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ABSTRACT: Recent results on the 102 residue protein U1A show that protein aggregation is not always
slow and irreversible but may take place transiently in refolding studies on a millisecond time scale. In
this study we observe a similar aggregation behavior with the classical two-state protein CI2. Since both
U1A and CI2 appear to fold directly from the coil at low protein concentrations, it is likely that the
aggregates also form directly from the coil. This is in contrast to the behavior of larger multistate proteins
where aggregation occurs in connection to “sticky” intermediates.

Protein aggregation is a poorly understood process which
has gained an increasing interest in recent years, largely
because of its connections to neurodegenerative pathologies,
such as Alzheimer’s disease and the controversial prion
diseases (1, 2). Also, the formation of insoluble inclusion
bodies makes aggregation a central problem for large-scale
production of recombinant proteins. For a recent review on
protein aggregation, see ref3. Typically, aggregation is
observed under conditions that thermodynamically favor the
native protein conformation, e.g., under polypeptide synthesis
in vivo (4), in the unfolding transition region, or when
unfolded protein is suddenly brought to refolding conditions
in vitro. Precursors for protein aggregation are often sug-
gested to be folding intermediates (5-7) or molten globule
conformations (8-10). Largely because such partly struc-
tured species accumulate in connection to aggregation (5)
but also because structurally defined precursors provide a
simple explanation for the seemingly specific organization
of many protein aggregates (11). In disease-related aggrega-
tion, however, there are also several examples of specific
aggregates arising directly from unfolded peptides and
proteins (12, 13). As the visible signs of aggregation manifest
themselves over relatively long time scales, it has been
possible to follow aggregation kinetics by equilibrium
techniques with high structural sensitivity, for example,
electrophoresis (14-16), chromatographic separation (15,
17), and small-angle X-ray scattering (18). For faster
aggregation events it has often been sufficient to start

reactions by manual mixing (9, 19-21). The limited time
resolution of these experiments, however, has led to focus
most efforts on the slow processes in protein aggregation
and on conditions where the aggregates are long-lived enough
to be detected. Therefore, very little is known about the
dynamic aspects of protein aggregation, and there is a severe
lack of detail at the microscopic level. Nevertheless, there
is clear evidence for a dynamic exchange between aggregates
and protein monomers from identification of transient
oligomeric species in refolding experiments (20, 22, 23). This
dynamic picture of protein aggregation is supported by rapid-
mixing experiments which show that reversible contacts
between denatured protein molecules can form also on very
short time scales (7, 24). The 102 residue protein U1A
(Figure 1) aggregates on a millisecond time scale, sometimes
in the dead time of measurements. The aggregates are short-
lived and dissociate and fold in a fraction of a second, just
a few times more slowly than the normal folding reaction.
The propensity to form the transient aggregates is high, and
they accumulate extensively also at very low protein
concentrations (∼1 µM). In kinetic terms, the rapidly formed
aggregates of U1A closely resemble transient folding inter-
mediates (24) and produce many characteristics of multistate
folding behavior (25). At sufficiently low protein concentra-
tions (<1 µM), however, U1A appears to fold directly from
the coil in a highly concerted two-state process (24). An
immediate conclusion from these results would be that the
precursor for transient aggregates of U1A is the coil, i.e.,
the starting material for the folding reaction, not “sticky”
intermediates as observed in folding studies of multistate
proteins (26).

In this study we investigate further the role of unfolded
protein in transient aggregation by comparing the folding
behavior of U1A with a more extensively characterized two-
state protein, namely, chymotrypsin inhibitor 2 (CI2) (Figure
1). CI2 was the first protein observed to display two-state
kinetics under physiological conditions (27), and its two-
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state properties have since then been confirmed by a wealth
of other studies (28-30). Our results show that also CI2 can
form short-lived refolding aggregates. Since CI2 does not
accumulate folding intermediates, this provides additional
evidence that aggregates can form directly from unfolded
protein. That is, two-state proteins can undergo “two-state”
aggregation.

EXPERIMENTAL PROCEDURES

All experiments were done at 25°C in 50 mM Mes buffer
at pH ) 6.3 (19 mM Mes acid and 31 mM Mes sodium
salt), purchased from Sigma. All solutions were prepared
volumetrically.

Materials. The proteins examined in this study are the
RNA-binding domain RBD1 (residues 1-102) of the human
U1 small nuclear ribonucleoprotein A (U1A) and a truncated
version (residues 20-83) of chymotrypsin inhibitor 2 (CI2)
from barley (Figure 1) expressed and purified as described
in ref 27.

Equilibrium Unfolding. Unfolding was induced by Gdn-
HCl1 (ultrapure from Gibco/BRL Life Technologies). Fluo-
rescence measurements were done on a Perkin-Elmer LS50B,
CD spectra on a Jasco J-720 using 0.5 mm path-length
cuvettes, and fluorescence anisotropy on a Spex fluorolog
FL 212. Data points are averages of three scans. Protein
stability was derived by standard procedure linear regression,
i.e., assuming that protein stability and logKD-N ) log ([D]/
[N]) depend linearly on the concentration of GdnHCl (31).

Kinetics. Kinetic measurements were done with an
SX.18MV stopped-flow instrument from Applied Photo-
physics. Mixing was 1:10 (GdnHCl jump) or 1:1 (pH jump).
In refolding by GdnHCl jump, U1A was denatured in 5.1
M GdnHCl (24) and CI2 in 5.2 M GdnHCl. In pH jump,
CI2 was denatured in 32 mM HCl (pH 1.5) (32). Excitation
was at 280 nm and detection was with a 315 nm cutoff filter.
Curve fitting was done with the SX.18MV software or with
the software package Kaleidagraph (Abelbeck Software).
Dead-time spectra were recorded with a second monochro-
mator on the emission light. Bandwidths were 2 nm for the
excitation and 3 nm for the emission.

RESULTS

Equilibrium Unfolding of U1A Is Two-State. Intermediates
in protein folding are often difficult to detect by equilibrium

techniques, partly because the denaturant needed to unfold
the native protein also unfolds possible intermediates and
partly because equilibrium unfolding is insensitive to rapidly
formed intermediates. A common way to infer the existence
of equilibrium intermediates, however, is from noncoincident
unfolding curves measured by two or more techniques with
different sensitivities to secondary and tertiary structure (23).
If the midpoints do not coincide, this indicates that tertiary
and secondary structure do not unfold concomitantly and that
a partly structured species populates in the unfolding
transition. To look for such deviations with U1A, we
monitored unfolding by fluorescence, CD, and fluorescence
anisotropy (Figure 2). The results show that both the
midpoints and the GdnHCl dependence of the protein
stability (mD-N) coincide within experimental error (Table
1), suggesting that the unfolding transition is a highly
concerted two-state process. The observation is corroborated
by Hall and co-workers, using CD and differential scanning
calorimetry (33). The absence of equilibrium intermediates
under partly denaturing conditions, however, does not
exclude that metastable intermediates accumulate during
folding under physiological conditions.

Folding Kinetics of U1A Changes from Two-State to
Apparent Three-State as a Result of Transient Aggregation.
Short-lived intermediates that accumulate early in the folding
reaction may be indicated kinetically as follows: For a two-
state system DT N, the rates of unfolding,ku, and refolding,
kf, are related to the equilibrium constantKD-N by

FIGURE 1: Crystal structures of CI2 (PDB code: 1YPB) and U1A
(PDB code: 1FHT).

FIGURE 2: Equilibrium denaturation of U1A using fluorescence
(b), fluorescence anisotropy (4), and far-UV CD (0). The unfolding
midpoints andmD-N are the same within experimental error (Table
1).

Table 1: Stability, Transition Midpoints, andm-Values of U1A

measurement
[GdnHCl]1/2

(M)
mD-N (kcal
mol-1 M-1)

∆GH2O (kcal
mol-1)

fluorescence 1µMa 3.98( 0.03 2.49( 0.2 9.9( 0.3
fluorescence 10µMa 4.07( 0.05 2.32( 0.3 9.5( 0.6
CDa 4.13( 0.04 2.26( 0.3 9.3( 0.6
anisotropya 4.03( 0.03 2.89( 0.4 11.7( 0.8
kinetics 4.08c 2.20( 0.2d 9.1( 0.2b

a The value is determined by standard GdnHCl titration experiments
(31). b ∆GD-N

H2O ) -2.3RT log KD-N ) -2.3RT (log ku - log kf
fast)

at [GdnHCl]) 0 M (cf. eq 1). logkf
fast corresponds to refolding at low

protein concentration (24). c Obtained from the minimum of the chevron
plot, i.e., where logku ) log kf (24). d From eq 1 it follows thatmD-N

) mq-N - mD-q, wheremq-N andmD-q are derived from the slopes of
log ku andkf, respectively (24), andq represents the transition state.
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Deviation from eq 1, i.e., that the observed refolding rate
is slower than that calculated fromKD-N andku, is usually
taken to indicate that an intermediate has formed in the
mixing time of the stopped-flow instrument. Refolding is
retarded because the intermediate is a more stable ground
state than D and, hence, the activation barrier for folding
that must be overcome is higher (25).

U1A shows clear deviations from two-state behavior at
typical stopped-flow concentrations ([U1A]≈ 3 µM),
manifested in a downward curvature in the refolding limb
of the chevron plot (24) (Figure 3). A distinct feature of this
deviation is the positive slope of logkf versus [GdnHCl]
under near native conditions, which signals an expansion
upon activation, as seen in the unfolding process (24, 34).
At low concentrations of protein, (<1 µM), folding becomes
faster and the rate constants coincide precisely with those
expected for two-state folding (Figure 3). Another charac-
teristic feature of U1A is the symmetrically curved chevron
plot which is seen under two-state conditions. Most other
two-state proteins, for example, CI2, show V-shaped chevron
plots with linear unfolding and refolding limbs. Still, fitting
second-order polynomials to the unfolding and refolding
limbs of U1A yields precisely two-state kinetics and a linear
dependence of logKD-N vs [GdnHCl] according to eq 1 (35,
36). On this basis, the curvatures have been connected to
movements of the transition state ensemble rather than
accumulation of folding intermediates. Consistently, similar
curvatures have been induced in other two-state proteins, CI2
(37, 38) and S6 (39), by mutations that affect the fine
structure of the activation barrier and, hence, the behavior
of the transition state ensemble. Although it then appears
that monomeric U1A is two-state and that the unfolded
protein is the aggregating species, the picture is somewhat
muddled by the anomalously curved chevron plot. Therefore,
we have here applied the same analysis to the better
characterized two-state protein CI2.

CI2 Confirms That Transient Aggregation Can Arise from
Unfolded Protein. CI2 normally displays three refolding
phases. The first phase (∼70 s-1) is folding of protein with
all trans-prolines, and the last phase (∼0.05 s-1) arises from
isomerization in the remainingcis-proline population (32).
The second phase (∼10 s-1), however, is shown here to be
associated with transient aggregation. As with U1A, the rapid
first phase of the refolding trace shows two-state folding of
monomeric protein (24). This phase constitutes most of the
refolding amplitude at low concentrations of protein. The
slower, second phase which results from folding of transient
aggregates grows larger at high concentrations of protein.
The increase in amplitude of this second phase causes an
overall retardation of the refolding reaction (Figure 4).
Although the aggregation of CI2 is not as pronounced as
with U1A, the effects on the folding amplitudes are still
clearly resolved at moderately increased protein concentra-
tions (10-100 µM). The corresponding refolding rate
constants show a small decrease: between 1 and 400µM
CI2, the first phase changes from∼70 to ∼40 s-1 and the
second phase from∼10 to ∼6 s-1. We cannot determine
whether this small change is real or just an artifact of the

curve fitting as the amplitudes change; if the second phase
is locked to 10 s-1, the first phase remains at 70 s-1

throughout the concentration range with fits as good as those
when both phases are free to vary in the equations.

Thus, it appears that CI2 shows an aggregation behavior
similar to that of U1A, albeit at higher concentrations of
protein. That is, folding of CI2 may occur either directly
and rapidly from monomeric protein or more slowly from
reversible aggregates. Direct folding is two-state, whereas
folding from the aggregate is slower than predicted from eq
1. At high protein concentrations this leads to retardation of
the refolding kinetics and deviation from two-state behavior
(Figure 3). Interestingly, the aggregate phase of CI2 (∼10
s-1) is present at a residual level also at very low protein
concentrations (5-10%). The residual population of ag-
gregates may be caused by protein trapped incis-proline
conformations. Unfortunately, it is not possible to compare
the aggregation behavior of U1A and CI2 under identical
conditions: U1A data refer to GdnHCl-jump experiments
to final conditions of∼0.5 M GdnHCl whereas CI2 data
are based on acid-jump experiments to physiological condi-
tions. This is because the refolding phases of CI2 at 0.5 M
GdnHCl are too close to be accurately resolved and because
U1A cannot be denatured by acid. Nevertheless, it is evident
that, according to the two-state criterion in protein folding
(eq 1), the aggregating species is the unfolded protein.

Characterization of the Aggregates. Fluorescence spectra
of the dead-time species were constructed from individual
refolding traces by plotting the fluorescence intensity level
at time 0 versus emission wavelength. Excitation was at 280
nm. For U1A, the spectra of the native and the denatured
protein are different, with the maximum of emission shifting
from 335 nm for the native protein to 355 nm for the coil,
with a concomitant decrease in intensity. The fluorescence

KD-N )
[D]

[N]
)

ku

kf
; log KD-N ) log ku - log kf (1)

FIGURE 3: Chevron plots of U1A (O) and CI2 (b) showing the
GdnHCl dependence of the refolding rate constant (kf) and the
unfolding rate constant (ku). The units are in s-1. The right limbs
of the plots show logku and the left limbs logkf. Two-state folding
is indicated by the solid curves. At protein concentrations below 1
µM, U1A folds in a two-state process (O), whereas at higher protein
concentrations refolding becomes slower than predicted from eq 1
(4). The deviation is here exemplified with the U1A mutant I84A
which has been particularly well characterized with respect to the
aggregation behavior (insert): logkf at [U1A] ) 0.1 µM (O) and
at [U1A] ) 3 µM (b). For CI2, the corresponding retardation of
log kf is clearly manifested first above 200µM (2). The deviation
from two-state behavior (eq 1) is seen only at low [GdnHCl] and
is caused by transient aggregation of denatured protein.
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of CI2 is quenched in the native state, and denaturation
produces an increase in intensity. The emission maxima are
340 and 356 nm for N and D, respectively. At low protein
concentrations (∼1 µM), the dead-time species of both U1A
and CI2 have spectral characteristics consistent with unfolded
protein, in agreement with previous results. The slight blue
shift observed for the dead-time species of U1A is likely
due to a general increase in the compactness of the coil under
poor solvent conditions (40). Interestingly, the dead-time
species show the same coil-like spectrum also at high protein
concentrations (Figure 6). This suggests that the fluorescing
tryptophans are as solvent exposed in the aggregate as in
the unfolded protein; i.e., the tryptophans are not directly
involved in the aggregate structure. Considering the high
hydrophobicity of these residues, the results disfavor an
aggregation mechanism driven by nonspecific hydrophobic
collapse.

DISCUSSION

Could Aggregates Be Present Prior to Initiation of the
Folding Reaction?A simple explanation for the aggregation
behavior of U1A and CI2 would be that the aggregates are
present already before initiation of the folding reaction, i.e.,
in the reservoir syringe containing the denatured protein. In

the case of U1A this would mean at 5.2 M GdnHCl and
with CI2 at pH 1.5. This appears unlikely since 5 M GdnHCl
dissolves readily any macroscopic aggregates of U1A. Also
no signs of aggregation have been observed in NMR studies
of the acid-denatured state of CI2 ([CI2]) 600 µM, pH
1.6, 40°C) (30), and solubility studies suggest that aggregates

FIGURE 4: (Top) Time courses for refolding of U1A at different
protein concentrations. The folding reaction is biphasic: the fast
phase corresponds to two-state folding of monomeric protein and
the slow phase to folding from reversibly formed aggregates. The
amplitude of the slow phase increases at high protein concentrations,
leading to an overall retardation of the refolding process. (Bottom)
Corresponding data for CI2. In contrast to U1A, CI2 shows a
fluorescence decrease upon refolding, and the onset of aggregation
occurs at higher protein concentrations.

FIGURE 5: Protein concentration dependence of the rate constants
of the fast (b) and slow (O) refolding phase of CI2. It is uncertain
whether the small concomitant decrease in the rate constants is real
or just an artifact of the curve fitting procedure: if the second phase
is locked to 10 s-1 the fast phase remains constant without
significantly affecting the quality of the fit.

FIGURE 6: Normalized dead-time spectra of the refolding species
of U1A and CI2 at different protein concentrations. The dead-time
spectra of both U1A and CI2 resemble that of the unfolded protein
at all protein concentrations, indicating that the tryptophans are not
involved in the aggregation process. Reference spectra were
obtained with the SX.18MV instrument in equilibrium mode and
are averages of nine scans.
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are generally not stable at high concentrations of denaturant
(5, 41, 42). In addition, an equilibrium between unfolded
molecules and aggregates would “consume” unfolded protein
and thereby lower the unfolding midpoint at high concentra-
tions of protein. No such effects can be detected with either
U1A (Table 1) or CI2 (30).

Kinetic Competition between Folding and Aggregation.
After mixing the denatured protein into physiological condi-
tions, aggregates could either form in a preequilibrium
relaxation in the dead time of measurements (<2 ms) or in
parallel with the folding reaction. Preequilibration assumes
a fast and reversible exchange between monomers and
aggregates. This gives rise to a single refolding phase in
which monomers and aggregates disappear together. In
contrast, U1A and CI2 show biphasic refolding which rather
indicates that, once formed, the aggregates constitute traps
which fold slower than the monomeric protein. More
plausibly, folding and aggregation occur in parallel (19, 43,
44). Thus, the protein could either fold directly by the fast
phase from the coil or become kinetically trapped in an
aggregate (Figure 7). The probability of either event is simply
ordained by protein concentration. The fast refolding phase
then measures the direct two-state channel. Competing
formation of aggregates takes place at the same time but is
not resolved since the accompanying change in tryptophan
fluorescence is negligible. At increased concentrations of
protein, however, the aggregation is revealed by a decreased
amplitude of the fast phase; the more rapid the trapping, the
smaller the fraction of monomeric protein folding fast. The
slow phase shows, accordingly, the conversion of aggregates
into native monomers. In Figure 7, we illustrate this reaction
as a parallel route, although it is equally possible that the
aggregates are dead ends which fold via the unfolded
ensemble.

The Extent of Aggregation Can Be Estimated from the
Extent of Slow Refolding. The similar spectra of unfolded
protein and the aggregates make it possible to estimate the

occupancy of aggregates (f agg) according to

whereAslow andAfast are the amplitudes of the slow and fast
refolding phases, respectively. With U1A, the aggregation
is already significant at 1µM of protein (Figure 8). With
CI2, corresponding levels of aggregation are not reached
below 200µM.

The Aggregation Rate Is Near Diffusion Control. We
assume in Figure 7 that direct folding and aggregation have
similar rates when half of the protein population escapes by
the fast channel and half is trapped in aggregates, i.e., when
f agg ) 0.5. At 2 µM protein the “effective” rate of
aggregation is thus∼200 s-1 for U1A, yielding an association
rate constant of∼1 × 108 s-1 M-1 (Figure 7). This value is
near the diffusion limit for a 100 residue protein (45, 46).
Similar rates have been found for the association step in the
folding of the dimeric Arc repressor (45). For CI2 the
association is considerably slower, at 3× 105 s-1 M-1. The
reason for CI2’s lower association rate is unclear but may
be due to differences in charge, specificity, precursor
conformation, or even the order of aggregation. For com-
parison, the rate constant for association of fragments of
cleaved CI2 is also rather slow, 3.7× 103 s-1 M-1 (47).

Aggregation Directly from the Coil. Aggregation is often
connected to intermediates and molten globules (5, 6, 8-10),
largely because such states often accumulate in connection
to aggregation (5). Further evidence for the involvement of
intermediates has been derived from the apparent lack of
correlation between aggregation and protein stability (48),
see also ref49. But why do intermediates aggregate? One
explanation is that they provide large, contiguous hydro-
phobic patches which merge upon aggregation (3). Coils are
less susceptible to associate because they display broken
patterns of hydrophobic and polar/charged groups which are
more difficult to match (3). Unfolded proteins may also be
contracted with a bias of charged residues at the periphery
(30, 40). A refined version of the “associating intermediate”
model postulates that aggregates are kept together by
complementary, native-like surfaces (50-52). In principle,

FIGURE 7: Reaction schemes of U1A and CI2, where aggregation
and folding occur in parallel. The rate constants refer to refolding
in the absence of denaturant. The lower panel show corresponding
simulations of the occupancy of native protein and aggregates at
[CI2] ) 0.6 mM under the assumption that the aggregates are
dimers (software: Mathematica). From the kinetic resemblance
between transient aggregation fragment association, we speculate
that the aggregates are specifically joined by intermolecularly
formed folding nuclei. Note that the results do not exclude that
folding of the aggregates proceeds via the denatured ensemble.

FIGURE 8: Occupancy of the transient aggregates of U1A (b) and
CI2 (O) at different protein concentrations calculated from eq 2.
In fits where [U1A]g 3.1 µM, the rate constant of the fast phase
was locked to 200 s-1. The protein concentration is shown on a
logarithmic scale.

f agg)
Aslow

Aslow + Afast
(2)
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this idea could be extended to include any stable motifs, also
non-native, which are compatible with the primary sequence.
The mechanism is epitomized in domain swapping where
two or more native structures are interconnected by “over-
lapping” polypeptides (53).

A different conclusion is reached in a solubility study of
apomyoglobin where unfolded protein, rather than an inter-
mediate, seems to be the precursor for reversible aggregation
in urea denaturation experiments (41). It is argued that
solubility problems around the unfolding transition region
are most simply related to the occupancy of unfolded protein
under poor solvent conditions, in this case around 2.5 M
urea. At lower urea concentrations, the soluble native
conformation is predominant and at higher urea concentra-
tions, the aggregates dissolve. The authors find no evidence
for intermediates under these conditions and point out that
several of the experimental features associated with inter-
mediates can also arise from compact denatured states. The
results in this study support this view. With U1A and CI2
the aggregates appear to form directly from unfolded
proteins. The main difference is that by rapid mixing we
are able to plunge the unfolded protein into solvent conditions
which are much worse than in the transition region. This
causes the protein to aggregate both faster and at lower
concentrations. Another difference is that we do not resolve
precipitation under stopped-flow conditions, probably be-
cause there is too little time for the unfolded protein to form
large enough aggregates to pass the solubility limit.

The Mechanism of Association. Unspecific aggregation of
hydrophobic moieties seems inconsistent with the seemingly
ordered behavior of the transient aggregates: they form
reversibly, are precisely reproducible from one experiment
to another, and appear independent of “dirty” cells and even
the presence of other denatured proteins. For example,
refolding of 1 µM U1A in the presence of 10µM slow
folding protein does not give rise to increased levels of
aggregation; i.e., U1A only aggregates with itself, indicating
some degree of specificity (data not shown). In unspecific
aggregation, one would also expect involvement of the
tryptophans, but the dead-time spectra in Figure 6 clearly
disfavor this. Thus, the aggregation is likely to be specific.
Interfaces for aggregation of unfolded protein could then be
high-energy states in the denatured ensemble, or they could
be induced upon association. The latter may be exemplified
by arc repressor (45, 54). Native arc repressor is a homodimer
which folds in one step from the two unfolded peptides
without accumulating intermediates. A related example is
the folding of complementary peptide fragments, i.e., frag-
ments that result from cutting a protein in two pieces (29).
Separated, fragments are unable to form any structure, but
when mixed together they adopt the native structure in one
highly concerted step without intermediates. In the case of
CI2, the fragment results have been taken as evidence for a
nucleation condensation mechanism where the fragments join
by a folding nucleus which is only “flickeringly” present in
the denatured ensemble (29). Interestingly, there is an
underlying resemblance between the kinetics of fragment
recombination and aggregation. Although the fragment
recombination of CI2 appears 50 times slower than the
aggregation, part of this difference is accounted for by the
fragments' need for complementarity: while aggregates may
form at every collision, collisions between identical frag-

ments are unproductive for folding. Further, the intact chain
is able to form native-like overlaps in more than one way:
head to tail, tail to head, and “full domain swap”. A
conservative estimate is that this intrinsically makes ag-
gregation around 12 times faster than fragment association,
reducing the rate difference to less than a factor of 5. The
difference can be reduced further if we assume larger
aggregates than dimers. It is plausible that the kinetic
correspondence reflects a similarity between the folding
nuclei and the aggregation nuclei; the only difference may
be that folding nuclei are formed intramolecularly and
aggregation nuclei are formed between complementary
regions of separate chains; cf. Broglia et al. (52). CI2’s
tendency to form such complementary overlaps is verified
by crystallography where CI2 mutants with loop extensions
in some cases are domain swapped (K. Stott and A. R. Fersht,
unpublished). Also, the transient aggregation of CI2 is
enhanced by helix-stabilizing mutations (A. Laudurner and
A. R. Fersht, unpublished); the helix forms an integral part
of CI2’s folding nucleus, and its accumulation may increase
the probability for productive association by a domain swap
mechanism. In a broader perspective, the interpretation is
consistent with a funnel-like energy landscape for folding
where native contacts are more favorable than non-native
(55); i.e., aggregation as well as folding follows the “principle
of minimal frustration”. Evolution allows only one choice
of interaction: the native contacts.

The high association rate of the homodimeric arc repressor
may thus be explained by the protein’s extensive intramo-
lecular interface which could form in a more flexible manner
than complementary overlaps. It is possible that U1A’s
equally fast aggregation signals the involvement of similar
quaternary contact patterns. In this case, the linking interface
would however be non-native and be caused by a promiscu-
ous stretch of the sequence which could be called “inter-
molecularly frustrated”; i.e., the stretch can form ordered
structures with homologous stretches of other polypeptides
although it is intramolecularly well behaved. To this end, it
is tempting to draw a parallel with a long-lasting ambiguity
in protein folding, namely, the role and nature of folding
intermediates. Why are intermediates needed as precursors
for aggregation when, as observed here for two-state proteins,
aggregation occurs readily and even faster from the coil?
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