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Knotted Homodimeric Protein
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The homodimeric protein YibK from Haemophilus influenzae belongs to a
recently discovered superfamily of knotted proteins that has brought about
a new protein-folding conundrum. Members of the o/p-knot clan form
deep trefoil knots in their native backbone structure, a topological feature
that is currently unexplained in the protein-folding field. To help solve the
puzzle of how a polypeptide chain can efficiently knot itself, the folding
kinetics of YibK have been studied extensively and the results are reported
here. Folding was monitored using probes for changes in both secondary
and tertiary structure, and the monomer—dimer equilibrium was perturbed
with a variety of solution conditions to allow characterisation of otherwise
inaccessible states. Multiphasic kinetics were observed in the unfolding and
refolding reactions of YibK, and under conditions where the dimer is
favoured, dissociation and association were rate-limiting, respectively. A
folding model consistent with all kinetic data is proposed: YibK appears to
fold via two parallel pathways, partitioned by proline isomerisation events,
to two distinct monomeric intermediates. These form a common third
intermedjiate that is able to fold to native dimer. Kinetic simulations suggest
that all intermediates are on-pathway. These results provide the valuable
groundwork required to further understand how Nature codes for knot
formation.
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all form homodimers in the native state. Knots
have also been identified in proteins other than
those belonging to the o/p-knot superfamily of

Introduction

A group of proteins that boast a unique knot
deep in their backbone structure have brought to
light a new protein-folding problem. The a/p-knot
superfamily of methyltransferases (MTases) are
characterised by a distinct fold involving the
formation of a deep trefoil knot by the backbone
polypeptide chain.! It is unclear how such knots
are able to form during folding, and this impres-
sive topological display remains unexplained by
current protein-folding models.>* To date, a
number of o/p-knot superfamily structures have
been solved; the most recent include TrmH from
Aquifex aeolicus, AviRb from Streptomyces viridochro-
mogenes and TrmH from Thermus thermophilus;>”

Abbreviations used: MTase, methyltransferases; SEC,
size-exclusion chromatography.
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sejl3@cam.ac.uk

MTases. Examples include the deep figure-of-eight
knot in the plant protein acetohydroxy acid
isomeroreductase® and, most recently, the deep
trefoil knot contained in the chromophore-binding
domain of Deinococcus radiodurans phytochrome.®
This report focuses on the folding of YibK from
Haemophilus influenzae. YibK is a 160 amino acid
residue protein belonging to the SpoU family of
MTases, a subfamily of the o/p-knot superfamily.
Crystallographic studies have showed that it pos-
sesses a deep trefoil knot at its C terminus, formed
by the threading of the last 40 residues (121-160)
through a knotting loop of approximately 39
residues (81-120) (Figure 1). Like other o/p-knot
superfamily members, YibK is homodimeric. The
dimer interface involves the N-terminal and C-
terminal « helices (a1 and «5), and consists of two
closely packed monomers arranged in a parallel
fashion (Figure 1(b)). Previous studies on YibK have
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(c)

Trefoil knot ¢

Figure 1. Structure of YibK from Haemophilus influenzae. (a) Ribbon diagram of a monomer subunit coloured to
highlight the deep trefoil knot at the C terminus according to definitions given by Nureki et al.*’ The knotting loop is
coloured red (residues 81-120), while the knotted chain appears dark blue (residues 121-160). (b) Dimeric YibK coloured
asin (a). YibK dimerises in a parallel fashion, with a1 and a5 forming the majority of the dimer interface. Ribbon diagrams
were generated using Ribbons.”" (c) Topological diagram of YibK showing the trefoil knot. Structural elements common to

the o/ p-knot superfamily of methyltransferases are highlighted in red.

shown that, despite its complicated knotted topol-
ogy, itis able to fold efficiently and reversibly in vitro
without the aid of molecular chaperones.’ The
mechanism of folding has been determined under
equilibrium conditions; remarkably, YibK appears to
behave similarly to many unknotted dimers, and
folds via a partially unfolded monomeric equilibri-
um intermediate. 'Y

Small, easily manipulated, monomeric proteins
are often the focus of research on protein folding
and stability.!! However, an increasing number of
studies are now concentrating on the folding
pathways of larger, dimeric protein systems. The
folding and association steps required to form a
dimer can occur by a variety of different mechan-
isms.'? Some homodimers show kinetics under
most conditions that can be described by a
relatively simple cooperative two-state model, and
fold to the dimeric native state in the absence of any
detectable intermediate. This suggests that all
native-like interactions are formed concurrently,
and folding and association are simultaneous
events. Examples of dimers that fold in this way
include P22 Arc repressor'®!* and ORF56 from
Sulfolobus islandicus.'> Others, such as the dimerisa-
tion domain of Escherichia coli Trp repressor,'® FIS!”
and the H2A /H2B histone heterodimer,!® undergo
near diffusion-limited association to form a dimeric
intermediate that undergoes a slower unimolecular
folding step to form native dimer. Monomeric
intermediates have also been observed during
folding to a dimer. In contrast to the behaviour of
the dimerisation domain alone, full-length E. coli
Trp repressor forms a burst phase ensemble of
partially folded momomers,'?-?° which then quickly
dimerise and undergo isomerisation to the native
state via three parallel channels.?! SecA from E. coli,
one of the largest dimeric proteins to be charac-
terised, undergoes very rapid dimerisation near the
diffusion limit. However, this is preceded by the

formation of a monomeric intermediate observed
on the microsecond time-scale. SecA goes on to fold
via two parallel channels with sequential intermedi-
ates.?2 The dimeric B-barrel domain E2C from
human papillomavirus forms a stable, compact
monomeric intermediate in the first 100 ms of
folding, which then proceeds through two parallel
channels to the native dimer.?

Here, we present an extensive kinetic analysis of
the YibK folding pathway. Folding is monitored
with probes of both secondary and tertiary struc-
ture, and a variety of solution conditions are used to
perturb the monomer—dimer equilibrium and allow
characterisation of otherwise inaccessible states.
Interrupted refolding experiments are used to map
the time-course of folding intermediates along the
refolding pathway, and a folding model consistent
with the observed data is proposed.

Results

Previous studies on the thermodynamic denatur-
ation of YibK revealed a stable, monomeric inter-
mediate with appreciable secondary and tertiary
structure populated under equilibrium conditions.'®
Here, we present an extensive analysis of the
unfolding and refolding kinetics of YibK. The
chemical denaturant urea was used to perturb the
equilibrium, and stopped-flow and manual mixing
techniques were employed to measure folding rate
constants using both intrinsic protein fluorescence
and far-UV CD as probes of changes in tertiary and
secondary structure, respectively. Interrupted refol-
ding experiments were used to establish the
presence of intermediate states along the refolding
pathway, while double-jump refolding was used to
investigate the presence of multiple unfolded states.
A folding model was developed that is consistent
with all the observed data.
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Kinetic studies on YibK at pH 7.5

Earlier thermodynamic experiments on YibK were
undertaken at pH 7.5 in a buffer containing salt and
glycerol, and kinetic studies were performed under
the same buffer conditions. At this pH, YibK remains
dimeric at all experimental concentrations of protein
(Figure 2(a)).!° Typical traces for single-jump
unfolding and refolding as monitored by protein
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Figure 2. Determination of the oligomeric state of
YibK by size-exclusion chromatography. Elution profiles
at room temperature for (a) pH 7.5, (b) pH 5.5, (c) pH 5.0
and (d) pH 4.5 for 100 pM (red), 50 uM (green), 10 uM
(light blue), 5 pM (dark blue) and 0.5 pM (pink)
concentrations of protein. Conditions for (a) are 50 mM
Tris-HCl, 200 mM KCl, 10% (v/v) glycerol, 1 mM DTT
and for (b)—(d) are 50 mM sodium acetate, 150 mM KCl,
1 mM DTT. An examlgle of a calibration curve for YibK can
be found elsewhere.

fluorescence and far-UV CD are shown in Figures 3
and 4, respectively. Probes of secondary and tertiary
structure both displayed an unfolding reaction that
was best described by a slow, single, first-order
exponential (Figure 3(a) and (b)). In contrast,
refolding traces were best fit to a first-order reaction
with four exponentials (Figure 4). There was no
apparent burst phase in the unfolding or refolding
reactions (data not shown). Here, the kinetic phases
corresponding to the four observed rates have been
numbered 1, 2, 3 and 4 in order from fastest to
slowest, and colour-coded, appearing as red, green,
light blue and dark blue, respectively. The protein
concentration dependence of the four refolding
phases was investigated (Figure 4(a), inset (2)), and
all appear independent of protein concentration
within experimental error. The [urea] dependence of
unfolding and refolding rate constants at pH 7.5 was
examined using both fluorescence and far-UV CD.
The natural logarithm of the rate constants is shown
in Figure 5(a) in the form of a chevron plot. The rate
constants measured from fluorescence and far-UV
CD experiments were in good agreement; therefore,
only fluorescence was used to monitor folding in
subsequent experiments, due to its enhanced sensi-
tivity. Double-jump unfolding experiments were
used to detect faster unfolding phases corres-
ponding to non-native species populated on the
refolding pathway.?#2° In these experiments,
refolding was allowed for short amounts of time
before unfolding was initiated to various final
concentrations of urea. The results are shown in
Figure 3(c)—(e). While the slow unfolding rate is
limiting in the unfolding reaction for native dimeric
YibK (shown dark blue in Figure 5(a)), a further
three unfolding phases were detected during
unfolding from partially refolded states. The [urea]
dependence of the natural logarithm of the rate
constants of each of these additional phases is
shown in Figure 5(a), and each one joins smoothly
to a refolding arm on the chevron plot. The m;, and
my, values were calculated for all four phases at
1 pM YibK using equation (7), along with the
corresponding unfolding and refolding rate con-
stants in the absence of denaturant. The results of
these fits are summarised in Table 1.

The pH dependence of the oligomeric state of
YibK

YibK is prone to aggregation under certain buffer
conditions, but remains soluble when buffered
using 50 mM sodium acetate in the pH range 4.5-
5.5 for protein concentrations up to at least 100 pM
(data not shown). Samples within this pH range
were examined using analytical size-exclusion
chromatography (SEC). The results are shown in
Figure 2. At pH 7.5 and pH 5.5, YibK elutes in a
single peak at a volume of 10.6 ml for all protein
concentrations examined. This corresponds to a
relative elution volume of 0.20 and a molecular
mass of 36.7 kDa.!" This is close to the calculated
mass of 36.803 kDa for a YibK dimer. In contrast, at



The Folding Pathway of a Knotted Dimeric Protein

1423

pH 4.5, YibK elutes in a single peak at a volume that
is protein concentration dependent. For concentra-
tions of protein below 10 pM, YibK has an elution
volume of approximately 12.7 ml (Figure 2(d))
corresponding to a relative elution volume of 0.32
and a molecular mass of 17.3 kDa. This is near to
the mass of 18.401 kDa expected for a YibK
monomer. The elution volume moves closer to the
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value expected for a YibK dimer with increasing
concentrations of protein (Figure 2(d)). Analytical
SEC traces for YibK at pH 5.0 show two peaks at
11.0 ml and 12.3 ml, likely to correspond to YibK
monomer and dimer, respectively, and consistent
with the presence of a slow monomer—dimer
equilibrium (Figure 2(c)).

Equilibrium denaturation curves were measured
using fluorescence at pH 5.5 and pH 4.5 over a 400-
fold and a 200-fold change in protein concentration,
respectively. The results are shown in Figure 6, and
data measured at pH 7.5 are included for compar-
ison. At pH 5.5, the equilibrium denaturation
profiles exhibit a protein concentration dependence
similar to that seen at pH 7.5; the slopes and
midpoints increase with increasing protein concen-
tration, consistent with the presence of a mono-
meric equilibrium intermediate.!%?” The trend is
more pronounced at pH 5.5 (Figure 6(b)) compared
to at pH 7.5 (Figure 6(a)), suggesting that the two
transitions, N, < 2I and I~ D, are more separated in
urea concentration at this pH. Accordingly, the
data were globally fit to a three-state denaturation
model involving a monomeric intermediate, and
the results of this fit are shown in Table 2 and
Figure 6(a) and (b). The my;,.o1 and m;..p values at
pH 5.5 agree well with those obtained at pH 7.5;
2.0 kcal mol™! M~ and 1.5 kcal mol! M-!
compared to 1.8 kcal mol™ M and 1.5 kcal mol-
1 M1, respectively. The free energy of unfolding of
dimeric YibK, AGG?", at pH 5.5 is significantly
less than that at pH 7.5; 184 kcal mol™! compared to
31.9 kcal mol.

At pH 45, the denaturation curves show no
protein concentration dependence at 5 pM YibK and
below (Figure 6(c)), and fit well to a two-state
monomer denaturation model (equation (2)). The

Figure 3. (a) and (b) YibK singlejump unfolding
kinetic traces at pH 7.5. (a) Unfolding measured by
fluorescence at 6.25 M final concentration of urea and
1 uM YibK. The trace is normalised relative to a denatured
signal of 0 and a native dimer signal of 1. Residuals are for
a fit of the trace to a first-order reaction with a single-
exponential. (b) Unfolding measured by far-UV CD at
6.5 M urea and 15 pM YibK. The trace is normalised
relative to a denatured signal of 0 and a native dimer
signal of —50. Residuals are for a fit of the trace to a first-
order reaction with a single exponential. (c)—(e) Inter-
rupted-refolding fluorescence kinetic traces at pH 7.5.
Refolding was initiated by dilution to 1 M urea for various
delay times before returning to unfolding conditions of
7.15 M urea and 1 pM protein. Traces are normalised as in
(a). Delays were used that would populate the refolding
species according to the refolding rate constants observed
during singlejump experiments. Unfolding traces are
shown after (c) 200 ms refolding delay, (d) 5 s refolding
delay and (e) 20 s refolding delay. (c) and (d) were
measured using a stopped-flow apparatus; (e) was
measured using manual mixing techniques in a fluorim-
eter and fluorescence emission at 319 nm. Traces were fit
to equation (3) with the required number of exponentials.
Conditions: 25 °C, 50 mM Tris-HCl (pH 7.5), 200 mM KCI,
10% (v/v) glycerol, 1 mM DTT.



1424

The Folding Pathway of a Knotted Dimeric Protein

he®ee L] (2)

S LTI .

s )

0.2

= s
-

!

Ink

0.3 o

0.0 b . . .
04 00 01 02 03 04 05 06 o7 5 15 2
Timel s [YIBK] ( )

T

0 250 500 750 1000

4
3
2
1
[

B

2

3

4

5
5

Relative fluorescence
o
(4.}
|

(b)

>
=
o
2
2
)
)
2
et
] oy .
&’ A e A S TN T
750 1000
0.02] (c)
0.00 | "wapeacsion sach , it i i
-0.02]
0 250 500 750 1000

0 250 500 750 1000

0.02] (f)
0.00 e 5 " el il siobnaing
-0.02|

) 250 500 750 1000

0.0 0.1 0.2 03 0.4 0.5 06 0.7

Time (s)

Figure 4. YibK refolding kinetic traces at pH 7.5. (a)
Refolding measured by fluorescence at 1 M urea and 10 pM
YibK. Inset (1) shows an expanded view of the first 0.7 s.
Inset (2) shows the [YibK] dependence of the four refolding
phases, which are coloured red, green, light blue and dark
blue in order from fastest to slowest, respectively. Symbols
are larger than the errors in the rate constants. (b) Refolding
measured by far-UV CD at 3.5 M urea and 15 pM YibK. The
inset shows an expanded view of the first 30 s. Traces are
normalised as in Figure 3. Residuals of the fit of the trace in
(a) to: (c) A first-order reaction with four exponentials; (d)
shows an expanded view of the first 0.7 s. (e) A first-order
reaction with two exponentials plus a second-order
reaction. (f) A first-order reaction with three exponentials
plus a second-order reaction. (g) A first-order reaction with
three exponentials with an expanded view of the first 0.7 s.
Conditions were as described for Figure 3.

results of this fit are shown in Table 2. The my..p
value and AGEZBD for 5 pM and 0.5 pM YibK agree
within error and have an average value of 1.9 kcal
mol~! M and 2.6 kcal mol™?, respectively. Devia-
tion from this is seen at 100 uM YibK, where the two-
state monomer unfolding model can no longer be
used to describe the denaturation profile (Figure
6(c)). This suggests that there is significant dimer
present at this protein concentration at pH 4.5.
Therefore, both SEC and equilibrium denaturation
data are consistent with the presence of dimeric YibK
at pH 5.5, and a protein concentration dependent
ensemble of species at pH 4.5, which becomes
predominantly monomeric at low (<10 pM) concen-
trations of YibK.

Far-UV CD and fluorescence spectra were
recorded for identical concentrations of YibK at
both pH 5.5 and pH 4.5 (Figure 7(a) and (b)).
Along with a decrease in signal, a shift in emission
maximum to 333 nm is observed in the fluores-
cence spectrum for YibK at pH 4.5, compared to a
maximum of 328 nm at pH 5.5. Far-UV CD spectra
of YibK at pH 5.5 and pH 4.5 were analysed using
the CDSSTR analysis program on the DichroWeb
online circular dichroism analysis website to give
their secondary structure content.?*3 The results
are shown in Table 3, and are compared to those
calculated from the crystal structure of YibK using
PROMOTIE.?? Analysis of the far-UV CD spectrum
at pH 5.5 gives a secondary structure content that
agrees well with that expected from the crystal
structure (Table 3). In contrast, examination of the
spectra at pH 4.5 indicates a loss of helical
structure under these conditions; the analysis
suggests that only 16 % of the structure is helical
compared to 36 % and 35 % at pH 5.5 and from
the crystal structure, respectively. Fluorescence and
far-UV CD spectra together are consistent with a
loss in both YibK tertiary and secondary structure
at pH 4.5 relative to pH 5.5.

Kinetic studies on YibK at pH 4.5 and pH 5.5

Unfolding and refolding kinetics at pH 5.5 and pH
4.5 for both 1 pM and 5 uM final protein concentra-
tions were monitored using fluorescence, and no
obvious burst phase reaction was observed at either
pH (data not shown). At pH 5.5, refolding traces
showed four phases, similar to pH 7.5. The three
fastest phases were best fit to a first-order reaction
with three exponentials (equation (3)). The slowest
refolding phase, however, was best fit to a second-
order reaction (equation (5)) to give an apparent rate
constant, k,pp (data not shown). Unfolding traces
were best described by a first-order reaction with a
single exponential, comparable to pH 7.5. The [urea]
dependence of the natural logarithm of the rate
constants at pH 5.5 for both 1 uM and 5 pM final
YibK concentrations are shown in Figure 5(b).
Unlike the rate constants for the three fastest
refolding phases, k., displays an obvious depen-
dence on protein concentration, as the refolding arm
on the chevron plot for 5 uM is above that for 1 pM
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Figure 5. Chevron plots for YibK kinetics at (a) pH 7.5,
(b) pH 5.5 and (c) pH 4.5 for 1 uM (circles and crosses),
5 uM (triangles) and 15 uM (diamonds) protein. Single-
jump experiments are represented by filled symbols,
double-jump experiments at pH 7.5 and unfolding from
2.5-2.75 M urea at pH 5.5 by open symbols, and pH 4.5-5.5
jump experiments by crosses. Phases are coloured as in
Figure 4(a), inset (2). All rate constants were measured
using fluorescence, except those shown as diamonds with
a black outline, which were measured using far-UV CD.
All points represent rate constants calculated from a fit to a
first-order reaction (equation (3)), except for those on the
refolding arm of the slowest phase at pH 5.5, which are
calculated from fits to a second-order reaction (equation
(5)). The lines denote the fit of each phase to equation (7),
or to equation (8) for the slowest unfolding phase at pH
45, for 1 pM (continuous line) and 5 uM (broken line)
protein. Conditions: 25 °C, 50 mM Tris-HCI, 200 mM KCIl,
10% (v/v) glycerol, 1 mM DTT in (a) and 50 mM sodium
acetate, 1 mM DTT in (b) and (c).

(Figure 5(b)). This is expected for a second-order
reaction, and equation (6) describes the relationship
between k., and kng for a second-order process.
The slowest (dark blue) phase in the chevron plot at
pH 55 is therefore assigned to a dimerisation
reaction involving the collision of two YibK mono-
meric species on the basis of its second-order nature
and protein concentration dependence.

Figure 5(b) shows a midpoint for the slowest (dark
blue) phase at a lower concentration of denaturant
than the three faster phases. Unfolding was there-
fore initiated from 2.5 M and 2.75 M urea for 1 uM
and 5 pM YibK, respectively; at these concentrations
of urea, the species corresponding to the fastest three
refolding phases should be populated. The resulting
unfolding traces were best fit to a first-order reaction
with four exponentials, revealing three further
unfolding phases at pH 5.5. The [urea] dependence
of the natural logarithm of the rate constants of these
phases is shown in Figure 5(b), and they are all
protein concentration independent. The unfolding
arms of these phases join with the refolding arms of
the three fastest refolding phases. The my, and
values and rate constants in the absence of denatur-
ant for all four phases were calculated using
equation (7), and the values for 1 pM YibK are
shown in Table 1.

At pH 4.5, refolding traces were best fit to a first-
order reaction with three exponentials and unfolding
traces were described by a first-order reaction with
four exponentials (data not shown). A chevron plot
showing the [urea] dependence of the unfolding and
refolding rate constants at pH 4.5 for both 1 uM and
5 uM final YibK concentrations is displayed in Figure
5(c). The arms of the three fastest unfolding phases
join smoothly with those of the three refolding
phases, while the slowest (dark blue) unfolding
phase is present in the absence of denaturant and has
no corresponding refolding phase. This is consistent
with the assignment of the dark blue refolding phase
to dimerisation, as SEC and equilibrium denatur-
ation data at pH 4.5 suggest that there should be little
or no dimer at concentrations of protein below
10 pM, and so a refolding reaction corresponding to
dimerisation would not be expected. An unfolding
phase involving dissociation of the dimer is ob-
served, as initial concentrations of protein are high
enough to expect some dimer to be populated at pH
4.5 (11 pM and 55 pM for final YibK concentrations of
1 uM and 5 pM, respectively), and the protein is
diluted during the unfolding reaction. All phases
appear protein concentration independent, as the
rate constants for both concentrations of YibK are the
same within error (Figure 5(c)). The my, and my,
values, and unfolding and refolding rate constants of
the three fastest phases in the absence of denaturant
were calculated using equation (7), while the slowest
unfolding phase was analysed using equation (8).
The results of the fits for 1 pM protein are
summarised in Table 1.

YibK pH-jump kinetics

The pH dependence of SEC and equilibrium
denaturation curves for YibK suggest that while the
protein remains dimeric at pH 5.5, it exists predom-
inantly in a monomeric form at pH 4.5, at least for
concentrations of YibK below 10 uM. Rapidly
changing solution conditions between pH 4.5 and
pH 5.5 should therefore provide information on the
kinetic transition between monomeric and dimeric
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Table 1. Kinetic parameters for the unfolding and refolding of YibK at pH 7.5, pH 5.5 and pH 4.5 for 1 uM final protein
concentration

my, my., Myin AGHo
Phase Colour pH KO (s7ha KEO (71 (kcal moI™* M) (kcal mol ' M) (kcal mol™* M)P  (kcal mol™)©
1 Red 7.5 133+£22 0.30+£0.06 0.87+0.06 0.30+0.02 1.2+0.1 3.6+0.2
5.5 40.1+6.4 0.55+0.08 0.94+0.09 0.36+0.02 1.3+0.1 2.5+0.1
4.5 10.1+2.1 1.4+0.2 1.2+0.3 0.42+0.02 1.6+0.3 1.2+0.1
2 Green 7.5 15.1+£2.3 1.5(:!:0.7)><1072 0.73+0.05 0.27+0.04 1.0+0.1 4.1+0.3
5.5 8.1+1.6 0.09+0.02 0.94+0.10 0.25+0.02 1.2+0.1 2.7+0.2
4.5 0.86+0.08 0.14+0.02 0.6+0.1 0.30+0.01 0.9+0.1 1.1+0.1
3 Light blue 7.5 7.7(:(:1.1)><1072 9.0(j:7)><1075 0.48+0.05 0.42+0.08 0.9+0.1 4.0+0.10
55  6(x2)x102  1.3(x0.4)x1073 0.62+0.15 0.44+0.03 1.1£0.2 23+03
45 1.3(£0.4)x 1072 1.2(+0.1)x 1072 - 0.39+0.01 - 0.06+0.2
4 Darkblue 7.5 1.9(x0.3)x102 4.9(+2.0)x1077 0.57+0.03 0.67+0.03 1.240.1 14.0+0.3
55 4.4(+04)x10* 1.5(+0.1)x10° 0.95+0.08 0.63+£0.01 1.6+0.1 9.8+0.1
4.5 - 3.8(+0.7) x 10 - 0.57+0.02 - -

Analyses were performed with Prism, version 4 (GraphPad Software) using equation (7) or equation (8). Errors quoted are the standard

errors calculated by the fitting program. m, and hence my, is not
2 All rates are first-order, except for phase 4 at pH 5.5, where k32

Myin= Tl’lk+ my

¢ AGHb =_RT ln(kHzo /kF=°) except for phase 4, where AGH =

lguoted for phase 3 at pH 4.5 as the error from the fit was too large.
fae is quoted. kEED = PASES.

-RT In(2Kk,"0 /K5 S).

species. Manual mixing techniques were used to
jump YibK from pH 4.5 to pH 5.5 over an 80-fold
change in protein concentration, and fluorescence
was used to monitor any changes in tertiary
structure. A typical kinetic trace is shown in Figure
7(c), and there is no sign of a burst phase during the
dead-time of manual mixing. Traces fit well to a
second-order reaction with a single exponential
(Figure 7(d)), and a protein concentration depen-
dence of the resulting second-order rate constant
was observed (Figure 7(c), inset). For concentra-
tions of YibK of 7.5 uM and below, kapp varies
linearly with protein concentration, as expected for
a second-order reaction (equation (6)). The values
for kapp below 7.5 pM were fit to equation (6) to
give a ke of 4.7x10%2 s7! M~ for the slowest
refolding phase of YibK at pH 5.5. Above 7.5 uM,
kapp shows a deviation from linearity, consistent
with a change in rate-determining step for this
phase at higher concentrations of protein.

The [urea] dependence of the second-order transi-
tion between pH 4.5 and pH 5.5 was investigated at
1 pM final concentration of YibK, and the natural
logarithm of k,p,, is plotted in Figure 5(b). These
points coincide with the slowest phase on the
chevron plot of kinetics at pH 5.5, consistent with
the assignment of the dark blue phase to a dimerisa-
tion step.

Together, the [urea]jump and pH-jump results
provide strong evidence that the slowest phase
(dark blue) corresponds to a transition between
monomeric and dimeric species on the YibK folding
pathway, and accordingly this phase has been
assigned to a dimerisation reaction.

YibK interrupted refolding experiments at pH 7.5

Single-jump unfolding experiments on YibK at pH
7.5 show that only one slow phase is observed when
unfolding from the native dimer (Figure 3(a) and
(b)). However, three further faster phases are

observed when unfolding from states populated
after short refolding times (Figure 3(c)—(e)). Inter-
rupted refolding experiments were carried out at pH
7.5 using a large range of refolding aging times to
determine the time-course of the population of
different species along the YibK refolding pathway,
and formation of the native dimer. After various
lengths of refolding time, the fraction of each species
present is directly proportional to the amplitude of
the corresponding unfolding reaction.?-3* Inter-
rupted refolding experiments were undertaken for
refolding in both 1.04 M urea and 2.5 M urea.
Unfolding was initiated after various refolding delay
times in 7.67 M urea and a final protein concentration
of 1 uM. Unfolding traces were fit to a first-order
reaction with four exponentials, and the resulting
amplitudes are shown in Figure 8. The unfolding rate
constants observed in the interrupted refolding
experiments agreed with the appropriate rate con-
stants on the chevron plot and did not vary with
refolding [urea], demonstrating that under both
moderate and strong refolding conditions the same
intermediate species are populated (data not shown).

Figure 8(a) and (b) show that there is no lag in the
formation of species corresponding to phase 1 (red)
or phase 2 (green), consistent with these reactions
occurring in parallel. These species accumulate
during the first 10 s of the refolding reaction,
depending upon the concentration of urea, before
their population decays. In contrast, the species
corresponding to phase 4 (dimer formation, dark
blue) shows an obvious lag in its formation before
increasing in population to dominate the refolding
ensemble. The species corresponding to phase 3
(light blue) shows a shorter lag in its formation, and
accumulates during the refolding reaction between
10 s and 100 s, depending upon the concentration of
urea, before decaying.

The presence of an essential, on-pathway sequen-
tial intermediate in the folding mechanism of a
protein gives rise to two hallmarks; the absence of
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Figure 6. YibK equilibrium denaturation profiles at (a)
pH 7.5, (b) pH 5.5 and (c) pH 4.5 for 100 uM (red), 50 pM
(yellow), 10 uM (green), 5 uM (light blue), 2.5 pM (dark
blue), 1 uM (purple), 0.5 uM (pink) and 0.25 uM (dark red)
protein concentrations, as measured by fluorescence
emission at 319 nm. Data have been normalised for ease
of comparison, and continuous lines represent the global
fit to a three-state dimer denaturation model with a
monomeric intermediate!” for (a) and (b), and the separate
fits to a two-state monomer denaturation model (equation
(2)) in (). Denaturation data at 100 uM YibK in (c) are not
fit to a model. Conditions were as described for Figure 5.

fast track formation of the native state protein that
would bypass formation of the intermediate, and a
distinct lag phase in formation of the native state,
during which time the intermediate accumu-
lates.?*:3> The lag phase observed in the accumula-
tion of native dimer and in the formation of the
species corresponding to phase 3 during YibK
refolding is consistent with the presence of an
essential intermediate preceding their formation. In
addition to this, the species corresponding to phase
1 and phase 2 accumulate in parallel during
refolding before decaying. Various models of the
YibK folding pathway are possible, taking these
constraints into account (Figure 8(c) and 9). Kinetic

simulations of these models were performed using
KINSIM,*¢ and the appropriate rate constants from
the chevron plot at pH 7.5 (Figure 5(a)) to replicate
the population of species present during the refold-
ing reaction. The results of the simulations are
shown in Figures 8 and 9. The model shown in
Figure 8(c), involving intermediates from two
parallel pathways (I; and L) folding via a third
sequential intermediate (I;) to form native dimer
(Ny), is most consistent with the interrupted refold-
ing data. Simulations of other models involving off-
pathway species and alternative pathways do not
describe the data well (Figure 9).

Investigating the denatured state of YibK:
interrupted unfolding experiments

Interrupted refolding experiments show that the
model most consistent with the kinetic data involves
YibK folding via parallel pathways (Figure 8(c)).
Each YibK monomer contains ten proline residues
with one, Pro34, existing in the cis conformation in
the native state. Upon unfolding, a large number of
molecules will isomerise around this peptidyl-prolyl
bond to the energetically more favourable trans
conformation, forming a predominantly non-native
ensemble of conformers.’” Interrupted unfolding
experiments were used to probe whether non-native-
like peptidyl-prolyl bonds in the denatured state
cause the parallel pathways to I; and L. These
require the protein to be unfolded faster than
isomerisation events take place, therefore acid
unfolding of YibK from pH 7.5 to pH 1.5 was used,
as it occurs in less than 25 ms (data not shown). After
various delay times, the protein was diluted back to
refolding conditions at pH 4.5. Refolding at this pH
was easiest to follow using just a stopped-flow
mixing apparatus, and acid refolding back to pH 7.5
caused protein aggregation (data not shown). The
resulting refolding traces were fit to a first-order
reaction with three exponentials using the rate
constants on the chevron plot (Figure 5(c)) and the
amplitudes from the fits are shown in Figure 10.
Figure 10 shows that after very short delay times,
before any peptidyl-prolyl bond has had chance to
isomerise from the native isomeric form, all mole-
cules fold via I,. The population of molecules folding
via I, decreases with increasing unfolding delay time
with a rate constant of 0.05 s ™1, while the population
of molecules folding via I; increases from zero at the
same rate. This suggests that folding via I, occurs
from a denatured state where all peptidyl-prolyl
bonds are in their native state conformation, and
folding via I occurs from a denatured state where
one or more proline residues has isomerised to a non-
native-like conformation.

Discussion

The homodimeric protein YibK is one of an
extraordinary group of proteins that fold to form a
trefoil knot deep in their native backbone structure.
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Table 2. Thermodynamic parameters for YibK fluorescence equilibrium unfolding data at pH 7.5, pH 5.5 and pH 4.5

[Yle] AGNzHZI WlN ._.21 AGIHD mi.p AGNZ‘_QD a mN <_,2]:)
pH (M) Yy (kcal mol” B (keal mol" M~ B (kecal mol” B (kcal mol M) (kcal mol” B (keal mol " M~ D)
7.5¢ - 0.61+0.04 18.9+0.4 1.8+0.1 6.5+0.2 1.5+0.05 31.9+1.2 4.9+0.3
554 - 0.39+0.01 11.0+0.03 2.0+0.02 3.7+0.01 1.5+0.01 18.4+0.04 5.0+0.03
45°¢ 0.5 - - - 2.5+0.1 1.8+0.1 - -
4.5° 5 - - - 2.7+0.1 1.9+0.1 - -

Data were analysed using the non-linear least-squares fitting program Prism, version 4. Errors quoted are the standard errors calculated

by the fitting program.
NZ~—»2§ NZHZI $2A GI«»D

mN -2D mN ~—~21+2m1<—»D
© Taken from Mallam & Jackson.™

4 YibK denaturation data collected at pHS55 for various concentrations of protein were globally fit to a three-state dimer denaturation
model with a monomeric intermediate. Y7 is the spectroscopic signal of the monomeric intermediate relative to a signal of 0 for a native

monomeric subunit in a dimer and 1 for a denatured monomer.

¢ Denaturation data collected at pH 4.5 were fit separately for each concentration of protein to a two- state monomer denaturation
model (equatlon (2)). Data collected for 100 pM YibK were not fit to any model. At this pH, .., and AGH o are equivalent to my..p and

AGHZO .

The mechanism of formation of such a knot remains
unexplained. To complement the earlier thermody-
namic characterisation undertaken on YibK,1© we
present a comprehensive analysis of the unfolding
and refolding kinetics under various solution con-
ditions, and propose a folding mechanism consistent
with the observed data.

The oligomeric state of YibK is pH-dependent

Previous studies on YibK have reported that the
protein exists exclusively in its dimeric state.”'°
Indeed, all current members of the o/p-knot
superfamily of MTases have only ever been ob-
served as dimers.®7-3840 SEC and equilibrium
denaturation studies have been used here to
investigate the effect of pH on the oligomeric state
of YibK. While YibK remains dimeric at pH 7.5 and
pH 5.5, SEC data are consistent with the existence of
a slow equilibrium between monomer and dimer at
pH 5.0, and a predominantly monomeric ensemble
at pH 4.5 at concentrations of protein below 10 uM
(Figure 2). Equilibrium denaturation studies at pH
4.5 and pH 5.5 agree with this observation (Figure
6(b) and (c), and Table 2). The denaturation profiles
at pH 4.5 for concentrations of protein of 5 uM and
below are protein concentration-independent, and
are described well by a two-state monomer equilib-
rium model. A deviation from this is seen at 100 pM
YibK (Figure 6(c)), agreeing with SEC data that the
dimer can be populated at pH 4.5 at high concentra-
tions of YibK. The equilibrium denaturation profiles
at pH 5.5 exhibit a dependence on protein concen-
tration similar to that observed at pH 7.5; specifi-
cally, an increase in the apparent m value and
transition midpoint with increasing concentration
of protein, and consequently are globally fit to a
three-state dimer equilibrium denaturation model
involving a monomeric intermediate.!?-2” This
trend is more obvious at pH 5.5, indicative of a
larger separation of [urea] midpoints for the N, <21
and [~ D transitions in the denaturation profiles.
The my;, —.,p value calculated from this fit of 5.0 kcal

mol™! M agrees well with the value of 4.9 kcal
mol~! M calculated from data at pH 7.5 (Table 2),
providing evidence that the same equilibrium
denaturation mechanism is occurring at both pH
values. AGpy’6°" at pH 5.5 is significantly less than
at pH 7.5; 18.4 keal mol™! compared to 31.9 kcal
mol~!, respectively (Table 2). This decrease in
stability may be due to the absence of stabilising
agents in the buffer at pH 5.5 or to the protonation
of side-chains at lower pH that will alter electro-
static interactions within the protein.

A pH dependence on the oligomeric state has been
observed for other dimeric proteins, for example,
Trp repressor from E. coli populates an ensemble of
partially folded monomers at low pH.?! The effects
of pH on the stability and dimerisation of dimeric
procaspase-3 have been investigated, and the
protein becomes mostly monomeric at pH 4.0.4! In
this case, it was thought that acidic residues at the
interface caused the dissociation at low pH. YibK
has a glutamate residue present in its dimer interface
at position 143 that forms an intramolecular salt-
bridge with Argl46, and it is possible that Glu143 is
responsible for the YibK pH-dependent dissociation.

Four phases are observed in the refolding and
unfolding kinetics of YibK

The folding kinetics of YibK have been studied at
pH 7.5 using both intrinsic protein fluorescence and
far-UV CD as probes of changes in tertiary and
secondary structure, respectively. Single-jump
refolding experiments using both probes show
four refolding phases, all of which appear indepen-
dent of the concentration of protein at this pH
(Figure 4(a), inset (2)). Only one slow unfolding
phase is observed during singlejump unfolding
from native dimer (Figure 3(a) and (b)) suggesting
that this reaction is rate-limiting on the unfolding
pathway. The good agreement between fluorescence
and far-UV CD data suggest that all four phases are
associated with changes in secondary and tertiary
structure during folding. Interrupted refolding
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Figure 7. (a) Fluorescence and (b) far-UV CD spectra
for YibK at pH 5.5 (red) and pH 4.5 (blue). Conditions:
25 °C, 10 mM sodium acetate, 2.5 uM YibK, 0.1 cm
pathlength cuvette. The broken lines in (b) represent the
analysis performed by the CDSSTR program on the
chhroWeb online circular dichroism analysis website.”*

% () A typical pH 4.5-5.5 jump trace as measured by
fluorescence at 319 nm. Final conditions were 25 °C,
50 mM sodium acetate (pH 5.5), 0.25 pM YibK. The
arrow shows the signal expected at pH 4.5. Residuals of
the fit of the trace shown in (c) to: (d) a second-order
reaction with a single-exponential (equation (5)), and (e)
a first-order reaction with one exponential and linear
drift. The inset in (c) shows the protein concentration
dependence of the apparent rate constant calculated by
the fit of the pH-jump data to equation (5). The linear
region of thls graph was used to calculate a K529 value
of 47x10° M for the dimerisation step at pH 5.5
from equation (6).

experiments, where YibK was allowed to refold for
certain amounts of time before unfolding was
initiated, showed a further three faster unfolding
phases in addition to the slowest unfolding phase
seen in the single-jump experiments (Figures 5(a)
and 3(c)-3(e)). These phases are seen only when
intermediate species along the refolding pathway
are populated.

The [urea] dependence of the unfolding and
refolding rate constants has been investigated
(Figure 5(a)). All four phases have an unfolding
and refolding arm that join smoothly on the chevron
plot, suggesting that they each correspond to a
reversible reaction.?*42

KineticstudieshavealsobeenundertakenatpHS5.5,
where YibK remains dimeric, and at pH 4.5, where a
predominantly monomeric ensemble exists (Figure
5(b) and (c)). As at pH 7.5, single-jump kinetic
experiments at pH 5.5 show four refolding phases
and one slow unfolding phase (Figure5(b)). However,
unlike the three fastest phases (1-3), the slowest
refolding phase at pH 5.5 displays a dependence on
the concentration of protein, and is described by a
second-order reaction. Unfolding from concentra-
tions of urea between 2.5 M and 2.75 M at pH 5.5,
where non-native species are populated, allows the
detection and characterisation of the three faster
unfolding phases shown on the chevron plot.

Single-jump experiments at pH 4.5 show three
refolding phases and four unfolding phases, all
concentration-independent. The observation of all
four unfolding phases during single-jump unfolding
experiments implies that intermediate species are
present at pH 4.5, as well as a small amount of dimer
at the initial concentrations of protein used. Unfold-
ing experiments to 1 uM YibK begin from a protein
concentration of 11 pM, where it is likely that a small
amount of dimer exists at pH 4.5 (Figure 2(d)). My,
and my, values calculated at pH 5.5 and pH 4.5 agree
well with those calculated from the kinetic data at
pH 7.5 (Table 1). The total m-value for phase 1 is
1.2 kcal mol™! M1, 1.3 kcal mol™ M~'and 1.6 kcal
mol~' M at pH7.5, pH 5.5 and pH 4.5, respectively,
and for phase 2 is 1.0 kcal mol~! M1, 1.2 kcal mol™
M-and 0.9 kcal mol™ M at pH 7.5, pH 5.5 and pH

Table 3. Secondary structure analysis of YibK far-UV CD
spectra and crystal structure

Secondary structure summary (%)

Conditions p-Strand Helix? Other®
pH55°¢ 14 36 50
pH 4.5° 22 16 62
Crystal structure® 16 35 49

a Includes a-helix and 3;9-helix motifs.
® Includes turns and unordered regions.
¢ Secondary structure content from analysis of the far-UV CD
spectra shown in Figure 9 using the CDSSTR program on the
DichroWeb online circular dichroism analysis website.”*>
4 Secondary structure content computed from the crystal
structure of YibK (PDB code 1MXI) using the PROMOTIF
program.™
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Figure 8. Relative amplitudes of the four YibK
unfolding phases seen during interrupted refolding
experiments at pH 7.5 after refolding to (a) 1.04 M urea
and (b) 2.5 M urea for various delay times followed by
unfolding to 7.67 M final concentration of urea and 1 pM
final concentration of protein. The insets show an
expanded view for delay times up to 50 s. The amplitudes
are coloured according to their corresponding phase
shown in Figure 5(a). (c) The folding pathway of YibK
most consistent with all experimental data. The rate
constants are for buffer at 25 °C, pH 7.5, and the arrows
are coloured to match their corresponding phase as in
Figure 5(a). The continuous lines in (a) and (b) represent
the KINSIM simulation of the time-course of intermediates
and native dimer using the mechanism shown in (c) and
the appropriate rate constants from the chevron plot
(Figure 5(a)). Conditions were as described for Figure 3.

4.5, respectively. This is very suggestive that the
folding mechanisms at pH 7.5, pH 5.5 and pH 4.5 are
the same.

The slowest refolding phase corresponds to
dimerisation

The slowest refolding phase at pH 5.5 exhibits a
protein concentration dependence, and is best

described by a second-order reaction (Figure
5(b)). Consequently, this phase has been assigned
to a dimerisation reaction on the folding pathway:.
The absence of an equivalent slow refolding phase
at pH 4.5, where there is negligible dimer at
concentrations of protein of 5 uM and below, is
consistent with this assignment. Protein concentra-
tion dependent refolding reactions have been seen
for other dimeric systems, such as the yeast
(Saccharomyces cerevisiae) prion protein Ure2, P22
Arc repressor and ORF56 from S. islandicus, and
have been assigned to dimerisation in each
case.!#1543 The kinetics of YibK dimer formation
have been monitored directly using pH-jump
experiments from pH 4.5 to pH 5.5. The [urea]
dependence of the protein concentration dependent
second-order rate constant observed at 1 pM YibK
overlaps with the slow (dark blue) phase seen
using [urea]jump experiments at pH 5.5. This
confirms that the slow refolding reaction corre-
sponds to dimerisation, and a k5% of 4.7x102 s7!
M1 at pH 5.5 has been calculated (Figure 7(c),
inset). Since only the dark blue phase is seen
during unfolding kinetics under dimeric condi-
tions, dissociation must be rate limiting on the
unfolding pathway at pH 7.5 and pH 5.5.

The m-value for phase 4 is 1.2 kcal mol™ M~ and
1.6 kcal mol! M~ at pH 7.5 and pH 5.5,
respectively (Table 1). This is in reasonable agree-
ment with the my,o; value of 1.8 kcal mol™ M~
and 2.0 kcal mol™' M~! seen at equilibrium for pH
7.5 and pH 5.5, respectively, calculated from the
global fit to a three-state denaturation model with a
monomeric intermediate (Table 2). The AGy,cs
calculated for phase 4 shown in Table 1 also agree
well with the equilibrium AGE;SZI; 14 kcal mol™!
and 10 kcal mol™ compared to 19 kcal mol~! and
11 kcal mol™! for pH 7.5 and pH 5.5, respectively.
This agreement suggests that the slowest dark blue
refolding phase could be due to the folding and
dimerisation of the partially unfolded monomeric
intermediate seen in YibK equilibrium denaturation
studies.™?

In contrast to pH 5.5, the dimerisation phase at
pH 7.5 does not exhibit an obvious protein
concentration dependence, and fits well to a first-
order reaction (Figure 4). This implies that dimer-
isation is limited by a conformational change at pH
7.5, rather than a collision event, and hence
becomes a first-order process. The deviation from
linearity observed for k.., at pH 5.5 at a concen-
tration of YibK above 7.5 uM is consistent with the
observation that dimerisation is not always rate
limiting, and suggests a change in rate-limiting
step for phase 4 at higher concentrations of protein
at pH 5.5 (Figure 7(c), inset). A similar deviation
from linearity has been seen in other dimeric
systems, such as the P22 Arc repressor and
ORF56 from S. islandicus.'*'> Interestingly, the
rate constant for dimerisation on the folding
pathway of YibK at pH 5.5 is much smaller than
that observed for other dimeric systems,!4-16.21-23
and is six orders of magnitude below the diffusion
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Figure 9. Kinetic simulations performed using KINSIM to model the time-course of the population of intermediates
during the refolding of YibK to 2.5 M urea compared to the data shown in Figure 8(b). The continuous lines in graphs (a)—-
(f) represent the simulations performed using the mechanisms shown in models (a)—(f), respectively. Graphs and

mechanisms are coloured as described for Figure 8.

limit of 108-10° M~ s7!. This implies that associ-
ation is not diffusion limited.

YibK folds via a sequential mechanism involving
parallel pathways

Kinetic [urea]jump and pH-jump experiments
have led to the assignment of phase 4, the slow, dark
blue phase on the chevron plot, to a reaction
involving the dimerisation of YibK. The protein
concentration independence of the three fastest
refolding phases at all pH values suggests that
they correspond to the formation of monomeric
species. If all phases related to on-pathway, sequen-

tial intermediates, then the total my,..op value and
AGE;{; %D for all phases together at pH 7.5 would be
7.4 kcal mol™! M and 37.4 kcal mol !, respectively,
calculated using the following equations:

AGYS™ = 2[AGIE®T + AGHS? + AGHTS®]
+AGHS
and

N, —2D = Z[ml’hasel + mPhase2 + mPhase3] + mPhase4

These values are significantly higher than those
calculated from equilibrium studies, which give an
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Figure 10. Relative amplitudes of the three refolding
phases seen at pH 4.5 from interrupted unfolding traces
for various unfolding delay times. Acid unfolding was
initiated by jumping from pH 7.5 to pH 1.5, before dilution
to refolding conditions at pH 4.5. Refolding traces were fit
to a first-order reaction with three exponentials using the
appropriate rate constants from the chevron plot at pH 4.5.
Amplitudes are coloured according to their corresponding
phase shown in Figure 5(c), and the continuous lines
represent the fit to a first-order single exponential, which
gave a rate constant of 0.05s .

1N, -op value of 4.9 kcal mol™' M~ and a AGNZ”ZD of
31.9 kcal mol™! at pH 7.5 (Table 2).1° Therefore, it is
likely that at least two phases correspond to
reactions occurring in parallel.3*

Interrupted refolding experiments were per-
formed to follow the time-course of the population
of intermediates and the formation of native dimeric
YibK along the refolding pathway at pH 7.5. The
population of each species present after various
refolding times is proportional to the amplitude of
the corresponding unfolding phase. The rate con-
stants of unfolding to 7.67 M urea were the same
after interrupted refolding to both 1 M and 2.5 M
urea, suggesting that the same intermediate species
are present under strong and moderate refolding
conditions. The population of the two fastest form-
ing species (phase 1 and 2, red and green, respec-
tively) increases with no observable lag, suggesting
that they correspond to parallel pathways. A lag is
seen in the formation of the species corresponding to
the light blue phase (phase 3) and in the formation of
native dimer (phase 4, dark blue) (Figure 8). This is
consistent with them being sequential species on the
YibK folding pathway, preceded by an obligatory
intermediate; there is no fast track route to their
formation.?¢-%> Simulations performed with KINSIM
using these constraints and the rate constants for
refolding and unfolding for each phase obtained
from the chevron plot show that the folding model
shown in Figure 8(c) is the most consistent with the
data (Figure 8); two intermediates, I; and I,, formed
by parallel pathways fold via a third obligatory
sequential monomeric intermediate, I3, to form
native dimer, N,. Simulations not including I as an
obligatory intermediate in the formation of N, or

involving I, I, or I; as off-pathway species do not
describe the data well (Figure 9). Complex mechan-
isms involving parallel and sequential intermediates
have been observed for other dimeric systems, for
example, full-length Trp Repressor and SecA, both
from E. coli.?1:?2

The total kinetic my,..op and AGNZHZD for folding
at pH 7.5 via the mechanism shown in Figure 8(c) is
5.4 kcal mol™ M and 29.2 kcal mol™! for the red
pathway through I;, and 5.0 kcal mol™' M~ and
30.2 kcal mol™! for the green pathway through I,,
respectively. These values agree well with the
equilibrium my,..,p and AGN:5%Pvalues at pH 7.5
of 4.9 kcal mol"! M~! and 31. 9 kcal mol!, respec-
tively (Table 2). The m;,_p value for the intermediate
I; is 2.1 kcal mol™ M- and 1.9 kcal mol~! M1, and
the AGH,o is 7.6 kcal mol™ and 8.1 kcal mol™
calculated for the pathway through I; and Ip,
respectively, at BH 7.5. This is similar to the my..p
value and AGH of 1.5 kcal mol~! M~! and 6.5 kcal
mol-! calculated for the equilibrium monomeric
intermediate at pH 7.5 (Table 2),'° suggesting that
I; may be this intermediate.

The nature of the native state of YibK at pH 4.5

Fluorescence and far-UV CD spectra of YibK show
changes in tertiary and secondary structure, respec-
tively, at pH 4.5 relative to pH 5.5 (Figure 7(a) and
(b), and Table 3). The loss of helical far-UV CD signal
along with a shift to the red in fluorescence emission
maximum at pH 4.5 suggest a loss of both tertiary
and secondary structure at this pH relative to that of
native dimeric YibK. A similar loss in secondary and
tertiary structure was seen in the monomeric
intermediate observed during equilibrium unfolding
at pH 7.5.1°

Four phases are detected during the unfolding of
YibK at pH 4.5 (Figure 5(c)). If the model shown in
Figure 8(c) for the YibK folding pathway is correct,
then I, I, I and N, must all be present at pH 4.5 at
initial experimental concentrations of protein (11 pM
and 55 uM for final concentrations of YibK of 1 uM
and 5 uM, respectively) to account for the observa-
tion of four unfolding phases; if only I; and N, were
present, their unfolding would be rate-limiting and
only two unfolding phases would be seen. Therefore,
the unfolding data at pH 4.5 suggest that YibK exists
at this pH as an equilibrium ensemble of I, I, Is and
N, for concentrations of protein over 10 uM.

Heterogeneity in the denatured state of YibK
gives rise to parallel pathways

YibK has ten proline residues, with one, Pro34,
adopting the cis conformation in the native structure.
This cis peptidyl-prolyl bond will isomerise to the
energetically more favourable trans conformation in
the majority of molecules upon unfolding, resulting
in a predominantly denatured ensemble of non-
native-like proline isomers.?”** Interrupted acid
unfolding experiments showed that molecules un-
folded for only a short amount of time (25 ms) fold
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only via I, (Figure 10). During these short unfolding
delays, peptidyl-prolyl bonds will not have had
chance to isomerise, and so folding to I, occurs from
only a denatured state with all proline isomers in a
native-like conformation. The population of mole-
cules folding via I, increased from zero with
increasing time spent in the denatured state with a
rate constant of 0.05 s7!, while the population of
molecules folding via I, decreased (Figure 10). This
rate constant is within the range observed for proline
isomerisation reactions,*~*¢ suggesting that folding
to I; occurs from a denatured state with non-native-
like proline isomers. I; and I, each have a well-
defined unfolding rate constant and slightly different
my, and my values, suggesting that they are
structurally distinct. Also, the folding rate constant
of I; at all pH values is much faster than the rate
constant of 0.05 s™! observed for the proline
isomerisation in the acid-denatured state of YibK.
This implies that non-native-like proline isomers in
the denatured state block folding to I, and cause
faster folding to a structurally different intermediate
I;. This is different to what has been observed for a
number of proteins where non-native like proline
isomers in the denatured state cause a slower parallel
reaction to the same species, but limited by a proline
isomerisation. 447

Conclusions

The folding mechanism of YibK has been studied at
various pH values using unfolding and refolding
singlejump and doublejump experiments. Four
reversible folding phases have been observed
corresponding to changes in both secondary and
tertiary structure. A folding model for YibK consistent
with the kinetic data has been proposed: two different
intermediates from parallel pathways fold via a third
sequential monomeric intermediate to form native
dimer in a slow rate-limiting dimerisation reaction.
All intermediates appear to be structurally distinct
and on-pathway, and the parallel channels arise from
heterogeneity in the denatured state as a result of
proline isomerisation. These findings pave the way
for more detailed studies into the role of the deep
trefoil knot in the YibK folding mechanism.

Materials and Methods

Molecular biology grade urea was purchased from BDH
Laboratory Supplies. All other chemicals were of analyt-
ical grade and were purchased from Sigma or Melford
Laboratories. Millipore-filtered, double-deionised water
was used throughout. YibK purification and expression is
described elsewhere.?

Buffers

All experiments carried out at pH 7.5 were performed in
a buffer of 50 mM Tris-HCI, 200mM KCI, 10 % (v/v)
glycerol, 1 mM DTT. Experiments undertaken at pH 5.5,

pH 5.0 and pH 4.5 used 50 mM sodium acetate, 1 mM DTT
buffered to the appropriate pH, except for far-UV CD scans
for analysis by the CDSSTR program on the DichroWeb
website, which were performed in 10 mM sodium acetate.
Aggregation assays showed that YibK remained soluble
under all conditions used (data not shown).*®

Size-exclusion chromatography

SEC methods for YibK are described elsewhere.'? YibK
samples at various concentrations of protein between
0.5 uM and 100 pM, pre-equilibrated for 3 h in buffer
containing 150 mM KCl at pH 5.5, pH 5.0 or pH 4.5, were
injected (100 ul) onto an analytical gel-filtration column
equilibrated in the same buffer. The relative elution volume
was compared to that of molecular mass standards.

Spectroscopic measurements

All measurements were taken using a thermostatically
controlled cuvette or cell at 25 °C. For fluorescence studies,
an excitation wavelength of 280 nm was used in all
experiments. An SLM-Amico Bowman series 2 lumines-
cence spectrometer with a 1 cm path-length cuvette was
used for manual mixing kinetic traces and equilibrium
denaturation experiments. Fluorescence was monitored at
319 nm with a band pass of 4 nm for both excitation and
emission. Far-UV CD spectra and measurements during
manual mixing kinetic experiments were acquired with a
Jasco J-720 spectropolarimeter. Scans were taken between
190 nm and 240 nm at a scan rate of 1 nm s™! with 40
accumulations using a 0.1 cm path-length cuvette. A
0.3 cm path-length cuvette was used in kinetic experi-
ments, and the change in signal was monitored at 225 nm
with a band pass of 5 nm. Rapid mixing fluorescence data
were collected using an Applied Photophysics SX.18MV
stopped-flow fluorimeter with no cut-off filter, while far-
UV CD data were measured using an Applied Photo-
physics I1*-180 instrument.

Equilibrium denaturation experiments

Equilibrium denaturation experiments at pH 5.5 and
pH 4.5 were performed as described elsewhere.'” Samples
were left for at least 12 h to equilibrate, after which no
change in spectroscopic signal was seen.

Measurement and analysis of far-UV CD spectra

Far-UV CD spectra for submission to the CDSSTR
analysis program®®°-*! on the DichroWeb online circular
dichroism analysis website*®*> were measured at a
protein concentration of 2.5 pM at both pH 5.5 and pH 4.5.

Kinetic unfolding and refolding experiments using
fluorescence and far-UvV CD

For kinetic unfolding experiments at all pH values, YibK
in buffer was diluted 1:10 (v/v) to various concentrations
of urea in buffer and the required final concentration of
protein. Unfolding was then monitored over an appropri-
ate time period. Kinetic refolding data were collected by
taking YibK unfolded in 7.9 M urea for experiments done at
pH 7.5, and 5.5 M urea for experiments done at pH 5.5 and
pH 4.5, and diluting 1:10 (v/v) to various urea refolding
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buffer conditions. Rapid mixing stopped-flow apparatus
was used for kinetic traces shorter than 300 s, while manual
mixing was used for traces where data were collected for
more than 300 s. YibK unfolded in 32 mM HCl (pH 1.5) was
diluted sixfold to either pH 5.5 or pH 4.5 to measure
refolding rate constants in the absence of urea; dilution to
pH 7.5 resulted in aggregation and so a refolding rate
constant at 0 M urea was not measured. Interrupted
refolding experiments at pH 7.5 were performed by
diluting completely unfolded YibK in 6.25 M urea sixfold
into final refolding conditions of either 1.04 M urea or
2.5 M urea. After various times, refolding was interrupted
by dilution sixfold to the desired unfolding urea
concentration and a final concentration of protein of
1 uM. Interrupted unfolding experiments were performed
by diluting YibK in buffer at pH 7.5 sixfold into final
conditions of 32 mM HCl (pH 1.5) for various times
before refolding was initiated by sixfold dilution to pH
4.5. A pH-jump was initiated by dilution of YibK at pH
4.5 sixfold to final conditions of 50 mM sodium acetate
(pH 5.5), 1 mM DTT. At least three traces were averaged
for each experiment.

Data analysis

All data analysis was performed using the non-linear,
least-squares fitting program Prism, version 4 (GraphPad
Software). Equilibrium unfolding curves at pH 5.5 were fit
to a three-state dimer denaturation model involving a
monomeric intermediate, and analysis has been described
elsewhere.'” Normalised denaturation data collected at
pH 4.5 for final concentrations of YibK of 0.5 pM and 5 uM

were fit to a two-state monomer denaturation model:*°
N Ko D
Scheme 1.
AGN-p = AGEZH% — mN-plurea] (1)

([D] + [N]exp({mn-p[urea] — AGEZH%}RT)

D] = 1+ exp({mn-p[urea] — AG\$,}/RT)

(2)

where N is a monomeric species and D is the denatured
state of a YibK monomer.

All kinetic traces, except those for the slowest phase
observed at pH 5.5, were fit individually to a first-order
reaction with the required number of exponentials:

N
Y(t) = Ynative + Z Yiexp(—kit) (3)

i=1

where Y(t) is the signal at time #, YNatve is the signal
expected for fully folded native protein, Y;is the amplitude
change corresponding to a given kinetic phase and k; is the
first-order rate constant for each phase. The slow refolding
phase observed at pH 5.5, and the traces from pH 4.5-5.5
jump experiments were fit to a second-order reaction
described by the following model:

21 <2 N, d[Na]/dt = kong[I2 (4)

where kynq is the bimolecular folding rate constant. The
differential equation can be solved to give:

Y(t) = Yi—o + Yi(kappt/ (1 + kappt) (5)

where Y, _g is the signal at time =0 and k,,,, is the apparent
rate constant. The apparent rate constant is related to konq
as follows:

kapp = Pthnd (6)

where P; is the concentration of protein in terms of
monomer.

The dependence of the natural logarithm of the
unfolding and refolding rate constants on the concentra-
tion of urea is assumed to be linear,*>*° and each phase on
the chevron plots was fit to:

Inkgps = ln(k?zoexp(fmkf [urea]) + kf}zoexp(rrzku [ureal))
(7)

where ks is the observed rate constant, kf2© and k/2° are
the refolding and unfolding rate constants for each phase
in water, respectively, and my, and my are constants of
proportionality.*>*° Phase 4 at pH 4.5 had only an
unfolding arm on the chevron plot, and was fit to:

Ink, = Ink 2 4 . [urea] (8)

Traces from interrupted refolding and unfolding experi-
ments for different delay times to the same final conditions
were globally fit to equation (3), with values for the first-
order unfolding rate constants shared throughout all
datasets.

Kinetic simulations

Kinetic simulations to model the time-course of species
present during refolding via various possible folding
mechanisms for YibK were performed using KINSIM®®
and the rate constants from the chevron plot.
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