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The peripheral subunit-binding domain from the dihydrolipoamide
acetyltransferase (E2) component of the pyruvate dehydrogenase multi-
enzyme complex from Bacillus stearothermophilus is stably folded, despite
its short sequence of only 43 amino acid residues. A 41 residue peptide
derived from this domain, psbd41, undergoes a cooperative thermal
unfolding transition with a tm of 54�C. This three-helix protein is mono-
meric as judged by ultracentrifugation and concentration-dependent CD
measurements. Peptides corresponding to the individual helices are
largely unstructured both alone and in combination, indicating that the
unusual stability of this protein does not arise solely from unusually
stable a-helices. Chemical denaturation by guanidine hydrochloride is
also cooperative with a �GH2O of 3.1 kcal molÿ1 at pH 8.0 and 25�C. The
chemical denaturation is broad with an m-value of 760 cal molÿ1 Mÿ1.
psbd41 contains a buried aspartate residue at position 34 that may pro-
vide stability and speci®city to the fold. A mutant peptide, psbd41Asn
was synthesized in which the buried aspartate residue was mutated to
asparagine. This peptide still folds cooperatively and it is monomeric, but
is much less thermostable than the wild-type with a tm of only 31�C.
Chemical denaturations at 4�C give an m-value of 740 cal molÿ1 Mÿ1,
similar to the wild-type, but the stability �GH2O is only 1.4 kcal molÿ1.
Both the wild-type and the mutant unfold at extremes of pH, but at 4�C
psbd41Asn is folded over a narrower pH range than the wild-type.
Although the mutant unfolds cooperatively by thermal and by chemical
denaturation, its NMR spectrum is signi®cantly broader than that of the
wild-type and it binds ANS. These results show that Asp34 is vital for
the stability and speci®city of this structure, the second smallest natural
sequence known to fold in the absence of disul®de bonds or metal or
ligand-binding sites.
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Introduction

Although there are a number of small to mid-
sized peptides that are able to adopt signi®cant
helical structure in isolation, there are very few
examples of small proteins of less than 60 resi-
dues that are able to adopt a stable tertiary struc-
ture. Until recently, the only small monomeric
proteins known to fold with a unique tertiary
structure contained either disul®de bonds, ligand-
binding sites, metal coordination sites, or unna-
tural amino acids. Now, however, there are sev-
eral known examples of small domains with
amino acid sequences that are unremarkable but
that acquire a stable tertiary fold (Alexander et al.,
1992; Bottomley et al., 1994; Yu et al., 1992; Kalia
et al., 1993; Clarke et al., 1994; Wilkstrom et al.,
1994; Kraulis et al., 1996; McKnight et al., 1996,
1997; Dahiyat & Mayo, 1997). Of these, only
three contain less than 50 amino acid residues
(Kalia et al., 1993; McKnight et al., 1996, 1997;
Dahiyat & Mayo, 1997). Such proteins offer inter-
esting model systems for the study of protein
folding. Their small size makes them ideal for
computational approaches and makes them
attractive targets for de novo design. Furthermore,
it often means that they can be prepared by solid
phase peptide synthesis, allowing the incorpor-
ation of unnatural amino acids. In addition, ther-
modynamic arguments suggest that they should
be, at best, only marginally stable (Privalov,
1992). Thus, elucidating the interactions that
stabilize these folds should contribute to our
understanding of protein folding.

One such small protein is the peripheral subunit-
binding domain of the dihydrolipoamide acetyl-
transferase component (E2) of the pyruvate dehy-
drogenase multienzyme complex from Bacillus
stearothermophilus. This three-helix domain
(Figure 1) was originally isolated from the larger
structure by limited proteolysis (Duckworth et al.,
1982; Packman et al., 1988). It comprises 43 amino
acid residues, and its structure was solved by
NMR (Kalia et al., 1993). Its sequence is:

1 11 21 31 41

VIAMPSVRKY AREKGVDIRL VQGTGKNGRV LKEDIDAFLA GGA

The domain contains a structured core of 33 amino
acid residues comprising two parallel a-helices,
Val7 to Lys14 and Lys32 to Leu39, connected by a
loop that contains a short stretch of 310 helix from
Asp17 to Val21. The overall fold is very similar to
the dimerization domain of the E3 subunit (dihy-
drolipoyl dehydrogenase) of the pyruvate dehy-
drogenase multienzyme complex from Azobacter
vinelandii (Brocklehurst et al., 1994). The loop
remains structured and packs against the two
helices as a result of a novel hydrogen bonding
network involving the buried, charged Asp34 side-
chain and the backbone amide groups of Gly23,
Thr24, Gly25 and Leu31 as well as the side-chain
hydroxyl group of Thr24. Furthermore, the NMR
data show many slowly exchanging amide pro-
tons, providing additional evidence for a unique,
stably folded structure. No long-range NOEs were
observed from the N-terminal six residues or from
the C-terminal four residues, suggesting that only
a 33 residue core from Val7-Leu39 is structured;
however, Ala40, Gly41 and Gly42 all show some
protection from hydrogen-deuterium exchange,
indicating that they participate in some sort of
structure, and the segment from Met4 to Ser6
appears to adopt a right-handed helical confor-
mation (Kalia et al., 1993). These studies have
established the structure of this domain but it is
not known whether the peripheral subunit-binding
domain unfolds cooperatively, nor has the role of
the buried aspartate residue been investigated.

Here, we show that a 41 residue peptide derived
from the peripheral subunit-binding domain
undergoes cooperative folding transitions. Peptides
corresponding to each of the helices are largely
unstructured, both alone and in combination,
suggesting that this unusually small domain is not
stabilized simply by a sequence of high helix-form-
ing propensity. Although a mutant in which the
buried aspartic acid side-chain is replaced by
asparagine also folds cooperatively, it shows much
lower thermal and chemical stability than the wild-
type and has a narrower pH range in which it is
stable, indicating an important role for the buried

aspartate residue in stabilizing and specifying the
tertiary fold.

Results and Discussion

A 41 residue peptide, psbd41, corresponding to
the sequence Ala3 to Gly43 of the peripheral sub-
unit-binding domain was synthesized. Figure 2A
shows the far-UV circular dichroism (CD) spec-
trum of psbd41 at pH 7.1. This peptide is 33% heli-
cal, based on mean residue ellipticity at 222 nm
(Figure 2A). Considering only a-helical residues
and not those in the 310 helix, the expected value is

Figure 1. MOLSCRIPT ®gure (Kraulis, 1991) of the
peripheral subunit-binding domain (Kalia et al., 1993).
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39% helix. Observed helicities calculated from CD
do not always match the values predicted from the
structures because, for several reasons, CD spectra
can be dif®cult to interpret. First, the rotational
strength of the transitions that contribute to the
helical bands is strongly dependent on local back-
bone geometry, the length of the helices, and the
presence or absence of aromatic residues (Manning
& Woody, 1991; Woody, 1978; Chakrabartty et al.,

1993). In addition, the CD spectrum of 310 helices
is not completely understood (Manning & Woody,
1991). These caveats regarding the interpretation of
CD spectra suggest that the discrepancies between
helical contents observed by CD and those calcu-
lated from NMR or X-ray crystal structures are
intrinsic to CD spectroscopy and do not necessarily
arise from differences in structure. psbd41 shows
far-UV CD characteristic of a helical peptide with a
double minimum at 222 and 208 nm (Figure 2A),
and it has a positive band with a maximum at
about 280 nm in the near-UV, indicating that the
sole tyrosine residue (Tyr10) is in an asymmetric
environment (Figure 2B). A near-UV CD signal is
often taken as evidence for the formation of a
tightly packed hydrophobic core typical of a com-
pact, folded structure rather than a molten globule-
like structure. Ring current shifted methyl reson-
ances observed in the one-dimensional proton
NMR spectrum (top spectrum, Figure 2C) also pro-
vide evidence of a well-packed hydrophobic core.
Furthermore, NMR spectra of psbd41 (NOESY,
DQF-COSY and TOCSY, data not shown) indicate
that most residues have chemical shifts nearly
identical with those reported by Kalia et al. (1993),
suggesting that it adopts the same structure as the
full-length 43 residue peripheral subunit-binding
domain. The spectra were taken under different
conditions (295 K, pH 5.0 for the studies by Kalia
et al. (1993) compared with 288 K, pH 5.3 in this
study), so slight differences are not unexpected.
Except near the N terminus, very few resonances
differ by more than 0.12 ppm. The chemical shifts
of protons in the N-terminal ®ve residues differ
between 0.22 and 0.26 ppm relative to the values
reported by Kalia et al. (1993). These larger differ-
ences near the N terminus may be due to the
absence of two residues in psbd41 relative to the
complete peripheral subunit-binding domain.

Many small protein domains are known to oligo-
merize, and in the pyruvate dehydrogenase multi-
enzyme complex from A. vinelandii there is a
dimerization interface that has a topology similar
to that of the domain studied here (Brocklehurst
et al., 1994). Hence, it is important to establish that
psbd41 is monomeric under the conditions of the
experiments reported here. Analytical ultracentrifu-
gation experiments on a 234 mM sample show that
psbd41 is monomeric. The data were ®t using an
ideal single-species model with the molecular mass
treated as an adjustable parameter (Figure 3). The
apparent molecular mass of 4450(�160) Da is in
good agreement with the true value of 4430 Da. In
addition, the mean residue ellipticity at 222 nm is
independent of concentration over the measured
range of 130 mM to 3.05 mM (data not shown).
Thus, unlike its structural analog from the E3 sub-
unit, psbd41 is monomeric over the concentration
range used in these studies.

One reason that such a small structure might be
folded is if the individual helices are particularly
stable. To address this possibility, two peptides
corresponding to the ®rst helix (denoted helix

Figure 2. A, Far-UV CD spectra of 403 mM psbd41 at
25�C (®lled circles) and 46.6 mM psbd41Asn at 4�C
(open circles). The spectra were recorded in 2 mM
sodium phosphate, 2 mM sodium citrate, 2 mM sodium
borate, 50 mM NaCl (pH 7). B, Near-UV CD spectrum
of 77.5 mM psbd41 in 2 mM sodium phosphate, 2 mM
sodium citrate, 2 mM sodium borate, 50 mM NaCl
(pH 8) at 25�C. C, One-dimensional proton NMR spec-
tra of psbd41 at 25�C (top) and psbd41Asn at 4�C
(bottom).
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1(P5-V16) and helix 1(A3-V16) with residue num-
bers corresponding to positions in the full-length
43 residue domain) and a third corresponding to
the second helix (helix 2 (Leu31-Ala43)) were syn-
thesized. The Chou & Fasman (1978) secondary
structure prediction program predicts that residues
3 to 15 and 28 to 41 will be helical, but according
to several helix-forming propensity scales (O'Neil
& DeGrado, 1990; Wojcik et al., 1990), the residues
in the helices have only a moderate propensity to
adopt a helical structure. In addition, AGADIR
(Munoz & Serrano, 1994, 1995a,b) predicts a very
low helix content. As judged by CD, helix 1(P5-
V16) and helix 2 were largely unstructured at 25�C
and at 4�C over the pH range of 2 to 12. At pH 7
and 25�C, the estimated helix content of helix 1(P5-
V16) is less than 12%, while that for helix 1(A3-
V16) is less than 11% using the equations given by
Rohl & Baldwin (1997). The estimated helix content
for helix 2 is less than 20% using the same
equations. There is no change in the helical content
when the two peptides are mixed. The spectrum
obtained from a mixture of helix 1(P5-V16) and
helix 2 was equal to the sum of the spectra of the
individual peptides (Figure 4). Differences at the
lowest wavelengths are most likely the result of
either light-scattering or absorbance artifacts due
to the higher peptide concentration in the solution
containing both peptides. The same result was
observed for a mixture of helix 1(A3-V16) and
helix 2. Thus the unusual stability of the peripheral
subunit-binding domain can not be due entirely to
a high intrinsic stability of the isolated helices.

Thermal and chemical denaturations of psbd41
were performed in order to study the equilibrium
thermodynamics of folding. Thermal denatura-
tions were monitored by both near and far-UV
CD at a variety of pH values and by one-dimen-
sional proton NMR at an apparent pH of 8
(Figure 5A). Values of tm and �H were extracted
from the melting curves by non-linear least-
squares ®tting of the data to the equation
reported by Tan et al. (1995). Thermal unfolding
is greater than 98% reversible at ionic strengths
of 50 mM (NaCl) or higher. Thermal denatura-
tions could also be followed with NMR because
the protein unfolds in the fast to intermediate
exchange regime. Plotting the fraction unfolded
versus temperature for denaturations at pH 8
monitored by near and far-UV CD and for appar-
ent pH 8 monitored by NMR results in coinci-
dent curves (Figure 5A), each with a tm value of
54�C, suggesting that thermal unfolding is a two-
state process. The tm values for the protein in
2H2O measured by near and far-UV CD are iden-
tical with those measured in H2O. The slight
deviation in the low-temperature baseline on the
curves of fraction unfolded versus temperature is
a result of the dif®culty in ®tting the pretransi-
tion region of the data. In addition, although the
transition regions essentially overlay, the NMR
data in the post-transition region are not a perfect
match with those from CD. Due to limits of the
NMR probe it was not possible to obtain post-
transition data at higher temperatures, making it
dif®cult to ®t the post-transition region of the
NMR data accurately. Despite these dif®culties,
tm values can be measured reliably because they
are the points of in¯ection in the transition
region.

Figure 3. Analytical ultracentrifugation of psbd41 shows
that it is monomeric. The absorbance at 288 nm is
plotted versus radial distance for a rotor speed of 50,000
rpm. The data were ®t to a single species allowing the
molecular mass to ¯oat. The apparent molecular mass
of 4450(�160) Da is in good agreement with the true
molecular mass of 4430 Da. The residuals, shown above
the absorbance versus radial distance plot, are random.

Figure 4. Far-UV CD spectra of helix 1(P5-V16) and
helix 2, alone and in combination. Filled circles, a
538 mM sample of helix 1(P5-V16). Open circles, a
238 mM sample of helix 2. Filled triangles, mathematical
sum of the spectra of helix 1(P5-V16) and helix 2. Open
triangles, spectrum of a solution containing both 538 mM
helix 1(P5-V16) plus 238 mM helix 2. All spectra were
recorded at 25�C in 2 mM sodium phosphate, 2 mM
sodium borate, 2 mM sodium citrate, 20 mM NaCl
(pH 7).
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Curve ®ts were repeated using �Cp values as
high as 0.645 kcal molÿ1 Kÿ1, the value predicted
empirically for the full 43 residue domain (Tan

et al., 1995; Pace et al., 1990), and as low as
0.3 kcal molÿ1 Kÿ1, the value calculated based on
change in accessible surface area (Myers et al.,
1995). Both the tm and the �H values extracted
from the curve ®t were insensitive to the value of
�Cp used. The tm value obtained from the curve
®ts is identical for all three techniques, but �H is
very sensitive to the way the pre-transition region
is de®ned. The values of �H obtained from the
various spectroscopic techniques range from 26 to
42 kcal molÿ1. Although this is a wide range, these
values of �H are within the normal range expected
for globular proteins on a per residue basis
(Privalov & Gill, 1988).

In principle, �Cp can be determined to a high
degree of accuracy by measuring �H as a function
of temperature. Typically, changes in pH are used
to alter the tm, and �H at the midpoint is extracted
by ®tting the thermal denaturation curves using
the Gibbs-Helmholtz equation. However, psbd41
has no group that titrates between pH 4.8 and
pH 9, so the tm value is nearly independent of pH.
The narrow range of this parameter precludes the
accurate determination of �Cp.

Chemical denaturations were also monitored by
far-UV CD. At 25�C, the unfolding transition
induced by guanidine hydrochloride (GdnHCl) is
greater than 98% reversible, and is broad but coop-
erative (Figure 5B). The m-value for denaturation
by GdnHCl is 760(�130) cal molÿ1 Mÿ1. Extrapol-
ation to 0 M GdnHCl provides an estimated stab-
ility in water of 3.1(�0.5) kcal molÿ1.

The m-value of chemical denaturation is an
indication of the change in accessible surface area
(�ASA) between the native and denatured states
(Tanford, 1970). For a small protein, one would
expect a small �ASA value, and therefore a small
m-value and a broad unfolding transition. Using
the ACCESS routine from the WHAT IF software
package (EMBL, Heidelberg, Germany; Vriend,
1990) and the distinction that N and O atoms
are polar and all other atoms are non-polar
(Spolar et al., 1992), �ASApol � 1121 AÊ 2 and
�ASAnp � 1532 AÊ 2 between the native confor-
mation and an extended b-conformation. From
these values, an m-value of 836 cal molÿ1 Mÿ1 is
calculated using the equation provided by Myers
et al. (1995). This calculated value is within the
error of the curve ®t to the data from which the
experimental value was determined. The small net
change in accessible surface area accounts for the
broad chemical denaturation transition.

Buried charges are rare in proteins because the
desolvation of a charge is extremely unfavorable.
When they occur, the charge is usually involved in
a salt-bridge, or occasionally in a hydrogen bond-
ing network, and is usually important either to
structure or function. Since Asp34 is buried, its
function cannot be in peripheral subunit binding,
and so its role must be structural. In addition to
the hydrogen bonding network, the charge may be
stabilized by favorable interactions with the macro-
dipole of helix 2. Buried polar residues have been

Figure 5. A, Thermal denaturation of psbd41 at pH 8.0.
Filled circles, near-UV CD (280 nm) of 915 mM psbd41.
Open circles, far-UV CD (222 nm) of 61 mM psbd41.
Filled triangles, NMR ± chemical shift of Tyr10 Cd pro-
ton. Data are normalized to fraction unfolded. B, Dena-
turation by GdnHCl of 121 mM psbd41 (®lled circles)
and 83 mM psbd41Asn (open circles). Denaturation was
monitored by far-UV CD at 222 nm in a 1 mm cuvette
at 25�C for psbd41 and at 4�C for psbd41Asn. C, Ther-
mal denaturation of 915 mM psbd41 (®lled circles) and
614 mM psbd41Asn (open circles) monitored by near-UV
CD at 280 nm. Data are normalized to fraction of maxi-
mal change in ellipticity.
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shown to play a role in the speci®city of structure
formation (Betz et al., 1993; Hendsch & Tidor, 1994;
Nobbs et al., 1994; Lumb & Kim, 1995; Raleigh
et al., 1995; Schueler & Margalit, 1995; Gonzalez
et al., 1996), perhaps by preventing the formation
of alternative structures.

To investigate the role of the buried aspartic acid
residue, a mutant peptide was synthesized in
which Asp34 was replaced with an asparagine resi-
due (psbd41Asn). Analytical ultracentrifugation
shows that the peptide is monomeric at 142 mM. In
addition, the tm measured for psbd41Asn is inde-
pendent of concentration from 36 mM to 614 mM,
suggesting that the peptide remains monomeric
within this concentration range. By far-UV CD, at
pH 7.0 and 25�C, this peptide is less structured
than the wild-type, with a CD signal at 222 nm
corresponding to 23% helix content. Upon lower-
ing the temperature to 4�C, the helical content
increases to 26% (Figure 2A) and psbd41Asn devel-
ops a near-UV CD signal closer to that of the wild-
type.

Thermal denaturations show that psbd41Asn
folds cooperatively, but it has a signi®cantly lower
tm than that of psbd41, with a value of 31�C
compared to 54�C for the wild-type (Figure 5C).
Denaturations by GdnHCl provide further evi-
dence that the asparagine mutation is destabilizing
(Figure 5B). The denaturation was performed at
4�C because psbd41Asn is partially unfolded at
25�C. Denaturations by GdnHCl are 90%
reversible, and the m-value of denaturation is
740 cal molÿ1 Mÿ1, which is very similar to the
value for the wild-type, 760 cal molÿ1 Mÿ1.
However, the midpoint is only 1.9 M GdnHCl for
psbd41Asn and the stability �GH2O is
1.4 kcal molÿ1. Ideally, the stability of the mutant
should be compared to that of the wild-type at the
same temperature, but even at 10�C there was
insuf®cient post-transition data for the wild-type to
determine a �GH2O value. The midpoint for the
wild-type at this temperature is at least 5 M
GdnHCl. At 25�C, the stability of psbd41 is
3.1 kcal molÿ1 and the midpoint is 4.1 M GdnHCl.

One-dimensional proton NMR spectra of
psbd41Asn at 4�C indicate the presence of ring cur-
rent shifted methyl resonances, as observed for the
wild-type sequence; however, the majority of res-
onances in the spectrum are much broader than
expected for a monomeric protein that folds into a
unique structure. For example, the linewidth of the
most up®eld shifted methyl resonance is two to
three times broader for the mutant protein than for
the wild-type and, unlike the wild-type, the J-coup-
ling is no longer resolved (bottom spectrum,
Figure 2C). Spectra of the mutant were recorded at
concentrations of 300 mM and 3 mM and were
identical, so it is highly unlikely that the increased
linewidth is due to aggregation.

The increased linewidth is reminiscent of the
spectra observed for proteins in the molten globule
state or for some designed proteins that are known
to have ¯exible, loosely packed hydrophobic cores.

In these cases, the increase in linewidth is con-
sidered to be due to intermediate exchange beha-
vior occurring on the millisecond timescale or
faster (Baum et al., 1989), although there may be a
contribution to the observed linewidths due to
exchange between the folded and unfolded confor-
mations. The NMR study suggests that there is
some conformational ¯exibility in psbd41Asn.
Titrations with 1-anilinonapthalene-8-sulfonate
(ANS) were performed to determine whether it
would bind to psbd41Asn. ANS binds to hydro-
phobic surfaces on molten globules, but it does not
bind to unfolded or, with few exceptions, to native
proteins. When it binds, its ¯uorescence quantum
yield increases, and the emission maximum shifts
from 515 nm for free ANS in water to near
490 nm. Unlike the wild-type sequence, psbd41Asn
appears to bind ANS. The ¯uorescence emission
maximum shifts from 515 nm to 490 nm, and the
¯uorescence intensity increases ®vefold. In con-
trast, no change is observed in the emission maxi-
mum for the wild-type, and the ¯uorescence
intensity increases only slightly.

Since psbd41Asn has a near-UV CD signal and
ring current shifted methyl resonances, it does not
possess all the characteristics typical of a classic
molten globule (Kuwajima, 1989); rather, it
resembles more closely the structured molten glo-
bules (Morozova et al., 1995; Ptitsyn, 1996; Kay &
Baldwin, 1996). It is possible that psbd41Asn is less
stable than the wild-type sequence because the
asparagine side-chain is slightly larger than that of
aspartate and it cannot be accommodated in the
core of the structure, but a more likely explanation
is that asparagine cannot participate properly in
the hydrogen bonding network.

pH titrations also highlight the potential role of
Asp34 in specifying the tertiary fold. The wild-
type protein, psbd41, unfolds at extremes of pH.
pH titrations were monitored by both near and
far-UV CD at 25�C, and the signal changes sig-
moidally with pH. Plots of fraction unfolded ver-
sus pH are coincident, suggesting that pH-
induced unfolding is a two-state process. The
protein begins to unfold below pH 5.3, and the
transition is complete by pH 2.5. The midpoint is
approximately pH 3.4, which is about 0.5 pKa

unit lower than is typical for an aspartic or gluta-
mic acid side-chain. The protein also begins to
unfold above pH 10, most likely due to the
deprotonation of lysine, tyrosine and possibly
arginine residues. Since psbd41Asn is not fully
folded at 25�C, its pH behavior was compared to
that of the wild-type at a lower temperature. At
4�C, the wild-type protein becomes slightly more
stable to extremes of pH, unfolding above pH 11
and below pH 4 with a midpoint of approxi-
mately 2.9. The transition is not complete until
pH 2 (Figure 6). There are several reasons why
psbd41 might unfold at acidic and basic pH
values. Charge repulsion may play a role at
extremes of pH. Protonation of the acidic residues
would lead to a large positive charge on the pro-
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tein, and likewise the deprotonation of the basic
residues and the single tyrosine residue results in
a large negative charge. Loss of favorable local
electrostatic interactions may also destabilize the
protein at extremes of pH (Lyu et al., 1992;
Scholtz et al., 1993). Unfolding at low pH may
also be caused by the protonation of Asp34,
which would disrupt the hydrogen bonding net-
work, as does the psbd41Asn mutant, destabiliz-
ing the structure.

psbd41Asn also unfolds at extremes of pH, but
the range through which it is stable is narrower
than that for psbd41. At 4�C, the protein begins to
unfold above pH 9 and, unlike the wild-type, the
transition is nearly complete by pH 12. At acidic
pH values, psbd41Asn begins to unfold below
pH 5, with a midpoint of about 3.5, and the tran-
sition is complete by pH 2 (Figure 6). The fact that
psbd41Asn is destabilized at both low and high
values relative to psbd41 suggests that Asp34 is
very important to the stability of the peripheral
subunit-binding domain.

Conclusions

The cooperative unfolding transitions of psbd41
are in contrast to those of many small, folded pep-
tides and proteins that unfold with diffuse thermal
and chemical transitions. For example BBA1, a 23
residue b,b,a domain that was designed on the
basis of the zinc ®nger folding motif, folds inde-
pendently of zinc but contains a D-proline residue
and the non-natural amino acid 2-(1,10-phenan-
throl-2-yl)-L-alanine and has diffuse thermal and
chemical denaturations (Struthers et al., 1996).
Another recently designed structure was based on
the Z-domain of protein A, a three-helix bundle.
Since only two of the helices are involved in bind-
ing to immunoglobulin G, the third helix was
removed and the sequence was altered to stabilize
the smaller domain. The resulting 38 residue pep-
tide was helical and bound IgG with only fourfold
lower af®nity than the original 59 residue protein

(Braisted & Wells, 1996), but is not fully folded
even at low temperature. To increase the stability,
several changes were made to the sequence,
including the addition of a disul®de bond
(Starovasnik et al., 1997).

There is only one other example of such a small
natural protein that displays cooperative unfolding
transitions in the absence of disul®de bonds or
metal binding. McKnight et al. (1996) report the
thermodynamic characterization of another small
domain, HP-35, which was obtained by limited
proteolysis of the actin-binding protein villin.
A recent NMR structure shows that this 35 residue
peptide is also a three-helix protein, but with top-
ology very different from that of the peripheral
subunit-binding domain (McKnight et al., 1997).
Like psbd41, it shows cooperative thermal dena-
turation and chemical denaturation transitions. It is
more thermostable than the peripheral subunit-
binding domain, with a tm of 70�C, but chemical
denaturation by GdnHCl gave similar stability and
m-values. HP-35 has a �GH2O of 3.3 kcal molÿ1

and an m-value of 800 cal molÿ1 Mÿ1 at 4�C
(McKnight et al., 1996), compared to 3.1 kcal molÿ1

and 760 cal molÿ1 Mÿ1 for psbd41 at 25�C. High tm

values are commonly seen for small proteins, even
with low chemical stabilities (Alexander et al.,
1992).

We have shown that the peripheral subunit-
binding domain of the dihydrolipoamide
acetyltransferase component from the pyruvate
dehydrogenase multienzyme complex undergoes
cooperative folding transitions. psbd41 is mono-
meric up to at least 3.05 mM, and has a stability in
water, �GH2O, of 3.1 kcal molÿ1 and is reasonably
thermostable with a tm of 54�C. Though not an
extraordinarily stable structure, it is nevertheless
impressive that such a small protein is folded. In
addition, it appears that the buried aspartic acid
residue is vital for the speci®city of structure for-
mation and for the stability of this protein. This
small structure offers an attractive target for de
novo design efforts and provides a useful model
system with which to study both thermodynamics
and kinetics of protein folding.

Materials and Methods

Materials

PAL and PAL-PEG-PS resins were purchased from
Perseptive Biosystems (Framingham, MA). TBTU was
purchased from Advanced Chemtech (Louisville, KY).
Fmoc-protected amino acids were purchased from both
of these companies. ANS was purchased from Molecular
Probes (Eugene, OR). All other solvents and reagents
were from Fisher Scienti®c (Spring®eld, NJ).

Peptide synthesis and purification

Peptides were prepared by solid phase synthesis
using a Millipore 9050 Plus or Rainin PS-3 automated
peptide synthesizer and standard Fmoc chemistry. Five
peptides were synthesized. psbd41 corresponds to resi-

Figure 6. pH titrations of psbd41 and psbd41Asn at 4�C
monitoring far-UV CD at 222 nm. Open circles, 20.6 mM
psbd41. Filled triangles, 15.4 mM psbd41Asn.
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dues Ala3 to Ala43 of the peripheral subunit-binding
domain. psbd41Asn has the same sequence as psbd41,
except for the mutation of Asp34 to Asn. Helix 1(P5-V16)
corresponds to residues Pro5 through Val16, helix 1(A3-
V16) is Ala3 through Val16, and helix 2 is residues
Leu31 through Ala43. All peptides had acetylated N ter-
mini and amidated C termini. Residue numbers
correspond to positions in the full-length peripheral sub-
unit-binding domain. All peptides were puri®ed by
HPLC on a C18 reverse phase column (Vydac).
psbd41Asn, helix 1(P5-V16), helix 1(A3-V16) and helix 2
were puri®ed using a water/acetonitrile gradient con-
taining 0.1% (v/v) tri¯uoroacetic acid. psbd41 was puri-
®ed using ®rst a water/acetonitrile gradient containing
170 mM triethylamine phosphate (pH 2.5 to 3.0)
followed by a second step using a water/acetonitrile
gradient containing 0.1% tri¯uoroacetic acid. Peptides
were greater than 95% pure. Peptide identity was con-
®rmed by mass spectrometry. Electrospray ionization
(ESI) mass spectrometry gave a molecular mass of 4429.0
Da for psbd41 (expected 4430) and 1632.6 Da for helix
1(A3-V16) (expected 1631). Fast atomic bombardment
mass spectrometry (FAB) was used to determine a mol-
ecular mass of 4428.7 Da for psbd41Asn (expected
4428.2) and 1430.8 Da for helix 1(P5-V16) (expected
1430.6). Finally, helix 2 had a molecular mass of 1362.4
Da as determined by matrix assisted laser desorption
and ionization time of ¯ight (MALDI-TOF) mass spec-
trometry (expected 1361.5).

Circular dichroism

All CD experiments in this work were performed on
an Aviv 62A DS CD spectrophotometer in a buffer of
2 mM sodium phosphate, 2 mM sodium borate, 2 mM
sodium citrate containing 50 mM NaCl for psbd41 and
psbd41Asn or 20 mM NaCl for helix 1(P5-V16), helix
1(A3-V16) and helix 2. Far-UV CD spectra are the aver-
age of ®ve repeats in a 0.1 mm cuvette. Near-UV CD
spectra are the average of ten repeats in a 1 cm cuv-
ette. Except for helix 2, all peptide concentrations for
all experiments were determined by UV spectroscopy,
measuring the absorbance at 276 nm in 6 M GdnHCl,
20 mM NaH2PO4 using an extinction coef®cient of
1420 Mÿ1 cmÿ1. Since helix 2 contains no tyrosine or
tryptophan, its concentration was determined by amino
acid analysis performed in triplicate. Fraction helix was
calculated based on the molar ellipticity at 222 nm
using the equations given by Rohl & Baldwin (1997).
pH titrations were monitored by far-UV CD at 222 nm
and were performed by the addition of HCl to the
sample in a stirred 1 cm cuvette at either 25� or 4�C.
The concentration dependence of the CD of psbd41
was monitored at 25�C. The mean residue ellipticity
was measured at 222 nm for peptide concentrations of
130 mM to 3.05 mM at pH 8.0 and found to be inde-
pendent of concentration.

One-dimensional proton nuclear
magnetic resonance

One-dimensional spectra of 4 mM psbd41 and 3 mM
psbd41Asn were acquired with a Varian Instruments
Inova 500 MHz nuclear magentic resonance spec-
trometer using standard presaturation for water suppres-
sion. The peptides were dissolved in 90% H2O/10%
2H2O with 150 mM tetramethylsilylproprionate as a
chemical shift standard. Spectra of 3.5 mM psbd41 in

20 mM deuterated Tris in 2H2O (apparent pH 8.0, uncor-
rected pH meter reading) to monitor thermal denatura-
tion were measured on a Bruker AMX-600 using
standard presaturation for water suppression.

Analytical ultracentrifugation

Analytical ultracentrifugation was performed to test
whether psbd41 and psbd41Asn are monomeric. Exper-
iments were performed at 25�C with a Beckman XL-A
analytical ultracentrifuge using a rotor speed of
50,000 rpm; 12 mm pathlength, six-channel, charcoal-
®lled Epon cells with quartz windows were used. Ten
scans were averaged. Partial speci®c volumes were cal-
culated from the weighted average of the partial
speci®c volumes of the individual amino acids (Cohn
& Edsall, 1943). The HID program from the Analytical
Ultracentrifugation Facility at the University of Connec-
ticut was used for data analysis, and equilibrium sedi-
mentation analysis software running under Igor
(Wavemetrics, Lake Oswego, OR) using the algorithm
given by Johnson et al. (1981) was used for preparation
of the ®gures. The psbd41 sample was dialyzed against
10 mM sodium phosphate, 100 mM NaCl (pH 7.3),
while the psbd41Asn sample was dissolved in 2 mM
sodium phosphate, 2 mM sodium borate, 2 mM
sodium citrate, 50 mM NaCl (pH 8.0) and was not dia-
lyzed.

Analysis of unfolding curves

Thermal denaturations were performed at pH 8.0 and
monitored by far-UV CD (222 nm) or near-UV CD
(280 nm), or NMR, following the chemical shift of the Cd

proton of Tyr10 at 7.08 ppm. For CD experiments, pep-
tides were dissolved in 2 mM sodium phosphate, 2 mM
sodium borate, 2 mM sodium citrate, 50 mM NaCl, and
temperature was raised from 2� to 90�C by 2�C intervals.
CD was measured in a 5 mm cuvette, which was
allowed to equilibrate at each temperature for four min-
utes, and the signal was averaged for 60 seconds. CD
experiments were repeated in 2H2O. Reversibility was
ascertained by comparing the ellipticity at 2�C after a
thermal denaturation to the initial ellipticity at 2�C. Ther-
mal denaturations of psbd41 were greater than 98%
reversible and those of psbd41Asn were greater than
90% reversible. NMR spectra of 3.5 mM psbd41 in
20 mM deuterated Tris in 2H2O (apparent pH 8) were
acquired at 5 deg. C intervals in the pre- and post-tran-
sition regions (2 to 37�C, 62 to 77�C) and at 2.5�C inter-
vals in the transition region (37 to 62�C). The probe
temperature was calibrated with methanol between 2
and 22�C, and with ethylene glycol between 32 and 72�C
(Raiford et al., 1979). NMR data were analyzed using
Felix (BIOSYM Technologies) running on an Iris work-
station. All thermal denaturations were analyzed by
non-linear least-squares curve ®tting using SigmaPlot
(Jandel Scienti®c) and the equations reported by Tan et al.
(1995) after correction for the typographical error of a
factor of RT. Data are normalized to fraction unfolded or
fractional change in ellipticity.

Denaturations with GdnHCl were monitored by far-
UV CD at 222 nm in a 1 mm cuvette at 25�C for
121 mM psbd41 and 4�C for 83 mM psbd41Asn.
Samples were prepared by mixing the same volume of
peptide with varying ratios of buffer (2 mM sodium
phosphate (pH 8), 2 mM sodium borate, 2 mM sodium
citrate, 50 mM NaCl) and GdnHCl in the same buffer
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to give a constant peptide concentration and varying
GdnHCl concentrations. GdnHCl concentration was
measured by change in refractive index, using the
equation (Pace et al., 1990):

�GdnHCl� � 57:147��n� � 38:68��n�2 ÿ 91:60��n�3

Reversibility was ascertained by comparing the far-
UV CD spectrum of a sample prepared at a low con-
centration of GdnHCl to one ®rst prepared in a high
concentration of GdnHCl, incubated overnight, and
then diluted to the low concentration of GdnHCl.
Denaturations of psbd41 were greater than 98%
reversible, and those for psbd41Asn were greater
than 90% reversible. Data were analyzed by non-line-
ar least-squares curve ®tting using SigmaPlot (Jandel
Scienti®c). Experimentally determined m-values were
compared to those determined theoretically from the
data reported by Myers et al. (1995) based on change
in accessible surface area. The accessible surface area
of the folded state was determined using the pro-
gram WHAT IF (EMBL, Heidelberg, Germany;
Vriend, 1990) to analyze the best representative struc-
ture from the ensemble of NMR-derived structures.
The structure was identi®ed using the program
NMRCLUST by Kelley et al. (1996).

ANS titrations

psbd41Asn was dissolved in 2 mM sodium citrate,
2 mM sodium borate, 2 mM sodium phosphate (pH 7.3),
50 mM NaCl to 1.37 mM. ANS was dissolved in metha-
nol, and its concentration was measured using an extinc-
tion coef®cient of 6800 Mÿ1 cmÿ1 at 370 nm. An aliquot
of ANS was diluted in the phosphate buffer to achieve a
concentration of 10 mM ANS. This sample was titrated
with psbd41Asn, and ¯uorescence was measured at 5�C
for protein concentrations ranging from 0 to 101.4 mM.
The sample was excited at 370 nm and the emission
spectrum was measured from 400 nm to 600 nm. The
experiment was repeated, titrating with a 627 mM sample
of psbd41 to achieve protein concentrations ranging
from 0 to 46 mM and measuring ANS ¯uorescence at
25�C.
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