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The observation of heterogeneous protein folding kinetics has
been widely interpreted in terms of multiple independent unre-
lated pathways (IUP model), both experimentally and in theoretical
calculations. However, direct structural information on folding
intermediates and their properties now indicates that all of a
protein population folds through essentially the same stepwise
pathway, determined by cooperative native-like foldon units and
the way that the foldons fit together in the native protein. It is
essential to decide between these fundamentally different folding
mechanisms. This article shows, contrary to previous supposition,
that the heterogeneous folding kinetics observed for the staphy-
lococcal nuclease protein (SNase) does not require alternative
parallel pathways. SNase folding kinetics can be fit equally well by
a single predetermined pathway that allows for optional misfold-
ing errors, which are known to occur ubiquitously in protein
folding. Structural, kinetic, and thermodynamic information for the
folding intermediates and pathways of many proteins is consistent
with the predetermined pathway–optional error (PPOE) model but
contrary to the properties implied in IUP models.

foldons � PPOE model � staphylococcal nuclease

That proteins might fold by way of some predetermined
pathway was first suggested by C. Levinthal (1), who rea-

soned that folding through a random search process would take
far longer than the subsecond time scale often observed. Ex-
perimental work driven by this concept found evidence for
distinct pathway intermediates (2). However, theoretical work
showed that the energetically downhill nature of the conforma-
tional search might by itself be sufficient to drive random folding
on a realistic time scale (3). No specific pathway would then be
necessary. This scenario has been formalized in the funneled
energy landscape view for protein folding (4–8). Following this
precedent, experimental results for a number of proteins have
been similarly interpreted in terms of multiple unrelated parallel
pathways (9–16). The critical observation is that protein folding
can be kinetically heterogeneous. Different fractions of a folding
population fold at different rates and exhibit different populated
intermediates, suggesting alternative pathways. This view is
often represented in terms of multiple tracks through the
funneled energy landscape. We refer to this view as the inde-
pendent unrelated pathways (IUP) model to emphasize that
intermediate structures in the different tracks have no particular
relationship.

A much more determinate pathway is supported by structural
information derived experimentally for folding intermediates in
many proteins (17–20). This information indicates that protein
folding intermediates are definitively native-like, constructed
from cooperative foldon units of the target native protein. It
appears that native-like foldon units are formed and docked into
place one after another in a stepwise sequence, each one guided
and stabilized by prior complementary structure just as the
foldon units fit together in the native protein. These two
principles—the cooperativity of the structural elements that
compose protein molecules and the energetically favorable
association of complementary structures—are well recognized
in many other molecular processes. Acting together, they can

cause all of the molecules in a refolding population to fold
through essentially the same predetermined pathway.

However, one often finds that different population fractions
of a given protein can fold with different kinetics (9–16). To
account for heterogeneous kinetic folding, it is necessary to
modify the predetermined pathway model to recognize the
ubiquity of optional misfolding errors. The resulting predeter-
mined pathway–optional error (PPOE) model (21) attributes
heterogeneous folding to chance misfolding errors within a given
pathway rather than to multiple alternative pathways. In this
view, two-state folding occurs when the misfolding probability is
zero, as is often observed for small proteins. Three-state folding
dominates when the misfolding probability at some pathway
point is large. More generally, heterogeneous folding occurs
because error formation is probabilistic rather than intrinsic to
the folding process. Different fractions of the refolding popu-
lation can commit different errors and therefore block at dif-
ferent pathway points, populate different corrupted intermedi-
ates, and reach the native state at different rates (21). This
behavior gives the appearance of different pathways even though
all of the population moves through the same productive on-
pathway intermediates.

This article considers the heterogeneous folding behavior of
the well studied staphylococcal nuclease (SNase) protein, which
has been thought to require more than one independent pathway
(12). We repeated the kinetic studies that led to the IUP model
for SNase and compared the ability of the IUP and PPOE models
to explain the folding kinetics observed. The results show that
both models are able to fit kinetic folding behavior equally well.
This capability is general (21). Thus, unlike previous supposition,
the observation of kinetic heterogeneity allows but does not
require an IUP model.

This result raises a more fundamental issue. The two different
models project fundamentally different mechanisms for the
protein folding process. It is essential to decide between them.
Kinetic behavior alone is unable to make this important distinc-
tion. It is necessary to compare the properties of intermediates
and pathways implied by the different models with structural and
mechanistic information and not just kinetic behavior. We
discuss available information in this light.

Results
Kinetic Folding and Unfolding by Stopped-Flow. Fig. 1A shows
kinetic chevron plots for SNase folding and unfolding measured
by change in fluorescence of the single near-C-terminal Trp-140
residue. Refolding by dilution from denaturing GdmCl produces
two major kinetic folding phases with similar rate constants and
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relative amplitudes at low denaturant of 55% faster phase to 40%
slower phase. As denaturant concentration is increased the two
major phases tend to merge. At near zero denaturant a lag phase
in native-state formation is also measured.

No very slow proline-dependent phase is seen because a
crucial proline has been removed in the mutant SNase used here
(P117G/H124L). A minor very slow folding phase (�6% ampli-
tude), on the time scale of seconds at low denaturant, attributed
to cis-trans isomers of nonprolyl residues (12, 22), was ignored
in subsequent model fitting.

Unfolding is simpler. The removal of Pro-117, which exists in
slowly interconverting cis and trans conformers in wild-type
SNase makes unfolding kinetics monoexponential (23). How-
ever, the chevron unfolding arm (d(log k)/d[GdmCl]) is not
linear. It curves continually to slower rates. Fig. 1A Inset includes
the unfolding rate measured at zero denaturant by kinetic
native-state hydrogen exchange (24). The curvature is due to the
changing dominance of a succession of on-pathway barriers,
indicating the presence of several on-pathway intermediates.

Fig. 1B shows a kinetic folding trace starting with the protein
fully unfolded at pH 2 (shown by CD) and then jumping to higher
pH to initiate refolding at zero denaturant. A burst phase
increase in fluorescence (not shown), initially attributed to the
formation of a fast burst phase intermediate, is an artifact due

to fluorescence quenching at the acid unfolding pH (25, 26). The
refolding kinetics at zero denaturant shows an initial lag phase
to which standard multiexponential fitting assigns a negative
amplitude (�5%). The lag phase signals the transient accumu-
lation of an obligatory blocked intermediate before the rate-
limiting step. The lag phase rate increases from 45 s�1 at pH 5.3
to 200 s�1 at pH 8.5. These results agree closely with published
data as noted in Table 1 (12, 26, 27).

The Independent Unrelated Pathways (IUP) Model. Kamagata et al.
(12) used direct and interrupted folding experiments to show
that the fluorescence changes observed in SNase folding directly
measure acquisition of the native state. This occurs because the
populated kinetic intermediates of SNase have fluorescence that
is identical to the unfolded state, and the C-terminal segment
that harbors the lone SNase tryptophan, Trp-140, is the last to
fold (24).

In a conventional pathway (U to I to N), the native state is
reached in a single kinetic phase rate-limited by the slowest
pathway step, with the possible addition of a kinetic lag phase
(negative amplitude). However, SNase reaches the native state
in three kinetic phases (lag phase plus two major phases; Fig. 1).
Kinetic principles dictate that the three kinetic phases require
the significant population of four states, namely U, N, and two
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Fig. 1. SNase folding and unfolding kinetics. (A) Chevron plot for folding and unfolding rates against final GdmCl concentration, measured as the change in
fluorescence between the unfolded state and the native state (intermediate fluorescence is equal to the U state). Folding rates were obtained by multiphase
fitting of kinetic data for native-state formation like that shown in B. (Inset) Unfolding rate at zero denaturant measured by kinetic native-state hydrogen
exchange (24). (B) Kinetic folding data for native-state formation at zero denaturant, shown at the earliest folding times to exhibit the lag phase. The dashed
curve is the two-exponential fit. The plot of residuals shows the reality of the lag phase, which is confirmed by similar results at other conditions and in other
laboratories (see Table 1).

Table 1. Comparison with published kinetic folding rates

Construct �1, s�1 A1 (lag) �2, s�1 A2 �3, s�1 A3 �4, s�1 A4

H124L† 38 � 9 �0.07 � 0.01 6.2 � 0.3 0.53 � 0.01 0.93 � 0.07 0.22 � 0.01 0.025 � 0.001 0.17 � 0.003
Pro-† 99 � 15 �0.08 � 0.01 7.8 � 0.4 0.69 � 0.03 2.3 � 0.2 0.24 � 0.03 — —
Pro-‡ 134 � 21 �11.3 � 0.1% 17.2 � 0.5 57.3 � 0.9% 4.7 � 0.1 35.3 � 1.1% 0.82 � 0.04 4.5 � 0.2%
WT*§ 40.6 �0.23 10.4 1.78 1.35 0.4 0.1 0.26
WT*/Trp76§ 41.3 �0.32 11.3 1.51 2.3 0.43 0.01 0.24
P117G/H124L¶ 47 � 3 �0.10 � 0.01 9.7 � 0.2 0.63 � 0.01 2.4 � 0.1 0.17 � 0.01 0.30 � 0.04 0.12 � 0.01
P117G/H124L� 200 � 41 �0.016 � 0.002 13.5 � 0.2 0.26 � 0.003 2.4 � 0.1 0.153 � 0.003 — —

Values listed are at zero denaturant.
†Unfold at pH 2.2, measure folding at pH 5.3, 15°C, 0.1 M sodium acetate (27).
‡Unfold at pH 2.0, measure folding at pH 6.0, 20°C, 0.1 M sodium cacodylate, 2 mM EGTA (12). ‘‘%’’ denotes relative amplitudes.
§Unfold at pH 2.0, measure folding at pH 5.2, 15°C, 0.1 M sodium acetate (26). WT* is SNase P47G/P117G/H124L.
¶This work. Same conditions as †.
�This work. Unfold at pH 2.2, measure folding at pH 8.5, 50 mM CHES, 20°C, 0.1 M NaCl.
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