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Abstract

A growing class of proteins in biological processes has been found to be unfolded on isolation under normal
solution conditions. We have used NMR spectroscopy to characterize the structural and dynamic properties
of the unfolded and partially folded states of a 52-residue alanine-rich protein (Ala-14) at temperatures from
−5°C to 40°C. At 40°C, alanine residues in Ala-14 adopt � and � angles, consistent with a significant
ensemble population of polyproline II conformation. Analysis of relaxation rates in the protein reveals that
a series of residues, Gln 35–Ala 36–Ala 37–Lys 38–Asp 39–Asp 40–Ala 41–Ala 42, displays slow motional
dynamics at both −5°C and 40°C. Temperature-dependent chemical shift changes indicate that this region
is the site of helix initiation. The remaining N-terminal residues become increasingly dynamic as they extend
from the nucleation site. The C terminus remains dynamic and changes less with temperature, indicating it
is relatively unstructured. Ala-14 provides a high-resolution portrait of the unfolded state and the process of
helix nucleation and propagation in the absence of tertiary contacts, information that bears on early events
in protein folding.
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Up to 40% of residues in globular proteins have dihedral
angles within the �-helix region, making this the most
prevalent secondary structural element in proteins (Hov-
möller et al. 2002). The factors that determine �-helix struc-
ture have been intensively investigated experimentally and
theoretically, and several algorithms have been developed
that attempt to predict the helical structure present in a given
sequence under specified conditions of solvent and tempera-
ture (Baldwin 1995; Munoz and Serrano 1995b; Rohl and
Baldwin 1998). Despite these efforts, there remain impor-
tant unresolved questions concerning the transition state,
stability, and dynamics of helix formation in nascent folding
proteins as well as model peptides (Sosnick et al. 1996;

Eaton et al. 1997; Myers and Oas 1999). One issue concerns
the extent to which alternative structures, including 3/10 or
pi helices, contribute to helix formation (Daggett and Levitt
1992). A second concerns the conformational manifold of
the unfolded state itself (Wright and Dyson 1999; Shortle
and Ackerman 2001). Unfolded proteins have been asserted
to contain significant amounts of polyproline II structure in
addition to residual � or � structure (Shi et al. 2002). A third
centers on the role of local side chain–side chain and side
chain–main chain interactions in controlling the nucleation
and localization of helix structure within a sequence (Mu-
noz and Serrano 1995b; Aurora and Rose 1998).

Most information concerning isolated �-helix formation
(as opposed to �-helical assemblies such as helical bundles
and coiled coils) has emerged from analysis of peptide mod-
els, starting with Baldwin’s classic series of Ala-rich pep-
tides (Baldwin 1995) and extending by now to a large set of
model sequences. Early work on simple short peptide frag-
ments attempted to assess the roles of helix nucleation,
propagation, capping, and side chain–side chain interac-
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tions, and effects of charges and dipoles on helix formation
(Kallenbach et al. 1996). Many helices in proteins are am-
phipathic, allowing strong interactions among their nonpo-
lar segments with polar interactions at the surface. This has
been demonstrated for a family of coiled-coil proteins, in
which bulky hydrophobic side chains at positions a and d of
a heptad repeat form specific interfacial interactions (“knobs-
into-holes”) between helices (Lupas 1997). Because helix
formation is a complex interplay among different interac-
tions, quantitatively evaluating the contribution of the par-
ticipating forces has proven challenging, and no entirely
satisfactory predictive scheme for �-helix formation is now
available. In part this is because the diversity of interactions
among side chains and backbone groups is large (Doig and
Baldwin 1995; Munoz 2001): long side chains in principle
can interact with vicinal side chains up to eight residues
away, making the library of needed pair-wise interactions
extensive. Moreover, there remain issues concerning the
additivity of free energy effects for pairs of side chains that
lie within interaction range. There is then a need to analyze
the process of helix nucleation and propagation at the high-
est possible resolution, in order to improve helix prediction
for folding algorithms as well as to understand the process
of nascent helix formation in protein folding.

Here we investigate the structural properties of the 52-
residue polypeptide Ala-14 in solution using a series of
isotope-edited NMR experiments to monitor dynamics and
conformational preferences of individual side chains. We
demonstrate that the alanine residues in Ala-14 favor a
polyproline II (PII) conformation at 40°C, showing that
length and heterogeneity in sequence do not inhibit the pro-
pensity of alanine for assuming PII structure. Other residues
can also be seen to have PII conformation, in most cases to
a lesser extent than alanine. We identify a helix nucleation
site located between residues 37 and 42 in Ala-14; these
residues have H-bonded amides and lower mobility at low
and high temperatures. Local side chain–side chain interac-
tions determine the location of this site rather than the ala-

nine content per se. As temperature is lowered, propagation
from this site is detected extending preferentially toward the
N terminus of the molecule. These results present a detailed
portrait of the structure of this nascent folding process in a
unimolecular chain: the disordered structure is limited to
subsets of the Ramachandran space in the case of the Ala
residues, and helix propagation occurs from the C-terminal
third of the protein and proceeds most clearly toward the N
terminus in the absence of tertiary contacts.

Results

Ala-14

Ala-14 is a 52-residue recombinant protein that contains
alanine residues at all the hydrophobic a and d positions of
the heptad-repeat sequence of the Escherichia coli outer
membrane lipoprotein (Fig. 1A; Shu et al. 2000; Liu and Lu
2002). Previous studies have shown that Ala-14 is largely
unfolded under normal solution conditions, although it can
form a well-defined trimeric alanine zipper in the crystalline
state (Fig. 1B; Liu and Lu 2002). A network of long-range
intermolecular interactions observed in the crystal structure
of Ala-14 is thought to control its folding into an �-helical
trimer structure (Liu and Lu 2002). On the other hand,
Ala-14 is monomeric in solution even at high protein con-
centrations (Fig. 2A). On the basis of CD measurements at
0°C, Ala-14 contains ∼ 20% �-helical structure (Fig. 2B).
CD spectra of Ala-14 in the presence of increasing concen-
trations of the chemical denaturant GdmCl show a weak
positive band at ∼ 220 nm (Fig. 2B). This type of spectrum
has been observed in unfolded polypeptides (Tiffany and
Krimm 1968; Rippon and Walton 1971; Drake et al. 1988;
Woody 1992; Park et al. 1997) and has been assigned to the
polyproline II helical structure (Woody 1992; Sreerama and
Woody 1994; Bhatnagar and Gough 1996; Shi et al. 2002).
Ala-14 offers an ideal model in which to investigate the
structure, folding, and dynamics of isolated helix formation

Figure 1. Ala-14 forms a parallel triple-stranded �-helical coiled coil in crystals. (A) Sequence of Ala-14. The alanine residues that
occupy the A and D positions comprising the core of the alanine-zipper trimer interface are shown in bold. (B) A side view of the crystal
structure of the Ala-14 trimer (residues 3–50).
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in a polypeptide chain of 52 amino acids, substantially
larger than most model peptides.

Heteronuclear assignments

In order to evaluate the conformational properties of Ala-14,
we produced singly (15N) and doubly (15N/13C) labeled
Ala-14 and performed a series of NMR experiments for
assigning the backbone resonances of the protein to their
respective locations within the protein sequence. The mo-
nomeric state of Ala-14 in our samples was confirmed using
sedimentation equilibrium analysis at concentrations of 1.2
mM to 3.6 mM. The 1H–15N HSQC spectra of Ala-14 at
40°C and −5°C are shown in Figure 3. At 40°C, the spectra
display sharp peaks and a pronounced lack of chemical shift

dispersion consistent with a predominantly disordered con-
formation. Reduction in temperature to −5°C improved
resolution in the 1HN chemical shifts. The standard devia-
tions of all 1HN chemical shifts are 0.12 (40°C), 0.16
(15°C), and 0.20 (−5°C); they markedly increase with low-
ered temperature. The 15N chemical shifts display a slight
reduction in resonance dispersion, with standard deviations
of 3.21 (40°C), 3.16 (15°C), and 2.99 (−5°C). The 2D
HSQC spectra of Ala-14 at different protein concentrations
(100 �M, 500 �M, and 1 mM) at −5°C showed no detect-
able changes in either the chemical shifts or relative peak
intensities, indicating no weak association under NMR con-
ditions. Thus, the spectral changes of Ala-14 between 40°C
and −5°C represent conformational changes within the iso-
lated monomer.

The heteronuclear backbone assignments of Ala-14 were
obtained for residues Ser 2 through Ala 52 using the triple
resonance experiments (HNCO [Kay et al. 1994], HNCACB
[Wittekind and Mueller 1993], HNCA [Farmer et al. 1992],
and HCACO [Grzesiek and Bax 1993]) to establish nearest-

Figure 3. Superposition of the 600-MHz proton-nitrogen correlation
(HSQC) spectra of Ala-14 in 50 mM sodium phosphate (pH 5.8) at −5°C
(blue) and 40°C (red). Residue-specific assignments of the backbone 1H
and 15N frequencies are indicated except Ser 1 in the −5°C spectrum and
Ser 1, Ser 2 in the 40°C spectrum.

Figure 2. Ala-14 is largely unfolded in solution. (A) Representative sedi-
mentation equilibrium data (34 krpm) of Ala-14 collected at 4°C in 50 mM
sodium phosphate (pH 5.8) in ∼ 6 mg mL−1 protein concentration. The
natural logarithm of the absorbance at 232 nm is plotted against the square
of the radial position. Lines indicate the expected slopes for monomeric,
dimeric, and trimeric states. The random distribution of residuals indicates
that the data fit well to an ideal single-species model. (B) Circular dichro-
ism spectra of a 10 mg mL−1 solution of Ala-14 in PBS (pH 7.0) and 0°C
as a function of GdmCl concentration.
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neighbor connectivities. Resonances of the 20 Ala residues
and several repeated stretches of the Ala-14 sequence at
−5°C overlapped. To shift the various overlapping peaks,
we collected the HNCA and HNCO spectra of Ala-14 at
15°C. Heteronuclear assignments were extended to other
temperatures for 1HN, 15N, 13C�, and 13C� chemical shifts.
The 1HN

(i)–
15N(i) chemical shifts were transferred to higher

temperatures using 2D 1H–15N HSQC. Two-dimensional
H(N)CA and H(N)CO spectra, omitting the nitrogen-evolu-
tion period, were used to obtain 2D 1HN

(i)–
13C�

(i) and 2D
1HN

(i)–
13C�(i-1) correlations, respectively, at additional tem-

peratures. The chemical shift assignments transferred by
temperature titration were verified by collection of 3D
HNCA, HNCACB, HNCO, and HCACO spectra at 40°C.
The assignments were checked by collection of the 1H–15N
HSQC-NOESY-HSQC (Zhang et al. 1997) at −5°C for
identification of the 1HN

(i)–
1HN

(i + 1) NOEs. The sequential
NOE cross-peaks were observed in a continuous stretch
from residues 2 through 51 at −5°C. The backbone chemical
shift assignments for Ala-14 at −5°C, 15°C, and 40°C are
given in Electronic Supplemental Material.

Chemical shifts

The deviation of chemical shifts from their random-coil
values (�� � �obs − �coil) is dependent on the �, � back-
bone torsion angles and the local chemical environment,
and therefore provides a highly sensitive indicator of sec-
ondary structural propensities (Wishart et al. 1991). Given
the fact that the chemical shifts of both native and nonnative
proteins are temperature dependent (Shalongo et al. 1994),
the temperature dependence of the random-coil chemical
shifts (�coil) is necessary to allow meaningful comparison of
�� values at different temperatures. The values of �� were
corrected for the temperature-dependent chemical shifts for
each atom as shown

�� ( T) = �obs − �coil + ( T − 25°C )( ��coil��T) ( 1)

where �coil is the reference value for the amino-acid-specific
random-coil chemical shift given at T � 25°C, and ��coil/�T
is the temperature-dependent correction factor for the ran-
dom-coil chemical shifts of a particular nuclei. Estimates of
��coil/�T were measured using chemical shift data collected
on Ala 14 at 30°C, 35°C, and 40°C. The 15% trimmed mean
of ��coil/�T was used to exclude outliners, and the values of
��coil/�T obtained were ��HN/�T � −4.3 ± 0.7, ��H�/
�T � 1.6 ± 0.6, ��N/�T � −5.3 ± 0.9, ��C�/�T � −8.2 ± 2.9,
��C�/�T � 1.4 ± 5.8, and ��C�/�T � 8.3 ± 3.8 ppb/K. The
values measured are slightly smaller in amplitude than pre-
viously measured values of the so-called random-coil tem-
perature-dependent shifts observed in other peptides and
proteins (Shalongo et al. 1994). Corrected values of �� are
presented for the 1H�, 1HN, 13C�, 13C�, 13C�, and 15N nuclei
in Figure 4. At 40°C, the chemical shifts display only mar-
ginal variation from random-coil values. This is consistent

with a predominantly unstructured sequence with ��C�

showing a slight bias toward helix and ��C� toward �-struc-
ture whereas the ��C� and ��H� shifts show no structural
preference. On cooling to −5°C, positive values are ob-
served for ��C� and ��C� with averages of 1.17 ± 0.73 and
1.27 ± 0.65 ppm, respectively, and negative values of both
��H� and ��C� with averages of −0.20 ± 0.06 and
−0.60 ± 0.32 ppm, respectively. The direction of the chemi-
cal shifts is consistent with a preference for �-helical con-
formation from residues Lys 5 through Asn 45, with the
largest shifts toward helical values observed for residues
Asp 33 through Arg 43 at −5°C. The amide ��HN values are
strongly dependent on hydrogen-bond length, which results
in a 3.6 per residue periodicity in the ��HN values in coiled-
coil sequences (Kuntz et al. 1991; Zhou et al. 1992; Bracken
et al. 1999). No periodicity is observed in the ��HN values
of Ala-14 at −5°C, indicating an absence of helical curva-

Figure 4. Chemical shift deviations from random-coil values for 13C� (A),
13C� (B), 13C� (C), and 1H� (DA) resonances of Ala 14 in 50 mM sodium
phosphate (pH 5.8) at −5°C (solid circles) and 40°C (open circles). The
positive values of 13C� and 13C� and negative values of 1H� are indicators
of �-helical structure.
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ture as seen in stable coiled coils (Blanco et al. 1992; Zhou
et al. 1992).

The chemical shift data were analyzed using the program
TALOS (Cornilescu et al. 1999). The program uses a data-
base of chemical shifts to empirically estimate the �, �
angles based on the chemical shifts of residues i and neigh-
boring residues i − 1 and i + 1. The program is designed for
prediction of �, � backbone torsion angles in native pro-
teins. Here it serves as a useful gauge of the extent and
ensemble preferences of partially folded structure within
Ala-14. At −5°C, 17 residues (25 residues contain eight or
more structural matches) within the sequence are assigned
to �-helical secondary structure by TALOS predictions.
These residues are 2, 3, 23, 27, 28, 30, and 33–43, with the
most strongly �-helical region extending from Gln 22 to
Asn 45. Extended structure is observed at the chain termini.
At 15°C, the number of residues predicted falls off sharply.
Only three residues, Ala 41, Ala 42, and Arg 43, are pre-
dicted to adopt �-helical conformation. Weaker indications
of helix are observed at adjacent residues Ala 34 to Asp 40
and Ala 44. At 40°C, a number of �, � angles are predicted
to fall in the PII conformational space (Table 1; residues 3,
5, 17,19, 26, 33, 50, and 51). Residues 41–43 are the sole
residues that indicate a weak preference for �-helical con-
formation, and all other residues are predicted to occupy
extended conformations in Ramachandran space with aver-
age predicted angles of � � −83°C and ��138°C.

Figure 5 illustrates the temperature dependence of the
13C� (��C�/�T) and 1HN (��HN/�T) resonances, obtained
by linear fits to data from low temperatures (−10°C, −5°C,
and 0°C) as well as high temperatures (30°C, 35°C, and
40°C). The values of ��C�/�T from 30°C to 40°C are small,
∼ −8 ppb/K. Low values of ��C�/�T have been observed in
both random-coil and fully structured residues. Larger de-
viations are generally attributable to population shifts be-
tween distinct chemical environments, folded and unfolded
conformations; for example, Ala 37 and Lys 38 display
��C�/�T <−20 ppb/K (Fig. 5B). The direction of change in
the ��C�/�T values for these residues is consistent with the
formation of helical conformation. At low temperatures, the
majority of the residues from Ala 4 to Ala 44 display ��C�/
�T values <−20 ppb/K. The direction of ��C�/�T is con-
sistent with the idea that a conformational shift toward
a more helical population occurs as the temperature is
lowered.

The values of ��HN/�T at high temperature are small,
−4.3 ± 0.7 ppb/K. Typically, ��HN/�T values of −6 ppb/K
are seen in random-coil sequences, whereas values around
−2 ppb/K are observed in hydrogen-bonded structures
(Merutka et al. 1995; Otlewski and Cierpicki 2001). Sub-
stantially larger or smaller values are generally attributed to
changes in conformational populations. Between 30°C and
40°C, the largest deviations are observed at residues 41 and
42 with values of −2.1 ± 0.3 and −2.3 ± 0.4, respectively

(Fig. 5A). On cooling, the ��HN/�T values measured from
−10°C to 0°C (Fig. 5C) deviate significantly from values
obtained from either “random-coil” or hydrogen-bonded

Table 1. Structural parameters of Ala 14 at 40°C

Residue

NMR measurements TALOS predictionsa NMR
measurements
IH�iNi/IH�iNi+1

3JHNH� (Hz) � � �

Ser 2
Asn 3 −78 ± 16 140 ± 21
Ala 4 −85 ± 17 136 ± 18
Lys 5 −82 ± 13 135 ± 20
Ala 6 6.1 ± 0.3 −75 −83 ± 15 140 ± 17
Asp 7 7.1 ± 0.3 −82 −81 ± 17 134 ± 21
Gln 8 −82 ± 19 137 ± 20
Ala 9 6.1 ± 0.1 −75 −86 ± 15 136 ± 19
Ser 10 7.0 ± 0.1 −81 −79 ± 15 142 ± 16
Ser 11 7.0 ± 1.0 −81 −85 ± 20 135 ± 19
Asp 12 7.0 ± 0.1 −81 −77 ± 17 139 ± 18
Ala 13 −87 ± 22 135 ± 16
Gln 14 7.3 ± 0.1 −83 −86 ± 12 144 ± 17
Thr 15 7.6 ± 0.3 −86 −91 ± 17 129 ± 16
Ala 16 5.9 ± 0.4 −73 −74 ± 16 144 ± 16 2.1 ± 0.2
Asn 17 7.5 ± 0.2 −85 −79 ± 17 139 ± 22
Ala 18 −90 ± 21 134 ± 20
Lys 19 7.4 ± 0.2 −84 −82 ± 13 135 ± 20
Ala 20 6.1 ± 0.1 −75 −83 ± 15 140 ± 17 0.3 ± 0.1
Asp 21 −83 ± 14 136 ± 22
Gln 22 −85 ± 18 139 ± 19
Ala 23 −86 ± 15 136 ± 19
Ser 24 7.0 ± 0.1 −81 −82 ± 15 138 ± 15
Asn 25 7.5 ± 0.2 −85 −77 ± 18 139 ± 18
Asp 26 6.7 ± 0.4 −79 −81 ± 15 140 ± 17
Ala 27
Asn 28 7.7 ± 0.2 −86 −79 ± 17 146 ± 12 1.2 ± 0.1
Ala 29 6.0 ± 0.3 −74
Ala 30 6.1 ± 0.1 −75 −84 ± 15 137 ± 20 2.1 ± 0.1
Arg 31 7.3 ± 0.2 −83 −86 ± 16 146 ± 10
Ser 32 6.9 ± 0.2 −80 −87 ± 16 132 ± 16
Asp 33 7.1 ± 0.1 −82 −78 ± 16 140 ± 17 2.1 ± 0.3
Ala 34 5.8 ± 0.1 −72 −78 ± 20 134 ± 16 3.3 ± 0.1
Gln 35 7.2 ± 0.2 −82 −81 ± 16 145 ± 10
Ala 36 −81 ± 16 138 ± 16
Ala 37 5.9 ± 0.1 −73 −74 ± 16 136 ± 17 1.9 ± 0.2
Lys 38 −79 ± 18 137 ± 14
Asp 39 −76 ± 17 134 ± 14
Asp 40 −75 ± 16 137 ± 13
Ala 41 −84 ± 16 −13 ± 11
Ala 42 5.9 ± 0.1 −73 −77 ± 14 −22 ± 18 4.0 ± 0.6
Arg 43 7.1 ± 0.1 −82 −90 ± 16 −7 ± 17
Ala 44 5.7 ± 0.3 −72 3.0 ± 0.2
Asn 45 7.5 ± 0.2 −85 −80 ± 17 139 ± 17
Gln 46
Arg 47 7.3 ± 0.3 −83 −84 ± 14 137 ± 18
Ala 48 6.4 ± 0.3 −77 −85 ± 15 143 ± 17
Asp 49 7.1 ± 0.4 −82 −90 ± 23 131 ± 27
Asn 50 −84 ± 17 136 ± 18
Ala 51 6.4 ± 0.2 −77 −95 ± 27 125 ± 21
Ala 52 7.3 ± 0.9 −83

a TALOS predictions with five or more chemical shift matches to the
database of structures are shown, and those with eight or more matches are
indicated in bold.
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structures; they range from a minimum value of −11 ppb/K
to a maximum value of +16 ppb/K. Such large variations in
chemical shift temperature gradients are observed in par-
tially folded structures (Anderson et al. 1997).

Collectively, the ��C�/�T and ��HN/�T values display
maximum variations in the C� (Ala 37, Lys 38) and HN (Ala
41, Ala 42) chemical shifts at high temperature that are
consistent with initial formation of i to i + 4 �-helical hy-
drogen bonding in this region of the protein. Between 0°C
and −10°C, the values of the temperature coefficients are
larger in magnitude than expected for either fully structured
or unstructured protein, indicating that the majority of the
residues are actively involved in a transition toward increas-
ing �-helical structure.

NOESY data

N15-edited NOESY spectra were recorded to verify the se-
quence-specific assignments and assess helical content. At
−5°C, NOESY spectra recorded with a 125-msec mixing
time confirm the presence of helical content with a continu-
ous stretch of dNN(i,i + 1) NOEs between residues 2 and 51.
Stable helical regions often display medium-range dNN(i,i + 3)

and dNN(i,i + 4) NOEs as well; however, at −5°C, we detect no
dNN NOEs beyond dNN(i,i + 1), possibly indicating a fluctuating
helical structure. At 40°C, the 15N NOESY-HSQC spectra
were recorded with a 300-msec mixing time. In contrast to

the NOE data collected at −5°C, no dNN(i,i + 1) NOEs are
present at high temperature; instead, numerous d�N and d�N

NOEs are observed. The degree of overlap in the H�, H�

and HN regions prevents unambiguous assignment of the
majority of these peaks. However, we could measure d�N(i)

and d�N(i + 1) NOEs for residues Ala 16, Ala 20, Asn 28, Ala
30, Asp 33, Ala 34, Ala 37, Ala 42, and Ala 44. The inten-
sities of the d�N(i) and d�N(i + 1) NOEs were quantitated to
calculate the ratio of d�N(i)/d�N(i + 1) NOEs. These ratios
vary as a function of � and � values adopted, thereby pro-
viding an indication of the region of Ramachandran space
occupied. For Ala-14, the d�N(i)/d�N(i + 1) ratios vary from 4
to 0.3 (see Table 1). The absence of amide–amide NOEs
indicates that little or no helical content is present at 40°C.

Scalar coupling constants

The 3JHNH� scalar coupling constants were measured using
2D HMQC-J experiments (Kuboniwa et al. 1994) at −5°C,
15°C, and 40°C. Initial measurements of 3JHNH� display
significantly lower values for all of the alanines. HMQC-J
experiments were verified using 15N-labeled ubiquitin, and
the resulting 3JHNH� values were in excellent agreement
with published values (Wang and Bax 1996). To increase
the accuracy of the HMQC-J experiments, we directly mea-
sured the T1

� proton relaxation rates using a 13C/15N-la-
beled Ala-14 sample dissolved in 100% D2O. The pulse

Figure 5. Temperature-dependent chemical shift deviations for the 13C� and 1HN resonances of Ala-14 at −5°C (A, B) and 40°C
(C, D). Both folded and unfolded structures display small temperature-dependent changes in the carbonyl chemical shifts ( ∼ 0–15 ppb;
panels B and D) and in the amide resonances (−2 to −7 ppb; panels A and C). Residues that undergo conformational transitions between
distinct chemical environments typically display greater variability in the temperature-dependent shifts. Large negative values for 13C�

resonances (<−20 ppb) indicate a transition toward helical structure.
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sequence used was a modified version of the HCACO ex-
periment, incorporating a selective 1H� longitudinal relax-
ation period prior to the HCACO transfer sequence. At
−5°C, the average T1

� relaxation times for the Ala residues
have slightly lower values (T1

�
Ala � 0.59 ± 0.03 sec) com-

pared with all other residues (T1
�

Other � 0.68 ± 0.02 sec).
These trends diminished at 15°C (T1

�
Ala � 0.56 ± 0.03 sec;

T1
�

Other � 0.55 ± 0.02 sec) and at 40°C (T1
�

Ala � 0.50 ± 0.01
sec; T1

�
Other � 0.47 ± 0.03 sec). The coupling constants for the

majority of residues were obtained at −5°C, those of Asp 21,
Ala 37, and Ala 42 excepted because of overlap; at 15°C,
residues 4, 5, 7, 8, 13, 14, 18, 21, 22, 36, 41, and 50 could
not be monitored. At 40°C, substantial peak degeneracy
obscured residues 3, 4, 5, 8, 13, 21, 22, 23, 27, 36, 38, 39,
40, 41, 46, and 50. At all temperatures, 3JHNH� values of Ala
residues are about 1 Hz lower than all nonalanine residues,
consistent with the lower average values of Ala residues
seen in “random-coil” models (Smith et al. 1996; Plaxco
et al. 1997). At −5°C, the average 3JHNH� values of the
alanine (excluding Ala 51, Ala 52) and nonalanine reso-
nances are 5.0 ± 0.3 Hz and 5.9 ± 0.5 Hz, respectively (Fig.
6A). Starting from the N terminus, the scalar coupling con-
stants gradually decline in value, with the lowest values
from residues Ala 29 through Ala 44 (4.9 ± 0.4 Hz). Resi-

dues 45–52 at the C terminus display significantly higher
3JHNH� values (6.6 ± 0.4 Hz). The trend in scalar couplings
is consistent with the presence of increasing helical content
as the temperature decreases. The 3JHNH� values acquired at
40°C range from 5.7 to 7.5 Hz, with the alanines (excluding
Ala 51, Ala 52) having a mean value of 6.0 ± 0.2 Hz com-
pared with 7.2 ± 0.3 Hz for other residues (excluding Ser 2,
Asn 3). The � angles calculated based on these coupling
constants indicate an average � � −74°C for the alanines
and � � −83°C for other residues. These values lie in a
region corresponding to � helical and PII conformation.

15N relaxation analysis
15N relaxation rates were measured using a sample with 1.5
mM monomer concentration of Ala-14 at −5°C and 40°C.
Values of the measured relaxation rates are given in the
Electronic Supplemental Material. Some of the relaxation
rates, Ser 1, for example, could not be measured because of
solvent exchange of the free N terminus, whereas other
residues were undetermined because of chemical shift de-
generacy, including Asp 7, Ala 20, and Asp 21 at −5°C, and
Lys 5, Gln 8, Ala 37, Lys 38, Asp 39, Asp 40, and Gln 46
at 40°C. The average R1, R2, and NOE relaxation rates for
residues 4 to 47 are, respectively, 1.44 ± 0.11, 10.2 ± 2.5,
and 0.39 ± 0.07 at −5°C; and 1.44 ± 0.08, 1.56 ± 0.13, and
−0.84 ± 0.17 at 40°C.

The absence of rigid structure in Ala-14 restricts the type
of dynamics analysis that can be applied, due to the lack of
a single overall correlation time and the complexity of in-
ternal motions. Reduced spectral density mapping provides
a simple analysis that requires no model assumptions, and
gives estimates of the spectral densities at J(0), J(	N), and
J(0.87	H), which contain contributions from overall as well
as local dynamics (Farrow et al. 1995a). At 40°C, the spec-
tral density values of J(0) and J(	N) between residues 5 and
30 reveal no particular trend, the average values of
J(0) � 0.21 ± 0.02 nsec and J(	N) � 0.20 ± 0.02 nsec (Fig.
7) indicating that fast subnanosecond motions are present.
However, the J(0) values for residues 36, 41, 42, and 43 are
slightly elevated compared with J(	N), indicating slightly
reduced motions in this region. In contrast, the spectral den-
sities calculated at −5°C display substantially slower mo-
tional processes overall (Fig. 7). The maximum values of
J(0) occur at residues Gln 35 to Asp 39, and the minimum
values of the J(0.87	H) occur from Gln 35 to Ala 44, indi-
cating that this region undergoes the slowest reorientational
motions in the protein. The J(0) values smoothly decrease
from Ala 37 to the N terminus, and the J(0.87	H) values
show a parallel increase in this same region: this indicates a
gradual transition to faster motions near the N terminus. The
dynamic motions increase more sharply going from Ala 37
toward the C terminus, indicating that the C-terminal end of
the protein displays greater flexibility. Data collected at

Figure 6. The JHNH� scalar coupling constants of Ala-14 at −5°C (A),
15°C (B), and 40°C (C). The alanine residues are shown as open circles,
and all other residues are shown as solid circles. The JHNH� values ob-
served in � helices typically range between 4.0 and 5.0 Hz.
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both −5°C and 40°C indicate slower motions centered near
Ala 37. If no structural changes occurred on cooling from
40°C to −5°C, then the J(0) values should scale with vis-
cosity and temperature (
/T), increasing by approximately
fourfold. Instead, we observe a 15-fold increase in the val-
ues of J(0) at −5°C compared with 40°C, indicating signifi-
cant structure formation increasing the effective correlation
time experienced by the peptide backbone.

Discussion

In one view of how proteins fold to their native conforma-
tion, local secondary structure formation has been assumed
to guide the process; this forms the basis of a hierarchical
model of folding (Baldwin and Rose 1999a,b). In this
model, short-range interactions lead to local regions of sec-
ondary structure that accrete cooperative structural elements
as the folding reaction proceeds. Ala-14 presents an unusual
opportunity to investigate the unfolded state in a chain of
substantial length. The process of helix formation and
propagation can be monitored in atomic detail despite lack
of a fixed native folded structure. Our results show that
initial helix formation in Ala-14 occurs between residues

36 and 42. Interestingly, this region is identified by the
AGADIR program (Munoz and Serrano 1995a,b; Lacroix
et al. 1998) as having the highest probability of helix for-
mation in the molecule, although numerically the prediction
does not match experiment. Our results also show that he-
lical structure propagates from this helix-nucleation site to-
ward the N terminus of the protein.

What is responsible for helix initiation at this site? In-
spection of the nucleating site and its immediate vicinity in
Ala-14, Ala 34–Gln 35–Ala 36–Ala 37–Lys 38–Asp 39–
Asp 40–Ala 41–Ala 42–Arg 43–Ala 44–Asn 45, reveals
several potential interactions that promote nascent helix for-
mation. In terms of propensities, this sequence is 50% Ala,
which is known to be helix stabilizing (Spek et al. 1999).
However, there is at least one other comparably Ala-rich
sequence in the protein, N terminal to this site. The presence
in this site of two Asp side chains with helix-terminating
capability points to a role for side chain–side chain interac-
tions. H-bonds and/or salt bridges between side chains at
positions i, i + 3, or i + 4 in helices also stabilize �-helix
structure (Marqusee and Baldwin 1987; Gans et al. 1991;
Lyu et al. 1992; Lavigne et al. 1996; Spek et al. 1998). Two
such interactions center on the pair of Asp side chains: one

Figure 7. Plots of the reduced spectral densities of Ala-14. (A) J(0) at −5°C. (B) J(	N) at −5°C. (C) J(0.87	H) at −5°C. (D) J(0) at
40°C. (E) J(	N) at 40°C. (F) J(0.87	H) at 40°C. Lower values of J(0) and higher values of J(0.87	H) indicate faster motions. The values
of J(	N) initially increase because of faster motions and then begin to rapidly decrease because of subnanosecond motions as seen in
the termini of the polypeptide chain.
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between Gln 35 and Asp 39, the second between Asp 40 and
Arg 43. This idea is supported by a substitution experiment
based on the AGADIR program. Replacement of Asp 39
and Asp 40 by Ala side chains decreases the predicted helix
content, despite the low propensity of Asp relative to Ala.
Thus, without site-directed mutagenesis or testing short
peptide models comprising the nucleation site, we can infer
reasonably that the presumptive side chain–side chain in-
teractions involving Asp 39 and Asp 40 have a role in
nucleating � helix. In addition, helix capping has been iden-
tified as a contributor to the stability of short helical seg-
ments (Aurora and Rose 1998). Possible capping occurs at
the N terminus via Ser 32 side-chain to Asn 35 main-chain
interactions. Potential C-terminal capping interactions are
possible by Asn through direct hydrogen-bond formation
between the Asn side chain and exposed backbone amide
protons (Gong et al. 1995). Asn 45 in the nucleation site of
Ala-14 might thus act as a termination signal, preventing the
helix from reaching the C terminus, and account for the
strong preferential propagation toward the N terminus.

The presence in the GCN4 leucine-zipper dimer of a short
region near the C terminus with high helical probability
based on AGADIR predictions has previously been pro-
posed to nucleate dimer folding via a collision-diffusion
mechanism (Holtzer et al. 1997; Myers and Oas 1999, 2002;
Zitzewitz et al. 2000). Whether or not it plays a role in
nucleating trimer formation, the region in which we detect
initiation of helix formation in Ala-14 is native to the parent
Lpp-56 sequence (Shu et al. 2000). The region is highly
conserved among gram-negative bacteria as well.

On nucleation, helix formation in Ala-14 occurs in the
absence of intermolecular association, and no colligative
effects were observed under all conditions used. Cooling
increases the overall helical content, which builds at the site
of initiation and the surrounding sequence. Motions in the
ps-ns regime, probed using NMR relaxation analysis, point
to the most stable region occurring at the site of helix ini-
tiation. These motions increase as one moves from the ini-
tiation site to the N terminus, and sharper changes are ob-
served toward the C terminus. The flexible loop and termi-
nal regions seen in folded proteins have previously been
found to undergo more abrupt transitions in dynamics be-
tween ordered and disordered regions (Palmer and Bracken
1999; Bracken 2001). The striking continuity of motional
change in Ala-14 indicates an ensemble of rapidly intercon-
verting helices of varying length. The data are consistent
with helix initiation occurring within residues 36–42, fol-
lowed by propagation of helix toward the N terminus.

Of equal interest is the nature of the unfolded state of the
protein prior to formation of helix. Ala-14 is an alanine-rich
protein with 20 alanines in 52 residues. At 40°C, each Ala
has a 3JHNH� coupling constant value near 6 Hz, indicative
of either mixed � and � conformations or PII secondary
structure. Recent evidence from short Ala-containing model

peptides supports the latter interpretation. In these model
peptide studies, no detectable short-range dNN(i,i + 1) NOEs
are observed, despite the presence of numerous d�N and d�N

contacts. This is distinct from NOE spectra observed in the
majority of unfolded state proteins that typically display
dNN(i,i + 1) NOEs, used for obtaining sequential assignments
(Dyson and Wright 1991). The absence of dNN(i,i + 1) NOEs
has been noted in the unfolded state apo-plastocyanin,
which adopts extended conformations under nondenaturing
conditions (Bai et al. 2001). This lack of NOEs excludes the
presence of a significant population of �-helical structure,
and the observed coupling constants for a predominantly �
and PII conformation would yield much higher 3JHNH� val-
ues than observed (Shi 2002; Shi et al. 2002). Ala-14 ex-
hibits similar behavior: lack of short-range dNN(i,i + 1) NOEs
indicating low helix content and coupling constants too low
to accommodate � conformation in the absence of helix. In
addition, the chemical-shift-based �–� estimation using
TALOS indicates that PII conformation is the dominant
secondary structure present at 40°C.

For the Ala side chains that predominate in Ala-14, the
picture we obtain indicates conversion from a predomi-
nantly PII conformational manifold to one that progressively
switches to � helix at low temperature values. This is con-
sistent with recent studies on short Ala peptides (Shi 2002).
Finding similar behavior in Ala-14 greatly extends these
findings: first, Ala-14 is much longer and second, it is het-
erogeneous in sequence. Significant occupancy of PII con-
formation in peptides with less alanine content has also been
reported (Shi 2002). This means that the transition from
unfolded chain to helix with extensive H-bond formation
between internal NH and CO groups requires desolvation of
the extended backbone postulated to be present in the PII

conformation (Sreerama and Woody 1999; Shi et al. 2002).
It seems likely that the transition state between � helix and
unfolded conformations entails solvent reorganization that
finally releases water molecules close to the backbone and
allows intramolecular H-bond formation (Garcia and San-
bonmatsu 2001).

A curious observation with respect to Ala-14 in solution
is that NMR samples of the protein do not freeze at surpris-
ingly low temperatures. Samples are stable in solution at
−10°C for several days. In our case, perhaps the protein
itself may be acting as a cryoprotectant, as in the case of
antifreeze peptides found in teleost fish (Davies and Sykes
1997). Although there are diverse strategies to prevent crys-
tallization of ice by peptides that act noncolligatively and
bind ice, one class of these proteins consists of short �-he-
lical peptides that are rich in Ala and contain, in addition,
evenly spaced Thr or Ser side chains (Davies and Sykes
1997; Zhang and Laursen 1999; Kuiper et al. 2002). The
optimum periodicity appears to be at sites 11 residues from
each other; in Ala-14, no such regularity is seen. However,
a sequence of Ser and Thr side chains spaced either 10, 12,
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or 13 residues apart occurs that might suffice to offer some
partial cryoprotection in combination with the high concen-
tration of the samples. However, natural antifreeze peptides
seem to confer more modest protection than what we ob-
serve: for example, 40 mg mL−1 of the natural peptides
reduce the freezing temperature by <2°C (Davies and Sykes
1997). Thus, some degree of supercooling may occur in the
NMR tubes (Skalicky and Szyperski 2000).

Materials and methods

Sample preparation

The uniformly 15N- and doubly 13C/15N-labeled Ala-14 protein
was expressed in E. coli strain BL21(DE3)/pLysS in M9 minimal
media at 20°C using a previously published protocol (Marley and
Bracken 2001; Liu and Lu 2002). The Ala-14 protein was purified
from the soluble fraction to homogeneity by reverse-phase HPLC
as described previously (Lu et al. 1999). Samples for NMR ex-
periments were prepared by dissolving lyophilized protein in the
sample buffer (50 mM sodium phosphate at pH 5.8, 0.05% sodium
azide in 90% H2O/10% D2O) and dialyzing overnight against the
sample buffer. Protein concentrations were approximately 6 mg
mL−1. For experiments using 100% D2O, the buffered 13C/15N-la-
beled Ala-14 sample was lyophilized and then resuspended in
100% D2O.

Sedimentation equilibrium analysis

Sedimentation equilibrium measurements were carried out on a
Beckman XL-A (Beckman Coulter) analytical ultracentrifuge us-
ing an An-60 Ti rotor (Beckman Coulter) at 4°C. Protein samples
were dialyzed for 12–16 h against 50 mM sodium phosphate (pH
5.8) or PBS (50 mM sodium phosphate at pH 7.0, 150 mM NaCl),
loaded at initial concentrations of 6, 12, and 18 mg mL−1, and
analyzed at rotor speeds of 34 and 37 krpm. Data were acquired at
two wavelengths per rotor speed and processed simultaneously
using a nonlinear least squares fitting routine (Johnson et al. 1981).
Solvent density and protein partial specific volume were calculated
according to solvent and protein composition, respectively (Laue
et al. 1992). Molecular weights were all within 10% of those
calculated for an ideal monomer, with no systematic deviation of
the residuals.

Circular dichroism spectroscopy

CD spectra were acquired on an Aviv 62DS (Aviv Associates)
circular dichroism spectropolarimeter equipped with a Hewlett
Packard 89100A temperature controller. Protein samples (10 mg
mL−1) in PBS (pH 7.0) were incubated at the desired GdmCl
concentration for 24 h. No further signal change was observed
after 48 h of incubation. The cuvette was 0.01 cm in pathlength.
The wavelength dependence of molar ellipticity, [�], was moni-
tored at 0°C as the average of five scans, using a 5-sec integration
time at 1.0-nm wavelength increments. Spectra were baseline-cor-
rected against the cuvette with buffer alone. Fractional helix con-
tent was calculated from the CD signal by dividing the mean
residue ellipticity at 222 nm by the value expected for 100% helix
formation by helices of comparable size, −36,000° cm2 dmole−1

(Luo and Baldwin 1997).

NMR spectroscopy

NMR spectra were acquired on a Varian INOVA AS600 spec-
trometer operating at 599.82 MHz equipped with a 5-mm, triple-
resonance, three-axis gradient probe. All experiments were per-
formed using gradient-selected sensitivity enhancement for gener-
ating phase-sensitive spectra in 1H–15N dimensions (Muhandiram
and Kay 1994). Additional acquisition dimensions used States-
TPPI data collection for generating phase-sensitive spectra
(Marion et al. 1989). The proton carrier was centered on the H2O
frequency. The proton chemical shifts were referenced to the H2O
frequency measured with respect to DSS. The 15N and 13C chemi-
cal shifts were indirectly referenced using referencing ratio values
measured by Wishart et al. (1985). NMR sample temperatures
were calibrated using either 100% methanol for temperatures be-
low 25°C or 100% ethylene glycol above 25°C. Temperature cali-
bration values for methanol and ethylene glycol standard samples
were provided by Varian Instruments. NMR data were processed
using the software nmrPipe (Delaglio et al. 1995) and analyzed
using SPARKY (Goddard and Kneller 2002). Secondary shifts
were calculated using recent random-coil values (Wishart et al.
1995), and the secondary structure predictions based on the ob-
served shifts of 13C�, 13C�, 13C�, 15N, 1HN, and 1H� resonances
were performed using the TALOS program (Cornilescu et al.
1999).

NMR assignments

Sequential backbone resonance assignments were achieved using
the following triple-resonance experiments acquired on a 15N/13C-
labeled sample: HNCA (Farmer et al. 1992), HNCACB (Wittekind
and Mueller 1993), HNCO (Kay et al. 1994) at −5°C. Additional
triple-resonance experiments were collected at 15°C and 40°C to
confirm the assignments and resolve ambiguities. The HNCA ex-
periment was acquired with 1536 (t3), 48 (t2), and 32 (t1) complex
points, with spectral widths of 8000 (1HN), 1240 (15N), and 2000
Hz (13C�), respectively. The HNCACB data set consisted of 1024
(t3), 32 (t2), and 64 (t1) complex points with spectral widths of
5397 (1HN), 1240 (15N), and 8800 Hz (13C�/�), respectively. The
HNCO data were collected with 1536 (t3), 34 (t2), and 70 (t1)
complex data points, with spectral widths of 8000 (1HN), 1240
(15N), and 1220 Hz (13C�), respectively. The H� chemical shifts
were assigned with the HCACO30 spectra recorded on a uniformly
15N/13C-labeled sample in 100% D2O buffer at −5°C and 15°C
with 1536 (t3), 52 (t2), and 110 (t1) complex data points, and with
spectral widths of 8000 (1HN), 2000 (13C�), and 1460 Hz (13C�),
respectively.

The backbone chemical shift assignments were transferred to
different temperatures using a series of 2D experiments collected
in increments of 5°C from −10°C to 40°C. The HN and N reso-
nances were obtained from the 15N–1H HSQC spectra collected
with 1024(t2) and 256(t1) complex data points and spectral widths
of 8000 (1H) and 1240 Hz (15N), respectively. Chemical shifts for
the 13C� resonance were identified using 2D H(N)CO spectra ac-
quired with 1536 (t2) and 128 (t1) complex points, and with spectra
widths of 8000 (1HN) and 1220 Hz (13C�). The H� chemical shifts
were obtained using the 2D H(CA)CO spectra with 1536 (t2) and
128 (t1) complex points and spectra widths of 8000 (1H�) and 2000
Hz (13C�), respectively.

NOESY data collection
1H/15N NOESY-HSQC spectra were recorded with a mixing time
of 300 msec at 40°C with spectral widths of 8000 Hz (1HN), 800
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(15N), and 5400 Hz (1H), with 1024(t3), 48(t2), and 96(t1) complex
points, respectively. At −5°C, 1H and 15N HSQC-NOESY-HSQC
data were collected (Zhang et al. 1997) with a mixing time of 125
msec using spectral widths of 8000 Hz (1HN), 800 (15N), and 800
Hz (15N), with 1024(t3), 48(t2), and 48(t1) complex points, respec-
tively. Additional 2D NOESY spectra were collected and different
mixing times to maximize sensitivity and ensure that spin diffusion
effects were minimal. NOESY peaks volumes were integrated us-
ing the software SPARKY (Goddard and Kneller 2002).

Measurement of 3JHNH� coupling constants

The 3JHNH� coupling constants were acquired on the 15N-labeled
sample using the 2D CT-HMQC-J experiments (Kuboniwa et al.
1994) at −5°C, 15°C, and 40°C, with gradient selection and sen-
sitivity enhancement. All three spectra were collected with 1024
(t2) and 50 (t1) complex points, with spectral widths of 8000 (1HN)
and 1240 Hz (15N), using dephasing periods of 40, 55, 70, 85, 100,
115, and 130 msec. The data were extracted by fitting the inte-
grated peak intensities as a function of dephasing period, Iy(t), to
the following equation (Kuboniwa et al. 1994):

Iy�t� = Iy�0�exp� − t�T2
MQ − t�T1

���cos��Jrt�
+ sin��Jrt���2�JrT1

��� ( 2)

where

Jr = �JHH
2 − 1��2�T1

��2 ( 3)

is the apparent reduction in the JHNH� scalar coupling constant,
which is influenced by the longitudinal H� relaxation time (T1

�).
The multiple quantum relaxation time for 1HN–15N two-spin co-
herence is given by T2

MQ. The values of T1
�were directly mea-

sured using a modified version of the 3D HCACO experiment that
incorporated a period for longitudinal proton relaxation. For the
T1

� measurements, the sample was dissolved in 100% D2O. The
2D H�–C� planes were acquired as a function of T1

� relaxation
delay times of 0.004 (×2), 0.023, 0.05, 0.08, 0.12 (×2), 0.16, 0.22,
0.30, 0.44, and 0.80 sec at −5°C, 15°C, and 40°C. The spectral
widths were 8000 (1H�) and 800 Hz (13C�), with 1536 (t2) and
96 (t1) points in the 13C� dimension. Curve fitting of the data was
done using the nonlinear fitting routines implemented in the
GNU freeware program GRACE. Backbone � dihedral angles
were derived from 3JHNH� coupling constants using the equation of
3JHN–H� � 6.98cos2(� − 60) − 1.38cos(� − 60) + 1.72 (Wang and
Bax 1996).

Measurement of NMR 15N relaxation rates

The 15N longitudinal (R1), transverse (R2), and 1H–15N hetero-
nuclear NOE experiments were performed at −5°C and 40°C with
water flip-back pulses using pulse sequences described previously
(Farrow et al. 1995b). The proton carrier was set to the frequency
of water in all experiments. Spectral widths of the 15N and 1H were
set to 800 and 8000 Hz, respectively, with 48 complex points in the
15N dimension and 1024 complex points acquired during acquisi-
tion. Duplicate data sets were collected at each temperature to
assess experimental error. The R1 and R2 data sets were collected
with 8 transients/FID, and the NOE experiments were carried out
with 64 transients/FID. For R1 measurements, time delays of 0
(×2), 0.13, 0.28, 0.46 (×2), 0.70, 1.03, and 1.54 sec were done at

−5°C and 40°C. For R2 measurements, the relaxation delay times
were 0 (×2), 0.051, 0.085, 0.170, 0.255 (×2), 0.374, and 0.544 sec
at 40°C, and 0 (×2), 0.017, 0.050, 0.100, 0.151 (×2), 0.202, and
0.269 sec at −5°C. The heteronuclear NOE experiments were per-
formed with and without proton saturation applied to the amide
protons. For NOE spectra collected with proton saturation, a 5-sec
relaxation period was followed by a 4-sec proton saturation period,
whereas NOE spectra recorded in the absence of saturation used a
9-sec relaxation delay. The relaxation data sets were processed as
described previously (Skelton et al. 1993; Bracken 2001). Peak
height uncertainties from duplicate measurements were used to
estimate measurement errors. The R1 and R2 values were deter-
mined using a nonlinear fitting to a single exponential function
implemented in the program SPARKY (Goddard and Kneller
2002). NOE values were determined as the ratios of the peak
intensities measured from spectra acquired with and without pro-
ton saturation. Reduced spectral density mapping was performed
according to previously published protocols (Farrow et al. 1995b;
Bracken et al. 1999).
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