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ABSTRACT: The N-terminal domain, residues-56, of the ribosomal protein L9 has been chemically
synthesized. The isolated domain is monomeric as judged by analytical ultracentrifugation and
concentration-dependent CD. Compléke 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 antiparglisheet 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 hasA#&>°siing = 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 firgl-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 20bf@ear 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-exposedx-helix to a compact C-terminal
domain ((—3) (Figure 1). The N-terminal domain of L9 is
an example of an important class of layered shéelix
structures which are found in a number of other ribosomal
proteins and in small RNA binding domaind—<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-atrand 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
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The intact L9 protein also offers an interesting system for MATERIALS AND METHODS
the study of the folding and assembly of multidomain ) ) o )
proteins. The structure of the full-length L9 protein is Peptide Synthesis and Pur_|f|cat|orNTL9 was synt_heS|zed
intermediate between that of multidomain proteins in which 0N & 0.22 mmol scale by solid-phase methods using FMOC-
structurally independent domains are connected by flexible Protected amino acids and TBTU-mediated amide coupling
linkers and multidomain proteins in which there are more o0 & Millipore 9050 Plus automated peptide synthesizer with
extensive and intimate interdomain contad8-12). The standard reaction cycles. Afi-branched amino acids and
two terminal domains of L9 are expected to fold in the all residues which were couple_dﬁebranched residues were
absence of the other domain, but it is also likely that their double coupled. Each coupling, except for the last, was
folding and stability are not entirely independent. Our followed by a capping step using acetic anhydride. Amino
approach to understanding the folding of L9 is to study the acid side chains were protected as follows: Asn and Cys,
isolated domains with the ultimate goal of comparing the {ityl group; Asp,tert-butyl ester; Lystert-butoxycarbonyl
folding and stability of the individual domains with the 9roup; Ser and Thitert-butyl ether. Use of a resin with a
folding and stability of the intact protein. We have previ- PAL linker generated an amidated C-terminus following
ously examined a peptide corresponding to the central helix c/€avage from the resin with 91% TFA/3% anisole/3%

of L9 and have shown that it has high intrinsic stability. This thioanisole/3% ethanedithiol. NTL9 was purified using

peptide is greater than 85% helical below room temperature "€Verse phase HPLC with a C4 CO'“”‘”O- ArrB gradient
(13), but at higher temperatures it begins to unfold and is Was used where the A eluent was 0.1% aqueous TFA and

less than 30% helical at 60C. Studies on full-length L9~ the B eluent was 0.1% TFA/90% 2-propanol/9.9%QH
show that the central helix is stable to 8D, indicating that ~ E/€ctrospray mass spectrometry (expected molecular weight
it must be stabilized by interactions with the two terminal 8218, observed molecular weight 6217) and nuclear magnetic
domains B). In this paper we report the results of a study "€sonance (NMR) confirmed the identity of the pure product.
of the N-terminal domain of L9 in which we examine the rotein concentrations were determined by tyrosine absor-

) . o )
structure, stability, and folding of the isolated domain. Our bance using an extinction coefficient of 1280 Mem* at

construct consists of residues-46 and is denoted as NTL9. 3800(;]2; for the proteini 6 M guanidine hydrochloride, pH

The small size of this domain, 56 residues, makes it an . . I .
attractive target for biophysical studies. Until recently the _Sedlmenta_tmn Equilibrium.A solution of NTL9 was
only small monomeric proteins known to fold to a unique d|alyz§d against 10 mM NBIPQ, 100.mM NaCl at pH 7.4.
tertiary structure contained disulfide bonds or ligand binding Experllments were peﬁormed a}t 25 with a Beckman XL-A
analytical ultracentrifuge, using rotor speeds of 30 000,

sites. There are now a few examples of small proteins which )
adopt a stable tertiary structure. Their small size makes them40 000, and 50. 000 rpm. The concentration of NTL9 was
80uM. Experiments were carried out using 12 mm path-

more tractable for computational studies and also makes th . ! .
ore tractable for computational studies and also makes the ength, six-channel, charcoal-filled Epon cells with quartz

attractive targets for de novo protein design. . . . .
) ) ) ) ~ windows. Data were collected using continuous radial

There has been increased interest in studying small proteinsscanning at 285 nm. Partial specific volumes were calculated
whlch fold by a two-state me_chanlé_?nl‘(, 135. These _ from the weighted average of the partial specific volumes
proteins offer simple systems with which to probe the basic of the individual amino acidslg). The data were globally
steps required in protein folding. There is also considerable it with both a single-species model with the molecular
interest in the early stages of protein folding and in \yejght treated as a fitting parameter and to monermener
experimental studies of proteins which can fold quickly. A ~equilibria with the molecular weight of the monomer held
number of recent developments have led to new methodsfixed. The HID program from the Analytical Ultracentrifu-
for studying the early steps in folding. Potentially one of gation Facility at the University of Connecticut was used
the most useful techniques is in fact one of the oldest, NMR  for the fitting analysis.
line-shape analysis. For proteins that are known to fold by
a two-state mechanism and that fold on the appropriate timeWas performed using an Aviv 62A DS spectrometer equipped
scale (10*to 1073 s), it is possible to measure folding rates with a Peltier temperature control unit
directly from NMR line-shape analysisl§, 17. Using : '
dynamic NMR to measure rates of protein folding is  Nuclear Magnetic Resonance (NMR) SpectroscdpyIR
especially attractive since conventional stopped-flow experi- €XPeriments were performed on a Bruker Instruments AMX
ments cannot directly detect events occurring on the sub-600 spectrometer and Varian Instrumer_lts Inova 500 and 600
millisecond time scale. In the work described here, dynamic MHZ spectrometers. All spectra were internally referenced
NMR is used to measure submillisecond folding rates for © TSOP at 0.0 ppm. 2D spectra were taken of 4 mM NTL9
the N-terminal domain of the ribosomal protein L9. at 25°C in 90% H0/10% DO at pH 5.0 and in 100% &
at pD 5.0 (corrected meter reading). NOESY (mixing time
= 50, 100, 150, and 210 ms), TOCSY, and DQF-COSY
! Abbreviations: CD, circular dichroism; CSI, chemical shift index; experiments were used to make assignmede. (3June

Da, dalton; DQF-COSY, double quantum filtered correlated spectro- . ; "
scopy; FMOC, 9-flourenylmethyloxycarbonyl; NMR, nuclear magnetic coupling constants were determined from absorptive and

resonance; HPLC, high-pressure liquid chromatography; NOE, nuclear dispersive peak separations in a DQF-COSY spect@iin (
Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; Additional 2D spectra, NOESY, DQF-COSY, and TOCSY,

PAL, 5-(4-FMOC-aminomethyl-35'-dimethoxyphenoxy)valeric acid,; ; ; [T AT
TBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluo- were obtained at 53C. Chemical shift |nd|ce52Q) were

roborate; TFA, trifluoroacetic acid; TOCSY, total correlated spectro- Calculated using the random coil chemical shifts from
scopy; TSP, 3-(trimethylsilyl) propionate. Withrich (20).

Circular Dichroism (CD) SpectroscopyCD spectroscopy
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Thermal Denaturation. Thermal denaturation of NTL9
was followed by 1D NMR and by CD at 222 and 280 nm.

native and denatured state resonanegsip). The follow-
ing equations describe how these parameters are relbted (

The NMR and CD samples were in®, 100 mM NacCl, 10 25).

mM Tris at pD 8.0. Protein concentrations were 2.5 mM

for NMR, 40 4M for far-UV CD, and 600uM for near-UV [P Lt t(& N &) N QR}

CD. The temperature within the NMR sample was calibrated Ton  Top

with ethylene glycol, and the temperature within the CD 1(v) = Cq 0 R 4)

cuvette was calibrated with an external thermocouple. The
experimental data, plots of ellipticity versus temperature or \yherep Q, andR are given by
chemical shifts versus temperature, were fit with the program

Kaleidagraph (Abelbeck Software) to eq 1.

—[AG°p_ /RT
ay + BNT + (o + BpTe (AG"o-n(D}
1+ e—[AG"D—N(T)]/RT

f(m = (1)

where

AG°p_\(T) = AHODN(Tm)(l - Tl) -

AC°p[(T: —T+T '”(T_Tm)] )

f is chemical shift or ellipticity, and is temperature.ow,
fAn, 0p, andpp are parameters that define the ellipticity or
chemical shift of the native (N) and denatured states (D).
andg describe a line with a slope equalf@nd ay intercept
equal too.. Tp, is the transition midpoint, andH p_n(Tr)

is the change in enthalpy &t. The value ofAC°, was set
to 0.57 kcal maot! K=%.  This value was calculated from

known correlations between a protein’s size and its heat

capacity £3). ChangingAC°, by +0.20 kcal mof! K1
changes the calculatdg, values by less than’C. Fraction
folded at a given temperature was determined by uiifg
an, On, 0p, andfp. Thermal denaturation was 93.00%
reversible in 100 mM NacCl, 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

P = [(L/TyTop) — 472(AV)* + 72 (0v)] + (P Top) +
(Po/Top) (5)

Q= 7[27Av — wov(py — Pp)] (6)

R=2nAv{1 + t[(LT,) + (Tp)]} + 7ove[(1/T,y) —
(UTyp)]wov(py — Pp) (7)

ov, Av, aret given by

ov=vy—vp (8)
Av =[(vy+vp)2] — v 9)
7= 1/(k, + k) (10)
pny andpp can be expressed in termsqfk;, andk,
PN = ke (11)
Po = ki (12)

Co 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 kark,, and C,.

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

quorescenci ona Eerkln-EImeIr LS'E}? Iu;}nnescence SPEC-the denatured state resonance from the spectra because of
trometer. The excitation wavelength for fluorescence was rogonance overlap. For this reasop, was treated as an

279 nm, and the emission wavelength was 304 nm. The;nqenendent variable anpy was set equal to the value
samples were prepared in 10 mM MOPS, 100 mM NaCl, at ygrived from the fit of the tyrosine resonance.

pH 7.0 with varying amounts of urea at 26. The protein
concentration was 78M. The same sample was used for
fluorescence and CD. The concentration of urea was
determined with refractometr4). Kaleidagraph was used

to fit the data to eq 1 wittAG°5—y Now equal to eq 3
AG°p_y([urea])= murea]+ AG°,_\(OM) (3) fit to the centrifugation data is 5898 150 Da which is
within 5% of the known actual mass, 6219 Da. The

AG°p_n(0 M) is the stability of the protein in the absence difference between the expected and observed molecular
of denaturant. Fraction folded at a given urea concentration mass is possibly due to nonideal effects. Fitting the data to

RESULTS

Sedimentation experiments indicate that NTL9 is mono-
meric in aqueous solution (Figure 2) at a concentration of
280uM. The apparent molecular mass derived from a global

was determined by usinff[urea]), o, Sn, oo, andfp.
Folding Rates from NMR Line-Shape Analysithe *H

NMR line shape of the 3,5 resonance of Tyr 25 (6.5 ppm,

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

Figure 5) and the 2,6 resonance of Phe 5 (7.5 ppm, Figureconcentration. Temperature melts of NTL9 at4d, 600

5) were fit to a two-site exchange mod&l7( 29. Intensity
as a function of frequency(y)] depends on the populations
of the native state and the denatured staig fp), the

uM, 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

apparent transverse relaxation times of the resonance in thdeast 4 mM.

native and denatured statd,(, T.p), the folding and
unfolding rate constantd( k,) and the frequencies of the

NMR experiments show that the structure of the isolated
domain is similar to the conformation of the domain in the
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Ficure 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. N2o-K2 é
full-length protein. CompletéH chemical shift assignments 1814 ~
are provided in the Supporting Information. The observed o e
chemical shifts, chemical shift indices (CSY)yn. coupling
constants, and nuclear Overhauser effects (NOEs) are all o]
consistent with the secondary structure and tertiary structure © o L2
of the domain in full-length L9 (Figure 3a). Theproton
chemical shifts in NTL9 are on average within 0.02 ppm of 56 52 48 44
those in L9, with only 4 of the 56 differing by more than D1 (ppm)

0.05 ppm 2). The C-terminal helix, residues 456, is intact Ficure 3: (a) Sequential NOEs for NTL9 show that the structure
except for fraying toward the C-terminal end of the helix of thg isolaﬁed domain is sjmilar to its structure in fgll length L9.
(Figure 3a, Table 1). The chemical shiftindices for the last. [ grey, O 0 o e 2 e detectod because
two reS|due§ Qf the helix, GIn 55 and Arg 56, are zerp, and the expected cross-peak is too close to the diagonal. CSI refers to
there are no, i + 3 NOEs to these residues. Interestingly, chemical shift index; below the horizontal indicates a CSHdf

i,i + 4 NOEs rather than i + 3 NOEs are observed in the and above the horizontal indicatéd.. 34y, couplings are shown
region corresponding to the short helix (residues-28). 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
These NOEs are consistent with the full-length L9 structure as defined in the combined NMR, X-ray structus. Gpectra were

in which residues 2631 form azqr (26) turn with ani, i + taken at 25°C, pH 5.0. (b) A portion of the 2D NOESY spectrum
5 hydrogen bond between Ala 26 and Phe 31. of NTL9 at 25°C, pD 5.0. NOEs are shown betweesprotons on

All the expected NOEs betweghistrands are observed. adjacents-strands.
These include NOEs betweea-protons on adjacent
strands: lle 18 lle 4, Asn 20-Lys 2, Ala 36-Phe 5, and  from random-coil chemical shifts by 0.£D.20 ppm ).
Glu 38—Val 3 (Figure 3b). These cross-strand NOEs show These results suggest that the C-terminal helix packs against
that the register of thg-strands in the isolated domain is the S-sheet in similar fashion in NTL9 and L9.
the same as in the intact protein. There are also several The one region in which the structure of the isolated
tertiary NOEs which are consistent with the full-length domain may deviate from that of the intact protein is the
structure. The side chains of Phe 31 and Phe 5 form part ofloop (residues 1816) that connects the first and second
the hydrophobic core between the short helix angtsbeet strands of NTL9. The loop contains only lysines and
and show the expected NOEs with Met 1, Val 3, and Gly glycines and has the sequerileys-Gly-Lys-Gly-Lys-Lys-
13. ThepB-sheet and the C-terminal helix pack against each Gly. In the L9 structure Lys 14 hasgaangle of—51° but
other, with Leu 44 and Leu 47 from the helix making contact in NTL9 the measuredJun, coupling constant is 9.7 Hz
with lle 4, lle 18, and lle 37 from the sheet. In this case the which corresponds to @ angle betweer-90 and—15C.
expected NOEs are between methyl groups on these residuedn NTL9 there is a medium-strength NOE betweghgroton
and the poor chemical shift dispersion prevents unambiguouson Glu 17 and the amide proton on Lys 14. In the structure
identification of these NOEs. The chemical shifts reported of L9 these groups are ov@ A apart.
for the methyl groups of lle 4, lle 18, and lle 37 in the full- Thermal denaturations of NTL9 were followed by near-
length protein are all within 0.04 ppm of the values observed and far-UV CD as well as by NMR (Figure 4). NTL9 has
for NTL9, and in the case of lle 4 and lle 37 the shifts deviate one tyrosine, Tyr 25, which has a near-UV CD signal with
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1.2

L

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

NMR Met 1 £997
NMR Tyr 25 LY
NMR Thr 40 §v

CD 222 nm 'M

CD 280 nm §7

33N 3JhNe
(25°C) (55°C) NH—NH NH-NH Ca(55-25°C) 08
residue  (Hz) (Hz) (25°C)l  (55°C) (ppm) :

Ala 42 2.8 strong medium —0.02

Asn 43 strong strong

Leu 44 strong strong —0.02

Lys 45 strong strong —0.01

Ala 46 strong strong —0.03

Leu 47 strong strong —0.03 3

Glu 48 * * 0.01

Ala 49 * * 0.00 0+ 3583863"3885885s88

GIn 50 strong none 0.04

Lys 51 * * 0.04 0.2 L j L I | ! !

GIn 52 strong none 0.05

Lys 53 strong none 0.02 20 30 40 50 60 70 80 90 100
* *

Clu 54 * * 8:8421 Temperature (°C)

0.01

I
4 0 e & 0O

o
o

0.6
04 - §

Abrho
2O
fraction unfolded

0.2 - 3

GIn 55
Arg 56

aValues of thedJun, coupling constants and the intensity of the
amide-to-amide sequential NOEs measured at 25 andGre 600°
tabulated for residues 456. The difference between thexéroton
chemical shifts measured at 55 and 5is also listed® Strength of
NOEs between backbone amides on adjacent residues. “Strong”
corresponds to 1:83.0 A, and “medium” corresponds to +8.0 A.
“None” indicates the absence of an NOE. An asterisk indicates that a
possible NOE is too close to the diagonal to be observed.

oonuuaa~habbao
OrhONWOURRRDWOR

Nooorooiolao
wWoooowor oo

o
~—
[«

(10 deg cm® dmol ™)
o
(&
T

a maximum at 278 nm and a mean residue ellipticity-dD
mdeg cnd dmolt. The signal decays to zero as the protein
unfolds. For the temperature melts followed by CD the -40 -
protein was at high temperatures for less than 1 h, and ! ! | | ! ! !
unfolding was greater than 95% reversible. Theneasured 20 30 40 50 60 70 80 90 100
by near-UV CD (77+ 2 °C) and far-UV CD (78+ 2 °C)
are the same. Temperature (°C)

The equilibrium unfolding transition can also be monitored
with NMR. In almost all studies reported to date, the C
conversion between the folded and unfolded states is slow
on the chemical shift time scale. As aresult, 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 .0°
determine the fraction folded.

A minor complication is caused by the single proline at - 00°
position 41 which has a trans peptide bond in the folded -9 | ! I 1 ! | !
protein, but can have a cis or trans peptide bond in the 20 30 40 50 60 70 80 90 100
unfolded protein. The proline is _Iocated imme_diat_ely before Temperature (°C)
the start .Of Fhe long Ce”t.ra' he!lx’ and examination of the IGURE 4: Temperature denaturation of NTL9 in 100 mM NacCl,
structure |n_d|cates that a cis prol!ne cannot be accommodatg 0 mM Tris, 100% DO, pD 8.0. (a) Fraction unfolded of NTL9
in the native state. Only a single set of resonances isas a function of temperature as determined by several different
observed for the folded protein, and a strong NOE is techniques. Equation 1 was used to determine fraction unfolded.
observed from th@_proton of residue 40 to thé_protons (b) Near-UV CD.SignaI at 280 nm as a fun_Ction of temperature.
of proline 41 indicating that the Thr 4éPro 41 peptide bond (c) Far-UV CD signal at 222 nm as a function of temperature.
exists exclusively in the trans conformation in the folded which grows in at the unfolded chemical shift of Tyr 25 (6.9
state. This implies that the fraction of the molecules which ppm in Figure 5). There is apparently a second minor peak
contain a cis proline peptide bond in the unfolded state must of even lower intensity that appears as a small shoulder on
first isomerize to the trans form before they are competent the cis peak. This small peak likely arises from protein that
to fold. The cis-trans isomerization rate for a prolyl peptide is irreversibly unfolded at high temperatures. For this
bond is known to be slow on the chemical shift time scale experiment NTL9 was at high temperatures for over 2 h, at
(27, 28. As aresult the small population of unfolded protein which point thermal folding is not completely reversible.
with a cis proline will be in slow exchange with the major NTL9 contains four asparagines, and deamidation of aspar-
unfolded form and hence with the folded state. Unfolded agines is known to occur with time constants on the order
protein in slow exchange is probably the reason for the peak of hours at high temperature2d). Protein that is irreversibly
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Ficure 5: 1D NMR of NTL9 at different temperatures in 100 mM
NaCl, 10 mM Tris, 100% BO, 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.

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

Kuhlman et al.

fraction unfolded

—0— Fluorescence
——CD 222 nm

_0_27”.\‘.‘\KH\.‘.\..‘
0 2 4 6 8

[urea] (M)
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 4TC. The curves were fit using
egs 2 and 3. The curve fit to the far-UV CD data giveA@° (0
M urea, 40°C) of 2.6 + 0.8 kcal/mol, and the curve fit to the
fluorescence data gives &G° (0 M urea, 40°C) of 3.0+ 0.8
kcal/mol.

10

as the temperature is raised (Table 1). Residues8&ll
have larger3June coupling constants at 58C, and the
chemical shifts of ther-protons of residues 486 have all
moved toward the random coil values. Also the + 1
NH—NH NOEs are no longer observed for GIn-50ys 51,
GIn 52—Lys 53, and Lys 53Glu 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-B-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

dependence of the chemical shifts of these three peaks adit {0 the far-UV CD data gives 4G° (0 M urea, 40°C) OI
well as the temperature-dependent ellipticities determined 2-6+ 0.8 kcal/mol and amvalue of 0.54+ 0.10 kcal mof

from the CD studies. For the NMR experiments, fraction

M~ with a midpoint at 4.8 M urea. The curve fit to the

folded was adjusted to take into account the small amount fluorescence data gives/&G*® (0 M urea, 40°C) of ?Oitl
of unfolded protein in slow exchange due to isomerism about 0.8 kcal/mol and amvalue of 0.63+ 0.10 kcal mot* M

the prolyl peptide bond. This correction changed the
measuredl, 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: 772 °C Tyr 25,
77+ 2°CThr40, 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. GIn 50 and
Lys 51 also contact the LysGly loop between the first two
p-strands of the N-terminal domain, while residues-58

do not make any contacts with the rest of the N-terminal
domain. 2D NMR experiments were performed at’&5to
determine if the C-terminal helix remains intact at higher

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@because

a urea denaturation of NTL9 at 2& 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 are®ASA) on folding andmvalues 23).

Using the structure of L9 and the access module in the
program Whatif, we calculate that teASA of unfolding

for NTL9 is 4200 & (30). The correlation proposed by

Myers et al. for proteins with no disulfide cross-links
predicts amm value of 0.59 kcal molt M~ at 25°C. This
calculated value is similar to the values observed with far-
UV CD and fluorescence at 4@, 0.54+ 0.1 and 0.63+

0.1 kcal mot! M1, respectively.

All of the available data indicate that the folding of NTL9

temperatures. These studies show that the helix is frayingis two-state. The temperature-dependent NMR spectra show
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Table 2: NMR Line-Shape Analysis a)
temp ki (Y25) k,(Y25) ki (F5) ky(F5) ki/(k,+ ki) fraction folded
(C) Y (Y (H (Y (Y25 (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
814 1360 2270 0.37 0.38 "
83.4 1290 3080 0.30 0.30 e
86.7 1040 4580 0.19 0.19
aThe rate constants for folding and unfolding are listed for fits to 2000 3020 3940 3960 3980 4000

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 ki/(ky, + kf)] is compared with the fraction folded determined  b) ks
from equilibrium unfolding experiments monitored with near-UV CD. '

Frequency (Hz)

1400 1700 1933 2200 2500

A
s\

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 K»$ 452
range of the estimated uncertainty. To estimate the reliability

of the fit, the effect on the calculated spectra of varying both

the folding rate k) and the unfolding ratek() was calculated 396 ——
for the tyrosine resonance at 7C (Figure 7). The results

are shown in Figure 7, which displays the residuals between

the experimental data and the calculated line shape. The 326 ,\/\,
fits are very sensitive to changesknandk, when they are

changed independently of each other. When the ratig of Fgure 7: Line-shape analysis of the NMR resonance from the

to k, is kept constant, the residuals only become significantly 3,5 protons of Tyr 25 at 71C. The spectrum was fit using a two-
larger whenk; is changed by more than $24%. state exchange model (see Materials and Methods). (a) The observed

The protein folds very rapidly with a folding rate constant résonance (points) and the simulated spectrum (line) that gave the

° : best fit to the data. The measured rate of folding was 1930 s
1
0f 2000 s* at 71°C. Over the temperature range examined and the measured rate of unfolding was 458 &) The residuals

the rate of folding decreases as the temperature is raisedpetween simulated and observed data for different combinations
indicating non-Arrenhius behavior. A non-Arrhenius tem- of k; andk,. The diagonal squares outlined in bold all have the

perature dependence of the folding rate has been observedgame equilibrium constarnity/k,.
for other proteins near the midpoint of their thermal unfolding 54 the structure of the isolated domain is similar to the
transitions 81—34). One explanation for the non-Arrhenius  stycture of the N-terminal domain in full-length L9. NTL9
temperature dependence is that there is a change in heat,q high thermostability with &, of 77°C in 100 mM NaCl,
capacity between the unfolded state and the transition state; oy DO at pD 8.0. TheTy, for this domain in the intact
ensemble and that as the temperature is raised the unfoldeg g protein is not known, but a temperature melt of L9
state becomes destabilized relative to the transition statess)iowed by far-UV CD ha,s been reported)( L9 unfolds
ensemble 35, 36. _ _ between 70 and 108C. Since CD provides a global view

If the N-terminal domain of L9-folds via a two-staté of the secondary structure it is not possible to independently
mechanism, the equilibrium constant determined from the fqjow the unfolding transition of the domains. The high
kinetic data should agree with the equilibrium constant inirinsic thermal stability of both the N-terminal domain and
determined from the equilibrium thermal unfolding experi- {he intact protein make it difficult to judge if the domain is
ments. Using the rates of folding and unfolding derived from gapjlized by interactions with the rest of the protein. Studies
line-shape analysis, it is possible to calculate the fraction of 5, the isolated central helix of L9 indicate that it is
molecules folded at a given temperature. In Table 2 theseexceptionally stable and is greater than 85% helicalg,1
values are compared with results from equilibrium thermal p ,t is less than 30% helical at 6C (13). These results
unfolding experiments followed by near-UV CD. Theresults ghq that the central helix must be stabilized by interactions
agree to within 7% of each other and are consistent with ayitn the N- and C-terminal domains.
two-state folding mechanism. All of the available evidence indicates that the N-terminal

domain folds rapidly by a two-state mechanism. We have

DISCUSSION shown that NMR line-shape analysis can be used to measure

The data presented here show that the N-terminal domainthe folding and unfolding rates of NTL9. Use of this
of L9 is able to fold in isolation. The domain is monomeric, technique to measure folding rates is appealing because
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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-
nigues to measure folding events occurring on the submil-
lisecond time scale3(, 39. These methods include ultra-
rapid mixing @9), laser-induced temperature jumg®(417),
photochemical trigger€4@), 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-a-helical structure derived from phaderepressor 16,

17), the all-a-helical yeast acyl-coenzyme A binding protein
(43), an all-sheet cold shock proteid4), the mixeda +

B structure of NTL9 described here, and another $ fold
protein, procarboxypeptidase A25). 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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