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Replacement of the native cis prolines by alanine
leads to simplification of the complex folding
mechanism of a small globular protein
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ABSTRACT The folding mechanism of MNEI, a single-chain variant of naturally occurring double-chain monellin, is complex,
with multiple parallel refolding channels. To determine whether its folding energy landscape could be simplified, the two native
cis-prolines, Pro41 and Pro93, were mutated, singly and together, to Ala. The stability of P93A was the same as that of the wild-
type protein, pWT; however, P41A and P41AP93A were destabilized by �0.9 kcal mol�1. The effects of the mutations on the
very fast, fast, slow, and very slow phases of folding were studied. They showed that heterogeneity in the unfolded state arises
due to cis to trans isomerization of the Gly92-Pro93 peptide bond. The Pro41 to Ala mutation abolished the very slow phase of
folding, whereas surprisingly, the Pro93 to Ala mutation abolished the very fast phase of folding. Double-jump, interrupted folding
experiments indicated that two sequential trans to cis proline isomerization steps, of the Gly92-Pro93 peptide bond followed by
the Arg40-Pro41 peptide bond, lead to the formation of the native state. They also revealed the accumulation of a late native-like
intermediate, N*, which differs from the native state in the isomeric status of the Arg40-Pro41 bond, as well as in a few tertiary
contacts as monitored by near-UV CD measurements. The Pro to Ala mutations not only eliminated the cis to trans Pro isom-
erization reaction in the unfolded state, but also the two trans to cis Pro isomerization reactions during folding. By doing so, and
by differentially affecting the relative stabilities of folding intermediates, the mutations resulted in a simplification of the folding
mechanism. The two Pro to Ala mutations together accelerate folding to such an extent that the native state forms more than
1000-fold faster than in the case of pWT.
SIGNIFICANCE Proteins often fold via complex mechanisms that feature multiple folding pathways, and it is important to
identify the origin of such heterogeneity in protein folding reactions. In proteins containing cisPro residues, folding complexity
is invariably attributed to proline isomerization, both during unfolding and during subsequent folding. In this study, it is shown
that, even upon mutating both of the two cis Pro residues of monellin to Ala, two out of three folding pathways still remain
operational, suggesting an alternative source of complexity. The mutations do, however, simplify the overall folding
mechanism: the very slow phase of folding is eliminated and so is the slow phase of folding on one of the competing pathways
that still operates, as a result of destabilization of a folding intermediate. As a consequence, monellin not having any cis Pro
residue folds more than 1000-fold faster than the WT protein. The mutations also reveal how structure formation can be
coupled to proline isomerization during folding. Importantly and surprisingly, the mutations also abolish the very fast phase of
folding by their effect on the unfolded state. This study therefore demonstrates a new way in which substitution of Pro
residues can reduce folding complexity by eliminating not only the slow phases but also the fast phases of folding.
INTRODUCTION

The mechanism of protein folding from an unstructured,
random-coil unfolded (U) state to a uniquely structured
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native (N) state is still not fully understood. In particular,
whereas various experimental, theoretical, and computa-
tional studies have highlighted the existence of parallel
folding channels (1–3), little is understood about the
sequence determinants responsible for multiple folding
pathways. Multiple folding pathways can arise when the
subensembles within unfolded or intermediate ensembles
interconvert on timescales much slower than the subsequent
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folding steps (2,4). Intermediate ensembles populated at
different stages during the folding reaction may be
composed of structurally distinct subensembles, resulting
in multiple routes to the N state (5–7). Determination of
the cause of heterogeneity at the early and intermediate
stages of a folding reaction would lead to a better under-
standing of the interactions dictating the sequence of struc-
ture-forming events during folding. A major cause of the
heterogeneity in the U-state ensemble for many proteins,
which results in parallel channels of folding, is the isomer-
ization of peptidyl-prolyl bonds (8–14). The trans isomer is
much more stable than the cis isomer in the case of a non-
prolyl bond, but it is only slightly more stable for a prolyl
bond. Hence, both the isomeric states for the peptidyl-prolyl
bonds may be populated significantly in the U-state
ensemble (15–17). Of course, there can be causes of hetero-
geneity in the U-state ensemble other than proline isomeri-
zation (18–20).

Of the 20 naturally occurring amino acid residues found
in proteins, proline is unique in that its side chain is cova-
lently linked to the backbone nitrogen, thereby forming a
cyclic ring. Thus, up to 25% of X-Pro bonds are found
in the cis conformation in the N states of different proteins
(21). They typically occur in tight turns and kinks essential
for maintaining the structural integrity of the protein (21).
In the U state, however, an X-Pro bond that is cis in the
N state, can undergo cis to trans isomerization, resulting
in significant population of the trans conformation. The
important step of trans to cis prolyl isomerization then be-
comes inevitable along the folding pathway, as shown for
many proteins (8,13,15,17,22,23). Such prolyl isomeriza-
tion steps (either cis to trans or trans to cis) are usually
much slower than the structure-forming steps, to which
they are coupled (24–26). Thus, the occurrence of cis
prolyl bonds in the N state, though structurally significant,
can result in the retardation of the folding reaction. How-
ever, the interpretation of studies of the folding of proteins
in which the rate-limiting Pro residues were replaced by
other residues has not been straightforward (27–33). None-
theless, it is worthwhile to explore the potential simplifica-
tion of the folding mechanism upon replacing Pro residues
and to thereby provide additional detail on the influence of
the amino acid sequence on the mechanism of protein
folding.

Single-chain monellin (MNEI) is a variant of naturally
occurring heterodimeric monellin, in which the C-terminus
of chain B is linked to the N-terminus of chain A via a
Gly-Phe dipeptide linker (34). It is a small globular protein
(97 amino acid residues) that consists of an a-helix packed
against a five-stranded b-sheet (Fig. 1 A). Detailed charac-
terization of the folding and unfolding mechanisms of
MNEI using optical probes (34–37) and mass spectrometry
(38) has been achieved in previous studies. Relevant to the
current study, a previous fluorescence-based study (34) iden-
tified five distinct kinetic phases of refolding of MNEI:
an ultrafast (>1000 s�1) phase monitored using ANS fluo-
rescence, very fast (�10 s�1), fast (�1 s�1), and slow
(�0.1 s�1) phases monitored using Trp4 fluorescence, and
a very slow (<0.01 s�1) phase monitored by double-jump,
interrupted refolding experiments. The U-state ensemble
was shown to consist of two subensembles, with U1 folding
in the very fast phase and U2 folding in the competing fast
and slow pathways, and a folding scheme (34) was pro-
posed. A very recent trFRET study, which monitored the
compaction of different structural segments of MNEI (7),
also independently arrived at a similar folding scheme as
shown in Fig. 1 B.

The intermediate, IF1, populating on the fast phase arising
from an early intermediate, IE1, was shown to be heteroge-
neous, consisting of two subensembles that form in parallel
(7). It was shown that the N-like intermediate, N*, formed
directly from the U1 subensemble, but via intermediates
along two different parallel pathways from the U2 suben-
semble. It was suggested that heterogeneity in the U-state
ensemble arises due to different isomeric states of Pro resi-
due(s). The molecules folding from the U1 subensemble
differ in the sequence of structure-forming steps from the
molecules folding from the U2 subensemble (7). A possible
reason for this could be that different isomeric states of Pro
residues in these subensembles provide different structural
biases for subsequent folding events.

It is important to identify the Pro residue(s) responsible
for the kinetic heterogeneity in the U-state ensemble,
which gives rise to parallel pathways of folding.
FIGURE 1 Structure and complex folding mecha-

nism of the single-chain monellin (MNEI). (a)

Structure of MNEI showing the locations of the

two cis Pro residues mutated to Ala. The side chains

of Pro41 and Pro93 are coloured in magenta, and are

buried to extents of 97% and 40%, respectively. The

side chain of Trp19 is coloured in green. The struc-

ture is drawn using Chimera (PDB ID: 1IV7). (b)

The complex folding mechanism of MNEI with

multiple parallel refolding channels (7,34). To see

this figure in color, go online.
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Peptidyl-prolyl bonds that are cis in the N state are more
likely to cause heterogeneity in the U state than those pre-
sent in the trans conformation(s) (15,17). Of the six Pro
residues present in MNEI, Pro41 and Pro93 are in the
cis conformation in the N state. Pro41 is present in the
middle of the chain and participates in the formation of
the b-sheet, whereas Pro93 is present in the C-terminus re-
gion (Fig. 1 A). It was shown in a previous study that the
very slow rate of formation of the N state (Fig. 1 B) from
the late intermediates is independent of the GdnHCl con-
centration in which the protein was refolded, as is known
to be the case for proline isomerization reactions (34).
Moreover, the rate constant of the formation of the N state
was observed to lie in the range of 0.01 to 0.001 s�1,
which is that expected for prolyl bond isomerization
(39). It is therefore crucial to demonstrate the role of the
native cis prolines at the later stages of folding of MNEI
and to segregate the slow proline isomerization events
from the structure-forming folding steps.

In the current study, the potential roles of Pro41 and
Pro93 in retarding the overall folding kinetics of pWT and
also in giving rise to multiple pathways have been explored.
Pro41 and Pro93 were replaced with Ala using mutagenesis,
and the folding kinetics of the mutant variants P41A, P93A,
and P41AP93A were studied with the aim of determining
whether and how elimination of the Pro isomerization steps
could result in a simplification of the folding mechanism
of MNEI.
MATERIALS AND METHODS

Buffers and reagents

The native buffer used in all the experiments contained 20 mM Tris,

250 mM EDTA at pH 8.0. The unfolding buffer contained GdnHCl (ultra-

pure grade, 99.5þ % from Alfa Aesar) in native buffer. 1 mM DTT was

added to both the buffers. The concentrations of GdnHCl solutions were

determined from the measurement of refractive indices on an Abbe 3L

refractometer from Milton Roy. All the buffers and solutions were filtered

using 0.22-mm filters and degassed before use. All the experiments were

carried out at room temperature (25�C).
Site-directed mutagenesis

The pseudo-wild-type, pWT, (W4YF19W) mutant variant of MNEI was

used in this study (6). Mutant variants of pWT were generated using the

Quickchange site-directed mutagenesis method developed by Stratagene.

Three Pro mutant variants were prepared: P41A, P93A, and P41AP93A.

The mutations were verified by DNA sequencing.
Protein expression and purification

pWT and the Pro mutant variants were expressed and purified as reported

previously (34). The purity of each protein was confirmed by electrospray

ionization mass spectrometry (Waters corporation). Each protein had its ex-

pected mass. Protein concentrations were determined by the measurement

of absorbance at 280 nm and using an extinction coefficient of 18,300

M�1 cm�1 (6).
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Fluorescence spectra

Fluorescence spectra were collected on a Fluoromax 4 (Horiba) spectroflu-

orimeter. Fluorescence was excited at 295 nm, and the emission spectra

were collected from 305 to 400 nm, with a response time of 1 s, and exci-

tation and emission bandwidths of 1 nm and 5 nm, respectively. The protein

concentration was 10 mM. Each spectrum was recorded as the average of

three fluorescence emission wavelength scans.
Far-UV CD and near-UV CD spectra

Measurements of CD spectra were carried out on a Jasco J-815 spectropo-

larimeter. Far-UV CD spectra were collected using a 0.2-mm pathlength

cuvette, with a bandwidth of 1 nm, a response time of 1 s, and a scan speed

of 20 nm min�1. 30 wavelength scans were averaged for each spectrum.

Near-UV CD spectra were collected using a 10-cm pathlength cuvette,

with a bandwidth of 1 nm, a response time of 1 s, and a scan speed of

20 nm min�1. 50 wavelength scans were averaged for each spectrum.

The protein concentration was �10 mM.
Near-UV CD monitored kinetic folding
experiments

Folding kinetics was monitored at 270 nm, using a 10-cm pathlength

cuvette, with a response time of 1 s and an integration time of 16 s. The pro-

tein was unfolded in 4 M GdnHCl for 6 h. Folding was initiated by dilution

with the native buffer such that the final GdnHCl concentration and the pro-

tein concentration were 0.4 M and 10 mM, respectively. The data obtained

were averaged for every 300 s. The data were fit to a single exponential.
Fluorescence-monitored equilibrium and kinetic
folding experiments

For GdnHCl-induced equilibrium unfolding experiments, 10 mM of protein

was incubated for>6 h in different concentrations of GdnHCl (0–4M). The

equilibrated protein samples were excited at 295 nm, and the fluorescence

signals were monitored on an MOS-450 optical system (Biologic), using a

360 5 10 nm band-pass filter (Asahi spectra). A two-state, N4U model

was used to fit the sigmoidal equilibrium unfolding transitions (40) to

obtain the values for the free energy of unfolding in water, DGU, and the

midpoint of transition (Cm).

Millisecond kinetic folding experiments were carried out on an SFM-4

stopped-flow machine (Biologic). A mixing dead time of �10 ms was

achieved using a cuvette of pathlength 0.20 cm, with a flow rate of 5 mL

s�1. The final protein concentration was �10 mM. The excitation wave-

length was 295 nm, and the fluorescence emission was collected using a

360 5 10 nm band-pass filter (Asahi spectra). The protein was unfolded

in 4 M GdnHCl for 6 h. Folding was initiated by rapidly diluting the

GdnHCl solution with the native buffer to obtain different final concentra-

tions of GdnHCl. The kinetic traces obtained were fit to the minimum num-

ber of statistically significant exponentials.
Double-jump, interrupted folding experiment

Folding was initiated by manually mixing 30 mL of equilibrium-unfolded

protein in 4 M GdnHCl with 270 mL of native buffer such that the final

GdnHCl concentration was 0.4 M. The folding mixture was aged for

different folding times, ‘‘t.’’ After aging for time t, 300 mL of the aged-

folding mixture was manually mixed with 300 mL of 8 M GdnHCl, and un-

folding in�4.2 M GdnHCl was monitored by measurement of intrinsic Trp

fluorescence. This procedure was followed for pWT and P93A. A similar

protocol was used to carry out experiments for P41A, except that the un-

folding was carried out at a final GdnHCl concentration of 3.5 M. The final
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protein concentration was �10 mM. For P41AP93A, a Biologic SFM-4

mixing module was used to mix 30 mL of equilibrium-unfolded protein

in 4 M GdnHCl with 270 mL of native buffer, such that the final concentra-

tion of GdnHCl was 0.4 M. The folding mixture was aged for different du-

rations in a delay loop of 190 mL volume. After different folding times,

50 mL of the solution in the delay loop was mixed with 305 mL of

�4.8 M GdnHCl unfolding buffer, and unfolding was monitored at a final

GdnHCl concentration of�4.2 M in a 0.15-cm pathlength cuvette. The final

protein concentration was �6 mM. A dead time of 35 ms was achieved us-

ing flow rates of 1.4 mL s�1.

The kinetic traces for unfolding in 4.2 M GdnHCl (for pWT, P93A, and

P41AP93A) and 3.5 M (for P41A) GdnHCl after first folding in 0.4 M

GdnHCl for different lengths of time were fit to a single exponential for

an exponential phase corresponding to the unfolding of their N state (the

unfolding rate constants of the N state for all the four protein variants

were determined separately from manual-mixing kinetic unfolding experi-

ments). The signal change of the unfolding kinetic trace at different times of

refolding was normalized with that obtained from unfolding of the refolded

state, and the fractional change in signal was plotted as a function of the

time at which the refolding was interrupted.
RESULTS

The Pro to Ala mutations have a minor effect on
structure and do not significantly alter protein
stability

As can be seen from the fluorescence spectra of the N state of
all four protein variants (Fig. 2A), therewas nomajor change
in the fluorescence properties upon mutation of Pro41 and
Pro93 to Ala. Hence, the mutations did not significantly
affect the environment of Trp19 in the different variants.

The far-UV CD spectrum of each of the four protein var-
iants had a minimum and a maximum at 214 nm and
192 nm, respectively, characteristic of a b-sheet-rich protein
(Fig. 2 B). This suggested that no significant changes in the
polypeptide backbone have occurred upon mutation. The
far-UV CD spectrum of P93A was very similar to that of
pWT; however, an increase in the amplitude of the minimum
and the maximum peak in the case of P41A and P41AP93A
was seen. Also, the Pro41 to Ala mutation resulted in a mi-
nor change in the shape of the spectrum, which will be
discussed later. The extra plateau-like small hump observed
at �205 nm in the far-UV CD spectra of pWT and P93A
arises because of aromatic amino acid residue contribution
(41,42). Since this peak was absent in the case of P41A
and P41AP93A, it is speculated that some stabilizing inter-
action between Pro41 and an aromatic amino residue has
been perturbed by the mutation.

The near-UV CD spectrum of P41AP93A was similar to
that of pWT (Fig. 2 C). However, there were differences
in the spectra of P41A and P93A, especially in the 265–
285 nm wavelength region, indicating changes in the pack-
ing of one or more Tyr residues that occur upon Pro41 and
Pro93 mutations.

Fig. 3 shows the fluorescence-monitored equilibrium un-
folding transitions of all four protein variants. The stability
FIGURE 2 Spectroscopic characterization of pWT

and the Pro mutant variants. Fluorescence (a), far-UV

CD (b), and near-UV CD (c) spectra. The fluores-

cence spectra of the Pro mutant variants are normal-

ized to that of pWT. The colours of the lines represent

the different mutant variants as indicated. To see this

figure in color, go online.
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FIGURE 3 Equilibrium unfolding transitions of

pWT and the Pro mutant variants. The circles repre-

sent the data points, and the solid lines through them

are fits to an equation describing a two-state, N4U

unfolding model (40). The fits gave values for DGU

of 6.3 5 0.2, 5.4 5 0.1, 6.2 5 0.1, and 5.5 5

0.1 kcal mol�1 for pWT, P41A, P93A, and

P41AP93A, respectively. The mid-points (Cm) of

the unfolding transition for pWT, P41A, P93A, and

P41AP93A are at 1.88 5 0.04, 1.56 5 0.02,

1.81 5 0.02, and 1.61 5 0.02 M, respectively.

The errors in the values of the thermodynamic pa-

rameters represent the spread obtained from at least

two independent experiments.
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of P93A was the same as that of pWT; however, P41A and
P41AP93A were slightly destabilized. The stabilities of
P41A and P41AP93A were �0.9 and �0.8 kcal mol�1

respectively, lower than that of pWT. Because Pro41 is pre-
sent in the middle of the chain and participates in the b-sheet
of the protein, mutation of this residue to Ala might have
disrupted some stabilizing interactions, resulting in a slight
decrease in conformational stability.
The very fast phase of folding is absent for P93A
and P41AP93A

The time courses of the increase in Trp19 fluorescence for
the four protein variants during folding in two different con-
centrations of GdnHCl are shown in Fig. 4. The kinetic
folding traces for pWT and P41A were found to fit best to
the sum of three exponentials, suggesting that the folding
of these proteins in the millisecond to second time domain
occurs in three distinct kinetic phases: very fast (�10
s�1), fast (�1 s�1), and slow (�0.1 s�1). However, in the
case of P93A and P41AP93A, the folding traces fit best to
the sum of two exponentials, indicating that folding occurs
only in two distinct kinetic phases: fast (�1 s�1) and slow
(�0.1 s�1). Inspection of the residuals for the ‘‘sum of three
exponentials’’ fit versus the ‘‘sum of two exponentials’’ fit
for the folding kinetic traces of the four protein variants
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also highlighted the absence of the very fast phase in the
case of P93A and P41AP93A (Fig. 4). Fig. 5 shows the
dependence of the observed rate constants on GdnHCl and
the variation of the relative amplitudes of the kinetic phases
in different GdnHCl concentrations for all four protein var-
iants. The extrapolated rate constants of the three phases of
folding in water and the dependence of the relative ampli-
tudes on GdnHCl concentration of pWT were similar to
that of WT, as reported earlier (6,34). Similar results were
obtained for P41A, P93A, and P41AP93A, except that for
P93A and P41AP93A, the very fast phase was not observed.
The amplitude of the signal change observed in the kinetic
folding experiment corresponded well to that observed in
the equilibrium unfolding experiment (not shown).
The Pro to Ala mutations lead to overall faster
refolding kinetics

Fig. 6 shows the kinetics of formation of the N state moni-
tored by double-jump, interrupted folding experiments,
for all four protein variants. The N state of pWT as well
as of P93A formed with the apparent rate constants of
0.0009 5 0.00001 s�1 and 0.0006 5 0.00007 s�1, respec-
tively. The N states of P41A and P41AP93A formed with
rate constants of 0.032 5 0.002 s�1 (�35-fold faster than
pWT) and 1.1 5 0.1 s�1 (�1200-fold faster than pWT),



FIGURE 4 Representative folding kinetic traces

of pWT and the Pro mutant variants. Relative fluo-

rescence at 360 nm is plotted against the time of re-

folding. In each panel, the kinetic traces of folding in

0.4 M (red) and 0.6 M (blue) GdnHCl are shown.

The extrapolated unfolded protein signals at 0.4

and 0.6 MGdnHCl are shown as red and blue dashed

lines, respectively. The fast and slow phases of

folding are shown, and the inset in each panel shows

the fluorescence change at early times of folding. In

the inset and the residuals (for refolding in 0.4 M

GdnHCl) below, the dark green and the black colors

represent the fit to the ‘‘sum of two exponentials’’

and the ‘‘sum of three exponentials,’’ respectively.

Inspection of the fits and the residuals shows that

the data for pWT and P41A fit well to the sum of

three exponentials, with the insets showing the

very fast phase of folding. However, the folding

traces of P93A and P41AP93A fit well to the sum

of two exponentials. To see this figure in color, go

online.
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respectively. These results indicate that the slowest and,
hence, the rate-determining step on the folding pathway of
pWT is the last step leading directly to the formation of
the N state with a rate constant of 0.0009 5 0.00001 s�1.
A similar rate constant for the formation of the N state
was observed in the case of P93A. The rate constant of for-
mation of the N state in the case of P41A and P41AP93A
has increased many fold and appears to lack the rate-deter-
mining step seen for pWT and P93A: the mutation of Pro41
to Ala has undoubtedly led to overall faster refolding ki-
netics. Mutant variants lacking native Pro isomers have
been shown to accelerate the (un)folding kinetics for
many proteins (43–46). The results shown in Fig. 6 indicate
the involvement of Pro41 at the later stages of the folding of
pWT. In the case of other proteins too (8,13,15,17,22,23),
proline isomerization has been shown to play a role late in
folding.
Tertiary contacts are formed in the rate-
determining step of refolding

To identify any structural changes accompanying the slow-
est step on the folding pathway, manual-mixing kinetic
studies of folding monitored by far-UV and near-UV CD
were carried out. No change was observed in the far-UV
CD monitored kinetics (data not shown), suggesting that
the secondary structure of the protein had formed early,
and that the slowest step does not involve any structural
change at the secondary level. For pWT and P93A, the
near-UV CD signal was seen to decrease with rate constants
Biophysical Journal 122, 3894–3908, October 3, 2023 3899



FIGURE 5 Folding kinetics of the MNEI variants. The dependences on GdnHCl concentration of the observed rate constants (top row) and the relative am-

plitudes (bottom row) for pWT and the Pro mutant variants are shown. The very fast, fast, and slow kinetic phases of folding monitored by measurement of the

change in Trp fluorescence are shown by the blue triangles, red squares, and green circles, respectively. The solid lines through the data points were drawn to

guide the eye. The error bars represent the spread in the data obtained from at least two independent experiments. To see this figure in color, go online.
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of 0.00085 0.0003 s�1 and 0.00055 0.00001 s�1, respec-
tively, suggesting that tight packing of some aromatic amino
residues occurs concurrently with the isomerization of
Pro41 during the slowest step of refolding. No change in
the near-UV CD signal was observed for P41A and
P41AP93A (Fig. 7), on the timescale it was observed in
the case of pWT and P93A.
DISCUSSION

Effect of the Pro to Ala mutations on protein
structure and stability

Replacement of a cis Pro residue by an Ala residue that
adopts the trans conformation might be expected to affect
the structure of MNEI. Although the local environment of
Trp19 is affected to only a minor extent, as reflected in small
differences in the fluorescence spectra between pWTand the
different Pro to Ala mutant variants (Fig. 2 A), changes in
secondary structure as reflected in the far-UV CD spectra
(Fig. 2 B) appear to be more significant. It is possible that
some of the differences in the far-UV CD spectra do not
reflect changes in secondary structure but changes in the
environment of aromatic residues that can also contribute
to the shape of far-UV CD spectra (41,42). Such an explana-
tion is probable, as the near-UV CD spectra, for which the
major contribution is from aromatic residues, are seen to
be affected significantly (Fig. 2 C).

The stabilities of pWT, P41A, P93A, and P41AP93A are,
however, not very different (Fig. 3). It is difficult to predict
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the effect of substituting Pro with another residue. It could
be expected that because a Pro residue confers rigidity to
the polypeptide chain, substituting it with an Ala residue
should entropically stabilize the U state and, hence, reduce
protein stability. Moreover, substituting a Pro residue with
the smaller Ala should perturb packing interactions and en-
thalpically destabilize the N state, again reducing protein
stability. In the case of MNEI, it also appears that the side
chain of Pro41, which is nearly completely buried in the
core of the protein (Fig. 1 A), forms a CH/p interaction
with the aromatic side chain of Tyr64 (Fig. 8 A): the far-
UV CD spectra of pWT and P93A, but not of P41A and
P41AP93A in which Pro41 is substituted with Ala, show a
positive plateau-like hump at 205 nm (Fig. 2 B) that is
known to arise from contributions of aromatic residues
(41,42). The stabilizing CH/p interaction would therefore
be absent in P41A. Pro93 is the second residue of the hydro-
phobic GPVPPP sequence segment at the C-terminal end of
MNEI, and it appears to have stabilizing interactions with
hydrophobic residues, including Phe72, in the b-sheet,
which are enabled by it being in the cis conformation
(Fig. 8 B and C). The stabilizing hydrophobic interactions
appear to be absent in P93A (Fig. 8 D). The observation
that the Pro93 to Ala mutation barely affects the stability,
and that the Pro41 to Ala mutation reduces stability by
only 0.9 kcal mol�1, suggests that the destabilizing effect
of replacing the cis Pro residue must be offset by the stabi-
lizing effect of substituting in the transAla residue. It seems
that the N states of the mutant variants are stabilized by at
least one additional hydrogen bond involving the main



FIGURE 6 Kinetics of formation of the N state.

Folding was initiated by effecting a drop in

GdnHCl concentration from 4 to 0.4 M. Folding

was interrupted at different times, with a jump in

GdnHCl concentration from 0.4 to 4.2 M for pWT,

P93A, and P41AP93A and from 0.4 to 3.5 M for

P41A. The solid lines in all the panels describe the

formation of N according to a single-exponential

process, with apparent rate constants of 0.0009 5

0.00001 s�1, 0.032 5 0.002 s�1, 0.0006 5

0.00007 s�1, and 1.1 5 0.1 s�1 for pWT, P41A,

P93A, and P41AP93A, respectively. The error bars

represent the spread in the data obtained from at

least two independent experiments. To see this figure

in color, go online.
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chain, due to the replacement of Pro with Ala, than is the N
state of pWT. Such stabilization has been observed when
Pro has been substituted with other residues in the case of
other proteins (47–49).
Proline residues and heterogeneity in the
unfolded state

The presence of two proline residues, Pro41 and Pro93, in
their cis conformations in the N state suggests that cis to
trans proline isomerization should lead to the population
of at least four distinct conformations in slow equilibrium
with each other in the U state. UC41C93, UC41T93, UT41C93,
and UT41T93 are expected to be populated to extents of about
3%, 14%, 14%, and 69%, respectively (11,50). The equi-
libria between these four U-state conformations would be
slow because of the slow rate constant of proline isomeriza-
tion, which typically falls in the range of 0.01 to 0.001 s�1

(39). Since the folding reaction starting from each of these
unfolded conformations would be much faster, each confor-
mation would fold via an independent pathway, and the flux
on each pathway would be determined by the population of
the starting unfolded conformation.

The folding of MNEI in the millisecond to second time
domain occurs in three kinetic phases—very fast, fast,
and slow—when monitored by changes in Trp fluorescence,
when a single Trp residue is present at either residue posi-
tion 4 in WT MNEI (34,51) or residue position 19 in pWT
MNEI (Fig. 4). Double-jump, interrupted folding experi-
ments indicated that the very fast phase of folding arises
from a separate population of unfolded molecules (U1 in
Fig. 1 B). These experiments also showed that the fast
and slow kinetic phases of folding arise from another pop-
ulation of unfolded molecules (U2 in Fig. 1 B). The obser-
vation that the fraction of molecules folding via the very
fast phase is about 14% (Figs. 4 and 5) suggests that the
very fast phase arises from either UC41T93 or UT41C93. Since
the very fast phase is eliminated upon mutation of Pro93 to
Ala, U1 must correspond to UT41C93. In the case of other
proteins too, it has been shown that mutation of Pro to other
residues results in a decrease in U-state heterogeneity
(44,45,52,53).

U2 would therefore be expected to be a mixture of
UC41C93, UC41T93, and UT41T93. UC41C93 is expected to popu-
late to too low an extent (�3%) for its folding process to be
separately detected. UC41T93 is, however, expected to be
populated sufficiently for its folding to be separately observ-
able. It is possible that UC41T93 is less populated in the
U-state ensemble, because of the presence of destabilizing
interactions that are present when the Arg40-Pro41 bond
is in the cis conformation and which are absent in the trans
conformation. It is known that the ratio of cis to trans iso-
mers can depend not only on the residue preceding Pro
(54,55) and on the initial denaturing conditions (56,57)
but also on the local environment (58). In any case, U2 ap-
pears to consist predominantly of UT41T93.
Biophysical Journal 122, 3894–3908, October 3, 2023 3901



FIGURE 7 Kinetics of formation of N monitored

by measurement of near-UV CD at 270 nm for

pWT and the Pro mutant variants. The solid lines

through the data points for pWT and P93A represent

single-exponential processes with apparent rate con-

stants of 0.0008 5 0.0003 s�1 and 0.0005 5

0.00001 s�1, respectively, whereas the solid lines

through the data points for P41A and P41AP93A

are drawn to guide the eye. The error bars represent

the standard errors obtained from at least two

different experiments. To see this figure in color,

go online.
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cis Pro93 enables faster folding than trans Pro93

Previously, the very fast phase of folding had been attributed
to the folding of U1, and the fast and slow phases of folding
were attributed to the folding of U2 (Fig. 1 B) (34). The cur-
rent study validates this aspect of the folding scheme shown
in Fig. 1 B: the mutation of Pro93 to Ala eliminates only the
very fast phase of folding and has no effect on the fast and
slow phases (Fig. 5).

The current study also suggests that when Pro93 is in the
cis conformation, the folding of MNEI is faster because
some stabilizing interactions form early. It is possible that
these stabilizing interactions are the same hydrophobic in-
teractions that appear to be present in the N state of
MNEI (see above), which appear to be enabled by the
conformational rigidity provided by the cis Gly92-Pro93
bond. In the case of ribonuclease A, an early intermediate
stabilized by hydrophobic interactions is populated on the
very fast pathway originating from an unfolded form having
all Pro residues in their native conformations (59). In the
case of yeast phosphoglycerate kinase too, a native cis Pro
residue speeds up folding (60). A recent study has shown
that Pro residues can facilitate the compaction of disordered
protein chains (61), in agreement with a much earlier study
that showed that native isomers of certain Pro residues can
facilitate the association of residues on folding pathways
via hydrophobic interactions (62). Specific hydrophobic
3902 Biophysical Journal 122, 3894–3908, October 3, 2023
clustering mediated by Pro during the initial folding steps
is also known for CRABP1 (63). In the case of MNEI, a
collapsed globule having solvent-exposed hydrophobic
patches is known to form very early during folding (37),
and if stabilizing hydrophobic interactions are absent early
during the folding of U2, just as they appear to be absent
in the N state of the P93A variant in which Ala93 is in the
trans conformation (Fig. 8 D), that could be the reason
why the folding of U2 occurs more slowly than that of U1

in the case of pWT. For several proteins whose folding is
accompanied by trans to cis Pro isomerization, it has been
shown that the unfolded form having the nonnative trans
Pro conformation folds slower than the unfolded form hav-
ing the native cis Pro conformation (52,53,64), but this is not
always the case (13,22,65).
Proline isomerization during folding

Structure formation reactions during protein folding,
including chain collapse (66,67) and secondary structure
formation (2), are fast compared with the timescale of pro-
line isomerization. It is therefore not surprising that for
many proteins that contain cis Pro residues in their native
conformations, trans to cis isomerization occurs as the last
step in folding (17,22–24,68,69). In many (22,63,68,69)
but not all (23,24,70) cases, the trans to cis isomerization



FIGURE 8 Structural interactions of Pro41 and

Pro93. (a) Structure showing the apparent CH/p

interaction between Pro41 (in the b2-strand) and

Tyr64 (in the b3-strand). The solid red lines repre-

sent the pseudo-bonds given by the software

(Chimera). The dashed line represents the distance

separating the centroid of the Tyr ring to the

d hydrogen of Pro41. (b) Structures of MNEI

(PDB ID: 1IV7) and P93A (PDB ID: 7EUA)

overlapped to highlight the difference at the

C-terminus region. The ribbon colors represent the

mutant variants as indicated. (c) The WT structure

highlights the hydrophobic interactions between

the residues of the C-terminus ‘‘GPVPPP’’ sequence

with those in the b-sheet. (d) Structure of the P93A

showing the apparent loss of the hydrophobic inter-

actions upon mutation of Pro93 to Ala. The distance

separating Pro41 from Pro97 is seen to increase

from 4.1 to 8.2 Å when Pro93 is mutated to Ala.

All the distances are shown in angstroms. To see

this figure in color, go online.
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step appears to be silent to the commonly used (Fig. 4) spec-
troscopic probes, indicating that major structure acquisition
precedes the proline isomerization step. For example, in the
case of MNEI, the very fast, fast, and slow phases of folding
can be monitored by measuring changes in fluorescence or
CD (34,51), but not the very slow phase whose rate constant
corresponds to that of proline isomerization. The very slow
phase can only be monitored by measurements of ANS fluo-
rescence (34,37) and near-UV CD (Fig. 7 A), as well as by
double-jump, interrupted folding experiments (34). No lag
phase is observed in the formation of the N. A possible
reason for this could be the presence of multiple folding
pathways, with native molecules being formed more rapidly
along the folding pathway arising from the UC41C93 suben-
semble, which is populated to 3%–5% (discussed above).
Proline isomerization would not be rate limiting during
the folding of the UC41C93 subensemble.

Isomerization of Pro41

In the case of pWT, the folding of U2 to N must be accom-
panied by the trans to cis isomerization of both Pro41 and
Pro93. The very slow phase of folding of pWT, which leads
to the formation of N, is about threefold slower than that of
WT MNEI. In the latter case, it had been shown previously
that the very slow phase of folding is independent of dena-
turant concentration (34). In the case of many other proteins,
it has been shown that folding steps involving proline isom-
erization reactions can be independent of denaturant con-
centration (13,71,72). Hence, the very slow phase of the
folding of WT MNEI had been attributed to proline isomer-
ization (34). The observation, from double-jump, interrup-
ted refolding experiments, that the N state forms with a
rate constant of about 0.0009 5 0.00001 s�1 in the case
of pWT, and that the rate constant of the very slow phase
is about the same for the P93A variant (Fig. 6), suggests
that this very slow phase of folding must correspond to
the trans to cis isomerization of Pro41. This conclusion is
validated by the observation that when Pro41 is mutated
to Ala in P41A and P41AP93A, the very slow phase of
folding is abolished (Fig. 6), and the N state forms much
more rapidly.

In the N state of pWT and WT MNEI, Pro41 introduces a
sharp bend of about 90� in the second b-strand, which al-
lows tight packing between the b-sheet and the helix of
MNEI (Fig. 1 A). The side chain of Pro41 is itself nearly
completely buried. It is likely that during the folding of
pWT, Pro41 remains solvent accessible in its trans confor-
mation until the last step of folding, when the Arg40-
Pro41 bond undergoes trans to cis isomerization, and the
side chain of the cis Pro41 isomer gets inserted into the hy-
drophobic core of the protein. This would require that at
least a few of the hydrophobic core residues remain solvent
accessible until the last step. It is therefore not surprising
that the hydrophobic dye ANS can remain bound to folding
MNEI molecules until the commencement of the very slow
phase of folding (34,37). It has been shown, both in the case
of WT MNEI (34,37) and pWT (data not shown), that ANS
becomes completely unbound only during the very slow
Biophysical Journal 122, 3894–3908, October 3, 2023 3903
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phase of folding that leads directly to the formation of N. It
is also not surprising that the very slow phase of the folding
of both pWT and P93A involves a final consolidation of ter-
tiary structure measurable by a change in near-UV CD,
given that it involves accommodation of the side chain of
Pro41 in the hydrophobic core of the protein. Not surpris-
ingly, no change in near-UV circular dichroism is detectable
in the last step leading to the formation of N in the case of
the P41A and P41AP93A variants in which Pro41 is re-
placed by Ala (Fig. 7). Furthermore, it is also not surprising
to find that the trans to cis isomerization of Pro41 occurs in
the compact and highly structured, native-like intermediate
N* (7) as it transits to N (Fig. 1 B). Indeed, proline isomer-
ization has been found to occur in native states of proteins
(73–76).

Isomerization of Pro93

It was possible that trans to cis isomerization of Pro93 oc-
curs with the same very slow rate constant as that of trans
to cis isomerization of Pro41 during the folding of pWT.
Such a possibility could be discounted in the current study,
which shows that the very slow phase of folding is absent in
the case of the P41A variant that possesses cis Pro93 in its
N state. The observed rate constant of the slow phase of
folding (Fig. 4) is within the range of rate constants with
which proline isomerization can occur during folding. The
observation from double-jump, interrupted refolding exper-
iments that the N state of P41A forms during the slow phase
of folding indicates that trans to cis isomerization of Pro93
must occur during the slow phase of folding of pWT, as well
as of P93A.

Hence, the trans to cis isomerization reactions of the
Gly92-Pro93 and Arg40-Pro41 peptide bonds occur sequen-
tially during the folding of pWT, with the former occurring
during the slow phase and the latter during the very slow
phase of folding. It is perhaps not surprising that the trans
to cis isomerization of the Arg40-Pro41 bond is slower
than that of the Gly92-Pro43 bond, as it is known that
when a bulky residue (such as Arg) immediately precedes
a Pro residue, isomerization is retarded in comparison to
when a smaller residue (such as Gly) is the preceding resi-
due (58).

More likely, the trans to cis isomerization reaction of
Pro93 is speeded up significantly because it is accompanied
by substantial structure formation: the slow phase is known
to lead to substantial formation of secondary and tertiary
structure (34,37). The formation of stabilizing structure
would stabilize the transition state that slows down trans
to cis isomerization of Pro93. In contrast, the trans to cis
isomerization reaction of Pro41 is not accompanied by
any secondary structure formation, and it is accompanied
by the formation of only minor tertiary structure. In the
case of both staphylococcal nuclease (25) and CRABP1
(77), a kinetic phase known to involve proline isomerization
was not abolished upon replacing the Pro residue, indicating
3904 Biophysical Journal 122, 3894–3908, October 3, 2023
that the kinetic phase also involved structure formation. For
other proteins too, proline isomerization has been shown to
be faster when accompanied by structure formation (78–80),
although it is also possible for structure in an intermediate to
slow down proline isomerization (64). It appears that in the
case of MNEI, the slow phase of structure formation and the
trans to cis isomerization reaction of Pro93 occur with
about the same rate constant, as the replacement of the cis
Gly92-Pro93 bond with the trans Gly92-Ala93 bond in
P93A does not significantly affect the rate constant of the
slow phase of folding.
Simplification of the folding mechanism upon
mutation of the Pro residues

The current study indicates that in the case of pWT, trans to
cis isomerization of Pro93 occurs during the slow phase
leading to the formation of the native-like intermediate,
N* (Fig. 1 B), and that trans to cis isomerization of Pro41
occurs during the very slow phase corresponding to the tran-
sition of N* to N. The current study also shows that the
U-state heterogeneity seen in the case of pWT originates
in the cis to trans isomerization of Pro93. Fig. 1 B also
shows that the fast and slow phases of folding arise because
of the transient population of intermediates, and it is known
that these intermediates are structurally distinct in having
different structural segments collapsed (7). Thus, it could
be expected that mutations might differentially affect the
stabilities of the folding intermediates and hence determine
which intermediates are populated sufficiently to be observ-
able. Hence, it would not be surprising if the mutations of
Pro41 and Pro93 to Ala, singly as well as together, lead to
apparently simpler folding mechanisms.

Folding mechanism of the P41A variant

Since U1 is populated, the very fast phase is observed when
folding is monitored using the fluorescence of Trp19 as the
probe. The fast and slow phases of folding are also observed.
The Pro41 to Ala mutation appears to destabilize the native-
like intermediate, N*, seen in the case of pWT so that it is
populated to a negligible extent. The very slow phase of
folding is absent, and the N state appears to form as a prod-
uct of the slow phase of folding. The very fast, fast, and slow
phases of fluorescence change are observed. Trans to cis
isomerization of the Gly92-Pro93 peptide bond occurs dur-
ing the slow phase of folding. Thus, the folding mechanism
of pWT (Fig. 1 B) simplifies upon mutation of Pro41 to Ala
(Fig. 9 A).

Folding mechanism of the P93A variant

Since U1 is absent, the very fast phase of folding is not
observed. Only the fast and slow phases are observed when
folding is monitored using the fluorescence of Trp19 as the
probe. Trans to cis isomerization of the Arg40-Pro41 peptide
bond occurs during the very slow phase of folding as N*



FIGURE 9 Simplification of the complex folding

mechanism of MNEI achieved upon replacement

of the native cis Pro by Ala. The folding schemes

of (a) P41A, (b) P93A, and (c) P41AP93A. To see

this figure in color, go online.
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transitions to N. Thus, the foldingmechanism of pWT (Fig. 1
B) simplifies upon mutation of Pro93 to Ala (Fig. 9 B).

Folding mechanism of the P41AP93A variant

U1 is absent; hence, the very fast phase is not observed when
folding is monitored using Trp fluorescence as the probe.
Only the fast and slow phases of folding are observed.
Folding is no longer limited by trans to cis proline isomer-
ization as both the cis Pro41 and cis Pro93 have been re-
placed by Ala residues that adopt trans conformations.
N forms via two pathways on which the slow folding inter-
mediates differ in having different structural segments com-
pacted (7), which would result in them differing in their
stabilities. It appears that on one of these pathways, the
slow folding intermediate is destabilized sufficiently by
the mutations so that it is no longer populated significantly;
hence, the N state forms during the fast phase of folding
on that pathway. On the other pathway, N forms during
the slow phase of folding. The observed rate constant for
the formation of N, about 1.1 s�1, is the sum of the ampli-
tude-weighted rate constants for the formation of N along
the two pathways. Thus, the folding mechanism of pWT
(Fig. 1 B) simplifies significantly upon replacement of
both the native cis Pro to Ala (Fig. 9 C).

Comparison of the folding mechanisms of the single-chain
and double-chain variants of monellin

The folding mechanism of naturally occurring double-chain
monellin (dcMN) appears to be simpler than that of its arti-
ficially created single-chain counterpart, MNEI (34,81).
Although the structures of the two variants are virtually
identical, it was possible that the increased complexity
observed for the folding of MNEI was due to changes in
enthalpy as well as lower chain entropy caused by the cova-
lent linkage of the two chains in MNEI. The current study
suggests that this is not the case. The folding mechanism
of MNEI has been shown to be complex because of proline
isomerization, and it reduces to a much simpler mechanism
similar to that of dcMN upon mutation of the two cis Pro
residues to Ala. What remains surprising is why the same
two Pro residues, which are also cis in dcMN, do not intro-
duce similar complexity into the folding mechanism of
dcMN. Future studies will investigate the role of proline
isomerization in the folding of dcMN.
Proline isomerization and protein folding:
Lessons from MNEI

The current study has highlighted several aspects of proline
isomerization reactions coupled to protein folding, which
need to be taken into consideration in any protein folding
study. 1) It is invariably assumed, when parallel pathways
of folding are observed for a protein containing Pro resi-
dues, that their origin lies in the heterogeneity arising
because of the presence of the Pro residues. The observa-
tion in the case of MNEI that competing pathways remain
even when both Pro residues are replaced suggests that the
complexity of folding of Pro-containing proteins can arise
for reasons other than proline isomerization. 2) Proline
isomerization is known to occur in the unfolded state
(15–17), and substitution of Pro with other residues invari-
ably results in the abolishment of slow phases of folding. It
seems now that fast phases of folding may also be abol-
ished: the mutation of Pro93 to Ala leads to complete
abolishment of the very fast phase of folding of MNEI
(Fig. 9 B). 3) Proline isomerization reactions are known
to occur late during the course of protein folding
(8,13,15,17,22,23), and it is therefore not surprising that
in the case of MNEI, the very slow phase of folding is abol-
ished upon mutation of Pro41 to Ala (Fig. 9 A). What is
surprising is that Pro to Ala mutations may differentially
affect the stabilities of folding intermediates in a manner
that leads to the abolishment of a slow folding phase on
one pathway but not a competing pathway (Fig. 9 C). 4)
When multiple cis Pro residues are present in a protein,
their trans to cis isomerization reactions during folding
may occur not concurrently but sequentially with very
different rate constants. 5) Pro residues may play a role
in preventing aggregation of folding intermediates. In the
case of MNEI, substitution of Pro41 with Ala leads to ag-
gregation during folding at higher (>60 mM) protein con-
centrations at which the WT protein is fully soluble.
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CONCLUSION

The Pro to Ala mutations simplify the folding mechanism of
MNEI in multiple ways. By reducing unfolded state hetero-
geneity, the Pro93 to Ala mutation results in the elimination
of a folding pathway. The Pro41 to Ala mutation results in
the elimination of the slowest proline isomerization step,
in the destabilization of the late native-like intermediate,
N*, and in the faster formation of N. Together, the Pro41
to Ala and Pro93 to Ala mutations result in a simpler folding
mechanism in which elimination of the proline isomeriza-
tion steps and destabilization of folding intermediates lead
to more than 1000-fold acceleration of folding.
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