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To explore the plasticity and structural constraints of the protein-
folding nucleus we have constructed through circular permutation
four topological variants of the ribosomal protein S6. In effect,
these topological variants represent entropy mutants with main-
tained spatial contacts. The proteins were characterized at two
complementary levels of detail: by ¢-value analysis estimating the
extent of contact formation in the transition-state ensemble and
by Hammond analysis measuring the site-specific growth of the
folding nucleus. The results show that, although the loop-entropy
alterations markedly influence the appearance and structural lo-
cation of the folding nucleus, it retains a common motif of one helix
docking against two strands. This nucleation motif is built around
a shared subset of side chains in the center of the hydrophobic core
but extends in different directions of the S6 structure following the
permutant-specific differences in local loop entropies. The adjust-
ment of the critical folding nucleus to alterations in loop entropies
is reflected by a direct correlation between the ¢-value change and
the accompanying change in local sequence separation.

circular permutation | ¢-values | transition state

ur current understanding of the protein-folding nucleus is

based on a synthesis of results from simulation (1) and
experimental mapping of site-specific contacts in the transition-
state ensemble by protein engineering (2, 3). From these results
it is apparent that the free-energy landscape controlling the
folding process is highly evolved, with few traps and a charac-
teristic bias toward native contacts (4, 5). Consistent with the
general insensitivity of the transition-state structure to point
mutation and the remarkable success of reproducing experimen-
tal data with simplistic Go models, the prediction from such
biased landscapes is that the sequence of folding events is largely
determined by the topology of the native structure (1, 4, 6, 7).
One intriguing possibility is that folding follows a trajectory of
the lowest successive loop-entropy cost (8, 9). To directly test this
idea we have analyzed the folding behavior of four S6 variants
in which the loop-entropy cost of forming pairwise contacts has
been systematically altered through circular permutation (10—
12). The results show that the ¢-value distribution defining the
S6 nucleus is plastic and responds to circular permutation in a
systematic manner. Contacts are recruited in directions with
decreased sequence separation, and contacts are lost at the
entropically penalized regions of the backbone incisions. Even
so, the critical nuclei of the permuted proteins share a minimal
two-strand-helix motif with variable but overlapping composi-
tion of secondary-structure elements. Moreover, it is apparent
that a specific number of side-chain contacts are required to turn
the folding free energy profile downhill, and that the dimension
of this cluster matches the size of the smallest cooperatively
folding proteins.

Results and Discussion

Pronounced Changes of the ¢-Value Distribution upon Circular Per-
mutation. Changes of the protein-folding transition state arising
from perturbations of the residue-residue contact energies are
generally accounted for by simple Hammond or anti-Hammond
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behavior without the need to invoke any major changes of the
folding pathway (13). The effect of altering the loop entropy
components, on the other hand, can be much more extensive,
epitomized by the circular permutant P'3-14 of S6 that completely
changes the ¢-values of the transition-state ensemble (12). To
map out more systematically how chain entropy controls protein
folding we have extended the set of S6 permutants to include
four variants that cover as broad as possible a range in contact
order and local loop entropies: S6%! and the permutants P13-14,
P>4-55 and P%8-%9, The kinetic characteristics of these S6 variants,
along with their sequence outlines are shown in Fig. 1 and Table
1, and the mutant data forming the base for the ¢-value analysis
is found in Fig. 4 and Table 3, which are published as supporting
information on the PNAS web site.

From inspection of the ¢-values it is evident that rewiring of
the S6 backbone leads to distinct changes of the transition-state
ensemble that can be directly linked to the position of the N and
C termini (Fig. 2 and Table 2). In all cases, the ¢-values probing
the interactions between the N- and C-terminal regions shift
toward zero, even though the very same interactions yield high
¢-values with different chain connectivity. The highest ¢-values
of S6™* are for side chains connecting B1 and al through the
center of the hydrophobic core (V6A, I8A, I126A/V, and L30A),
whereas the interface to the C-terminal B4 shows ¢-values of
close to zero (V88A and VI90A). The pattern is clearly reversed
in P13-14 by a radical increase of the ¢-values in B4 and an equally
radical decrease of the ¢-values probing the interactions be-
tween the new C- and N-termini 81 and «1. Analogously, P>~
displays the weakest contacts between the C- and N-terminal
strands B2 and B3 (L61A, Y63A, and V65A) and P%-% in the
N-terminal a2 (V72A, L75A, and L79A). Similar, straightfor-
ward, response to circular permutation has previously been
observed in simulations (14-17) and complies nicely with the
basic idea that increased loop entropy leads to decreased contact
probability that, in turn, modulates the folding events for purely
statistical reasons (cf. refs. 18 and 19). Thus the folding-energy
landscape of S6 is highly malleable and adjusts easily to changes
in the local loop entropy.

The Critical Support of the High-¢ Nucleus. As a complement to the
static structural information provided by the ¢-values, we have
also identified the interactions that show the highest degree of
consolidation upon crossing the barrier top. In analogy with the
capillarity description of folding nucleation (20), these interac-
tions represent the layer of contacts that add criticality to the
folding nucleus by turning the barrier profile downhill (21).
Following the formalism by Hedberg and Oliveberg (21), the
critical contacts can be recognized from the extent of Hammond
postulate behavior. Truncation of interactions with constant
contribution to the free-energy profile across the barrier top are
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Fig. 1. The kinetic characteristics and sequence outline of the four topolog-

ical variants of the ribosomal protein S6.

assumed not to distort the shape of the barrier top, whereas
truncation of interactions with a progressively increasing con-
tribution will cause the transition-state ensemble to shift toward
the native protein. Mutations targeting such interactions are
identified by decreased values of m,. The structural location of
mutation sites with decreased m, is mapped out in Fig. 2 and the
data are shown in Table 2. From the m,-value pattern it is
apparent that the critical contacts are on the whole distributed
as shells around the high-¢ initiation points, in good agreement
with earlier observations on the ribosomal protein L23 (21). For
S6Yt, the lowest m, values are found in the entropically penalized
interface between B1 and B4 (V6A, I8A, V88A, and VI0A),
followed by broad distribution of decreased m, values seemingly
associated with the docking of B3 (L48A, F60A, and Y63A) and
the two helices. The critical event in the nucleation of S6** would
thus be the integration of B4 accompanied by a general consol-
idation of the diffuse core. For P13-14, the critical contact layer
is much more local and centered around residue V72 at the
interface to the high-¢ cluster at the N-terminal end of 2.
Possibly, this limited growth region is coupled to the unusually
polarized and spatially confined nucleus of this permutant. More
clearly defined growth regions are observed for P>4->> where the
critical contacts describe the docking of B3 to Bl and the
hydrophobic core (L61A, Y63A, and V65A), including L30A and
V37A anchoring the a1-B2 loop. Overall, we discern also Ham-
mond shifts in the hydrophobic mini-core formed by the loop

between 2 and 3 (L48A and F60A), even though the stability
changes for these mutants are too low for reliable estimates of
their ¢-values (Table 2). The proteins also display a variable
extent anti-Hammond behavior upon truncation of contacts
associated with the helices, consistent with earlier observation
on CI2 (22). The anti-Hammond shifts are particularly pro-
nounced for P34 and P%-% where the affected helices are
positioned at the very end of the polypeptide chain. It is thus
apparent that these “tailing” helices, despite their low ¢-values
modulate the interaction network in the S6 transition-state
ensemble.

In conclusion, the m, analysis on the S6 permutants suggests
that the structural location of mutation sites producing Ham-
mond-postulate behavior is malleable and responds in an orderly
manner to changes in backbone connectivity; the distribution of
low m, values follows and sticks closely to the interface of the
high-¢ cluster (Fig. 2). Thus, at a crude level, the results allow
the distinction of two overlapping regions in critical nucleus for
protein folding: the nascent nucleus forming on the uphill side
of the folding barrier, i.e., the static region captured by the
¢-value analysis, and the critical contacts needed to pull the
nascent nucleus over the barrier top, i.e., the growth region
revealed by Hammond-postulate behavior. Together, the nas-
cent nucleus and the critical contact layer constitute the minimal
structural unit required for spontaneous descent into the native
basin.

Common Motif of the Folding Nuclei: Two Strands and a Helix.
Comparison of the transition-state ensembles of the four en-
tropic variants of S6 allows a systematic analysis of the limits for
folding plasticity for a system with maintained spatial contacts.
From the ¢-values alone, it can be crudely said that all structural
elements except B1 are expendable in the transition state; I6A
and V8A maintain high ¢-values throughout, whereas the ¢-val-
ues in all other positions drop below the 0.2 threshold in at least
one of the constructs (Fig. 2). Second, 81 needs to be supported
by one (but not both) of the neighboring strands 3 or 84 and,
finally, by one (but not both) of the helices. The structural motif
common to the transition-state ensembles seems thus to encom-
pass two B strands docking against a single helix. In the case of
S6™!, the two strands (B1 and B3) are separated in sequence by
the docking helix, whereas for the permutants the tertiary motif
is more simply a hairpin helix (cf. ref. 23). Considering also the
my, analysis, however, it is evident that the minimal two-strand-
helix motif gains additional support by a peripheral layer of
contacts that are under strong growth. For S6™!, this growth
region is revealed most clearly by mutations at the interface to
B4 at the C-terminal end of the protein, whereas for P35 and
P%8-69 it is shifted to the interface with B3 at the opposite side
of the sheet (Fig. 2). The much smaller region of decreased m,
values in P'3-14 on the other hand, seems not to extend into 83
although the involvement of this strand in the transition state is
indicated by ¢-values of 0.17 and 0.26 for Y63A and V65A,
respectively. One possibility is that the Hammond shift for
mutations in B3 is cancelled by opposing anti-Hammond com-

Table 1. Kinetic data for S6 wild-type and the circular permutants

AGp.n, Relative

my, mg, mp.,* kcal/ contact

Mutations logky, M~ log k¢ \Y it M- B* Midpoint mol order, %
Sewt —-3.73 0.59 2.53 —-1.21 1.80 0.67 3.47 8.51 18.9
p13-14 —-0.14 0.64 2.85 -1.01 1.65 0.61 1.81 4.07 12.8
p54-55 —-3.36 0.68 3.26 -0.93 1.61 0.58 4.10 9.00 19.7
p68-69 —2.45 0.62 2.72 -1.28 1.90 0.67 2.72 7.04 14.3

*Mp.N = My — My.
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The distribution of ¢- and Amy-values in the S6"t (Protein Data Bank ID code 1RIS; ref. 42) and permutant structures illustrating the plasticity of the

folding nucleus. ¢-Values are color-coded from low (white) to high (red), and the values of Am, are depicted in a scale ranging from white (no change) to blue
(large change). The interactions with the highest growth rate are generally found at the periphery of the folding nucleus.

ponents from interactions with 126 and L30 in the adjacent «2.
The detailed composition of side-chain contacts underlying this
low-resolution appearance of the S6 nuclei is mapped out and
rationalized by our computational methods (unpublished data).
The two-strand-helix motif as a basic unit of the folding nucleus
is not unique to S6 but has been discerned also for other
a/B-containing proteins. An early example is provided by the
diffuse ¢-value distribution of CI2 that radiates from contacts

between the single helix (A16) and the C-terminal hairpin (L49
and I57) (24, 25), and, more recently, a similar hairpin-helix has
been inferred as the key nucleation motif for ubiquitin (23, 26).
Looking at proteins with S6-like structures, the spliceosomal
protein UIA reveals an early transition-state structure com-
posed primarily by interactions between B2, B3, and al. Upon
addition of denaturant the hairpin-helix nucleus of UIA grows
progressively through Hammond postulate behavior to finally

Table 2. ¢-values and stabilities for S6 wild-type and the circular permutants

& AAGS ¢ AAGS &  AAGS AAGS

Mutations SGWt* SGWt mu S6Wt p13714 P1 3-14t P1 3-14 mu P1 3-14 P54ﬁ55 P54ﬁ551] P54755 mu P54ﬁ55 P68769 P68769\| P68769 mu P6&69

WT 0.59 = 0.04 0.64 + 0.04 0.68 + 0.02 0.62 + 0.02
V6A 0.52 3.74 0.40 =0.01 V89A 0.92 3.01 0.72=0.06 V48A 0.57 3.45 0.63=0.02 V34A 050 3.12 0.72 +0.02
I8A 0.46 424 0.51=0.01 I91A 0.58 3.40 0.79=0.12 I50A 038 3.52 0.72=0.02 I36A 042 3.14 0.79 + 0.02
L19A 0.24 270 0.50 =0.01 L7A 0.09 059 1.29=0.10 L61A 0.03 1.90 0.67 =0.01 L47A 023 1.65 0.60 + 0.02
126A 0.40 3.13 0.65=0.01 114V 0.15 098 0.94=0.15 [68V 0.16 1.20 0.85=0.03 154V 039 1.27 0.60 = 0.03
L30A 0.34 374 0.78+0.03 LI1S8A 009 263 095=0.16 L72A 0.13 2.84 0.61+0.03 L58A 036 284 0.62*0.04
V37A 0.24 2.74 0.51=0.02 V25A 0.05 1.87 0.64=0.07 V79A —0.05 1.14 0.50 =0.02 V65A 0.13 1.56 0.61 + 0.03
V40A — 076 059+003 V284 —  0.19 080*008 V82A —  0.10 070 +0.02 V68A —  0.26 0.61 = 0.01
L4SA — 074 049+003 L36A —  0.19 0.71+002 L9A — 040 0.59=001 L76A —  0.13 0.56 + 0.02
F60A — 132 044+003 F48A — 070 056+002 F/JA — 068 063+002 F88A —  0.58 0.56 = 0.02
L61A 024 352 054=001 nd. nd nd n.d. L8A  0.12 3.00 0.59=0.02 L8A 0.17 3.23 0.46 + 0.02
Y63A 0.21 4.00 0.50 =0.01 Y51A 0.17 1.74 0.83=0.04 YI0A 0.05 267 0.58=0.03 Y91A 021 2.86 0.57+0.02
V65A 0.38 3.42 0.58=0.02 V53A 0.26 2.49 0.74=0.05 VI2A  0.15 279 0.54+0.02 V93A 030 2.76 0.60 + 0.05
V72A 0.14 1.48 0.52=0.02 V60A 0.25 0.86 0.51=0.04 VI9A 0.10 1.04 0.68=0.03 V5A 0.16 040 0.72+0.05
L75A 0.40 2.17 0.50 = 0.03 L63A 1.51 1.19 0.61=0.02 L22A 054 1.93 0.63=0.04 L8A 0.17 179 0.77 +0.03
L79A 0.16 4.84 053=0.02 nd. nd. nd. n.d. L26A 021 416 0.78+0.02 L12A 0.12 3.64 0.75 = 0.02
V85A 0.07 3.55 0.48 =0.01 V73A 0.42 141 0.61=0.04 V32A 0.15 269 0.73=0.02 VI8A 0.14 272 0.69 = 0.03
V88A 0.14 2.13 039 +0.02 V76A 1.10 1.26 0.64=0.02 V35A 0.57 1.57 0.75=0.03 V21A 035 1.53 0.66 + 0.02
V90A 0.14 2.99 033 =002 V78A 0.70 2.18 0.75=0.04 V37A 0.56 2.39 0.65=0.03 V23A 0.38 2.01 0.64 + 0.03

The columns indicate the translation of sequence positions between wild-type and permutant proteins, even though the mutations are numbered according
to the wild-type sequence throughout the text. Data points corresponding to rates faster than 200 s~' were excluded from the fits. n.d., not determined.

*Calculated from Eq. 1 with A = 1.0 M and B = 4.0 M (13).
*Calculated from Eqg. 1 with A = 0.5 M and B = 3.0 M.
SAAGp.y (kcal/mol) was calculated as mp.y X [GdmCI]5°% X 2.3 RT.

TData fitted in the interval 0-5.5 M GdmCl. Calculated from Eq. 1 with A = 1.0 M and B = 5.0 M.
IData fitted in the interval 0-5 M GdmCl. Calculated from Eq. 1 with A = 1.0 M and B = 5.0 M.
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encompass the whole structure (27). Another structural ana-
logue of S6, the human procarboxypeptidase A2 activation
domain (ADA2h), shows a corresponding ¢-value distribution
involving B1, B3, and o2 (28). The different polarization of the
S6™t, UlA, and ADA2h nuclei seems to reflect the differences
in native-state packing; depending on how the long-range con-
tacts connect the secondary-structure elements, the folding
nucleus can be biased to either al or a2 (27). The many ways the
two-strand-helix motif can be established would thus explain the
malleable folding of «/B proteins, supporting the notion that
protein families with flexible folding trajectories in general
display less conserved transition-state structures (29). A notable
feature of the two-strand-helix motif is that it is seems to define
the structural size where /B proteins lose their ability to fold on
their own. Proteins that consist of only one hairpin packed
against a single helix invariably require support from disulfide
linkages to adopt their native states, e.g., toxins, whereas for
proteins with an additional strand such entropic restriction is not
needed (30). Itis thus conceivable that the smallest cooperatively
folded structures approach the size of a minimal critical nucleus,
i.e., the smallest assembly of contacts required to bring the
free-energy gradient downhill.

Malleable Contact Recruitment Indicates Broad Folding Progression.
The malleable nature of the folding nucleus has been nicely
pinpointed for the symmetrical proteins L and G through
changes of the native-state contacts alone (31). The structure
of these proteins is a two-hairpin sheet packed against a single
helix and their transition-state ensembles resemble largely
those of the S6 variants in Fig. 2. For protein L the high-¢
cluster encompasses the N-terminal hairpin and the helix,
whereas for protein G it is the C-terminal hairpin that docks
with the helix. However, the apparent localization of the
high-¢ cluster in the protein can be swapped upon redesigning
the N- and C-terminal hairpins (32, 33) while keeping the
complete folding nucleus as revealed by all atom simulations
largely intact (34). Notably, the extent of contact modification
needed to redistribute the ¢-value distribution of protein L
and G is relatively large and involves the mutation of 11-14
residues. The corresponding effect of single mutations is
usually not discernable. As observed in the present study,
changes of the loop entropies through circular permutation
constitute a simpler and more efficient way to skew the folding
trajectory. Moreover, the implication of a shared two-strand-
helix motif in the transition states for /B proteins points at the
nontrivial scenario of a preferred, but spatially malleable,
nucleation motif adjusting to both changes in loop entropy and
tertiary contact patterns. A hairpin, or two strands, docking
against a helix thus seems to be a favorable way to seed a
folding nucleus and it is evident that there are several com-
peting folding channels through which this motif can be
established for mixed o/ proteins (23, 35). Consistent with this
idea, even radical changes of the ¢-value distributions, both
across different permutants and across different proteins, have
usually very small effect on the kinetic m values. In terms of
solvent accessible surface area the critical nuclei remain all
quite similar with g% values of 0.53-0.84 (36). For the S6
constructs alone B* varies only between 0.58 and 0.67 (Table
1). Then what may be seen as a diffuse (in space) nuclei would
in reality constitute the ensemble average of multiple path-
ways, all of which represent alternative variants of forming
two-strand-helix nuclei (37). With reference to the data in Fig.
2, the diffuse ¢-value distribution of S6¥* would then represent
the extreme case where the folding progression is diffusely
distributed over two predominant channels where the emerg-
ing sheet is supported by either al or o2 (ref. 27 and cf. ref.
35). Likewise, the condensed nucleus of P13-14 would represent
the contrasting case of a single nucleation site comprising a2

4086 | www.pnas.org/cgi/doi/10.1073/pnas.0508863103
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Fig. 3. Plot of the ¢-value change upon permutation (A¢) and the accom-
panying change in site-specific sequence separation (AL™Me2"). Shown are the
compiled data from all S6 variants in Table 1 (®) and the corresponding data
for the a-spectrin Src homology 3 domain (V) (refs. 10 and 41 and Table 5).
(Inset) Data from P'3-'4 alone, including the two excluded outliers with
anomalous ¢-values >1 (O). The correlation shows that increased sequence
separation between interacting side chains reduces their contribution to
transition-state stability.

and the C-terminal hairpin, whereas P>*~>> and P%-% would
fall somewhere in between. Notably, the parallel-pathway
scenario provides also a straightforward explanation for why
the folding kinetics of S6 permutants only weakly follows the
contact order of the native state: circular permutation shifts
simply the relative flux between two alternative channels, each
of which has similar contact order of the critical nucleus. In
cases where the transition-state ensemble, rather, represents a
homogenously swollen version of the native state, the effect of
circular permutation on the contact order, and hence on the
folding kinetics, is expected to be much larger. In support of
the idea that the permutant trajectories represent a subfrac-
tion of the wild-type folding progression, the ¢-values of S6™*
can be used as restraints to select the correct permutant nuclei
through py,i¢ analysis (unpublished data).

¢-Values Controlled by Changes in Sequence Separation. To examine
the relation between ¢-values and loop-entropy changes in a
more quantitative way, we have used the local topological
descriptor AL™<2" (Eq. 3). Like the global parameter contact
order (38), L™e*" measures sequence separation but includes
only the contact pairs targeted by the individual ¢-value
mutations (12). The constraint of including only the contacts
made by a single side chain allows L™" to be used as a
simplistic measure of the site-specific loop entropy penalty
and, accordingly, how it changes upon circular permutation.
As shown in Fig. 3, the extent of ¢-value change observed for
the different permutants (A¢) is overall related to the change
in sequence separation (AL™*"). Increased values of ¢ are
found in the positions with reduced sequence separation and,
vice versa, decreased values of ¢ are overall associated with
AL™mean > (). In sharp opposition to this trend, there are two
outliers, both of which represent atypical mutations in P13-14:
L75A and V88A with ¢-values of 1.51 and 1.10, respectively.

Lindberg et al.
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Without these data points the single permutant P13-14 yields a
correlation between A¢ and AL™e" of R = 0.92 (Fig. 3). It is
thus implicated that the two anomalously high ¢-values of
P13-14 are not strict measures of transition-state structure but
include contributions from additional factors, for example,
changes of the folding pathway, energetic or structural frus-
tration (4), alterations of the prefactor (18, 39), or contribu-
tions from intrinsic steric restrictions within the folding nu-
cleus (40). Even so, it is evident that the ¢-values on the whole
carry information about heterogeneities in the transition-state
ensemble by responding in a predictable manner to changes in
the protein topology. The correlations between A¢p and AL™mean
for the remaining permutants P>*->> and P%-% are 0.73 and
0.71, respectively, producing an overall value of R = 0.78 for
the combined data set (Fig. 3 and Table 4, which is published
as supporting information on the PNAS web site). Evidence
that the coupling between ¢-values and loop entropy is
universal is provided by an earlier analysis of circular permu-
tants of the a-spectrin Src homology 3 domain (10, 41) where
the application of Eq. 3 to the literature data yields R = 0.76
(Table 4 and Table 5, which is published as supporting
information on the PNAS web site). Comparison with the
corresponding study on CI2 is difficult because permutation in
this case relies on disulphide cross linking and at some distance
from the N and C termini, confusing the meaning of AL™ean a5
calculated from Eq. 3 (11). The data on S6 and Src homology
3 reveal nevertheless that the contribution to the transition-
state stability of the individual side chains follows a consistent
pattern: the longer the connecting loops the lower the local
interaction free energy. This behavior is also observed for the
global transition-state stability where the insertion of extra
loop residues progressively slows down the refolding rate
constant (8), and where the barrier heights across two-state
proteins roughly follows the contact order of the native states
(38). On this basis, we conclude that the folding nucleus largely
behaves like the sum of the local contact probabilities, and that
its detailed composition can vary with side-chain identity and
sequence connectivity. For natural proteins, however, that
have been selected on the basis of their structural properties
there could be additional biological constraints on the folding
trajectory, like e.g., maintaining a certain degree of cooper-
ativity (12), that modulates the precise features of the critical
nucleus. For a given protein, the transition-state ensemble will
nevertheless encompass the statistical combination of contacts
that most easily overcomes the entropic penalty of turning the
folding free-energy profile downhill. In the case of «/B
proteins, the most favored such combination seems to be the
two-strand-helix motif.

Materials and Methods

Protein Engineering, Expression, and Purification. The permutants
are labeled according to the position of the incisions and their
amino acids are numbered according to the wild-type sequence,
Protein Data Bank ID code 1RIS (42). To facilitate the comparison
between the different constructs the wild-type numeration was used
for all point mutations in Results and Discussion (Table 2). The
permutants P34 and P%-% were designed and constructed as
described (43). The third permutant, P>*-53, was constructed from
P13-14 by making an incision between residues K54 and D55 in the
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loop connecting the B2 and 33 strands, adding a methionine in the
new N terminal and restoring the wild-type Bl-al loop. Site-
directed mutagenesis was performed with the QuikChange site-
directed mutagenesis kit (Stratagene), oligo nucleotides were pur-
chased from DNA Technology (Aarhus, Denmark), and all
mutants were confirmed by sequencing (MWG Biotech, Ebersberg,
Germany). Transformation, overexpression, and purification was as
described (44). The identity of the purified protein was confirmed
by N-terminal sequencing and mass spectroscopy.

Kinetic Measurements. Stopped-flow measurements and curve
fitting were performed on a SX-17MV stopped-flow spectrom-
eter (Applied Photophysics, Leatherhead, U.K.). Excitation
wavelength was 280 nm, and emission was collected with a
305-nm cut-off filter. The final protein concentration was 0.8
uM. All measurements were conducted at 25°C in 50 mM Mes,
pH 6.3 (Sigma), using GdmCI as denaturant (ultra PURE,
GIBCO/BRL).

Data Analysis. To reduce the effects of extrapolation errors, the
¢-values (45) were calculated from chevron data (Fig. 4), close
to the transition midpoint according to ref. 46

_ (log kY — log k™4
(log kY™ — log k™) — (log kY“B — log k™ B)

(1]

where A and B refer to the GdmCl concentrations at which the
refolding and unfolding rate constants were measured (see Table
2). Similarly, to minimize the effect of chevron curvatures at low
and high GdmCl concentrations, the m values were derived from
the linear regime at the bottom of the chevron plots (Fig. 4) by
using the standard equation

log(k + ky)

¢

lOg kobs =

10g(10'°g":{20*"’f (GdmCl] 4. 1 glogk, ™ +mu (Gamelh 2]
where log kf"2° and log k}2° are the refolding and unfolding rate
constants at [GdmCI] = 0 M, respectively, and m and m,, are the
slopes of the refolding and unfolding limbs of the chevron plots

(Fig. 4).

Calculation of Topological Parameters. The average sequence sep-

aration between lost contacts (L™¢*") was calculated from the
Protein Data Bank files as in ref. 12

2L

J mean — W

[3]

where L is the sequence separation (loop length) between all
carbon-carbon contacts (within a radius of 6 A) lost upon mutation,
and n is the total number of contacts lost. To emphasize the
contribution of tertiary contacts, four residues on either side of the
target side chain were excluded from the calculation. The relative
contact order was calculated at the Baker laboratory, University of
Washington, Seattle.
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