation data to 333 K shows reasonable
agreement (∆H°333 ) -172 kJ mol-1 and∆S°333 ) -544 J
K-1 mol-1), indicating that these parameters are reproducible
by different methods (66). Extrapolation of the data for
fragment complexation to 333 K (∆H°333 ) -174 kJ mol-1

and ∆S°333 ) -494 J K-1 mol-1) also shows consistency
with the data for the native protein. The similarities in∆H°
for the unimolecular versus bimolecular process suggest that
nativelike electrostatic and van der Waals interactions in the
fragment complex are firmly established. Given the uncer-
tainties in∆Cp° measurements and the fact that our param-
eters are measured at 298 K, these similarities must be
considered in the context of potentially large extrapolation
errors.

Mechanism for Ubiquitin Folding and Implications for
Fragment Association.Early hydrogen-bonding events in the
folding of bovine ubiquitin have been investigated by
hydrogen-deuterium exchange labeling in conjunction with
rapid mixing techniques. Amide protons in theâ-sheet and
R-helix, as well as protons at the sheet/helix interface, have
been shown to be protected in an initial 8 ms folding phase
(24), indicating that these two elements of structure form in
a common cooperative folding event. Gladwin and Evans
(25) have shown, on an even faster time scale, that any
secondary structure formation must occur only marginally
ahead of a major cooperative event. The observation of
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residual nativelike structure in the isolated N-terminal
â-hairpin (1-17) (31), and a very low population of nascent
R-helical conformation in fragment 21-35, as described here,
is consistent with these marginally populated elements of
structure acting as folding nucleation sites. The close
proximity of these two elements of structure within the
N-terminal half of the sequence, both of which are encom-
passed within peptide U(1-35), suggests the possibility that
the mechanism of fragment complexation may also be a
consequence of this half of the protein sequence acting as a
nucleating template around which the two fragments are able
to fold. On entropic grounds,â-hairpin andR-helix coales-
cence within U(1-35) requires the loss of a minimum
amount of conformational entropy to bring these two
elements of structure into close proximity, with partial
formation of the hydrophobic core.

Surface area burial within the folded N- and C-terminal
fragments, and at the interface between the associated
fragments, has been modeled with the X-ray coordinates of
the native folded structure (26), and random coil conforma-
tions generated for fragments 1-35 and 36-76 and for
unfolded native ubiquitin with molecular dynamics simula-
tions and energy minimization. Roughly similar proportions
of nonpolar surface area are buried in the folding of the
isolated fragments 1-35 and 36-76 and at the interface
between the two folded components. These are 31%, 33%,
and 36%, respectively, of the total surface area buried in
the folding of native ubiquitin. In the case of the N-terminal
fragment, hydrophobic burial involves largely elements of
regular secondary structure, but in the C-terminal fragment
core hydrophobic interactions are formed by less regular
elements of structure (flexible loop regions) that are brought
together by the overall folded topology (Figure 1). Associa-
tion of the two fragments leads to the consolidation of the
hydrophobic core of the protein. Analysis of intra- and
interfragment hydrophobic surface area burial suggests that
a major cooperative folding event for fragment complexation,
analogous to that described by Gladwin and Evans (25) for
the folding of native ubiquitin, could involve simultaneous
hydrophobic burial within each partially folded fragment and
at the fragment interface.

Recently, Plaxco et al. (74) introduced the term “relative
contact order” to quantify the overall complexity of a protein
fold. This parameter provides a measure of the average
distance in sequence between interacting residues, normalized
with respect to the chain length. Their data showed that there
is a good correlation between the folding rate and contact
order, with low values of the latter being associated with
faster folding. Chiti et al. (75) have shown that different
proteins with similar topologies but different contact orders,
as a result of different loop sizes or lengths of elements of
secondary structure, show different folding rates, in support
of this model. The implication of these results is that any
transition state must gain enough structure for further
conversion to the native state to occur rapidly. This implies
that nucleation events would benefit from a few stabilizing
interactions between portions of the polypeptide chain for
which there is a small entropic penalty for bringing these
regions together (76). Thus, “partial” contact orders within
regions of the polypeptide chain may provide some insight
into possible nucleation sites for folding.

Examining the complexation of ubiquitin fragments within
this framework suggests that the N-terminal portion of the
sequence provides the most likely nucleation site around
which fragment complexation can take place. Calculation
of contact orders (COs) for native ubiquitin (0.151) and
partial contact orders for the two fragments [0.124 for U(1-
35) and 0.172 for U(36-76)] (K. Plaxco, personal com-
munication) is consistent with this suggestion, with the U(1-
35) fragment having the lowest partial CO value. The
evidence from studies of the smaller peptide fragments U(1-
17) (31), and to a much lesser extent U(21-35), that low
levels of nativelike structure persist adds further weight to
this conclusion. Protein engineering methods, coupled with
detailed kinetic analysis, have suggested that residues in the
N-terminal half of the sequence are involved in a productive
intermediate that is populated at an early stage in the folding
process (77). In the case of the C-terminal peptide fragment,
NMR evidence in water from chemical shift data, together
with the solvent-induced effects seen in aqueous methanol
by CD, show that U(36-76) readily adopts nonnative
R-helical structure. These data demonstrate a very low
intrinsic nativelike structural propensity for fragment U(36-
76) that must be imposed by tertiary interactions in the native
state.
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