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ABSTRACT: The N-terminal domain, residues 1-56, of the ribosomal protein L9 has been chemically
synthesized. The isolated domain is monomeric as judged by analytical ultracentrifugation and
concentration-dependent CD. Complete1H chemical shift assignments were obtained using standard
methods. 2D-NMR experiments show that the isolated domain adopts the same structure as seen in the
full-length protein. It consists of a three-stranded antiparallelâ-sheet sandwiched between two helixes.
Thermal and urea unfolding transitions are cooperative, and the unfolding curves generated from different
experimental techniques, 1D-NMR, far-UV CD, near-UV CD, and fluorescence, are superimposable. These
results suggest that the protein folds by a two-state mechanism. The thermal midpoint of folding is 77
( 2 °C at pD 8.0, and the domain has a∆G°folding ) 2.8 ( 0.8 kcal/mol at 40°C, pH 7.0. Near the
thermal midpoint of the unfolding transition, the 1D-NMR peaks are significantly broadened, indicating
that folding is occurring on the intermediate exchange time scale. The rate of folding was determined by
fitting the NMR spectra to a two-state chemical exchange model. Similar folding rates were measured
for Phe 5, located in the firstâ-strand, and for Tyr 25, located in the short helix between strands two and
three. The domain folds extremely rapidly with a folding rate constant of 2000 s-1 near the midpoint of
the equilibrium thermal unfolding transition.

The ribosomal protein L9 forms an interesting bilobal
structure with a compact N-terminal domain connected by a
long solvent-exposedR-helix to a compact C-terminal
domain (1-3) (Figure 1). The N-terminal domain of L9 is
an example of an important class of layered sheet-helix
structures which are found in a number of other ribosomal
proteins and in small RNA binding domains (4-6). The
N-terminal domain is one of the simpler examples of this
structure. It lacks disulfides, does not bind to metal ions or
cofactors, and is relatively small. This type of fold can be
generalized in the sense that the topology of the motif is the
same if the short connecting helix, which lies atop the three-
stranded sheet, is replaced by aâ-strand or loop. Work by
Efimov and Thornton has stressed the common topology of
these folds (7-9). This so-called ABCD motif is found in

a large number of proteins, but relatively little is known about
the interactions which stabilize this structure or how it folds.
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FIGURE1: Ribbon diagram of L9 fromBacillus stearothermophilus
[Drawing made using the progam MOLSCRIPT (48)]. The N-
terminal domain studied here consists of the shaded region, residues
1-56.
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The intact L9 protein also offers an interesting system for
the study of the folding and assembly of multidomain
proteins. The structure of the full-length L9 protein is
intermediate between that of multidomain proteins in which
structurally independent domains are connected by flexible
linkers and multidomain proteins in which there are more
extensive and intimate interdomain contacts (10-12). The
two terminal domains of L9 are expected to fold in the
absence of the other domain, but it is also likely that their
folding and stability are not entirely independent. Our
approach to understanding the folding of L9 is to study the
isolated domains with the ultimate goal of comparing the
folding and stability of the individual domains with the
folding and stability of the intact protein. We have previ-
ously examined a peptide corresponding to the central helix
of L9 and have shown that it has high intrinsic stability. This
peptide is greater than 85% helical below room temperature
(13), but at higher temperatures it begins to unfold and is
less than 30% helical at 60°C. Studies on full-length L9
show that the central helix is stable to 60°C, indicating that
it must be stabilized by interactions with the two terminal
domains (3). In this paper we report the results of a study
of the N-terminal domain of L9 in which we examine the
structure, stability, and folding of the isolated domain. Our
construct consists of residues 1-56 and is denoted as NTL9.
The small size of this domain, 56 residues, makes it an

attractive target for biophysical studies. Until recently the
only small monomeric proteins known to fold to a unique
tertiary structure contained disulfide bonds or ligand binding
sites. There are now a few examples of small proteins which
adopt a stable tertiary structure. Their small size makes them
more tractable for computational studies and also makes them
attractive targets for de novo protein design.

There has been increased interest in studying small proteins
which fold by a two-state mechanism (14, 15). These
proteins offer simple systems with which to probe the basic
steps required in protein folding. There is also considerable
interest in the early stages of protein folding and in
experimental studies of proteins which can fold quickly. A
number of recent developments have led to new methods
for studying the early steps in folding. Potentially one of
the most useful techniques is in fact one of the oldest, NMR1

line-shape analysis. For proteins that are known to fold by
a two-state mechanism and that fold on the appropriate time
scale (10-4 to 10-3 s), it is possible to measure folding rates
directly from NMR line-shape analysis (16, 17). Using
dynamic NMR to measure rates of protein folding is
especially attractive since conventional stopped-flow experi-
ments cannot directly detect events occurring on the sub-
millisecond time scale. In the work described here, dynamic
NMR is used to measure submillisecond folding rates for
the N-terminal domain of the ribosomal protein L9.

MATERIALS AND METHODS

Peptide Synthesis and Purification.NTL9 was synthesized
on a 0.22 mmol scale by solid-phase methods using FMOC-
protected amino acids and TBTU-mediated amide coupling
on a Millipore 9050 Plus automated peptide synthesizer with
standard reaction cycles. Allâ-branched amino acids and
all residues which were coupled toâ-branched residues were
double coupled. Each coupling, except for the last, was
followed by a capping step using acetic anhydride. Amino
acid side chains were protected as follows: Asn and Cys,
trityl group; Asp,tert-butyl ester; Lys,tert-butoxycarbonyl
group; Ser and Thr,tert-butyl ether. Use of a resin with a
PAL linker generated an amidated C-terminus following
cleavage from the resin with 91% TFA/3% anisole/3%
thioanisole/3% ethanedithiol. NTL9 was purified using
reverse phase HPLC with a C4 column. An A-B gradient
was used where the A eluent was 0.1% aqueous TFA and
the B eluent was 0.1% TFA/90% 2-propanol/9.9% H2O.
Electrospray mass spectrometry (expected molecular weight
6218, observed molecular weight 6217) and nuclear magnetic
resonance (NMR) confirmed the identity of the pure product.
Protein concentrations were determined by tyrosine absor-
bance using an extinction coefficient of 1280 M-1 cm-1 at
280 nm for the protein in 6 M guanidine hydrochloride, pH
7.0 (18).

Sedimentation Equilibrium.A solution of NTL9 was
dialyzed against 10 mM Na2HPO4, 100 mM NaCl at pH 7.4.
Experiments were performed at 25°C with a Beckman XL-A
analytical ultracentrifuge, using rotor speeds of 30 000,
40 000, and 50 000 rpm. The concentration of NTL9 was
280µM. Experiments were carried out using 12 mm path-
length, six-channel, charcoal-filled Epon cells with quartz
windows. Data were collected using continuous radial
scanning at 285 nm. Partial specific volumes were calculated
from the weighted average of the partial specific volumes
of the individual amino acids (19). The data were globally
fit with both a single-species model with the molecular
weight treated as a fitting parameter and to monomer-nmer
equilibria with the molecular weight of the monomer held
fixed. The HID program from the Analytical Ultracentrifu-
gation Facility at the University of Connecticut was used
for the fitting analysis.

Circular Dichroism (CD) Spectroscopy.CD spectroscopy
was performed using an Aviv 62A DS spectrometer equipped
with a Peltier temperature control unit.

Nuclear Magnetic Resonance (NMR) Spectroscopy.NMR
experiments were performed on a Bruker Instruments AMX
600 spectrometer and Varian Instruments Inova 500 and 600
MHz spectrometers. All spectra were internally referenced
to TSP at 0.0 ppm. 2D spectra were taken of 4 mM NTL9
at 25°C in 90% H2O/10% D2O at pH 5.0 and in 100% D2O
at pD 5.0 (corrected meter reading). NOESY (mixing time
) 50, 100, 150, and 210 ms), TOCSY, and DQF-COSY
experiments were used to make assignments (20). 3JHNR

coupling constants were determined from absorptive and
dispersive peak separations in a DQF-COSY spectrum (21).
Additional 2D spectra, NOESY, DQF-COSY, and TOCSY,
were obtained at 55°C. Chemical shift indices (22) were
calculated using the random coil chemical shifts from
Wüthrich (20).

1 Abbreviations: CD, circular dichroism; CSI, chemical shift index;
Da, dalton; DQF-COSY, double quantum filtered correlated spectro-
scopy; FMOC, 9-flourenylmethyloxycarbonyl; NMR, nuclear magnetic
resonance; HPLC, high-pressure liquid chromatography; NOE, nuclear
Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy;
PAL, 5-(4′-FMOC-aminomethyl-3′,5′-dimethoxyphenoxy)valeric acid;
TBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluo-
roborate; TFA, trifluoroacetic acid; TOCSY, total correlated spectro-
scopy; TSP, 3-(trimethylsilyl) propionate.
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Thermal Denaturation.Thermal denaturation of NTL9
was followed by 1D NMR and by CD at 222 and 280 nm.
The NMR and CD samples were in D2O, 100 mM NaCl, 10
mM Tris at pD 8.0. Protein concentrations were 2.5 mM
for NMR, 40µM for far-UV CD, and 600µM for near-UV
CD. The temperature within the NMR sample was calibrated
with ethylene glycol, and the temperature within the CD
cuvette was calibrated with an external thermocouple. The
experimental data, plots of ellipticity versus temperature or
chemical shifts versus temperature, were fit with the program
Kaleidagraph (Abelbeck Software) to eq 1.

where

f is chemical shift or ellipticity, andT is temperature.RN,
âN, RD, andâD are parameters that define the ellipticity or
chemical shift of the native (N) and denatured states (D).R
andâ describe a line with a slope equal toâ and ay intercept
equal toR. Tm is the transition midpoint, and∆H°D-N(Tm)
is the change in enthalpy atTm. The value of∆C°p was set
to 0.57 kcal mol-1 K-1. This value was calculated from
known correlations between a protein’s size and its heat
capacity (23). Changing∆C°p by (0.20 kcal mol-1 K-1

changes the calculatedTm values by less than 1°C. Fraction
folded at a given temperature was determined by usingf(T),
RN, âN, RD, andâD. Thermal denaturation was 95-100%
reversible in 100 mM NaCl, provided the protein was kept
at high temperatures for less than 1 h.
Chemical Denaturation. Chemical denaturation of NTL9

was followed with CD at 222 nm and with tyrosine
fluorescence on a Perkin-Elmer LS-5B luminescence spec-
trometer. The excitation wavelength for fluorescence was
279 nm, and the emission wavelength was 304 nm. The
samples were prepared in 10 mM MOPS, 100 mM NaCl, at
pH 7.0 with varying amounts of urea at 25°C. The protein
concentration was 70µM. The same sample was used for
fluorescence and CD. The concentration of urea was
determined with refractometry (24). Kaleidagraph was used
to fit the data to eq 1 with∆G°D-N now equal to eq 3

∆G°D-N(0 M) is the stability of the protein in the absence
of denaturant. Fraction folded at a given urea concentration
was determined by usingf([urea]), RN, âN, RD, andâD.
Folding Rates from NMR Line-Shape Analysis.The 1H

NMR line shape of the 3,5 resonance of Tyr 25 (6.5 ppm,
Figure 5) and the 2,6 resonance of Phe 5 (7.5 ppm, Figure
5) were fit to a two-site exchange model (17, 25). Intensity
as a function of frequency [I(ν)] depends on the populations
of the native state and the denatured state (pN, pD), the
apparent transverse relaxation times of the resonance in the
native and denatured state (T2N, T2D), the folding and
unfolding rate constants (kf, ku) and the frequencies of the

native and denatured state resonances (νN, νD). The follow-
ing equations describe how these parameters are related (17,
25).

whereP, Q,andR are given by

δν, ∆ν, areτ given by

pN andpD can be expressed in terms ofτ, kf, andku

C0 is a normalization constant that depends on the concentra-
tion of protein used in the experiment. The line shapes were
fit using a nonlinear least-squares fitting routine (Sigmaplot,
SPSS Inc.) in order to determine values forkf, ku, andC0.
The other parameters were determined from the spectra of
folded and unfolded protein. For the fits to the phenylalanine
resonance it was not possible to determine the frequency of
the denatured state resonance from the spectra because of
resonance overlap. For this reason,νD was treated as an
independent variable andpN was set equal to the value
derived from the fit of the tyrosine resonance.

RESULTS

Sedimentation experiments indicate that NTL9 is mono-
meric in aqueous solution (Figure 2) at a concentration of
280µM. The apparent molecular mass derived from a global
fit to the centrifugation data is 5890( 150 Da which is
within 5% of the known actual mass, 6219 Da. The
difference between the expected and observed molecular
mass is possibly due to nonideal effects. Fitting the data to
a dimer gives a much poorer fit with large nonrandom
residuals (data not shown). The thermal unfolding curves
as monitored by CD or NMR are also independent of
concentration. Temperature melts of NTL9 at 40µM, 600
µM, and 2.5 mM are superimposable, and the 1D NMR
spectra of 2 and 4 mM NTL9 are identical; this indicates
that NTL9 remains a monomer up to a concentration of at
least 4 mM.
NMR experiments show that the structure of the isolated

domain is similar to the conformation of the domain in the

f(T) )
RN + âNT+ (RD + âDT)e

-[∆G°D-N(T)]/RT

1+ e-[∆G°D-N(T)]/RT
(1)

∆G°D-N(T) ) ∆H°D-N(Tm)(1- T
Tm) -

∆C°p[(Tm - T) + T ln( TTm)] (2)

∆G°D-N([urea])) m[urea]+ ∆G°D-N(0 M) (3)

I(ν) ) C0

{P[1+ τ( pDT2N +
pN
T2D)] + QR}

P2 + R2
(4)

P) τ[(1/T2NT2D) - 4π2(∆ν)2 + π2(δν)2] + (pN/T2N) +
(pD/T2D) (5)

Q) τ[2π∆ν - πδν(pN - pD)] (6)

R) 2π∆ν{1+ τ[(1/T2N) + (1/T2D)]} + πδντ[(1/T2N) -
(1/T2D)]πδν(pN - pD) (7)

δν ) νN - νD (8)

∆ν ) [(νN + νD)/2] - ν (9)

τ ) 1/(ku + kf) (10)

pN ) kfτ (11)

pD ) kuτ (12)
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full-length protein. Complete1H chemical shift assignments
are provided in the Supporting Information. The observed
chemical shifts, chemical shift indices (CSI),3JHNR coupling
constants, and nuclear Overhauser effects (NOEs) are all
consistent with the secondary structure and tertiary structure
of the domain in full-length L9 (Figure 3a). TheR-proton
chemical shifts in NTL9 are on average within 0.02 ppm of
those in L9, with only 4 of the 56 differing by more than
0.05 ppm (2). The C-terminal helix, residues 41-56, is intact
except for fraying toward the C-terminal end of the helix
(Figure 3a, Table 1). The chemical shift indices for the last
two residues of the helix, Gln 55 and Arg 56, are zero, and
there are noi, i + 3 NOEs to these residues. Interestingly,
i, i + 4 NOEs rather thani, i + 3 NOEs are observed in the
region corresponding to the short helix (residues 26-32).
These NOEs are consistent with the full-length L9 structure
in which residues 26-31 form aπRR (26) turn with ani, i +
5 hydrogen bond between Ala 26 and Phe 31.
All the expected NOEs betweenâ-strands are observed.

These include NOEs betweenR-protons on adjacent
strands: Ile 18-Ile 4, Asn 20-Lys 2, Ala 36-Phe 5, and
Glu 38-Val 3 (Figure 3b). These cross-strand NOEs show
that the register of theâ-strands in the isolated domain is
the same as in the intact protein. There are also several
tertiary NOEs which are consistent with the full-length
structure. The side chains of Phe 31 and Phe 5 form part of
the hydrophobic core between the short helix and theâ-sheet
and show the expected NOEs with Met 1, Val 3, and Gly
13. Theâ-sheet and the C-terminal helix pack against each
other, with Leu 44 and Leu 47 from the helix making contact
with Ile 4, Ile 18, and Ile 37 from the sheet. In this case the
expected NOEs are between methyl groups on these residues,
and the poor chemical shift dispersion prevents unambiguous
identification of these NOEs. The chemical shifts reported
for the methyl groups of Ile 4, Ile 18, and Ile 37 in the full-
length protein are all within 0.04 ppm of the values observed
for NTL9, and in the case of Ile 4 and Ile 37 the shifts deviate

from random-coil chemical shifts by 0.11-0.20 ppm (2).
These results suggest that the C-terminal helix packs against
theâ-sheet in similar fashion in NTL9 and L9.
The one region in which the structure of the isolated

domain may deviate from that of the intact protein is the
loop (residues 10-16) that connects the first and second
strands of NTL9. The loop contains only lysines and
glycines and has the sequence10Lys-Gly-Lys-Gly-Lys-Lys-
Gly16. In the L9 structure Lys 14 has aφ angle of-51° but
in NTL9 the measured3JHNR coupling constant is 9.7 Hz
which corresponds to aφ angle between-90 and-150°.
In NTL9 there is a medium-strength NOE between aâ proton
on Glu 17 and the amide proton on Lys 14. In the structure
of L9 these groups are over 7 Å apart.
Thermal denaturations of NTL9 were followed by near-

and far-UV CD as well as by NMR (Figure 4). NTL9 has
one tyrosine, Tyr 25, which has a near-UV CD signal with

FIGURE 2: Analytical ultracentrifugation of NTL9 shows that it is
monomeric. A single species fit to a molecular weight of 5890 is
shown. This is within 5% of the true molecular weight, 6219. The
residuals for three separate rotor speeds are shown.

FIGURE 3: (a) Sequential NOEs for NTL9 show that the structure
of the isolated domain is similar to its structure in full length L9.
The intensity of the NOE is represented by the thickness of the
shaded line. # denotes an NOE which could not be detected because
the expected cross-peak is too close to the diagonal. CSI refers to
chemical shift index; below the horizontal indicates a CSI of-1,
and above the horizontal indicates+1. 3JHNR couplings are shown
as a filled circle if they are below 6 Hz, and an empty circle if
they are above 8 Hz. Elements of secondary structure are labeled
as defined in the combined NMR, X-ray structure (2). Spectra were
taken at 25°C, pH 5.0. (b) A portion of the 2D NOESY spectrum
of NTL9 at 25°C, pD 5.0. NOEs are shown betweenR-protons on
adjacentâ-strands.
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a maximum at 278 nm and a mean residue ellipticity of-40
mdeg cm2 dmol-1. The signal decays to zero as the protein
unfolds. For the temperature melts followed by CD the
protein was at high temperatures for less than 1 h, and
unfolding was greater than 95% reversible. TheTmmeasured
by near-UV CD (77( 2 °C) and far-UV CD (78( 2 °C)
are the same.
The equilibrium unfolding transition can also be monitored

with NMR. In almost all studies reported to date, the
conversion between the folded and unfolded states is slow
on the chemical shift time scale. As a result, separate peaks
are observed for the folded and unfolded states, and the
fraction folded can be determined from the relative intensi-
ties. In contrast, NTL9-folds on the fast to intermediate
exchange time scale (Figure 5). In this case the observed
chemical shifts are a population weighted average of the
folded and unfolded chemical shifts and can be used to
determine the fraction folded.
A minor complication is caused by the single proline at

position 41 which has a trans peptide bond in the folded
protein, but can have a cis or trans peptide bond in the
unfolded protein. The proline is located immediately before
the start of the long central helix, and examination of the
structure indicates that a cis proline cannot be accommodated
in the native state. Only a single set of resonances is
observed for the folded protein, and a strong NOE is
observed from theR-proton of residue 40 to theδ-protons
of proline 41 indicating that the Thr 40-Pro 41 peptide bond
exists exclusively in the trans conformation in the folded
state. This implies that the fraction of the molecules which
contain a cis proline peptide bond in the unfolded state must
first isomerize to the trans form before they are competent
to fold. The cis-trans isomerization rate for a prolyl peptide
bond is known to be slow on the chemical shift time scale
(27, 28). As a result the small population of unfolded protein
with a cis proline will be in slow exchange with the major
unfolded form and hence with the folded state. Unfolded
protein in slow exchange is probably the reason for the peak

which grows in at the unfolded chemical shift of Tyr 25 (6.9
ppm in Figure 5). There is apparently a second minor peak
of even lower intensity that appears as a small shoulder on
the cis peak. This small peak likely arises from protein that
is irreversibly unfolded at high temperatures. For this
experiment NTL9 was at high temperatures for over 2 h, at
which point thermal folding is not completely reversible.
NTL9 contains four asparagines, and deamidation of aspar-
agines is known to occur with time constants on the order
of hours at high temperatures (29). Protein that is irreversibly

Table 1: NMR Data Provide Evidence for the Fraying of the
C-Terminal Helix of NTL9a

residue

3JHNR
(25 °C)
(Hz)

3JHNR
(55 °C)
(Hz)

NH-NH
(25 °C)b

NH-NH
(55 °C)b

CR(55-25 °C)
(ppm)

Ala 42 3.6 2.8 strong medium -0.02
Asn 43 6.1 strong strong
Leu 44 5.0 6.1 strong strong -0.02
Lys 45 4.3 4.6 strong strong -0.01
Ala 46 4.8 4.4 strong strong -0.03
Leu 47 5.1 5.0 strong strong -0.03
Glu 48 4.4 5.0 * * 0.01
Ala 49 4.4 5.1 * * 0.00
Gln 50 5.5 6.0 strong none 0.04
Lys 51 5.6 5.8 * * 0.04
Gln 52 5.3 6.0 strong none 0.05
Lys 53 5.7 6.6 strong none 0.02
Glu 54 5.9 6.6 * * 0.02
Gln 55 6.4 6.6 * * 0.04
Arg 56 6.8 7.3 0.01

a Values of the3JHNR coupling constants and the intensity of the
amide-to-amide sequential NOEs measured at 25 and 55°C are
tabulated for residues 42-56. The difference between the CR-proton
chemical shifts measured at 55 and 25°C is also listed.b Strength of
NOEs between backbone amides on adjacent residues. “Strong”
corresponds to 1.8-3.0 Å, and “medium” corresponds to 1.8-4.0 Å.
“None” indicates the absence of an NOE. An asterisk indicates that a
possible NOE is too close to the diagonal to be observed.

FIGURE 4: Temperature denaturation of NTL9 in 100 mM NaCl,
10 mM Tris, 100% D2O, pD 8.0. (a) Fraction unfolded of NTL9
as a function of temperature as determined by several different
techniques. Equation 1 was used to determine fraction unfolded.
(b) Near-UV CD signal at 280 nm as a function of temperature.
(c) Far-UV CD signal at 222 nm as a function of temperature.
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unfolded will not influence the measured chemical shifts and
will not affect the fraction folded that is measured.
The 3,5 protons of Tyr 25, the methyl protons of Met 1,

and the methyl protons of Thr 40 all give rise to well-resolved
peaks that could be followed as a function of temperature
using 1D NMR. Equation 1 was used to fit the temperature
dependence of the chemical shifts of these three peaks as
well as the temperature-dependent ellipticities determined
from the CD studies. For the NMR experiments, fraction
folded was adjusted to take into account the small amount
of unfolded protein in slow exchange due to isomerism about
the prolyl peptide bond. This correction changed the
measuredTm by less than 1°C. Fraction unfolded was
plotted as a function of temperature (Figure 4a). The five
curves overlay well. The experimentally determined mid-
points for the transition are as follows: 77( 2 °C Tyr 25,
77( 2 °C Thr 40, 77( 2 °C Met 1, 77( 2 °C far-UV CD;
and 78( 2 °C near-UV CD. These results strongly suggest
that there are no significantly populated intermediates
throughout the equilibrium unfolding transition.
The raw data for the thermal denaturation of NTL9 as

followed by near- and far-UV CD are shown in panels b
and c of Figure 4, respectively. One noticeable feature is
the pronounced pretransition in the far-UV CD data. The
CD signal at 222 nm is in large part due to the helixes in
NTL9, and the decreased signal at 222 nm with temperature
might be due to helix fraying or unwinding. Leu 47 is the
last residue in the C-terminal helix to form part of the
hydrophobic core of the N-terminal domain. Gln 50 and
Lys 51 also contact the Lys-Gly loop between the first two
â-strands of the N-terminal domain, while residues 52-56
do not make any contacts with the rest of the N-terminal
domain. 2D NMR experiments were performed at 55°C to
determine if the C-terminal helix remains intact at higher
temperatures. These studies show that the helix is fraying

as the temperature is raised (Table 1). Residues 48-56 all
have larger3JHNR coupling constants at 55°C, and the
chemical shifts of theR-protons of residues 48-56 have all
moved toward the random coil values. Also thei, i + 1
NH-NH NOEs are no longer observed for Gln 50-Lys 51,
Gln 52-Lys 53, and Lys 53-Glu 54.

Chemical denaturation of NTL9 was followed with far-
UV CD and tyrosine fluorescence. The only tyrosine in the
protein, Tyr 25, has an emission maximum at 304 nm and
an excitation maximum at 279 nm. The emission maximum
is still 304 nm in unfolded NTL9, but the fluorescence
intensity decreases 2-3-fold when the protein unfolds. Urea
denaturation curves determined by the two techniques are
superimposable (Figure 6), suggesting that the chemically
induced unfolding transition is also two-state. The curve
fit to the far-UV CD data gives a∆G° (0 M urea, 40°C) of
2.6( 0.8 kcal/mol and anmvalue of 0.54( 0.10 kcal mol-1

M-1 with a midpoint at 4.8 M urea. The curve fit to the
fluorescence data gives a∆G° (0 M urea, 40°C) of 3.0(
0.8 kcal/mol and anmvalue of 0.63( 0.10 kcal mol-1 M-1

with a midpoint at 4.8 M urea. The errors are large because
the transition is broad as is typical with small proteins, and
therefore it is difficult to determine the four parameters which
define the pre- and post-transitions. This uncertainty ac-
counts for the slight divergence in the two fitted curves
(Figure 6). The experiment was conducted at 40°C because
a urea denaturation of NTL9 at 25°C is difficult to fit since
there is no post-transition.

m values represent the change in free energy per amount
of denaturant added and are directly related to the steepness
of a chemical denaturation curve. Myers et al. have
determined an empirical correlation between changes in
accessible surface area (∆ASA) on folding andmvalues (23).
Using the structure of L9 and the access module in the
program Whatif, we calculate that the∆ASA of unfolding
for NTL9 is 4200 Å2 (30). The correlation proposed by
Myers et al. for proteins with no disulfide cross-links
predicts anm value of 0.59 kcal mol-1 M-1 at 25°C. This
calculated value is similar to the values observed with far-
UV CD and fluorescence at 40°C, 0.54( 0.1 and 0.63(
0.1 kcal mol-1 M-1, respectively.

All of the available data indicate that the folding of NTL9
is two-state. The temperature-dependent NMR spectra show

FIGURE 5: 1D NMR of NTL9 at different temperatures in 100 mM
NaCl, 10 mM Tris, 100% D2O, pD 8.0. The small peak growing
in with temperature probably arises from the small fraction of
unfolded molecules which contain a cis prolyl peptide bond.

FIGURE 6: Urea denaturation of NTL9 as followed by tyrosine
fluorescence and far-UV CD (222 nm). The peptide was in 10 mM
MOPS, 100 mM NaCl, pH 7.0 at 40°C. The curves were fit using
eqs 2 and 3. The curve fit to the far-UV CD data gives a∆G° (0
M urea, 40°C) of 2.6 ( 0.8 kcal/mol, and the curve fit to the
fluorescence data gives a∆G° (0 M urea, 40°C) of 3.0 ( 0.8
kcal/mol.
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that the rate of folding is such that intermediate exchange
line shapes are observed. Consequently it is possible to use
NMR line-shape analysis to determine rates of protein folding
and unfolding (17). Two resonances in the 1D NMR spectra
are well-enough resolved to use this technique to measure
folding rates, the 3,5 protons on Tyr 25 (6.5 ppm, Figure 5)
and the 2,6 protons on Phe 5 (7.5 ppm, Figure 5). The results
are listed in Table 2. The fits to the two resonances give
rate constants within 12% of each other. This is within the
range of the estimated uncertainty. To estimate the reliability
of the fit, the effect on the calculated spectra of varying both
the folding rate (kf) and the unfolding rate (ku) was calculated
for the tyrosine resonance at 71°C (Figure 7). The results
are shown in Figure 7, which displays the residuals between
the experimental data and the calculated line shape. The
fits are very sensitive to changes inkf andku when they are
changed independently of each other. When the ratio ofkf
to ku is kept constant, the residuals only become significantly
larger whenkf is changed by more than 12-14%.
The protein folds very rapidly with a folding rate constant

of 2000 s-1 at 71°C. Over the temperature range examined
the rate of folding decreases as the temperature is raised,
indicating non-Arrenhius behavior. A non-Arrhenius tem-
perature dependence of the folding rate has been observed
for other proteins near the midpoint of their thermal unfolding
transitions (31-34). One explanation for the non-Arrhenius
temperature dependence is that there is a change in heat
capacity between the unfolded state and the transition state
ensemble and that as the temperature is raised the unfolded
state becomes destabilized relative to the transition state
ensemble (35, 36).
If the N-terminal domain of L9-folds via a two-state

mechanism, the equilibrium constant determined from the
kinetic data should agree with the equilibrium constant
determined from the equilibrium thermal unfolding experi-
ments. Using the rates of folding and unfolding derived from
line-shape analysis, it is possible to calculate the fraction of
molecules folded at a given temperature. In Table 2 these
values are compared with results from equilibrium thermal
unfolding experiments followed by near-UV CD. The results
agree to within 7% of each other and are consistent with a
two-state folding mechanism.

DISCUSSION

The data presented here show that the N-terminal domain
of L9 is able to fold in isolation. The domain is monomeric,

and the structure of the isolated domain is similar to the
structure of the N-terminal domain in full-length L9. NTL9
has high thermostability with aTm of 77°C in 100 mM NaCl,
100% D2O at pD 8.0. TheTm for this domain in the intact
L9 protein is not known, but a temperature melt of L9
followed by far-UV CD has been reported (3). L9 unfolds
between 70 and 100°C. Since CD provides a global view
of the secondary structure it is not possible to independently
follow the unfolding transition of the domains. The high
intrinsic thermal stability of both the N-terminal domain and
the intact protein make it difficult to judge if the domain is
stabilized by interactions with the rest of the protein. Studies
on the isolated central helix of L9 indicate that it is
exceptionally stable and is greater than 85% helical at 1°C,
but is less than 30% helical at 60°C (13). These results
show that the central helix must be stabilized by interactions
with the N- and C-terminal domains.
All of the available evidence indicates that the N-terminal

domain folds rapidly by a two-state mechanism. We have
shown that NMR line-shape analysis can be used to measure
the folding and unfolding rates of NTL9. Use of this
technique to measure folding rates is appealing because

Table 2: NMR Line-Shape Analysisa

temp
(°C)

kf (Y25)
(s-1)

ku (Y25)
(s-1)

kf (F5)
(s-1)

ku (F5)
(s-1)

kf/(ku + kf)
(Y25)

fraction folded
(CD)

69.0 2000 319 1780 284 0.86 0.81
71.0 1930 452 2150 504 0.81 0.77
73.1 1840 623 1750 593 0.75 0.70
75.2 1790 918 0.66 0.63
77.3 1600 1170 0.58 0.55
79.4 1480 1660 0.47 0.46
81.4 1360 2270 0.37 0.38
83.4 1290 3080 0.30 0.30
86.7 1040 4580 0.19 0.19

a The rate constants for folding and unfolding are listed for fits to
two resonances, the 3,5 protons of Tyr 25 and the 2,6 protons of Phe
5. The fraction of molecules that are folded as determined from kinetic
results [kf/(ku + kf)] is compared with the fraction folded determined
from equilibrium unfolding experiments monitored with near-UV CD.

FIGURE 7: Line-shape analysis of the NMR resonance from the
3,5 protons of Tyr 25 at 71°C. The spectrum was fit using a two-
state exchange model (see Materials and Methods). (a) The observed
resonance (points) and the simulated spectrum (line) that gave the
best fit to the data. The measured rate of folding was 1930 s-1,
and the measured rate of unfolding was 450 s-1. (b) The residuals
between simulated and observed data for different combinations
of kf and ku. The diagonal squares outlined in bold all have the
same equilibrium constant,kf/ku.
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conventional stopped-flow equipment cannot directly mea-
sure events occurring on the submillisecond time scale.
Currently there is considerable interest in developing tech-
niques to measure folding events occurring on the submil-
lisecond time scale (37, 38). These methods include ultra-
rapid mixing (39), laser-induced temperature jumps (40, 41),
photochemical triggers (42), as well as NMR (16, 17). The
advantages of the NMR technique are that it is experimentally
simple and the temperature and solvent conditions can be
easily varied. The limitation of the technique is that it is
conducted under equilibrium conditions and requires a
detectable population of folded and unfolded protein.

During the last two years several proteins have been shown
to fold on the submillisecond time scale. These include an
all-R-helical structure derived from phageλ repressor (16,
17), the all-R-helical yeast acyl-coenzyme A binding protein
(43), an all-â-sheet cold shock protein (44), the mixedR +
â structure of NTL9 described here, and anotherR + â fold
protein, procarboxypeptidase A2 (45). All of these proteins
are small, of less than 100 residues, but clearly a specific
fold does not appear to be required for fast folding, nor does
small size alone appear to be sufficient to ensure such rapid
folding (46, 47).

The results reported here show that NTL9 will be a useful
protein for further protein folding studies. Its small size
means that it can be chemically synthesized, which allows
for the addition of nonnatural amino acids and for isotopic
labeling of specific residues. The combination of site-
specific isotopic labeling with dynamic NMR line-shape
analysis will allow folding rates to be measured on a residue-
specific basis.
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