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ABSTRACT. The nature of the rate-limiting transition state at zero denaturan) @l whether there are
hidden intermediates are the two major unsolved problems in defining the folding pathway of barnase. In
earlier studies, it was shown that {li&as smallp values throughout the structure of the protein, suggesting

that the transition state has either a defined partially folded secondary structure with all side chains
significantly exposed or numerous different partially unfolded structures with similar stability. To distinguish
the two possibilities, we studied the effect of Gly mutations on the folding rate of barnase to investigate
the secondary structure formation in the transition state. Two mutations in the same regiéstoaad
decreased the folding rate by 20- and 50-fold, respectively, suggesting that the secondary structures in
this region are dominantly formed in the rate-limiting transition state. We also performed native-state
hydrogen exchange experiments on barnase at pD 5.0 af@d 26d identified a partially unfolded state.

The structure of the intermediate was investigated using protein engineering and NMR. The results suggest
that the intermediate has an omega loop unfolded. This intermediate is more folded than the rate-limiting
transition state previously characterized at high denaturant concentratiof)sTh&efore, it exists after

TS, in folding. Consistent with this conclusion, the intermediate folds with the same rate and denaturant
dependence as the wild-type protein, but unfolds faster with less dependence on the denaturant concentration.
These and other results in the literature suggest that barnase folds through partially unfolded intermediates
that exist after the rate-limiting step. Such folding behavior is similar to those of cytocto@mé Rd-
apocytbseg,. Together, we suggest that other small apparently two-state proteins may also fold through
hidden intermediates.

Folding of a small protein with~100 amino acids by  and other models have been proposed or revived in recent
random, unbiased searching for the native state cannot occuyears. For example, the nucleatid®) @nd jigsaw puzzle
because it would take an infinite amount of time; yet it can models (0) enriched with more physical and structural
reach to the native state within seconds. This large-scaledetails have been used to describe the folding of small
conformational search problem, commonly phrased as theproteins (1—14). In particular, computer simulation studies
Levithal paradox 1) has been the major focus in the studies on protein folding using lattice models have suggested that
of protein folding for the past 30 years. The first hypothesis multiple structures in the transition state are important for
proposed for solving the puzzle postulates the existence ofsolving the Levinthal paradoxl). Moreover, it has been
partially unfolded intermediates on the folding pathway, suggested that the intermediates observed in the folding
because partially unfolded intermediates allow the conforma- experiments are misfolded and serve as kinetic traps that

tion space to be searched in a stepwise manner and verympede the folding process instead of helping to search the
effectively reduce the time needed to reach the native stateconformational spacel8, 14).

(2). From the late 1960s to the middle of the 1990s, most The failure to observe intermediates in kinetic foldin
protein folding studies have been devoted to identifying and . ) g
experiments alone, however, does not necessarily mean that

characterizing folding intermediates using various approachesth bsent. b ain rul hibit int diat
(3). Indeed, partially unfolded intermediates have been ey are absent, because certain rules prohibit intermediates

identified and characterized for many proteins. Typical ffO’T‘ being Qbserved in traditional kinet_ic studiasy. For
examples are apomyoglobid)( hen egg white lysozyme 2" intermediate to become detectable, it must occupy a free
(5), and ribonuclease HBJ. energy well that is lower than all prior wells and must
These proteins, however, are relatively largd 20 amino ~ €ncounter a barrier that is higher (trough to peak) than all
acids). Recent studies on smaller protein20 amino acids) ~ Prior barriers (Figure 1A). When the later barrier for an
show that partially unfolded intermediates are usually not intermediate to fold forward is smaller than the initial barrier
detectable in kinetic folding experiments @). Therefore, ~ Of its formation (Type I, Figure 1B), or the intermediate is
doubts have been cast on the importance of folding inter- 1€ss stable than the unfolded state (Type II, Figure 1C), the

mediates in solving the Levinthal paradox for small proteins, intermediate cannot be observed in kinetic folding experi-
ments. Here, we call these kinetically unobservable inter-
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Ficure 1: Free energy diagram illustration on the rules for observing folding intermediates using conventional ensemble kinetic methods.
(A) Kinetically observable intermediate. The intermediate is more stable than the unfolded state. The kinetic barrier from the intermediate
to the native state is higher than that from the unfolded state to the intermediate. (B) Type | hidden intermediate. The intermediate is more
stable than the unfolded state. The kinetic barrier from the intermediate to the native state is smaller than that from the unfolded state to
the intermediate state. (C) Type Il hidden intermediate. The intermediate is less stable than the unfolded state. It is not directly detectable
by either kinetic or thermodynamics methods.

ments. On the other hand, Type Il hidden intermediate canformation of secondary structures at a specific region of the
only be observed indirectly with currently available experi- native structure was identified.

mental tools. For the hidden intermediate, levidence for its existence
Previous studies on the folding pathway of barnase haveijs indirect. It is based on the nonlinear behavior of the
encountered difficulties in defining both the rate-limiting |ogarithm of the unfolding rate constarksas a function of
transition state (T§* at zero denaturant and a proposed denaturant concentrations. Neither the stability nor the
hidden intermediate {) that lies between TSand the rate-  structure of the proposed intermediate is known. To see
limiting transition state (Tg at high denaturant concentra- whether may be detected by native-state hydrogen
tions (16—18). While TS is well defined, with® values of  exchange method, we performed the native-state hydrogen
~1.0 at many positions, T$as smalk values throughout  exchange experiment at p5 and 25°C. This condition
the structure of the protein, in the absence of detectable earlyensures that hydrogen exchange occurs in an EX2 mechanism
folding intermediates that are more stable than the unfolded under sufficiently low denaturant concentrations and allows
state (6, 17). Although this result appears to be consistent intermediates that are more stable than the unfolded state to
with the multipathway view of protein folding (Figure 2A),  be detected. Although we failed to identify & new partially
the mutations are those from larger hydrophobic residues tounfolded hidden intermediates)Ithat exists after TSwas
slightly smaller ones. Therefore, the sméllvalues in TS identified.
mainly reflect the lack of significant side chaiside chain
interactions in the rate-limiting transition state. They provide MATERIALS AND METHODS
no information for the secondary structure formation. It is
still possible that most of the molecules fold through a ~ Protein Mutation, Expression, and Purificationfhe
defined transition state with the formation of specific Studies presented in this paper used a pseudo-wild type (p-
Secondary structure in which all of the side chains are WT) of barnase, in which a surface residue in the active site
Significanﬂy exposed](?) (Figure ZB) To d|St|ngu|Sh the H102 is mutated to Ala. This mutation abolished the
two possibilities, here we performed Gly scanning mutations €nzymatic activity of barnase but had no effect on the
at multiple positions in the structure of barnase and studied structure of the protein as judged by the simitat-">N
their effects on the folding rate. Since the Gly residue has aHSQC spectrum to the wild-type protein. p-WT can be
low propensity to form bothu-helix andg-sheet, the Gly expressed irEscherichia coliconveniently in the absence
mutations can destabilize-helix ands-sheet structures and of coexpression of a barnase inhibitor. All mutants presented
provide probes for studying secondary structure formation in this paper were made using a quick-change mutation kit
in the rate-limiting transition state. Using this method, gi;;atgeny CA). Protein purification is as described before

L Abbreviations: GdmCl, guanidinium chloride; HX, hydrogen ~ Kinetic Folding and Unfolding Experimentinetic
exchange; TS, transition state. folding and unfolding experiments were done at pH 6.3 and
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( A) ki are floating parameterk; is the folding rate constari(t)
is the fluorescence signal at time t. The following equations
were used to fit the measured folding and unfolding rate

- + + + constants as a function of GdmCI concentrations:
Kobs = K K, )
log k; = log k{ + m, [GAmCI] 3
log k, = log k + m, [GAmCI] 4)

Thermal Melting of Barnase Mutant&quilibrium melting
monitored by CD at wavelength 230 nm was used to measure
the stability of barnase mutants. The experiment was done
at pH 6.3 (50 mM Mes). The melting curves were fitted with
eq 5 using a fixed\C, of 1.7 kcal/mol/deg Z2).

0=0,+ (0;— 0 ){1+ exp[—AH,/RQT —1/T,) +
(AC/R((T/T) — 1) + In(TIT )1} (5)
Here, 8 is the measured CD signa; and 6, are linear
functions of temperature representing the folded and unfolded
baselines respectivel®8). T, is the melting temperature,

and AH,, is the enthalpy of unfolding af,,. Equation 6 is
used to calculate the unfolding free energy.

AGyy = AH(T = T,)) — AC, In(T/T,) (6)

(B)

Calculation of @ and ®;*° Values.®s is defined as the
ratio of the change in free energy of the transition state over
that in the native state upon a single mutati@d)( It is
calculated using-RT In(k™ 7k ~")/AAGny. @;*is defined
as the ratio of the change in free energy in the transition
state over the change in free energy due to formation of the
secondary structure alone upon a single mutation. It is
calculated using—RT In(k™7k’ ")/ AAG(propensity for
secondary structure formation). In the case of dhbelix,

0.8 kcal/mol of AAG(a-helix propensity) for Ala to Gly
mutation was used in the calculation. In the case of the
Ficure 2: lllustration of the two different interpretations on the B-sheet, theA\AG(3-sheet propensity) values from the results

low ¢ values of the rate-limiting transition state of barnase under ; ; _ i
native conditions17). (A) Multiple folding pathways. The folding _(I)_thlnor ?de Km:hQ?’) f(.)trﬁf Ehel‘/at p{oper}lsmzszv.vEre uie;ji_
rate is limited by the formation of nuclei with similar stability at ese values In the unit or kcalimol are lie, 2.2, Leu, 1.74;

multiple positions of the molecule. If a mutation destabilizes one Val, 2.02; Glu, 1.21; Arg, 1.65; Thr, 2.3; Tyr, 2.16.
of the nuclei, folding can still proceed through other nuclei without  Theory of Natie-State Hydrogen Exchangexchangeable
changing the folding rate significantly. (B) A single defined amide hydrogens (NH) involved in the hydrogen-bonded

structure in the absence of full side chain interactions. Although ;
the partially unfolded structure of the transition state is well defined, sr:ructure can Qxch|ange with dsolven: hydrpgens Onllz v;hep
none of the mutations will have large values because all side N€Y aré transiently exposed to solvent in some Kkind o

chains are partially exposed. The colored solid circles representclosed-to-open reactior2§), as indicated in eq 7. Herkg)
side chains. Possible folding intermediates that exist after the rate-is the kinetic opening rate constant, akgis the kinetic
limiting transition state of barnase are not presented in the diagramsdosing rate constant equilibriurk is the intrinsic exchange
(see discussions in ref and 17). rate constants in the open form, which is normally derived

25°C, using a fast-mixing apparatus (Biologic, Fran@g) ( from unfolded peptide model2).

In the kinetic folding experiments, a pH jump from 1.8 to Kop Kint

pH 6.3 was used to initiate folding at different final NH(closed) = NH(open)— exchanged;

concentrations of guanidinium chloride (GdmCI). Only the K = ko[/kcl 7)
folding rate constant for the fast detectable kinetic phase was o

measured because the slow phases were known to be due twhen the closing reaction is faster than (EX2 condition),
proline isomerization Z1). Unfolding was initiated by  the exchange rate of any hydrogég, is determined by its
diluting the folded proteins in the solution with high chemical exchange rate in the open form multiplied by the
concentrations of GAmCI. The kinetic curve was fitted with - equilibrium opening constankp.

a single exponential and a linear baseline using the equa-

tion: 1(t) = a(1 — exp(—kt)) + bt + ¢, wherea, b, ¢, and Kex = Kopkint (8)
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This leads to free energy for the dominant opening reaction:

AG,x = —RTIn Kop = —RTIn(ke/Kino) 9)

whereR is the gas constant aridis the temperature. The
free energy of the hydrogen exchange as defined in eq 9,
AGyyx, represents a combination of opening transitions from
the EX2 mechanism, both structural unfolding and local
fluctuations. Evaluating\Gux as a function of denaturant
[GdmCI] allows one to distinguish and separate these two
processes. The addition of GAmCI promotes the population
of partially unfolded and fully unfolded forms, since these
states have more surface exposure than the native state, but
by definition have no effect on the local structure fluctuations
(27). By examining the pattern afGyx versus [GdmCI] of

the amlde prote|ns1 one can 0bta|n the Structural and energetid:|GURE 3: Structure of barnase and the pOSitionS for Gly mutations.

. . : The G, carbons for the residues to be mutated are shown in balls.
information of the partially unfolded forms and fully unfolded There are two Gly residues (52 and 53)dh. Therefore, further

state. . o mutations were not made in this region. The red curve illustrates
When the closing reaction is slower thag, (EX1 the region that has larges™ The structure is made using

condition), the exchange ratie,, is determined by opening  Molscript (56).

rate constantk,,. For the amide protons that can only

exchange through global unfolding, tkeg will be the global  tansition state, mutations from Ala to Gly have been used
unfolding rate constants. to measure values 86). Here, we took a similar approach.
Hydrogen Exchange Experimenithe hydrogen exchange  Residues at positions 8, 12, 13, 15, and 17 were first mutated
experiments were initiated by loading a 0.5-mL protein 4 Ala (Figure 3). Then, Ala was mutated to Gly. If the
sample in HO at pH 5.0 (20 MM NaAc) to a spin column  n_terminal helix were fully formed in the transition state,
(Sephdex 25, bed volume 3 mL) that was preequilibrated e mytation from Ala to Gly due to the intrinsic propensity
with DO at pheas 5.0 (20 MM D-NaAc) at various  zione would cause a decrease of the folding rate by a factor
concentrations of deuterated GdmCI for buffer exchange. Theyt 4 19 yield the ~0.8 kcal/mol change in free energy.
column was spun for 1 min at 4000 rpm using & benchtop rqging rate constants were measured using stopped-flow
centrifuge. The eluted protein sample was immediately fi,orescenceq1). The stability of the mutants was measured
transferred into an NMR tube for (_:ollectlng a serl_eslidf using temperature melting and monitored by CD signal at
"N HSQC spectra. The concentrations of the protein samplesihe \avelength 230 nm. For all of the chosen positions, no
were~1 to 2 mM. The NMR spectra were processed Using ytation has caused a significant change in the folding rate
NMRPipe €8) and analyzed using NMRViev2g) to obtain  (see Table 1). The largest change in the folding rate is at
the exchange rate constants. _ position 17, which is less than a factor of 2. Therefore, these
NMR Characterization of Intermediate8lMR spectra  regyjts indicate that the N-terminal helix cannot be domi-
were collected at 28C and pH 6.3 on a Bruker _(Bellerlca, nantly formed in the transition state ensemble.
MA) DRX 500-MHz spectrometer equipped with & 5-mm  Efact of Gly Mutations in th8-Sheet on the Folding Rate.
X, Y, z-shielded pulse field gradient triple resonance probe. Next, we investigated the formation of tifesheet in the
HNCACB (30) and CBCACONH B1) were used to assign  ransition state. In this case, it has been shown that the
the backbone resonances. Steady-3t€N dynamics NOE 5 5hensity of each residue towabesheet formation can be
values were measured by recordittgr**N HSQC spectra  yery different £3). For example, residues such as lle, Val,
in the presence (NOE) and absence (NONOE)'®f  gnq Thr have much higher propensities to forns-aheet
saturation fo 3 s 32). NOE and NONOE experiments were  than Gly @3). The propensity difference between lle and
interleaved in one experiment to minimize the effect of Gy reaches to 2.2 kcal/mol. The large differences in forming
uncertainty of the instrument. NMR spectra were processed g_sheet structures for many residues relative to Gly indicate

using NMRPipe £8) and analyzed using NMRView2).  that the mutations from these residues to Gly would have a
NOE is defined as the ratio of the cross-peak Intensity with significant effect on the folding rate due to their propensities
H saturation over that withodt! saturation in theéH-**N alone if the formation of thg-sheet structure dominated the

HSQC spectra. transition state ensemble. Therefore, to investigatg-imeet

RESULTS formation in the r:_ate-limiting transitipn state, mutations to
Glys were made directly from the residues with lafigsheet
Effect of Alaversus Gly Mutations inx-Helix on the propensities. Eight Gly mutations that essentially covered
Folding Rate.In barnase, residues from 6 to 19 in the all g-sheet regions of the protein were made individually
N-terminus form am-helix, a, (see Figure 3). Earlier studies  (see Figure 3). Again, the kinetic folding rate and stability
on the factors that affect the stability @fhelix have shown of the mutants were measured by stopped-flow fluorescence
that different residues have different intrinsic propensities and temperature melting, respectively. We found that most
for the a-helix formation 83—35). In general, however, the of the mutations did not affect folding rates significantly
differences are relatively small. The largest one is between except for 196G, Y97G, and 188G (see Table 1). In particular,
Ala and Gly, which is~0.8 kcal/mol. Therefore, in previous 196G and Y97G mutations decreased the folding rates by
studies on the formation ofi-helix in the rate-limiting 50- and 20-fold, respectively. Figure 4 illustrates the
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Table 1: Thermodynamic and Kinetic Parameters for Barnase
Mutants at pH 6.3 and 2%C in 50 mM Mes

Tm AHp, AGny AAGny

(K)  (kcal/mol) (s9 (kcal/mol) (kcal/mol) @
wT? 327.6 141.4 12.0 105
p-WT 325.4 137.2 11.0 9.5
o-helix
D8G*  324.6 137.6 9.6 9.5 1.0 0.1
D8A2  325.6 140.1 9.6 9.9 0.6 0.2
D12G 323.1 128.7 9.4 8.3 1.2 0.1
D12A 3244 152.8 11.6 10.6 -1.1 0.0
Y13G  309.8 92.7 5.9 3.1 6.4 0.2
Y13Aa 7.2 3.7 0.1
Q15G 323.4 123.0 7.9 7.9 1.4 0.1
Q15A 3245 136.7 11.9 9.3 0.2 0.2
Y17G 3151 117.4 3.7 5.6 4.9 0.1
Y17A% 3225 133.1 6.9 8.6 1.9 0.2
[-sheet
155G 320.1 111.7 9.6 6.4 3.1 0.0
R72G  319.7 122.8 8.4 7.0 25 0.0
E73G 3127 100.6 8.8 4.1 5.4 0.1
188G 304.6 100.4 1.7 21 7.4 0.2
L89G  316.7 58.5 13.1 25 7.0 0.0
L95G  316.3 98.5 45 4.8 4.7 0.1
196G 309.7 110.3 0.2 3.8 5.7 0.4
Y97G  307.5 102.6 0.5 2.9 6.6 0.3
T100G 321.1 1131 6.5 6.7 2.8 0.1

@ Mutations based on the wild-type barnase are Y134),(Y17A
(54), D8G (65), D8A (55). The folding rate constants reported here
are for the fast kinetic phase in the absence of proline isomerization
(22).
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Ficure 4: Representative kinetic traces and equilibrium melting
curves for Gly mutants. (A) Kinetic traces of 196G and the p-WT
(inset). (B) Equilibrium melting curves of I96G mutant and p-WT.

All other mutants show similar melting curves, except that their
Tw's are different.

experimental data for mutant 196G. The calculaedand
®;{*are shown in Figure 5 (see methods for definitions of
@ and ®7°9.
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Ficure 5: Distribution of ¢; and ¢;*° values as a function of
sequence. (A) Thex value distribution. Open circles are from

earlier work (L7, 54). Filled squares are from this study. (Bj°
distribution.

Detection of Partial Unfolding by Nate-State Hydrogen
Exchange.Figure 6A shows the native-state hydrogen
exchange results for typical amide protons that can be
measured at plg5.0 and 25C in D,O (see methods). The
AGux's of amide protons V10 and N77 show denaturant-
dependent behavior at low [GAmCI]. In contrast, W94 has
the sameAGyux as V10 and N77 at zero denaturant but is
independent of denaturant concentrations until it reaches to
the global unfolding. In Figure 6A, a diverging behavior of
AGux's of N77 and W94 is clearly observable as denaturant
concentration is increased. All other amide protons with
measurable exchange rates haw&,x’s independent of
denaturant concentrations below 0.7 M GdmCI. Under these
conditions, the folding rate is above 1!sThe intrinsic
exchange rate constants for these amide protons are all below
0.2 s, indicating that the exchange occurs under EX2
mechanism. The slope of theGyx versus [GdmCI] below
0.7 M for amide protons of N77 and V101€0.9 kcal/mol,
suggesting that a partial unfolding with significant exposure
of surface area has occurred, in which the amide protons of
V10 and N77 can dominantly exchange with solvent protons.

In the earlier hydrogen exchange experiment on barnase,
it has been shown that 13 amino protons can exchange only
in the fully unfolded state through global unfolding7j.
These amide protons are shown in Figure 6B. The result
indicates that the regions with the majarhelix and the
pB-sheet cannot be unfolded in any partially unfolded states
that are more stable than the unfolded state. Therefore, any
partial unfolding could only involve the loop regions in the
barnase structure. There are two major loop regions as
illustrated in Figure 6B. One is from residues 76 to 86
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Ficure 6: Native-state hydrogen exchange results at pD 5.0 and °° e L e 130
25°C. (A) Native-state hydrogen exchange results for typical amide
protons. The spread @Gy values at 1.3 M GdmCl is due to the 10 L 8 7
switch of hydrogen exchange mechanism since the folding rate is H (ppm)

~0.1s%, which is close to the intrinsic exchange rate of N77. (B) Figure7: Stability of p-WT-5G (Y78G/F82G/R83G/N84GINT7G).
Structure of barnase. The blue balls represent the amide protonga) Melting curve of p-WT-5G observed at 230 nm. (B)-15N
that can only exchange through global unfoldiB@)( The red and HSQC spectrum of the mutant p-WT-5G at 25.

white balls represent the oxygen atom of the side chain N77 and

Bgﬁlék.)one hydrogen atom of NS, respectively. They form a hydrogen for the five important residues (Y78G/F82G/R83G/N84G/

N77G) that form hydrophobic or hydrogen bonding or salt

(loopl). The other loop (loop?2) is the region from residues bridge interactions with other residues in the native structure.
24 to0 42, including a one-tura-helix (o) from residues 27  Suppose that the omega loop unfolds independently as a
to 31. It is also known that some amide protons in this loop structural unit; these mutations would destabilize the native
haveAGux's larger than V10 and N773@), indicating that state but not the partially unfolded intermediate that has the
this region does not unfold together with residues N77 and omega loop unfolded. Therefore, this p-WT-5G mutant
V10, even though the hydrophobic residues in the two loops would be a mimic of the folding intermediate with the omega
pack together to form a hydrophobic core. This leads to the loop unfolded 89). Indeed, we found that the mutant is
possibility that loopl might unfold independently as a stable. It has a melting temperature ofi7 °C at pH 6.3
cooperative unit, which is consistent with the fact that all of (Figure 7A).
the amide protons in the omega loop from residues N77 to  We further characterized the structure of the mutant using
D86 haveAGuyx values smaller than that of N77. Moreover, multidimensional NMR. Figure 7B illustrates thel-15N
the backbone NH group of residue N77 forms a hydrogen HSQC spectrum of the mutant. The cross-peaks are well
bond with the backbone CO of residue N5. Unfolding of dispersed, suggesting that the protein is well folded. The
the loop1 is likely coupled with the structural change in the resonance ofH, 1N, and*3C, has been assigned using triple
N-terminal helix (see Figure 6B), which could explain why resonance NMR methods. Thg €hemical shift data (Figure
V10 has a similar exchange behavior as N77, since the amide8A) indicates that only loopl and the residues at the
hydrogen of V10 forms a hydrogen bond with the backbone N-terminal end ofrl have contiguous values close to those
oxygen of residue 6. of random coil, suggesting that these regions can indeed

Characterizing the Hidden Intermediate by Protein En- unfold independently. This conclusion is further confirmed
gineering and NMR.The above native-state hydrogen by the backboné&N dynamics studies. The dynamics NOEs
exchange results are consistent with the unfolding of the data showed that the loopl region and the residues from 1
omega loop from residues 77 to 86. However, they are to 6 have smaller NOEs values (Figure 8B), suggesting that
insufficient to make definitive conclusion since only the they are more mobile and presumably unfolded. It should
AGuyx of amide proton, N77, is denaturant-dependent at low be noted that the mutations also have effects on a small loop
denaturant concentrations. To test whether the omega loopfrom residues 100 to 105 (see Figure 3) that are close to
can unfold independently, we used Gly residues to substituteloop 1. The'H-15N cross-peaks in this region are missing in
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(A) DISCUSSIONS
The Rate-Limiting Transition State and the Unfolded State
4.0 Ensemble Under Naté ConditionsGlycine scanning muta-
tion studies show that most of the positions have little effect
g on the folding rate except those at positions 96, 97, and 88.
= 00 i 196G, Y97G, and 188G have changed the folding rates by
I v 50-, 20-, and 6-fold, respectively, indicating that they have
20 increased the activation free energy by 2.3, 1.8, and 1.2 kcal/
mol, respectively. These results suggest that some specific
-4.0 structures or interactions involving these residues have
formed in the rate-limiting transition state. However, these
(B) mutations have decreased the stability of the native state more
1.0 than what they do for the transition state (see Table 1);
0.8 ,"MM%'A‘UL— J‘: ] therefore, the interactions formed in the transition state
0.6 among these residues are much weaker than those in the
04 . native state. To observe such partial interactions by the
g mutation effect on folding rates, it requires that any sub-
7 02 millisecond intermediates that have the region including
0.0 residues 196 and Y97 folded either have much less inter-
-0.2 actions among these residues or are not significantly more
0.4 stable than the unfolded state. This result is consistent with

the earlier conclusion from the hydrogen exchange experi-
ments that there are no stable secondary structures populated
Sequence in the sub-millisecond time scale of the folding.

Ficure 8: Structural characterization of p-WT-5G. (A) The ; ; ;
difference of G chemical shifts between the p-WT-5G and random Interestingly, if one assumes that the mutation effect on

coil (57), and (B)*H-15N NOEs of the p-WT-5G mutant. The thick the folding rate is solely caused by the propensity for
black lines indicate the region from residue 76 to 86. formation of secondary structures, near 1.0 valueg;6t

(see methods) were obtained for residues 196 and Y97.
P-WE-5G(15)> TS, Moreover, all residues that have large¢f® values are
clustered in the same region of the structure (see Figure 3),
suggesting that the formation of secondary structures in this
region is the rate-limiting step. Thus, even though barnase
has unusual smafl values throughout the structure, the Gly
scanning mutation studies indicate that the folding behavior
of barnase is still consistent with the existence of defined
structures in the transition state rather than numerous different
3 ; ; ; . structures with similar free energy.

Hidden Intermediates on the Folding Pathway of Barnase.
[GdmCl] (M) Previously, the structure of the rate-limiting transition state
FiGURe 9: Chevron plot of p-WT-5G mutant and the wild-type of barnase under denaturing conditions {T®as been
3;‘;2%?5- ';?r tr\}s_;igggcg;rg?:;%;ﬁhﬁ'ﬁgzsvﬁgﬁ tI ;3\',2625 -_ré%edg")babharacterized using th@-value analysis40). It shows that
TS, Th(grefoF:e, a curved folding arm in the chevron pllot is not MaJor secondary structurgs are formed but the loops are
observed. unfolded. Thus, p-WT-5G is more folded than,J Suggest-
ing it exists after Tson the folding pathway. Consequently,
p-WT-5G is not the proposed hidden intermediatanlthe

the IH-1°N HSQC spectra at 25%C, indicating that there is  earlier studies16). Here, we named the intermediate detected
a conformational exchange on the millisecond time scale. by the native-state hydrogen exchange and mimicked by
These peaks, however, could be observed at lower temper{p-WT-5G as 4. The placement ofslafter TS is consistent
ature such as 16C. with the kinetic folding and unfolding results (Figure 9).

Kinetic Folding and Unfolding of p-WT-5@.0 see how p-WT-5G folded with the same rate and denaturant depen-
p-WT-5G, the mimic of the hidden folding intermediate, dence as the wild-type protein. The summfandm, for
folds and unfolds kinetically, we measured its folding and p-WT-5G is significantly smaller (by 1.9 kcal/mol) than the
unfolding rate constants as a function of denaturant concen-global equilibrium unfoldingmyy value of the wild-type
trations. Figure 9 shows the logarithm of the observed protein (see Figure 9 and Table 2), indicating that the switch
folding/unfolding rate constants for the major kinetic phase of transition states from T.So TS, also occurred to p-WT-
as a function of [GdmCI]. The folding rate and its depen- 5G as denaturant concentrations increased. It should be noted
dence on the denaturant concentration are very similar tothat the global unfolding transition occurred concurrently
the wild-type protein. In contrast, the unfolding rate constant with the switch of transition states for p-WT-5G (Figure 9).
is much larger and becomes less dependent on the concentraFherefore, a curved folding arm in the chevron plot is not
tions of denaturant than that of wild-type protein. observed.
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2

Log kf(sec'l)
— = -

o
)




Folding Pathway of Barnase

Table 2: Kinetic Parameters for the Folding and Unfolding of
p-WT-5G and WT Barnase

My

_ K K K m m_ Nor
proteins U—TS U—TS, N—TS U—TS U—TS I3—T
p-WT-5G  18.3 16x102 201 1.26
WT 140 29x10? 8.0x10% 201 3.47 1.66

2The units for rate constant and m-values aré and kcal/mol/
[GdmCI](M), respectively. The equilibrium global unfoldingyy for
wild-type protein ism(U — TS,) + my(N — TS,) = 5.13 kcal/mol/M.
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excluded based on the available experimental detadd).
After TS;, there is the hidden intermediatewith the omega
loop from residues 77 to 86 unfolded.

Native-State Hydrogen Exchange and Protein Folding
Pathway of Barnasdt is useful to point out that after a few
years’ investigation on the relationship between native-state
hydrogen exchange results and the folding pathway of
barnase by both our and Fersht’'s groups, a consensus view
has emerged. Mainly the stable sub-millisecond folding
intermediate detected in the earli@id/?H pulse-labeling
experiment and implied by the curved chevron plot is due

Regarding this new hidden intermediate, it should be noted to an aggregation artifact6, 19, 21, 45). No sub-millisecond
that the logk, of wild-type barnase versus denaturant intermediates with significant protections for amide protons
concentrations has been shown to deviate from linearity atexist on the folding pathway of barnask6( 18, 46). The

high concentrations of uredl). Matouschek et al4() have

curved folding arm in the chevron plot of barnase was due

attributed this nonlinear behavior to the Hammond effect with to the switch between TSand TS (16, 17). The earlier

a continuous movement of the transition state. Recently, native-state hydrogen exchange experiment failed to identify
Sanchez and Kiefhabo#®), however, have argued that the any partially unfolded states because it was largely done
curvature in the unfolding arm of the chevron plot is due to under EX1 conditions at higher pD (6.8) and temperature
the existence of a folding intermediate, which appears to be (30 °C) (38). No hydrogen exchange results of barnase

consistent with the results presented here.
The Sub-Millisecond State {Rsor I1) in the Folding of

conflict with its kinetic folding pathway.
It is also useful to point out that Khan et alLg) have

Barnase.The discussion on the folding pathway of barnase stated that we disputed every existence of intermediates of
so far has assumed that no sub-millisecond intermediatesbarnaseX7). This is a misunderstanding. Our view on protein
that are more stable than the unfolded state exist. This isfolding has been that proteins in general fold through
based on the recent H/D exchange results in the kineticintermediates, although some of them may be hidden and
folding (17) and the reanalysis of the native-state hydrogen are not detectable in traditional kinetic folding experiments

exchange datalg). Recently, Khan et al1g) have studied

(15). For the last several years, the focus of our research

the initial process of the refolding of denatured barnase andgroup has been to identify and characterize such hidden
observed a small change of fluorescence signal in the sub-intermediates in small apparent two-state proteif®).(
millisecond time scale. Accordingly, it is concluded that the Recently, we have shown that Rd-apobyé,, a four-helix

sub-millisecond state is an intermediate statg @r a
denatured state under physiological conditiong,P How-
ever, the thermodynamic stability of lor Dgnys is not
determined. Available experimental data suggests that |

bundle protein, also folds through structured hidden inter-
mediates 39). In this case, we have solved the high-
resolution structure of one of the hidden intermediadkS. (
We now have provided the evidence for the existence of a

Dpny is less stable than the fully unfolded random flying chain
U. This is because;lhas been assumed to involve the for barnase, we do not feel that it has been proved beyond
formation of some secondary structuresoinand o, that reasonable doubt as suggested by Khan etl8). lfecause
require the formation of hydrogen bonds for some amide no information on the structure, stability, and kinetics of the
protons (8). If |1 is more stable than U, the amide hydrogens proposed intermediate is known. Similarly, it is also useful
that form the hydrogen bonds in these secondary structuresto clarify that the Englander and Sosnick groups have only
should exchange more slowly than the intrinsic exchange questioned the evidence for the “burst phase” intermediates
rates of nonstructured amide protons. This is, however, not(8) and not for distinct intermediates and pathways in general,
observed in the hydrogen exchange folding competition which their work strongly supportt9). Hence, there is no
experiment, even in the presence of stabilizing salt (0.4 M disagreement between their position and the work of Sanchez
NaSOQy) (17). and Kiefhaber on hidden intermediatég), as implied in

The Kinetic Folding Pathway of Barnas@n the basis of ~ Khan et al. 18). Moreover, Khan et al1@) placed no kinetic
the available experimental data, Figure 10 illustrates the barrier between U and br Dyhy in their free-energy diagram
simplest folding pathway of barnase. Under native conditions, and suggested that the conversion between U asdduld
the unfolded state ensemble contains a small fraction of | be considered as a second-order rather than a first-order

new hidden intermediatejl for barnase. In the case of |

or Dphys It forms from the random flying chain U in the

transition. This view by nature is not particularly different

sub-millisecond time scale with a small change of fluores- from the proposal of Sosnick et abi) that many “burst

cence 18). The rate-limiting transition state is T&nd
mainly involves the formation of A-hairpin (33—f4). The
next observable rate-limiting transition state is; BShigher

phase intermediates” are simply the unfolded states under
native conditions, as called,Rs by Khan et al. {8).
Hidden Intermediates and the diathal Paradox.Many

denaturant concentration4(). It is the switch between T,S experimental studies of protein folding have focused on
and TS as the rate-limiting transition state that causes the identifying and characterizing folding intermediates to

nonlinear behavior of the logarithm of the folding and demonstrate that partially unfolded intermediates are impor-
unfolding rate constants at low denaturant concentratid®)s (  tant to solve the large-scale conformational search problem,
46). Between T$ and TS, there could be one or more i.e., the Levinthal paradox2). However, recent studies show

intermediates as represented by(19, 43). However, a that small proteins generally lack detectable intermediates
smooth broad barrier between T&nd TS cannot be in kinetic folding experiments. The work on barnase pre-
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Ficure 10: Free energy diagram illustration of the folding pathway of barnase under native conditions. Light gray represents unfolded
regions. Colored regions represent folded regions. The structui@oDiysis implied based on the studies of the acid denatured barnase,
which showed g chemical shift deviated from random coil values in the region.pénda, helices (8, 58). It is not known whether;|

is on- or off-pathway. It should be pointed out that the structures of the intermediates and transition states presented here are approximate
illustrations of the available experimental data. By no means are the exact structures implied here.

sented here indicates that the partially unfolded intermediatesmediate with an omega loop unfolded under native condi-
can exist after the rate-limiting transition state, which is tions. Taking the previous experimental data on the folding
consistent with the earlier results from the studies onccyt pathway of barnase together, the folding pathway of barnase,
and Rd-apocytbse,. Together, these results suggest that although dominated withB-sheet structures, is similar to
hidden intermediates may exist generally in small proteins. those ofa-helical proteins: cyt and Rd-apocybss,. All

It should be noted that the role of a partially unfolded three proteins have partially unfolded intermediates after the
intermediate in solving the Levinthal paradox should not be rate-limiting step. These results suggest that other apparent
confused with its role in determining the folding ratis), two-state proteins may also fold through partially unfolded
Whether an intermediate exists before or after the rate- hidden intermediates.
limiting step does not change its role in solving the Levinthal
paradox. For example, at pH 4.9, ©folds on a millisecond ACKNOWLEDGMENT
time scale through the partially unfolded intermediates that  \we thank Mr. C. Do for protein purification and Drs. S.
are after the rate-limiting stefb®). At pH 6.2, folding of ~ walter Englander and Tobin R. Sosnick for their helpful
cyt c occurs on a time scale of seconds with the population comments.
of an early folding intermediate that has a misligatiég)(
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