Biochemistry1999, 38, 5643-5650 5643

Folding of the Multidomain Ribosomal Protein L9: The Two Domains Fold
Independently with Remarkably Different Raltes
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ABSTRACT. The folding and unfolding behavior of the multidomain ribosomal protein L9 fiewillus
stearothermophilus/as studied by a novel combination of stopped-flow fluorescence and nuclear magnetic
resonance (NMR) spectroscopy. One-dimensidHaspectra acquired at various temperatures show that
the C-terminal domain unfolds at a lower temperature than the N-terminal domain 67 °C for the
C-terminal domain, 80C for the N-terminal domain). NMR line-shape analysis was used to determine
the folding and unfolding rates for the N-terminal domain. At T2 the folding rate constant equals

2980 s and the unfolding rate constant equals 648 &or the C-terminal domain, saturation transfer
experiments performed at 62 were used to determine the folding rate constant, 3.,3as1d the unfolding

rate constant, 9.0°$. Stopped-flow fluorescence experiments detected two resolved phases: a fast phase
for the N-terminal domain and a slow phase for the C-terminal domain. The folding and unfolding rate
constants determined by stopped-flow fluorescence are2@thd 0.36 s, respectively, for the N-terminal
domain at 25°C and 3.0 s and 0.0025 s for the C-terminal domain. The Chevron plots for both
domains show a V-shaped curve that is indicative of two-state folding. The measured folding rate constants
for the N-terminal domain in the intact protein are very similar to the values determined for the isolated
N-terminal domain, demonstrating that the folding kinetics of this domain is not affected by the rest of
the protein. The remarkably different rate constants between the N- and C-terminal domains suggest that
the two domains can fold and unfold independently. The folding behavior of L9 argues that extremely
rapid folding is not necessarily functionally important.

The ribosomal protein L9 frorBacillus stearothermophi-
lus (149 residues) has an unusual structure in which two
globular domains are connected by a lomghelix. Both
domains of L9 have a binding site for the 23S rRNA and it
has been proposed that L9 acts as a molecular strut. The
maintenance of the proper spacing and orientation of the two
domains of L9 is importantl(—3). A ribbon diagram of L9
is shown in Figure 1. The N-terminal domain (colored black)
consists of a three-stranded antiparaliesheet packed
between the centrabi-helix and a shorto-helix. The
C-terminal domain consists of two long loops, a short
o-helix, and a three-stranded mixgesheet packed against
the central-helix. The long centradi-helix (residues 4%
74) is exposed to solvent in the middle and participates in
the hydrophobic cores of the two domains at both ends. There
is excellent evidence that this unusual architecture is
preserved in solutionl( 4).

Although the folding of single-domain proteins has been
extensively studied5-8), the folding and assembly of
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Ficure 1: Ribbon diagram of L9 fronBacillus stearothermophilus.
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multidomain proteins is less well characterized. L9, in which ~ Stopped-Flow Fluorescenc&topped-flow fluorescence
two domains are connected by a rigid linker, provides an experiments were performed using an Applied Photophysics
interesting system to investigate the folding behavior of a SX.18MV stopped-flow instrument at an excitation wave-
multidomain protein. The structure of L9 can be viewed as length of 279 nm £2.3 nm). Fluorescence signals above
an intermediate case between multidomain proteins in which 305 nm were recorded with a cutoff filter. The temperature
structurally independent domains are connected by flexible of the solutions and the flow circuit were maintained at 25.2
linkers and multidomain proteins in which domains interact °C with a circulating water bath. For the folding experiments,
extensively with each othe®{11). The two domains of  approximately 600uM of protein in 4.11 or 6.96 M
L9 are expected to fold in the absence of the other, but their guanidine hydrochloride (GdnHCI) was rapidly diluted
folding and stability may not be entirely independent. A against 10 volumes of 0.68.74 M GdnHCI. The final
peptide corresponding to the central helix of L9 was shown concentrations of GdnHCI varied from 0.37 to 2.99 M. A
to be more than 85% helical below room temperature but split time base was used to record both the fast phase and
less than 30% helical at 6@ (4). Since the central helix of  the slow phase in the same mixing experiment. For the
the intact L9 protein has been shown to be stable &0 unfolding experiments, approximately 60M protein in 0.00
it must be stabilized by interactions with the two terminal M GdnHCI was rapidly mixed against 10 volumes of 1-37
domains ). The folding and stability of the isolated 6.96 M GdnHCI. The final concentrations of GAnHCI varied
N-terminal domain of L9 was studied previously and was from 1.24 to 6.33 M. A single time base was used to record
shown to fold rapidly by a two-state fashioh2( 13). the two phases. The resulting traces were fit with two
In this study, the folding and unfolding of intact L9 were separate single-exponential functions for the folding experi-
examined by the novel combination of two independent ments and fit with the sum of two exponential functions for
methods, stopped-flow fluorescence and nuclear magneticthe unfolding experiments to determine the observed rate
resonance (NMR)spectroscopy. L9 provides a simple and constants. Each curve was obtained by averagind2
convenient system for folding studies since it does not individual measurements.
contain disulfide bonds, does not bind to any metal ions or  Nuclear Magnetic Resonance Spectroscofly.1D H
cofactors, and contains one tyrosine residue in each domainspectra of L9 were taken on a Varian Instruments Inova 500
which can be used to monitor the folding and unfolding MHz spectrometer. The temperatures were calibrated with
process of each domain by spectroscopic methods. Foldingan ethylene glycol standard.
kinetics are traditionally studied by stopped-flow or quenched-  Thermal Unfolding.A series of 1DH spectra were
flow experiments. Nuclear magnetic resonance (NMR) recorded at temperatures betweerf@5nd 9C°C to monitor
spectroscopy can also provide kinetic information. The the thermal unfolding of L9. 1D rather than 2D spectra were
exchange rate for a system that undergoes intermediate tqecorded in order to avoid excessive exposure to high
fast exchange may be determined by line-shape analyis ( temperature which can lead to deamidation of Asn residues.
14), and the exchange rate for a system that undergoes slowThe plots of chemical shifts versus temperature or integrals
exchange can be determined by a saturation transfer experiversus temperature were fit to eq 1 with the program Sigma
ment (5—17). The temperature-dependent 2B NMR Plot (SPSS inc.)19).
spectra of L9 acquired in this study show that the N-terminal
doma!n undergoes fast exchange and that the C-terminal ay + BnT + (0p + BpT) exp[—AG®,_(T)/RT]
domain undergoes slow exchange; thus the rate constant$(T) = o
for the two domains can be determined by line-shape analysis |+ exp[-AG", (T)/RT]
and saturation transfer experiments respectively. The analysis
assumes a two-state folding model. However the stopped-Where
flow fluorescence methods provide independent evidence that
the folding of each of the domain is indeed two-state.

o J— o T
MATERIALS AND METHODS AG%\(T) = AH D—N(Tm)(l - T_m) -

Expression and Purification of L9. Bacillus stearother- T
mophilusL9 was expressed and purified by the method ACop[(Tm -N+ TIn(T—)
described by Hoffman et al3). TheEscherichia colstrains m
for the expression of L9 were generously provided by the
Hoffman group.

Sample PreparationAll NMR samples were prepared in
D,0O containing 1.8 mM L9, 20 mM sodium acetatg-and
100 mM sodium chloride and were adjusted to the pH meter
reading of 5.05 (pD apparent). All NMR samples also contain
0.3 mM 3-(trimethylsilyl)propionate (TSP) as an internal
reference. All solutions for stopped-flow fluorescence were
prepared in HO containing the same buffer used above
(sodium acetate was used instead of sodium acdgatmid
adjusted to pH 5.45.

1)

(2)

f is the chemical shift or the peak integral, afidis
temperatureay and Sy are the parameters that determine
the chemical shifts of the native state, amgl and fp are
those for the denatured state. and 5 correspond to a
y-intercept and a slope of a line, respectively, is the
temperature at the transition midpoint. There are seven
adjustable parameters in the fit. However, the shape of the
curves is largely independent of the valueA@@°,,. The peak
from thee protons of Tyr 25 and the methyl resonances of
Met 1 were used to construct the denaturation curves of the
N-terminal domain. The intensity of the peak at 6.0 ppm,
! Abbreviations: 1D, one dimensional; NMR, nuclear magnetic which is due to th&2 proton on His 144 in the C-terminal

resonance; GdnHCI, guanidine hydrochloride; TSP, 3-(trimethylsilyl)- dom_ain, and the relative intensities of the Tyr 126 peaks
propionate. coming from the unfolded state (6.8 ppm) and the folded
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state (6.4 ppm) were used to determine ihg for the and they were found to differ by less than the experimental
C-terminal domain. uncertainty (see Results). This indicates that the assumption
Line-Shape Analysisihe folding and unfolding rates of  of equalT; values for the folded and unfolded resonances
the N-terminal domain were determined by NMR line-shape of His 144 is reasonable. If the exchange rate between the
analysis of resolved resonances that were broadened due téolded and unfolded state of a protein is slow on the NMR
chemical exchang@ 2, 14, 19)The analysis assumes a two- time scale, two distinct resonances, one from the folded state
state exchange process. Stopped-flow fluorescence measurdthe F resonance), and the other from unfolded state (the U
ments demonstrate that this is a valid assumption. Theresonance), are observed near the midpoint of the transition
intensity of a peak as a function of frequentfy), is related (22). If the F resonance is selectively saturated, the intensity
to the folding and unfolding rate constanks,andk,, the of the U peak will decrease from its unperturbed valge,
relative populations of the native and denatured staggs, toward a new limiting valuel... The ratio of the two values
andpp, and the chemical shifts of the native and denatured are given by the folding ratie and the apparent longitudinal

proteins,vy andvp, by the following equations: relaxation timeTy y by (17, 20)
p P I
Pl1+ 7= +=—"|| + QR O 4kT,, @)
Ton Ton [ ,
I(v) =C, 2L R 3
and the rate of the intensity decrease is given by
where
dinfl, =11 N 1 .
P = dl(LT,\T,0) — 47%(Av)> + 7(0v)] + (T, ) + Ta (kf m) ®)
(Po/T2,0) ) . o )
The intensity of the U peak versus saturation time was fit to
R=27Av{1+ 7[(1/T, ) + (LT, )]} + eq 5 to obtairk;. The unfolding rate constant can be obtained
Svel(LT. ) — (1T S _ by the complementary experiment in which the U resonance
Aovel(1Top) = (T2 )l70v (P — Po) is saturated and the intensity of the F resonance is recorded.
— _ _ The analysis assumes two-state exchange.
Q= tl2mAv = 7ov(py ~ Pp)] Error Analysis.The error in the parameters obtained by
ov=wvy—vp Av=[(vy+wp)2]—v nonlinear regression was determined by using the method
described by Shoemaker et a22]. Nonlinear regressions
=1k, + k) Pn=kt  pp =k were repeated holding one of the parameters constant. The

. lizi hat i ional to th . x? value calculated from the new regression was then
Coisa horma |Z|ngO<I:(_3nsLantt at IS pr%portlog?r tothe przoteln compared to thg? value from the best fit by using dftest
concentration used in the experimeni, and T, p are the to determine the 95% confidence limit. The upper and lower

gpparent dtransyerse relaxatllonTEmes Lofr the native and s for each parameter were obtained in this manner. The
enatured protein, respectively. The pea rometheotons error in a parameter obtained from a nonlinear regression is
of Tyr 25 in the spectra recorded at 67.6, 72.1, 76.6, and not necessarily symmetric

81.4 °C were fit to eq 3 with the program Sigma Plot to
determiner, Co, andpy as described previousiyi?). The RESULTS
other parameters, vp, Tz, and T, p) Were obtained from Thermal Unfolding Monitored by NMR:he equilibrium
the spectra of the native and denatured proteins. The valuehermal unfolding transitions were monitored by following
of T,y andT, p were determined from measurements of the resolved peaks in a set of 1M spectra (Figure 2). The
line widths of the folded and unfolded resonances. peak assignments from Kuhlman et dl2 and Hoffman et
Saturation Transfer ExperimentEhe folding and unfold- al. (2) were used to identify the resolved resonances. The
ing rate constants of the C-terminal domain were determinedpeak at 6.0 ppm is from th& proton on His 144 (all three
by saturation transfer experiments performed at 68.(20). histidines are located in the C-terminal domain), and the peak
A selective pulse prior to the observation pulse was used toat 6.4 ppm is from the protons on Tyr 126. All of these
saturate the resonance of interest. The effects of the perturbaresidues are located in the C-terminal domain. The peaks at
tion were measured by integrating a resolved peak in a 6.5 and 7.5 ppm are from tkeando protons on Tyr 25 and
normal 1D*H spectrum or by integrating a peak in a 19 Phe 5, respectively, which are located in the N-terminal
difference spectrum. The peaks from th@rotons on Tyr domain. Resonances due to Met 1 could also be followed
126 (6.4 and 6.8 ppm) and tld proton on His 144 in the  throughout the transition. The temperature dependence of
C-terminal domain (6.0 ppm) were used to determine the the spectra clearly demonstrates different unfolding behaviors
folding and unfolding rate constants for the C-terminal for the N-terminal domain and the C-terminal domain. The
domain. The corresponding peak from the unfolded state wasdisappearance of the peak from the@rotons on Tyr 126
identified by difference spectroscopy. The longitudinal (6.4 ppm) around 70C suggests that the C-terminal domain
relaxation timesT,) were obtained separately by inversion unfolds first. The integral of the His 144 peak and the relative
recovery experiments except for thie of the His 144 intensity of the Tyr 126 peak coming from the folded and
resonance from the unfolded protein, which was not resolved the unfolded state were plotted as a function of temperature
and was assumed to be the same asThef the folded and fit to eq 1 to obtain th@&, for the C-terminal domain.
resonance. It was possible to independently measurgshe The results are as followsT, = 66.4°C (—3.5,+2.9) for
for other resonances in the folded state and unfolded stateHis 144; T,, = 67.3 °C (—0.9, +0.9) for Tyr 126 (the
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FIGURE 2: One-dimensionalH spectra of L9 at various temper- < 681
atures in 20 mM sodium acetate and 100 mM sodium chloride, g ’
100% DO, pD 5.05 (apparent). Tyr 25 is located in the N-terminal e
domain. Tyr 126 is in the C-terminal domain. b= 6.7 |
= 6
numbers in parentheses represent the 95% confidence limit). S
The chemical shifts of the methyl group on Met 1 and of £ 667
the ¢ protons on Tyr 25 were plotted as a function of 5
temperature and fit to eq 1 to obtain the midpoint of the 65 |
transition for the N-terminal domain. The results are as
follows: T, = 80.3 (—1.6,+2.4)°C for Met 1; T, = 80.4 20 30 40 50 60 70 80 90 100

(—1.3, +1.8) °C for Tyr 25. These values show good
agreement with each other and with the values determined
for the isolated N-terminal domain under the same conditions FIGURe 3: Thermal denaturation of L9 followed by NMR. One-
(T = 81.0% 1.5°C) (23). The unfolding was 90% reversible dimensionatH spectra of L9 were recorded at various temperatures

: P in 20 mM sodium acetate and 100 mM sodium chloride, 100%
at 500uM. The thermal unfolding curves are shown in Figure D,0, pD 5.05 (apparent). (A) Unfolding of the C-terminal domain

3. followed by monitoring a resonance due to Tyr 126. The curve
The observation of separate resonances from the foldedshows the best fit to eq | giving & of 67.3°C. (B) Unfolding of

and unfolded C-terminal domain indicates that the exchange!n® N-terrﬂlnal domain followed rt:y E]O”'tfc.’””g a resonance df“e to

rate of the C-terminal domain is slow on the NMR time scale. gg_rf%_-r e curve represents the best fit to eq 1 givinG.20

On the other hand, the resonances from the N-terminal

domain shift a_nd _become broad in the transition region. T_hIS Table 1: Folding and Unfolding Rate Constants for the N-Terminal

peak pattern indicates that the exchange of the N-terminal pomain in Intact L9

is intermediate to fast on the NMR time scale.

Temperature (°C)

temperature®C) ki (s79) ki (s

Measurement of the Folding and Unfolding Rates of the 67.6 3950 310
N-Terminal Domain by Line-Shape AnalySie resonances ;%-(15 %ggg 1%8
due to Tyr 25 can be used for line-shape analysis to 81.1 1390 1770

determme the folding and ynfoldmg rates for the Nttermlnal aThe folding and unfolding rate constants were derived from NMR
domain. The results are listed in Table 1. To estimate the jine_shape analysis of the Tyr 25 resonances. All experiments were
error associated with the analysis, the line-shapes wereconducted at pD 5.05 (apparent).
simulated by various combinations of folding rates and
unfolding rates, and the residuals were compared to thedomain were determined by saturation transfer experiments
experimental spectruml®, 14). This analysis (Figure 4)  performed at 69.0C. In order to measure rates by saturation
shows that the residuals become Iarge if one of the rates iStransfer experiments' it is necessary to know Thef the
changed by 13%. Ik andk, are both varied such that the  resonances of interest. The apparntalues for the peaks
equilibrium constant remains fixed, then the residuals becomeat 6.0, 6.4, and 6.8 ppm were determined by performing
large if both rates are changed by 13%. The N-terminal jnversion recovery experiments. The results are 1.07 s
domain folds very rapidly with a rate constant of 2980 s (—0.45,+0.64) for the folded His 144 peak at 6.0 ppm, 1.41
at 72.1°C, pD 5.05 (apparent), which is similar to the folding s (—0.35,+0.41) for the 6.4 ppm peak, which is due to the
rate constant, 2690~%5 determined for the isolated N- fg|ded Tyr 126, and 1.28 s0.42,+0.58) for the 6.8 ppm
terminal domain under the same buffer conditions at 72.7 peak, which arises from unfolded Tyr 126. The appafiant
°C (13). of the His 144 peak in the unfolded state was not determined
Determination of the Folding and Unfolding Rates of the because the peak is buried in a cluster of peaks and was
C-Terminal Domain by Saturation Transfer Experimefitse assumed to be the same as that of the peak due to the folded
folding and unfolding rate constants for the C-terminal form. The assumption seems reasonable given the close
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403 FicUrRe 5: (A) Portion of thelH NMR spectra of L9 recorded at
dbmme | e N \/‘l\" \ ,-’\w- 69.0°C. Spectrum a is a control spectrum in which a presaturation
v pulse was applied at the frequency where there are no resonances.
o ] Spectrum b was recorded with a presaturation pulse applied for 90
Ficure 4: Line-shape analysis of the resonance frometpeotons ms at the resonance indicated by an arrow (the Y126 resonance in

of Tyr 25 at 72.1°C. (A) Observed spectrum (dots) and the the folded state). The intensity of the resonance at 6.8 ppm (the
simulated spectrum that shows the best fit. (B) Residuals betweeny126 resonance in the unfolded state) decreases due to saturation
the observed spectrum and the simulated spectra obtained withyransfer. The difference spectrum fab] is shown at the bottom
different combinations ok andk,. The residuals shown along the  (spectrum c). (B) Time development of the saturation transfer from
diagonal (bold squares) correspond to simultaneously vaming  the 6.4 ppm resonance to the 6.8 ppm resondit}és the intensity
andk, such that the equilibrium constant does not change. at timet and|(0) is the initial intensity. The curve shows the best
fit to eq 5, which gives an unfolding rate of 8.21sfor the
agreement between the appar@ns for the folded and  C-terminal domain.
unfolded resonances of Tyr 126. Furthermore, the calculated
rate is insensitive to the exact choiceTaf The folding rate could fold simultaneously. Alternatively, the two different
constants determined by use of the 6.0 ppm peak and thephases could arise from the independent folding of each
6.4 ppm peak are 3.35(—1.7,+2.8) and 3.4 st (—1.3, domain. The NMR experiments provide direct evidence that
+2.0), respectively (the numbers in parentheses representhe folding of the N-terminal domain is fast and the folding
the 95% confidence limit). The unfolding rate constants of the C-terminal domain is slow. This suggests that the fast
measured by use of the 6.0 ppm peak and the 6.4 ppm peaKluorescence phase is due to the folding of the N-terminal
were found to be 9.874 (—5.3,+7.3) and 8.2 3 (—3.6, domain. Further evidence in support of these assignments
+4.5) respectively. Changing the values Tf within the comes from fluorescence-monitored equilibrium unfolding
uncertainty ranges does not change the values of the foldingexperiments. When the isolated N-terminal domain folds, an
and unfolding rate constants significantly. A representative increase in fluorescence is observed. When the C-terminal
saturation transfer curve is shown in Figure 5. domain in the intact protein folds, a decrease in fluorescence
Stopped-Flow Fluorescence Measurements of Folding andis observed. Tyr 25 is the sole fluorophore in the N-terminal
Unfolding RatesThe experimental traces of fluorescence domain. Tyr 126 is the only fluorophore in the C-terminal
intensity versus time obtained with stopped-flow experiments domain and in the folded structure is located close to His
show two separate exponential traces, one growing rapidly 144, which presumably quenches the folded-state fluores-
upon folding and one decaying slowly upon folding. In cence. In the kinetic folding experiments, an initial rapid
unfolding experiments, an initial rapid decrease in fluores- increase in fluorescence intensity is observed, followed by
cence is observed, followed by a slow increase. Since a subsequent slow decrease in intensity. These intensity
fluorescence measurements provide only global information changes are fully consistent with the equilibrium measure-
about the system, the origin of the two exponential traces ments. With this information, the fast exponential phase is
cannot, in principle, be interpreted directly at the molecular assigned to the N-terminal domain and the slow phase is
level. Intermediates could form rapidly and the two domains assigned to the C-terminal domain. This assignment is also
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FIGURE 6: Representative folding traces from the stopped-flow FIGURE 7: Chevron plots derived from the stopped-flow fluores-
fluorescence experiments performed at 2&£2The final GdnHCI cence experiments performed at 252 (A) N-Terminal domain
concentration was 0.47 M for these traces. (A) Complete trace. (B) In the intact L9 @) and isolated N-terminal dorlnalﬁJ]i. The curve
Expansion of the initial portion of trace A. The traces are well fit - SNOWs the best fit to eq 6, givingka of 760 s+ and ak, of 0.36

to a single-exponential function. s 1 for the intact N-terminal domain andkaof 720 s and ak,

of 0.75 s for the isolated N-terminal domain. (B) C-Terminal

istent with the fast i in fl b di domain. The data points below 1.0 M GdnHCI and above 4.0 M
consistent with the 1ast increéase In fiuorescence observed INggnHcl () were used for linear regression. The lines are the

folding experiments with the isolated N-terminal domain resulting best fits that give lg of 3.00 s* and ak, of 0.0025 s™.
(13). A representative trace for the folding reaction is shown The curve (broken line) shows the best fit of the entire data set to
in Figure 6. eq 6.
allz\r/]vilzrgpea?gfrir?;tcee Icr:);hs?;rr]rt]se f?rnfﬁzntNS_grtr::?nt;"lloa%atsﬁj°C in.Hz'O, the folding rate constant for the N'-terminal
C-terminal domain to be determined with a high degree of domain is 760 < (_140-’ +180) and _the unfolding rate

, : constant for the N-terminal domain is 0.36'5—0.18,
confidence. Plots of the natural logarithm of the observed +0.28). The apparent stability of the N-terminal domain

[ﬁ;ﬂ\?ﬁgiﬁg%ﬁ dvfr:zué-g?rwi_rﬁ: Sgrgaeiﬂt?ﬁfx ];)::r?grt'gc- calculated from these rate constants is 4.53 kcal~fol
(—0.32,+0.36). The equilibriumm value calculated from

teristic V-shaped curve (a so-called “Chevron plot”) that is AN . AV
indicative of two-state folding (Figure 7). Deviation from myandm, (m =m, = my) is 1.58 kial mofr M (_0'08’
i it I t low GdnHCl rati hich i +0.09) and the value df, [my/(m, — )] is 0.54 (—0.05,
ineartty, roflover, at low 1an concentration, Which 1S +0.05). Them value is related to the change in solvent-

suggestive of the formation of intermediates, was not accessible surface area upon foldig)( The value offn
[brovides a measure of the fraction of the surface area buried
in the folded state that is buried in the transition sta®.(

A 6, of 0.54 indicates that 54% of the surface area that is
buried in the folded state is buried in the transition state;
thus, the transition state of the N-terminal domain is relatively

the midpoint of the folding transition of the C-terminal

domain. This probably arises because the change in fluo-

rescence intensity is very small under these conditions.
The plots of Ink,ps versus GdnHCI concentration ([Gdn-

HCI]) were fit to the following equation to determine the open B). The stability, them value, and thedy, value for

folding and unfolding rate constants in the absence of the isolated N-terminal domain have been previously deter-
GdnHCI [k (0 M GdnHCI) andk, (0 M GdnHCI): mined to be 4.06 kcal mot (—0.41,+0.45), 1.46 kcal moft
_ M~ (-0.11,+0.11), and 0.60+0.07,+0.07) at 25.0°C
In kops = IN[k(0 M GdnHCI) exp(ry [GdnHCIVRT) + (B. Kuhiman, unpublished data). The stability and the
k, (0 M GdnHCI) exp(n, [GAnHCI/RT)] (6) value are similar to the values for the N-terminal domain in
the intact protein. This similarity indicates that the folding
wherem: andm, are constants that describe héwandk, of the N-terminal domain is not significantly affected by the
vary as a function of the concentration of GAnHCI. At 25.2 rest of the protein.
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For the folding and unfolding rate constants of the
C-terminal domain, the plot of |k.ps versus [GdnHCI] was
fit by linear regression for the values of [GdnHCI] below
1.0 M and above 4.0 M in order to avoid possible errors
from the scattering of the data at the bottom of the curve.
The folding and unfolding rate constants for the C-terminal

domain in the absence of denaturant were determined to be

3.00 s (2.18,+8.00) and 0.00257% (—0.0023,+0.026).

The rate constants obtained by fitting the entire curve to eq k (s™

6 were almost identicalk{ = 3.02 s?, k, = 0.0025 s?).
The stability, thenvalue, and th@,, value for the C-terminal
domain were calculated to be 4.23 kcal mo(—0.72,
+0.80), 2.45 kcal mol* M~ (—0.50, +0.71), and 0.65
(—0.13,+0.12), respectively. Thé,, of 0.65 suggests that
the transition state for the folding of the C-terminal domain
is more compact than that of the N-terminal domain.

DISCUSSION
The Two Domains Fold Independentihe NMR studies

Biochemistry, Vol. 38, No. 17, 199%649

Table 2: Comparison of the Kinetic Parameters for the N-Terminal
Domains in the Intact Protein, the Isolated N-Terminal Domain
(1-56), and the Truncated Version of the Isolated N-terminal
Domain (:-51p

isolated isolated
N-terminal N-terminal N-terminal isolated
domain domain domain N-terminal
in the intact (1-56) (1-56) domain
protein in HO in H,O in D,O (1-51) in D,O
760 720 1053 942
(—140,+180) (—=190,+280) (—277,+213) (—328,+235)
ky (s7Y) 0.36 0.75 0.55 6.50
(—0.18,40.28) (-0.39,40.74) (-0.40,+0.24) (-2.0,+1.7)
AG° 4.53 4.06 4.47 2.95
(kcal molt) (—0.32,+0.36) (-0.41,+0.45) (-0.5,+0.5)  (~0.18,+0.20)

m 1.58 1.46 1.47 1.49
(kcal mol* (~0.08,+0.09) (-0.11,+0.11) (-0.14,+0.14) (-0.08,+0.08)
M)

Om 0.54 0.60 0.59

(—0.05,+0.05) (~0.07,+0.07) (~0.05,0.05)

a All experiments were performed at 2& in HO or DO, 20 mM
sodium acetate, 100 mM NacCl, pH 5.45 or pD 5.05 (apparent). The
data for the isolated N-terminal domain—{%6) were obtained from

0.71

and the stopped-flow experiments show that the folding and Kuhiman et al. 23). The data for the 451 variant were taken from
unfolding rate constants for the N-terminal domain are greater Luisi, Kuhiman, Sideras, Evans, and Raleigh (submitted for publication).
than those measured for the C-terminal domain by 2 or 3 The numbers in parentheses represent the 95% confidence limit.

orders of magnitude. These results suggest that the folding

and unfolding of the N-terminal domain and the C-terminal
domain are independent of each other. The plot &fuarsus
[GdnHCI] shows that the folding transition of the each

(residues 1-51) (D. L. Luisi, B. Kuhlman, K. Sideras, P.
A. Evans, and D. P. Raleigh submitted for publication). In
this study, truncation of the final helix of the isolated

domain can be described by a two-state mechanism. TheN-terminal domain (the start of the long central helix in the

folding behavior of L9 has some interesting implications for
arguments which suggest that the ability to fold very rapidly
may be physiologically important and may even be evolu-
tionary conservedld, 26). The N-terminal domain, both in
isolation and in the context of the intact protein, folds
extremely rapidly. Indeed, it is one of the fastest folders
studied to date. However, this is almost certainly physiologi-
cally irrelevant at least in regard to RNA binding. For L9 to
function and fulfill its biological role, both domains must

intact protein) led to no measurable change in the folding
rate but did affect the unfolding rate (Table 2).

In conclusion, the N-terminal domain and the C-terminal
domain of L9 fold and unfold independently, each by an
apparent two-state mechanism. The stability and folding
behavior of the isolated N-terminal domain is similar to that
of the intact N-terminal domain. This study demonstrates
the power of combining stopped-flow experiments with NMR
experiments. Stopped-flow provides direct information on

be folded. We have demonstrated that the folding rate of kinetic events including formation of kinetic intermediates,
the C-terminal domain is more than 2 orders of magnitude but it provides only a global view of the folding process. In
slower than that of the N-terminal domain. On the other hand, the absence of additional information, it can be difficult to
the two domains of L9 have a similar stability. Thus the assign the observed phases to specific molecular events. On
rapid folding of the N-terminal domain, while physically very the other hand, NMR studies can provide specific informa-
interesting, is not likely to have any direct relevance for RNA tion, but since the analysis assumes two-state exchange,

binding although it might, perhaps, play a role in protecting
the N-terminal domain from proteolysis.

Folding and Stability of the N-Terminal Domain in L9
and the Isolated N-Terminal Domaimhe thermal stability
of the N-terminal domain in the intact protein and the isolated
N-terminal domain are almost the same. Thg of the
N-terminal domain in the intact protein is 8C°G while the
Tm of the isolated N-terminal domain is 81°C at pD 5.05
(apparent) in RO (23). The folding rate of the N-terminal
domain in the intact protein and the isolated N-terminal
domain are also similar [760'%5(—140,+180) and 720
(—190, +280)] at 25°C, while the unfolding rate of the
N-terminal domain in intact L9 is about half the unfolding
rate of the isolated N-terminal domain [0.36'g—0.18,
+0.28) and 0.75% (—0.39,+0.74)]. The similarity ink
and the difference ik, suggest that the folded state of the
intact N-terminal domain is slightly stabilized by the rest of
the protein. A similar result was observed with the com-
parison of the isolated N-terminal domain (residue®)
to a truncated version of the isolated N-terminal domain

NMR is not suited for detection of kinetic intermediates. The

complementary use of the two techniques provides a more
precise and detailed picture of the folding process especially
for multidomain proteins. Given recent advances in NMR

that allow interpretable spectra to be obtained from larger
proteins, we expect this combined strategy will prove to be
generally useful.
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