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ABSTRACT: Protein folding intermediates and transition states are commonly characterized using a protein
engineering procedureb(value analysis) based on several assumptions, including (1) intermediates and
transition states have native-like conformations and (2) single mutations from larger hydrophobic residues
to smaller ones do not perturb their structures. Althodghialue analysis has been widely used, these
assumptions have not been tested to date because of the lack of high-resolution structures of intermediates
and transition states. We recently have determined the structure of a folding intermediate for a four-helix
bundle protein (Rd-apocytochrorbes;) using NMR. The intermediate has the N-terminal helix unfolded.

The other three helices fold in a native-like topology with extensive non-native hydrophobic interactions.
Here, we have determined tdevalues for 14 hydrophobic core residues, including those with significant
non-native interactions. All of thé values are in the normal range from 0 to 1, indicating that these
non-native interactions cannot be identified by the commemalue analysis, and therefore, the first
assumption is not valid for this intermediate. We also determined the structure of a mutant (F65A) of the
intermediate and found that the structure of the intermediate is not perturbed by the mutation, supporting
the second assumption. Together, these results suggedt-tfzitie analysis may be valid for characterizing

the energetics of the interactions between the mutated residue and others, but not for determining the
detailed structures of intermediates and transition states because non-native interactions may exist and
may not be identifiable by the commab-value analysis.

To understand the mechanism of protein folding, it is from large hydrophobic residues to smaller ones do not
necessary to characterize the folding energy landscape inperturb the structure of the intermediates. With these
detail, which includes the structures of intermediates and assumptions, if a mutation yields @ value of 1, it is
transition states. Knowledge of these structures is critical for interpreted to mean that the mutated residue forms the full
establishing the correct model for describing the general contacts with its neighbor residues in the intermediate or
folding behavior of proteins. For the past decade, a larger transition state, as it does in the native state. Residues with
number of transition stated)(and three partially unfolded fractional® values are considered to have partially formed
intermediatesZ—4) have been characterized by using protein native interactions. For exampl®, values have been used
engineering andP-value analysisg, 6) aimed at obtaining  as native-like constraints to derive the structures of partially
structural information about the partially unfolded states. In unfolded states in a way similar to the determination of
the ®-value analysis, a parameteb, is measured as the protein structures by nuclear magnetic resonance (NMR)
ratio of the free energy change in the intermedi&tAGu) with NOEs as constraint&{-9).
or the transition stateNAG'rs y) to that in the native state Using a native state hydrogen exchange methid (ve
(AAGny) upon a single mutation®; = AAG,y/AAGy or recently have identified a partially unfolded intermediate for
®rs = AAG'rs JAAGu. A @ value of zero appears to have a four-helix bundle protein, Rd-apocytochrorbes, (Rd-

a clear structural meaning: it indicates that the mutated apocytbssy) (11). This intermediate has the N-terminal helix
residues are unfolded or do not form more interactions with unfolded while the other three helices remain folded. We
other residues in the intermediates and transition states tharhave populated this intermediate by substituting the hydro-
those in the unfolded state. To derive structural information phobic residues in the N-terminal helix with glycines without
from other® values, two major assumptions are commonly affecting the folded region of the intermediate, and deter-
made 6): (1) the folded region of the intermediate or mined its structure using multidimensional NMR (see panels
transition state has a native-like structure, and (2) mutationsA and B of Figure 1) {2). Although the structure of the
intermediate has native-like topology for the folded region,
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Illustration of the non-native side chain interactions in

FIGURE 1:
the intermediates: (A) native structure, (B) non-native intermediate
with the N-terminal helix unfolded, and (C) F65A mutant of the
non-native intermediate. Representative hydrophobic residues ar
shown in CPK models. For clarity, the N-terminal helix has been
omitted in panels B and C.

it has extensive non-native local conformations, including
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(20 mM NaAc). The melting curves were fitted with eq 1
using a fixedAC, of 0.45 kcal moft! K~ (15):

0= 0,+ (0; — 6)/(1 + exp{ (—AH/R(L/T — 1T,) +
(AC/RI(Ty/T — 1) + In(T/T)1}) (1)

Here, 6 is the measured CD signal, afdandé, are linear
functions of temperature, representing the folded and un-
folded baselines, respectivel§s). Ty, is the melting tem-
perature, andAH, is the enthalpy of unfolding afn.
Equation 2 is used to calculate the unfolding free energy
after T, and AH,, are obtained from the curve fitting.

AG, = AH (1= T/T,) = AC[T = T, — T x In(T/T,)]
)

Measurement of Hydrogen Exchange Ratdgdrogen
exchange experiments for the wild-type intermediate and

J65A mutant were carried out by recording a seriedbf

5N HSQC spectra as a function of time. The amide protons
in protein samples were first exchanged with deuterium in
D,0 at pD 7 and 50C for the wild-type protein and at 25
°C for F65A. The hydrogen exchange rates were measured
by changing D into H in KO with 5% D,O (50 mM NaAc)

distortions of the helical backbones and broad non-native gt 25°C. The NMR spectra were processed using NMRPipe

hydrophobic interactions. In this paper, this glycine mutant
will be called a “non-native intermediate”.

(16) and analyzed using NMRViewlL(). The exchange rates
were measured by fitting the peak intensity as a function of

To see how the non-native interactions in the intermediate time using NMRView.

of Rd-apocytbse, are reflected ind values, we measured

Equilibrium Unfolding by UreaEquilibrium unfolding

the @ values at 14 positions that are occupied by the large was performed using urea as a denaturant. The content of

hydrophobic core residues in the intermediate. All of the
mutations yielded normab values, from 0 to 1, although
some of the residues participate in significant non-native

the secondary structure was monitored using CD at 222 nm
(JASCO), at different concentrations of urea. The stock
protein concentration in the buffer (pH 5.0, 50 mM NaAc)

interactions in the intermediate. To test whether mutations is ~0.3 mg/mL. The sample was prepared by a 10-fold

from larger hydrophobic residues to smaller ones may changedilution of the stock solution in various urea concentrations.
the structure of the intermediate, we determined the structureThe experimental data were fitted using eq 3 to obtain the

of a mutant of the intermediate with a Phe mutated to Ala
(F65A). No significant perturbation of the structure was
observed.

MATERIALS AND METHODS

Protein Sample PreparatiomMutations were made using

global unfolding free energyl@):

CD([urea])= [ay[urea] + by + (Ky," 0 x 10m™wiurea)
(ay[urea]+ by)l/(1 + KNUHZO % lotmu[urea}) 3)

where CD is the measured ellipticity at 222 nifH° is
the global unfolding equilibrium constant in watex, by,

the quick-change kit (Stratagene) based on the plasmid thata,, andby are the parameters of the baselines for the native

encodes the gene for the non-native intermediE®g Protein

and unfolded states, respectively, angl, is the coefficient

expression and purification were carried out as describedfor the denaturant which is dependent on the logarithm of

previously @1). The buffer is 20 mM NaAc at pH 5.0.
Ultrapure urea was purchased from Gibco BRL. The

Knu. The unfolding free energ\yAG,y, was then calculated
from —RTIn K,y. These experiments were carried out at pH

concentration of the urea was measured using a refractometeg.0 and 25°C.

(14). Isotopically enriched proteins for determination of the
structure of the F65A mutant were grown on M9 minimal
medium containing 1 g/L [USN]**NH,CI and/or 4 g/L
[U-13C]glucose (Isotec) for doubly3C and™®N) and/or singly

NMR Spectroscopy for Structure DeterminatiddMR
spectra were collected at 2& on Bruker (Bellerica, MA)
DRX 500 MHz spectrometers equipped ket 5 mmx,y,z-
shielded pulse field gradient triple-resonance probe. A series

(*°N or *C) labeled proteins as the sole sources of nitrogen of three-dimensional spectra [CBCA(CO)NH, HNCACB,

and carbon. NMR samples includ&€C/°N-, 1N-, and3C-

HCCH-TOCSY, ®N-edited TOCSY, and*N/'3C-edited

labeled proteins and the nonlabeled protein at concentrationfNOESY] in addition to two-dimensiondH NOESY spectra

of ~2 mM (95% HO and 5% BO) at pH 5.0 with 20 mM
NaAc-d, as the buffer.

Thermal Melting Experiment&quilibrium melting moni-
tored by circular dichroism (CD) at a wavelength of 222

were collected for complete assignments and NOE measure-
ment. An HNHA experiment was used to determiidgy
coupling constants1Q). NMR data were processed using
NMRPipe (6) and analyzed using NMRViewl().

nm was used to measure the stability of the intermediate Calculation of the StructureStructural calculations were
and its mutants. The experiments were carried out at pH 5.0carried out using NIH X-PLOR20). An extended polypep-
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tide chain of reasonable geometry was used as the initial T 16 1. Thermodynamic Parameters abdvalues of the
template. Backbone dihedral angles were then randomizedintermediate

before each cycle of the simulated annealing (SA) protocol. AH,, non-native
Each SA structure was optimized by restrained refinement. Tm(K) (kcal/mol) AGy AAGu AAGw @  interactions
Ten structures with low energies and few NOE and dihedral 4gp7 3376 5577 5.44

angle violations were selected from 50 SA structures. For '\Aﬂggé i,2372?3 286-22 3;%% %)-7358 3;572 %-ia

each such starting structure, 10 additional structures (|._e.,|_48A 3334 3742 308 236 423 056

100 structures) were calculated. The ones with low energiesmssa 3350 4723 425 119 361 0.33

and no NOE and dihedral angle violations from each set were Egéﬁ ggg-(l) ﬁ-ig g-gg ;-gg g-gg 2-82 égleg 101
used for a second round of refinement to calculate another, g 3575 4751 302 242 403 060 72 97, 98 101
10 structures. This refinement procedure was repeated oncez2a 3223 5018 335 209 467 045 76,94
more to obtain the final 10 structures with the lowest energies L76A 3328 4132 346 198 343 058 80

R . . V84A . . X . . .
and no violation of restraints. These structures were further g, 3223 5527 374 1.70 303 056

checked by PROCHECK-NMR (version 3.5.81. A90G 3253 6286 474 070 287 024
L94A 3282 5722 461 083 173 048 98
RESULTS AND DISCUSSION I98A 3276 51.76  4.04 1.40 3.83 0.37 102

Non-Natie Interactions in the IntermediatBanels A and 2The numbers represent the residues that have heavy atoms within
5 A of those in the corresponding residues in the first column in the

B of Figure 1 illustrate the StrUCturfeS of the native stat_e of native-like intermediate but beydrv A in thewild-type intermediate
Rd-apcocytbse; and the folded regions of the non-native or sice versa

intermediate, respectively. The typical non-native hydropho-
bic side chains are shown in CPK models. Using a probe 110
with a radius of 1.4 A and 10 NMR structures determined
for each protein, we found that the non-native intermediate
structure buries 258 80 A2 more hydrophobic surface area
than the putative native-like intermediate that has the
N-terminal helix removed from the native structul,(22),
whereas the accessible surface area for the polar atoms is
increased by 58t 85 A2 in the non-native intermediate,
indicating that the non-native intermediate is more compact.
Since hydrophobic interactions are stabilizing forces, the loss
of solvent-accessible hydrophobic surfaces in the non-native
intermediate suggests that partially unfolded intermediates
tend to relax to a more stable conformation rather than
staying at the otherwise unstable native-like conformation. 60 : : : ,
Indeed, this non-native intermediate has extensive local 60 70 80 90 100 110
structure reorganization throughout the protein structure, Sequence Number

including main chain distortion and side chain repacking. o o ]
Ficure 2: Contact map of the significant non-native interactions

For example, F61 and F65 face the inside of the protein andin the non-native intermediate. Filled squares represent non-native

pack with other hydrophobic reSIdueS_ln the na_tlve SUrUCture; contacts (see Table 1). A pair of residues is considered to have a
on the other hand, they face the outside and lie between thenon-native contact in the non-native intermediate if any two heavy
two middle helices. L68 and 198 are far apart in the native atoms of two residues are withs A in the putative native-like
structure, but they packed with each other in the intermediate.irgfsr?gﬂi?ﬁz E‘;tsgeé’]?ms/&c metngrqog(;nsfbtglheggﬁgﬁgi%tﬁn%ﬁ;?n o
In contrast, 172 and L94 I.nt(.aract qlosely |n'the native Stgte, tvhe 10 different NMR structures of either the native-like intermedi-g
but they are separated within the intermediate. Table 1 listS gtc or the non-native intermediate.
the residue pairs that have their heavy atoms changed from
<5 A in the native-like intermediate to7 A in the non- free energy changes in the native state upon mutations from
native-like intermediate, andice versa These non-native  these residues to Ala or Gly are known to be larger than 1.7
interactions are also illustrated in Figure 2. It should be noted kcal/mol, a value that has been suggested to be critical in
that these are large conformational changes that are wellobtaining reliabled values 23). All of the mutations are
beyond the rmsds (0.8 A) for all heavy atoms of these from big hydrophobic side chains to smaller ones (Phe
structures. None of the above differences in distance wasAla, Met — Ala, Leu— Ala, lle — Ala, Val — Ala, and
found among the 10 NMR structures of either the native state Ala — Gly).
or the non-native intermediate alone. Measurement of the Free Energy Change of the Interme-
Selection of Mutations fo-Value AnalysisTo investi- diate and Its MutantsTo measure theb values of these
gate whether non-native interactions in the intermediate of hydrophobic core residues, the unfolding free energy for the
Rd-apocytbss, could be detected by th@-value analysis,  non-native intermediate and its mutants was measured using
we selected 14 hydrophobic core residues for mutational thermal melting by monitoring the signal of circular dichro-
studies to measure th@ values. These 14 residues were ism (CD) at 222 nm. All melting curves monitored by CD
chosen because they were mutated in the earlier studies ircould be fitted perfectly with a two-state model (eq 1) using
an effort to characterize the rate-limiting transition state, and a AC, ranging from 0.2 to 0.7 kcal mot K~! (see Figure
they include the residues with significant non-native inter- 3), indicating thafl,, andAH,, can be measured accurately.
actions in the wild-type intermediatdX). In addition, the Using theT,, andAH,, values obtained from the curve fitting
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Ficure 3: Normalized melting curves for the representative mutants
of the non-native intermediate: L68A, |72A, F65A, I198A, L76A,
and wild-type intermediate (from left to right).
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Ficure 4: Effects of differentAC, values [0.2 £ — —), 0.45 (),
and 0.7 {--)] on theAGy values (A) andAAGy, values (B) of the
non-native intermediate and the F65A mutant.
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Ficure 5: Measurements of unfolding free energy by hydrogen
exchange and urea denaturation. ¥Gyx values for the non-native
intermediate (blue) and F65A mutant (red). The lines represent the
estimated global unfolding free energy. (B) Urea melting data of
the non-native intermediate (blue) and the F65A mutant (red). The
solid lines are the fitting curves using eq 2.

in Figure 5A, were calculated for measurable slowly
exchanging amide protons fromRT In(Kex/Kint), wherekin:

is the intrinsic exchange rate constant based on peptide
models £5). It has been shown that th®Gpx from very

described above, the unfolding free energies were calculatedslowly exchanging amide protons can be used to measure

using eq 2 with a\C, of 0.45 kcal mof* M1 for all proteins.
We choose 0.45 kcal moil K~ for the non-native interme-
diate because apocytochrom®ge, which involves the
unfolding of the major part of the C-terminal helix, has a
AC, of ~0.5 (24). Simulation studies show that the effect
of AC, on the unfolding free energy of the intermediat&y
is small (less thar:0.6 kcal/mol) at 25C, if the AC, is in
the range of 0.20.7 kcal mot* K~ (see Figure 4A). The
effect of AC, on AAGy is even smaller£0.3 kcal/mol)
for the same range &C, values (see Figure 4B), indicating
that reliable AAG,y values for the intermediates can be
measured with AC, of 0.45 kcal mot! K~1. The measured
AGyy andAAGy values for the wild-type intermediate and
its mutants are listed in Table 1.

Independent Ealuation of the Measurement &AG,,.

the global unfolding free energy2%, 26). The averaged
values for the very slowly exchanging amide protons are
~6.0 and~3.5 kcal/mol for the wild type and the F65A
intermediate, respectively. These values afe5 kcal/mol
larger than those measured using the thermal melting method.
Nevertheless, the difference in the free energy change
(AAGy) between the wild-type intermediate and the F65A
mutant measured by hydrogen exchange (2.5 kcal/mol) is
very similar to that measured by thermal denaturation (2.6
kcal/mol). The fact that all three helices have amide protons
that exchange through global unfolding indicates that both
the wild type and the F65A intermediates could not populate
partially unfolded intermediates, and supports the two-state
analysis. Moreover, equilibrium denaturation experiments
were performed using urea as the denaturant and monitored

To test the accuracy of the free energy change measuredy CD. The ellipticities of the CD signal at a wavelength of
using the thermal melting method, hydrogen exchange rates222 nm were measured and plotted against the urea

kex, Of the amide protons of the wild-type intermediate and
the F65A mutant were measured. Th6&,x values, plotted

concentrations, as shown in Figure 5B. The experimental
data were fitted with a two-state model using eq 3. The fitting



Accelerated Publications Biochemistry, Vol. 43, No. 45, 200414329

Table 2: Unfolding Free Energy of the Wild Type and F65A Table 3: Parameters for the Folded Region in the F65A Mutant of
Mutant Measured by Different Methods at 26 and pH 5.0 in the Intermediate
Units of Kilocalories per Mole

rmsd from ideal geometry

AGy(WT) —

AGU(WT)  AGu(F65A)  AG(FE5A) dgsd) average
prop—— 55 28 57 bonds (A) 0.0047# 0.00006 0.00471
h edrma me Inhg 6 0 3 5 2 5 angles (deg) 0.57% 0.010 0.579
Y rOQGR.eXC ange 55 s i impropers (deg) 0.482 0.012 0.482
urea mefting : : : NOE (all) 0.0558+ 0.007 0.0558
leads to values of 5.2 and 2.8 kcal/mol for the unfolding all residues/helical region
free energy of the non-native intermediate and the F65A backbone atoms 0.50/0.39
mutant, respectively. These values are very close to the all heavy atoms 0.82/0.70
values of 5.5 and 2.8 kcal/mol, respectively, measured from Experimental Restraints
the thermal melting experiments, supporting the use of the NOEs
thermal melting method in measuring the unfolding free intraresidue o 819
: . . sequential NOE|( —j| = 1) 1039
energy of the intermediates. These unfolding free energy long-range NOE|{ — j| > 5) 193
values are listed in Table 2. H-bonds 104
Normal ® Values with Non-Natie InteractionsUsing the dihedral angles _ 166
C, and G chemical shifts 103

AAGy values given above and those AAGyy measured
earlier for the native statel{), we calculatedb values for
the 14 residues, as shown in Table 1. All of the residues
have normald values, ranging from 0 to 1, suggesting that
if the structure of the intermediate were not known, e
values would have been interpreted in terms of native-like
interactions. In particular, since tli value of F65 is close

to 1, it would be concluded that F65 had a full native
environment. In contrast, F65 has the most dramatic change
in side chain conformation. Its aromatic side chain rotates
nearly 180 away from the hydrophobic core and packs
between the two middle helices (see panels A and B of Figure
1). In this case, the larg® value of F65A is likely due to

the relatively small free energy change (2.8 kcal/mol; see
Table 1) in the native state. This is because a mutation from
a buried Phe to Ala often causes a much largeb kcal/

mol) destabilization Z7). Moreover, we found that the
mutation from Phe to Leu at this position slightly increased
the stability of the native state, although the number of carbon
atoms was decreased (unpublished result). Since mutations
from Phe to Leu normally decrease the stability of the protein
(27, 28), this increase in stability suggests that the side chain
of F65 is overpacked in the native structure. In addition, F61
is nearly fully buried in the native-like intermediate, whereas
it is significantly exposed in the non-native intermediate.
Thus, the smalib value (0.36) of F61 is more consistent
with the structure of the non-native intermediate than with
the structure of the putative native-like intermediate. All other
fractional® values in Table 1 can be explained by the partial
exposure of these residues in the non-native intermediate,
which is due to the unfolding of the N-terminal helix of Rd-
apocytbsg,. These results show that normal fractioril Ficure 6: lllustration of the quality of the NMR structure for the

values can arise from non-native interactions and partia' F65A intermediate. Ten structures are superimposed on the basis

; ; of all heavy atoms. For the backbone, only &oms are shown
eXKOSSt%itSIa?‘#Ziffof‘;escs)n%f};&jparm t;{;;?}'?;}”g' value  (blue). For side chains, only the typical residues (F61, F65, L68,
pe : - 172, L94, and 198) are shown (red).

analysis, mutations from large hydrophobic residues to

smaller ones are commonly made, including lle, Val, Phe, describing the structure are listed in Table 3. Figure 6 shows
Tyr, and Met to Ala or Ala to Gly. It is assumed that such the superposition of the 10 NMR structures based on all
mutations will not affect the conformations of other residues heavy atoms. The structure is very well defined. Panels B
in the partially unfolded intermediates and transition states. and C of Figure 1 compare the structures of the F65A mutant
To test whether this would be the case for the non-native and non-native intermediate with the same typical hydro-
intermediate, we have determined the high-resolution struc- phobic side chains in CPK models. The two structures are
ture of the F65A intermediate using multidimensional NMR. very similar, with only minor differences, suggesting that a
The rmsd value for all heavy atoms is 0.82 A. The parametersmutation from a residue as large as Phe to Ala with a change
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of free energy of 2.8 kcal/mol has little effect on the initial
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unfolded states. They could be the norm rather than excep-

structure. This conclusion is further supported by the similar tion, and therefore need to be taken into account in future

m values of the non-native intermediate (0.97 kcal Thol
M%) and the F65A mutant (0.94 kcal méIM 1) from the

computer simulation studies on protein folding.

urea melting experiments (see Figure 5). Therefore, theseREFERENCES

results suggest that mutations from large hydrophobic
residues to smaller ones can be “nondisruptive”.

Implications for Transition StateS§ince transition states
are partially unfolded structures, we speculate that they also
tend to reorganize and have non-native interactions. Earlier
protein engineering studies on a number of proteins, includ-
ing CI2, thea-spectrin SH3 domain, src SH3, CheY, and
AcP (see reB1for detailed discussions), have also suggested
that non-native interactions occur in the transition states in
these proteins. In these cases, non-native interactions were
identified on the basis ob values that were smaller than 0
or larger than 1. Such interactions are further illustrated by
a computer simulation studg9). In a more recent study on
the transition state of ubiquitin using a bi-His metal-binding
method,y values significantly larger than 1 were found at
several positions30). Similarly, several residues in the WW
domain haved values that are significantly larger than 1
(31). Again, these results suggest the existence of non-native
interactions in the transition states.

Our finding that partially unfolded intermediates with a
broad distribution of non-native interactions can still yield
normal ® values suggests that the transition states with
normal @ values for many proteins could also have non-
native interactions. This is a crucial issue because most of
the experimental and theoretical studies on the transition
states have assumed tlltvalues in the range from 0 to 1
represent native-like interactions. In addition, both the non-
native intermediate and the F65A mutant have well-defined
structures, suggesting that all protein molecules may go
through this specific structure during folding before they
reach the native state. This result would be contrary to the
popular view that protein molecules fold to the native state
through numerous different pathways, and fractiodal
values are the evidence for the existence of numerous
different structures in the intermediates and transition states
(32, 33.

CONCLUSIONS

Protein engineering is a very useful method for identifying
the unfolded regions in intermediates and transition states,
and®-value analysis can provide the energetic information
for the interactions between the mutated residue and others
in the partially unfolded states. To obtain more detailed
structural information about folding intermediates and transi-
tion states, it is commonly assumed that intermediates and
transition states have native-like conformations and single
mutations from larger hydrophobic residues to smaller ones
do not perturb their structures. Although the structure
determined for the F65A mutant supports the latter assump-
tion, the normal® values measured for residues with
significant non-native interactions in the folding intermediates
of Rd-apocythss, suggest tha values may not be simply
interpreted as native-like interactions and used to derive
detailed structures of intermediates and transition states.
Finally, our findings suggest that non-native interactions may
exist more commonly than previously thought in partially

1.

2

3.

4.

Goldenberg, D. P. (1999) Finding the right foldat. Struct. Biol.
6, 987-990.

. Matouschek, A., Serrano, L., and Fersht, A. R. (1992) The folding

of an enzyme. IV. Structure of an intermediate in the refolding
of barnase analyzed by a protein engineering procedurdol.
Biol. 224 819-835.

Raschke, T. M., Kho, J., and Marqusee, S. (1999) Confirmation
of the hierarchical folding of RNase H: a protein engineering
study,Nat. Struct. Biol. 6825-831.

Bulaj, G., and Goldenberg, D. P. (206R)values for BPTI folding
intermediates and implications for transition state analysi,
Struct. Biol. 8 326—330.

5. Matthews, C. R., and Hurle, M. R. (1987) Mutant sequences as

6.

probes of protein folding mechanisnBioEssays 6254-257.
Fersht, A. R., Matouschek, A., and Serrano, L. (1992) The folding
of an enzyme. I. Theory of protein engineering analysis of stability
and pathway of protein foldingl. Mol. Biol. 224 771-782.

7. Li, A., and Daggett, V. (1994) Characterization of the transition

10.

11.

12.

15.

16.

17.

18.

19.

20.

21.

22.

23.

state of protein unfolding by use of molecular dynamics: chy-
motrypsin inhibitor 2,Proc. Natl. Acad. Sci. U.S.A. 910430~
10434.

. Vendruscolo, M., Paci, E., Dobson, C. M., and Karplus, M. (2001)

Three key residues form a critical contact network in a protein
folding transition stateNature 409 641—-645.

.Hubner, I. A., Shimada, J., and Shakhnovich, E. E. (2004)

Commitment and nucleation in the protein G transition state,
Mol. Biol. 336 745-761.

Bai, Y., Sosnick, T. R., Mayne, L., and Englander, S. W. (1995)
Protein folding intermediates: native-state hydrogen exchange,
Science 269192-197.

Chu, R. A, Pei, W. H., Takei, J., and Bai, Y. (2002) Relationship
between the native-state hydrogen exchange and folding pathways
of a four-helix bundle proteinBiochemistry 417998-8003.

Feng, H., Takei, J., Lipsitz, R., Tjandra, N., and Bai, Y. (2003)
Specific non-native hydrophobic interactions in a hidden inter-
mediate: implications for protien foldingBiochemistry 42
12461-12465.

. Takei, J., Pei, W., Vu, D., and Bai, Y. (2002) Populating partially

unfolded forms by hydrogen exchange-directed protein engineer-
ing, Biochemistry 4112308-12312.

.Pace, C. N. (1986) Determination and analysis of urea and

guanidinium hydrochloride denaturation curvigigthods Enzymol.
131, 266-280.

Minor, D. L., Jr., and Kim, P. S. (1994) Measurement of the
f-sheet-forming propensities of amino aciti&ature 367 660—

663.

Delaglio, F., Grzesiek, S., Vuister, G., Zhu, G., Pfeifer, J., and
Bax, A. (1995) NMRPipe: a multidimensional spectral processing
system based on UNIX Pipe3, Biomol. NMR 6277—-293.
Johnson, B. A., and Blevins, R. A. (1994) NMRview: a computer
program for the visualization and analysis of NMR ddta&Biomol.
NMR 4 603-614.

Santoro, M. M., and Bolen, D. M. (1992) A test of the linear
extrapolation of unfolding free energy changes over an extended
denaturant concentration randggépchemistry 314901-4907.
Vuister, G. W., and Bax, A. (1993) Quantitative J correlation: A
new approach for measuring homonuclear three-bomngieJ
coupling constants iA®N-enriched proteins). Am. Chem. Soc.
115 7772-7777.

Schwieters, C. D., Kuszewski, J. J., Tjandra, N., and Clore, G.
M. (2003) The Xplor-NIH NMR Molecular Structure Determi-
nation Package]. Magn. Reson. 16®5—-73.

Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton,
J. M. (1993) PROCHECK: A program to check the stereochem-
ical quality of protein structuresl. Appl. Crystallogr. 26283~

291.

Feng, H., and Bai, Y. (2004) Repacking of hydrophobic residues
in a stable mutant of apocytochroring. selected by phage-display
and proteolysisProteins 56 426-429.

Sanchez, |., and Kiefhaber, T. (2003) Origin of unusbalalues

in protein folding,J. Mol. Biol. 334 1077-1085.



Accelerated Publications

24. Fuentes, E. J., and Wand, A. J. (1998) Local stability and dynamics 29.

25.

26.

27.

28.

of apocytochromésgs, examined by the dependence of hydrogen
exchange on hydrostatic pressuBégchemistry 379877-9883.

Bai, Y., Milne, J. S., Mayne, L., and Englander, S. W. (1994)
Protein stability parameters measured by hydrogen exchange,
Proteins 20 4—14.

Huyghues-Despointes, B. M., Scholtz, J. M., and Pace, C. N. 31.

(1999) Protein conformational stabilities can be determined from
hydrogen exchange rate¥at. Struct. Biol. §910-912.

Kim, D. E., Fisher, C., and Baker, D. (2000) A breakdown of
symmetry in the folding transition state of proteind.,Mol. Biol.

298 971-984.

Itzhaki, L. S., Otzen, D. E., and Fersht, A. R. (1995) The structure 33.

of the transition state for folding of chymotrypsin inhibitor 2
analysed by protein engineering methods: evidence for a nucleation-
condensation mechanism for protein foldidg,Mol. Biol. 254
260-288.

30.

32.

Biochemistry, Vol. 43, No. 45, 200414331

Li, L., Mirny, L. A., and Shakhnovich, E. I. (2000) Kinetics,
thermodynamics and evolution of non-native interactions in a
protein folding nucleusNat. Struct. Biol. 7 336—-342.

Krantz, B. A., Dothager, R. S., and Sosnick, T. R. (2004)
Discerning the structure and energy of multiple transition states
in protein folding usingP-analysisJ. Mol. Biol. 337 463-475.
Crane, J. C., Koepf, E. K., Kelly, J. W., and Gruebele, M. (2000)
Mapping the transition state of the WW domdirsheet,J. Mol.
Biol. 298 283-292.

Ozkan, S. B., Bahar, |, and Dill, K. A. (2001) Transition states
and the meaning ob-values in the protein folding kinetichlat.
Struct. Biol. 8 765-769.

Onuchic, J., and Wolynes, P. G. (2004) Theory of protein folding,
Curr. Opin. Struct. Biol. 1470-75.

BI048126M



