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The extraordinary topology of proteins belonging to the o/B-knot super-
family of proteins is unexpected, due to the apparent complexities involved
in the formation of a deep trefoil knot in a polypeptide backbone. Despite
this, an increasing number of knotted structures are being identified; how
such proteins fold remains a mystery. Studies on the dimeric protein YibK
from Haemophilus influenzae have led to the characterisation of its folding
pathway in some detail. To complement research into the folding of YibK,
and to address whether folding pathways are conserved for members of the
a/p-knot superfamily, the structurally similar knotted protein YbeA from
Escherichia coli has been studied. A comprehensive thermodynamic and
kinetic analysis of the folding of YbeA is presented here, and compared to
that of YibK. Both fold viz an intermediate state populated under
equilibrium conditions that is monomeric and considerably structured.
The unfolding/refolding kinetics of YbeA are simpler than those found for
YibK and involve two phases attributed to the formation of a monomeric
intermediate state and a dimerisation step. In contrast to YibK, a change in
the rate-determining step on the unfolding pathway for YbeA is observed
with a changing concentration of urea. Despite this difference, both proteins
fold by a mechanism involving at least one sequential monomeric
intermediate that has properties similar to that observed during the
equilibrium unfolding. The rate of dimerisation observed for YbeA and
YibK is very similar, as is the rate constant for formation of the kinetic
monomeric intermediate that precedes dimerisation. The findings suggest
that relatively slow folding and dimerisation may be common attributes of
knotted proteins.
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Introduction

Current theories on folding mechanisms suggest
that proteins can undergo a variety of conforma-
tional changes during the folding process."” How-
ever, that a polypeptide chain could “knot” itself to
form a functional protein was thought highly
improbable, if not impossible. Nevertheless, a
recently identified group of proteins have revealed
a somewhat unexpected topological twist; contrary
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methyltransferase; AdoMet, S-adenosyl methionine; SEC,
size-exclusion chromatography; SASA, solvent-accessible
surface area.
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to all previous protein-folding models, they do
indeed possess a deep knot in their structure formed
by the polypeptide backbone.”® Elucidation of the
folding mechanism of these proteins represents an
important new challenge in the protein-folding field.

A growing number of proteins containing topo-
logical knots have been identified over the last five
years. Most display a deep trefoil knot in their
structure and, to date, over 15 protein structures
with deep trefoil knots have been deposited in the
RCSB Protein Data Bank.””™'*> All are thought to
function as methyltransferases (MTases), a type of
enzyme involved in the transfer of the methyl group
of S-adenosyl methionine (AdoMet) to carbon,
nitrogen or oxygen atoms of DNA, RNA, proteins
and other smalil molecules,'® and all form dimers in
the crystalline form, with the knotted region
forming a large part of the dimer interface. Another

0022-2836/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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part of the knotted structure is thought to be the
location of the AdoMet binding site.3>”~!> In recogni-
tion of the above similarities, MTases with knotted
structures have been combined into one family,
known as the a/B-knot superfamily.”'” While the
majority of recently discovered knotted proteins
belong to this superfamily, the occurrence of knots is
not restricted to members the o/B-knot clan. A deep
trefoil knot with different features has been
observed in the chromophore-binding domain of
Deinococcus radiodurans phytochrome,® and an
impressive deep figure-of-eight knot has been
identified in the plant protein acetohydroxy acid
isomeroreductase.* The most complicated knot
discovered to date in human ubiquitin hydrolase
displays five projected crossings.'®

The first folding studies on the a/B-knot family of
knotted proteins were carried out on the protein
YibK from Haemophilus influenzae.'”* Despite its
complicated knotted topology, the unfolding of
YibK was found to be fully reversible in wvitro,
molecular chaperones not being required for effi-
cient folding. YibK was shown to undergo equili-
brium denaturation in a manner similar to that of
many unknotted dimers, and via a monomeric
equilibrium intermediate with considerable struc-
ture and stability.'” Furthermore, a complex kinetic

mechanism with four reversible kinetic folding
phases was observed. The behaviour of these phases
at different pH values allowed a folding mechanism
to be proposed. Two different intermediates from
parallel pathways were seen to fold via a third
sequential, monomeric intermediate that formed
native dimer in a slow, rate-limiting dimerisation
step. All the intermediates were structurally distinct
and on-pathway, and the parallel channels were
shown to arise from heterogeneity in the denatured
state, most likely caused by proline isomerisation.*’

Whether protein folding pathways are conserved
for a given fold is an increasingly important
topic.2?? Studies on a number of small, two-state,
monomeric proteins found a correlation between
folding rates and topology that led to the hypothesis
that topology, not sequence, is the major contribut-
ing factor in how a protein folds.**** If protein
folding rates and mechanisms are determined
largely by the topology of the native state, then the
complexity of the protein-folding problem would be
greatly simplified and it would no longer be
necessary to determine the folding pathway of
every single protein of interest.”” However, studies
performed on proteins that possess similar tertiary
structures but divergent sequences give conflicting
evidence for the conservation of folding pathways of

Trefoil k
refoil knot c

Trefoil knot ¢

Figure 1. Structure of YbeA from Escherichia coli (top) and YibK from Haemophilus influenzae (bottom). Both proteins
contain a topological trefoil knot formed by the polypeptide backbone; a substantial length of polypeptide chain
(approximately 40 residues) has threaded through a loop during folding. (a) Ribbon diagram of a monomer subunit,

showing the deep trefoil knot at the C terminus. Structures are coloured according to definitions given by Nureki et a

l.,12

with the knotting loop highlighted in red and the knotted chain highlighted in dark blue. (b) Dimeric structures coloured
asin (a). YibK is a parallel homodimer, while YbeA dimerises in an antiparallel fashion. Ribbon diagrams were generated
using Ribbons.*® (c) Topological diagrams of YbeA (top) and YibK (bottom). Structural elements common to members of

the a/p-knot superfamily are shown in red.
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proteins in the same structural class.”"** This, along
with the widespread observation of highly variable
folding rates for proteins of the same structure,”
suggests that topology alone is not enough to
predict folding rates and mechanism.

In the context of the a/p-knot superfamily, it is
important to consider whether proteins that contain
a deep topological knot share a common folding
mechanism. Here, we focus on YbeA from Escher-
ichia coli, a 155-residue protein similar in structure to
YibK (Figure 1). A number of YbeA-like structures
all possessing deep knots have been deposited in the
Brookhaven Protein Data Bank, and all belong to the
a/p-knot superfamily of MTases. Many are the
result of structural genomics studies, including
sr145 from Bacillus subtilis (PDB code 1TOOQ), and
the hypothetical proteins Tm0844 (10D6) and
Sav0024 (1VHO). YbeA has a deep trefoil knot in
its backbone structure formed by the threading of
the last 35 residues (residues 120-155) through a
45-residue knotting loop (residues 74-119) (Figure
1(a)). YbeA crystallises as an antiparallel dimer, and
the protein interface involves close-packing of «l
and a5 from each monomer (Figure 1(b)). Its
topological features are very similar to those of
YibK, and YbeA displays the structural elements
characteristic of all a/p-knot MTases (Figure 1(c)).
However, YibK and YbeA share only 19% sequence
identity.

In this study, the thermodynamic and kinetic
folding properties of YbeA are characterised, and a
folding mechanism is proposed. Comparisons are
made to the folding of YibK, and the similarities and
differences between the two proteins are discussed.

Results

To enable a direct comparison of the folding
parameters of the knotted proteins YbeA and YibK,
experiments on YbeA were carried out under the
same conditions as those used for YibK: specifically,
at pH 7.5 in a buffer containing 200 mM KCI and
10% (v/v) glycerol. These stabilising agents were
needed to prevent aggregation during studies of
YibK at pH 7.5." YbeA, however, remains soluble in
buffer alone at all experimental concentrations of
protein studied, allowing additional studies to be
performed under these conditions. Unless stated
otherwise, all experiments were done in buffer with
stabilising agents (50 mM Tris—-HCl (pH 7.5),
200 mM KCl, 10% (v/v) glycerol, 1 mM DTT), and
in buffer without stabilising agents (50 mM Tris—
HCl (pH 7.5), 1 mM DTT).

The oligomeric state of YbeA

Although YbeA crystallises as a homodimer
(Figure 1(b)), its oligomeric state under solution
conditions may be different.”” Size-exclusion chro-
matography (SEC) was used to investigate the
oligomeric state of YbeA for concentrations of
protein between 5 uM and 40 pM, and the results

are shown in Figure 2 for buffer with stabilising
agents. The protein interacted with the gel-filtration
column if salt was not present; therefore, experi-
ments using buffer without salt were not possible.
YbeA eluted at a volume of 10.6 ml, which was
independent of protein concentration, correspond-
ing to a molecular mass of 36.8 kDa (see the insets in
Figure 2 for a calibration plot). This agrees well with
the expected molecular mass of 34.6 kDa for
homodimeric YbeA.

Degree and reversibility of unfolding of YbeA

The chemical denaturant urea was used to induce
unfolding of YbeA, and changes in both intrinsic
protein fluorescence and far-UV CD signal were
monitored. YbeA contains five tryptophan and two
tyrosine residues distributed throughout its struc-
ture, and addition of urea to a final concentration of
8 M resulted in an overall fluorescence increase
along with a simultaneous red-shift in A\« from
328 nm to 350 nm, indicative of an unfolding event
(Figure 3, inset). The maximum fluorescence change
was observed at 350 nm, and unfolding was
monitored at this wavelength during subsequent
experiments. Far-UV CD spectra under the same
unfolding conditions showed a complete loss of
secondary structure (Figure 3, inset), suggesting that
addition of urea causes a global, and not just a local,
unfolding event. Native fluorescence and far-UV CD
fingerprints were independent of buffer conditions
(Figure 3).

The reversibility of the YbeA unfolding reaction
was investigated using probes of secondary and
tertiary structure. Refolded YbeA retains approxi-
mately 100% of native fluorescence and far-UV CD
signal (Figure 3, inset), suggesting that the folding of
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Figure 2. Determination of the oligomeric state of
YbeA by size-exclusion chromatography. Main: Elution
profiles for 40 pM, 20 uM, 10 uM and 5 pM protein.
Absorbance has been normalised against protein concen-
tration. An upper limit of 15 nM for the dissociation
constant of the YbeA dimer can be estimated from these
data. Insets: (a) Elution profile of (1) blue dextran 200
(2000 kDa), (2) bovine serum albumin (66.3 kDa), (3)
carbonic anhydrase (28.8 kDa) and (4) cytochrome c
(12.4 kDa). (b) Calibration curve. Conditions: room
temperature in 50 mM Tris-HCI (pH 7.5), 200 mM KCl,
10% (v/v) glycerol, 1 mM DTT.
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Figure 3. Reversibility of the YbeA folding reaction in
(a) buffer with salt and glycerol and (b) buffer only. Main:
YbeA fluorescence (circles) and far-UV CD (triangles)
denaturation (filled symbols) and renaturation (open
symbols) profiles at 1 pM protein. Insets: fluorescence
and far-UV CD spectra of native (red and dark blue
continuous lines, respectively), refolded from 8 M urea
(pink and light blue continuous lines, respectively) and
denatured (continuous black lines) YbeA at 2 uM protein.
Conditions for (a): 25 °C, 50 mM Tris-HCI (pH 7.5),
200 mM KCl, 10% (v/v) glycerol, 1 mM DTT. Conditions
for (b): 25 °C, 50 mM Tris-HCl (pH 7.5), 1 mM DTT.

YbeA secondary and tertiary structure is fully
reversible under both buffer conditions used.
Additionally, unfolding and refolding equilibrium
titrations at the same concentration of YbeA
measured using fluorescence and far-UV CD super-
impose, confirming the reversibility of the unfolding
reaction (Figure 3).

Equilibrium unfolding experiments on YbeA

Equilibrium denaturation experiments were per-
formed on YbeA under buffer conditions with and
without stabilising agents at pH 7.5 over an 80-fold
and 20-fold change in protein concentration, respec-
tively. Profiles measured using intrinsic protein
fluorescence and far-UV CD are shown in Figure 4
(far-UV CD was used to measure denaturation data
only for buffer without stabilising agents). Both
probes show a single unfolding transition that is
protein concentration-dependent, with a midpoint
that increases with increasing concentration of YbeA.
This dependence on protein concentration- was used
to assign a dimer equilibrium-unfolding model.

Data were first fit to the simplest dimer denatura-
tion model involving only native dimer and un-

folded monomers (equation (1))." Datasets for each
concentration of protein were treated separately, and
the results of the fit are shown in Figure 4(a) and
summarised in Table 1. Figure 4(a) shows that the
data appear to be described well by a two-state
dimer denaturation model, however, Table 1 illus-
trates that AGIEESzD and my;,..op values from this fit
for both fluorescence and far-UV CD denaturation
data show a general increase with increasing protein
concentration. This suggests that the two-state dimer
denaturation model is not adequately describing the
YbeA equilibrium unfolding data, as AG%SZD and
my;,--2p values should remain constant with protein
concentration. ! Furthermore, the variation in m-
value with protein concentration indicates that an
intermediate state is populated under equilibrium
conditions.*

An increase in apparent AG%ESZD and N, -op
value of the denaturation profiles with protein
concentration is consistent with a dimer unfolding
via a three-state denaturation model involving a
monomeric intermediate; in the simplest case, the
increase in m-value with protein concentration can
be explained by dissociation of the dimer in the
transition region at low concentrations of pro-
tein.'””® Accordingly, YbeA equilibrium data were
globally fit to this model (equation (2)); fluorescence
and far-UV CD datasets were treated separately, as
were data for each buffer condition. The results of
these fits are shown in Figure 4(b) and summarised
in Table 2. Considering the parameters from
fluorescence denaturation data, the m-values calcu-
lated under different buffer conditions are in
excellent agreement (Table 2). However, a noticeable
difference in the stability of the dimer can be seen.
The free energy difference between the dimer and
the monomeric intermediate, AGEiSZI, is calculated
to be 15.2 kcal mol 'and 13.3 kcal mol?}, for
experiments performed in buffer with and without
stabilising agents, respectively. In comparison, the
stability of the monomeric intermediate is similar for
both buffers, and is in the range of 2.5-2.8 kcal
mol . Parameters calculated from fluorescence and
far-UV CD under the same buffer conditions are in
good agreement (Figure 4(b), right, and (c); Table 2).

Estimation of m-value from changes in
solvent-accessible surface area

The m-value of a protein is related to the change in
solvent-accessible surface area (ASASA) that occurs
upon unfolding.”® The ASASA expected for dis-
sociation and unfolding of a YbeA dimer were
calculated in order to estimate the m-values corre-
sponding to these changes. The estimated m-value
for the dissociation of dimer to fully folded
monomer is 0.38 kcal mol™' M}, that for the
complete unfolding of a fully folded monomer
1.8-2.3 kcal mol ™" M !, and for the full unfolding
of the dimer is 3.8-4.9 kcal mol ' M (Table 3). The
latter is in good agreement with the my,..op value of
4.4-4.6 kcal mol T M ! calculated for YbeA from the
equilibrium denaturation data (Table 2). The my..p
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Figure 4. YbeA equilibrium denaturation profiles for 0.25 uM (orange), 0.5 uM (red), 1 pM (yellow), 2.5 M (green),
5 uM (light-blue), 10 pM (dark-blue) and 20 uM (pink) protein, as measured by (a) and (b) fluorescence emission at
350 nm, and (c) far-UV CD signal at 220 nm. The continuous lines in (a) represent the best fit to a two-state dimer
denaturation model, while those in (b) and (c) represent the global fit to a three-state dimer denaturation model with a
monomeric intermediate. Conditions for buffer with and without salt and glycerol were as described for Figure 3.

value of 1.38-1.52 kcal mol ™" M ! calculated from  subunit, suggesting that the monomeric intermedi-
the equilibrium unfolding data is slightly smaller — ate has lost some structure relative to the fully
than the estimated m-value for a monomeric folded monomer in the dimer.

Table 1. Thermodynamic parameters for the fit of YbeA equilibrium unfolding data to a two-state dimer denaturation
model

Buffer only Buffer salt and glycerol

P, [Dls09% MN, 2D AGEZZGZD [Dls09% MN, 2D AGEZZSZD
(LM) M) (kcal mol™* M) (kcal mol ™) M) (kcal mol™* M1 (keal mol™)
0.25 - - - 2.56+0.09 4.67+0.09 21.0+£0.8
0.5 2.25+0.02 4.34+0.05 18.4+0.4 2.64+0.02 4.55+0.4 20.6+0.5
1 2.34+0.01 5.03+0.01 20.0+0.1 2.69+0.01 4.94+0.01 21.5+0.1
2 2.43+0.01 5.35+0.01 20.8+0.1 2.83+0.01 5.03+0.04 22.0+0.3
5 2.46+0.01 5.28+0.01 20.2+0.1 2.79+0.01 5.51+0.01 22.6+0.1
10 2.53+0.01 5.40+0.1 20.5+0.4 - - -

20 - - - 3.12+0.01 5.28+0.07 22.9+0.5

Fluorescence was monitored at 350 nm. Parameters are quoted with their standard errors. Urea denaturation profiles were fit singularly
to a two-state dimer denaturation model'’ using Prism, version 4, and AGE;SZD was calculated from AGy,0=-RT In(Py) +m[D]s0q.
Profiles measured using far-UV CD at 220 nm showed similar parameters (data not shown).
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Table 3. Changes in SASA for YbeA upon dimer dissociation and unfolding, along with estimated m-values

A. Dissociation

Native dimerc
(N,) SASA* (A%

Fully folded monomer
subunit (N) SASA? (A?)

m-value estimate for
dissociation Np<2N*¢
(kcal mol ' M 1)

ASASA for dissgciation
N,—2NP (A%

15215 8962 2709 0.38+0.03
B. Unfolding
m-value estimate
SASA estimate for ASASA for for unfolding®
unfolded protein (A% unfoldingd (A?) (kcal mol ' M 1)
Upper Upper Upper
SASA for folded  Tripeptide ~ boundary  Tripeptide  boundary  Tripeptide  boundary
protein” (A?) method® method! method method method method
Native dimer (Ny) 15215 50082 42606 34867 27391 49+0.3 3.8+0.3
Fully folded monomer (N) 8962 25041 21303 16079 12341 2.3+0.2 1.8+0.1

2 Calculated using the web-based program GETAREA version 1.1.**
b ASASA upon dissociation=2 [SASA of monomer subunit]-[SASA of dimer]. The value calculated for the ASASA upon dimer

dissociation assumes no unfolding of the monomer subunits.
Z Estimated using equation (5).

ASASA for unfolding=[SASA unfolded protein]-[SASA folded protein].

® Calculated using values from tripeptide studies.*
Calculated using data given by Creamer et al.*”

the unfolding arms of the phases cross on the chev-
ron plots.

The parameters calculated from the global analy-
sis of the kinetic data for buffers with and without
stabilising agents can be compared, and those
corresponding to phase 1 (red) are in good agree-
ment (Table 4). Parameters calculated for phase 2
(blue) also compared well, except for the unfolding
rate constant in the absence of denaturant, which is
notably larger under conditions without salt and
glycerol (Table 4).

Interrupted-refolding experiments on YbeA

Interrupted-refolding experiments involve refold-
ing a protein for various amounts of time before
unfolding is initiated. The amplitudes of the unfold-
ing reactions are directly proportional to the
population of refolding species present after the
delay, allowing the time-course of refolding inter-
mediates to be monitored.>’ The method assumes
that any intermediates formed during refolding will
unfold faster than the native protein.’** Inter-
rupted refolding was performed on YbeA at pH
7.5 in buffer containing salt and glycerol, and the
following analysis refers only to this buffer. Two sets
of experiments were undertaken involving refolding
to 1 M urea, and subsequent unfolding to either
4.3 M urea or 7.7 M urea. These final concentrations
of urea were chosen to probe the change in rate-
determining step observed on the unfolding path-
way during single-jump experiments, and allowed
investigation of how the same population of refold-
ing intermediates behaved under different unfold-
ing conditions. YbeA single-jump unfolding
experiments at 4.3 M urea and 7.7 M urea were
best described by a first-order reaction with one and

two exponentials, respectively, and the chevron
plots show that the blue and red phases are rate
limiting, respectively, at these concentrations of urea
(Figure 6(a)). Traces from interrupted-refolding
experiments to final concentrations of 4.3 M urea
and 7.7 M urea were best fit to a first-order reaction
with two exponentials (data not shown), and
unfolding amplitudes are shown in Figure 8(a) and
(b), respectively. The unfolding rate constants
obtained from these fits agreed well with those
obtained from global analysis of all the kinetic data
(Figure 6(a)).

The unfolding amplitudes in Figure 8(a) measured
at 4.3 M urea show that the species corresponding to
phase 1, the red refolding phase, is formed
immediately with no discernible lag. Its population
reaches a maximum after a refolding time of 12 s
before it decreases to zero over the next 300 s. In
contrast, there is a lag in the formation of the species
corresponding to phase 2, the blue refolding phase,
before its population increases to dominate the
refolding ensemble. This is consistent with an
intermediate preceding its formation.’* These data
allow the assignment of a folding mechanism for
YbeA, provided that several assumptions are made.
The first is that during refolding, the species formed
in the red refolding phase is an obligatory inter-
mediate preceding the formation of the species
corresponding to the blue refolding phase. The lag
observed for the blue species during refolding while
the species corresponding to the red refolding phase
accumulates is consistent with this (Figure 8(a)). The
second assumption is that the final refolding step
involves formation of native dimer. These assump-
tions leave two possible folding mechanisms that
could describe the YbeA experimental data; folding
could occur by a three-state sequential mechanism
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Figure 5. Typical YbeA kinetic traces for experiments performed in buffer with (left) and without (right) stabilising
agents. Traces are normalised relative to a native dimer signal of zero and a denatured monomer signal of 1. (a)
Unfolding in 8 M urea; residuals are for the fit of the trace to a first-order reaction with two exponentials (top) and a first-
order reaction with one exponential (bottom). (b) Unfolding at 5.3 M urea (left) and 3.3 M urea (right). Residuals are for
the fit of the trace to a first-order reaction with one exponential. (c) Refolding at 1 M urea; residuals are for the fit of the
trace to a first-order reaction with two exponentials (top), a first-order reaction with one exponential (middle) and a
second-order reaction with one-exponential (bottom). Inset: Protein concentration-dependence of the refolding rate
constants at 1.75 M urea, coloured red and blue for fast and slow, respectively, calculated from the fit of the traces to a
first-order reaction with two exponentials. Symbols are larger than the error in the rate constants. Conditions were as
described for Figure 3.
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Figure 6. (a) Chevron plots for the folding and unfolding kinetics of YbeA in buffer conditions with (left) and without
(right) stabilising agents, calculated from the global kinetic parameters shown in Table 4. Phases 1 and 2 are coloured red
and blue, respectively. (b) Fluorescence amplitudes for the kinetic phases shown in (a) calculated from the global fit of all
kinetic traces to equation (3). Amplitudes of refolding and unfolding reactions are positive and negative, respectively, and
are coloured according to their corresponding phase in (a). (c) Initial (red) and final (blue) fluorescence signals for YbeA
kinetic traces. All amplitude is accounted for in the kinetic traces, and there is no apparent fluorescence burst phase.
Conditions for buffers with and without stabilising agents were as described for Figure 3(a) and (b), respectively.

involving either a dimeric (Scheme 1) or a mono-
meric (Scheme 2) kinetic intermediate:

Red Blue

2D<—>L<—>N, Scheme 1
Red Blue
2D<—>2I<—>N, Scheme 2

Since both red and blue refolding phases appear to
be independent of protein concentration, assignment
of either phase to a dimerisation step is difficult. The
expected kinetic m-values associated with each
scheme were calculated using the parameters
shown in Table 4, and the following relationships:

MSchemel = Mphasel + Mphase2
Mscheme2 = 2Tnphasel + Mphase2

The total m-value for Scheme 1 is 2.6 kcal mol !
M. This is much smaller than the mN,—2p Value of

44 kcal mol™" M calculated for YbeA from
equilibrium studies (Table 2), and the m-value of
3.8-4.9 kcal mol™' M estimated from the asso-
ciated SASA changes during the unfolding of a
YbeA dimer (Table 3). The total m-value for Scheme
2 is 3.9 kecal mol ' M ! and, in contrast to that for
Scheme 1, is in very good agreement with the m-
values calculated from the equilibrium experiments
and ASASA estimates. A pathway by which YbeA
folds via a kinetic monomeric intermediate is there-
fore most consistent with all the equilibrium and
kinetic data (Figure 8(c)). A simulation of the time-
course of monomeric intermediate and native dimer
present during refolding via this mechanism at 1 M
urea was performed using the program KINSIM™*
and the appropriate rate constants from the chevron
plot, and is shown in Figure 8(a). The good
agreement of the amplitudes from the interrupted-
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Figure 7. Global analysis of the folding and unfolding kinetics of YbeA for conditions with (top) and without (bottom)
stabilising agents. (a) Refolding transients (0.8-2.6 M urea in 0.2 M increments, red to pink) and (b) unfolding transients
(2.8-7.2 M urea in 0.4 M increments, pink to red). Continuous black lines represent the global fit of the data to equation (3).

Conditions were as described for Figure 3.

refolding experiments with the results of the
numerical simulation suggests that, despite being
quite similar in value, the apparent relaxation rate
constants calculated from the interrupted refolding
experiments at 4.3 M urea do approximate the
underlying microscopic rate constants at this con-
centration of urea.

Interrupted-refolding amplitudes when unfolding
YbeA at 7.7 M urea differ from those at 4.3 M urea,
and are shown in Figure 8(b). At 7.7 M urea, the
population of the red refolding species increases
steadily with delay time, with no lag, and reaches a
stable maximum. The amplitude corresponding to
the blue refolding species also increases with delay
time, but a lag during the first 5 s is observed. If the
YbeA folding mechanism shown in Figure 8(c) is

correct, the observation of two unfolding phases
after all refolding delay times at 7.7 M urea suggests
that the intermediate I is populated during unfold-
ing at this concentration of urea, and accumulates
after the N,<2I step (blue) has occurred, before the
rate-determining I~D (red) step takes place. The
unfolding amplitude of the red refolding phase after
various delays is therefore not a direct measure of
the population of I present after a given refolding
delay, but instead is proportional to the amount of
[I+N,] present. As mentioned earlier, the use of
interrupted refolding to monitor population of an
intermediate species assumes that any intermediate
will unfold faster than the native protein.”** In this
case, however, the intermediate I unfolds slower
than N, above concentrations of urea of 5.4 M, and

Table 4. Kinetic parameters for the global fit of YbeA unfolding and refolding kinetics at pH 7.5 in buffers with and

without stabilising agents at 1 uM final protein concentration

Buffer

kinb

iy My, My ,0
Phase Colour additives RO (s RO (57 (kcal mol ! MY (kcal mol' M) (kcal mol * M) (kcal mol %)
1 Red Salt, glycerol 0.20+0.003 1.8 (£0.02)x103 0.86+0.01 0.41+0.002 1.3+0.01 2.8+0.02
None 0.16+0.001 8.1 (£0.2)x10* 0.80+0.01 0.45+0.003 1.3+0.01 3.1+0.03
2 Blue Salt, glycerol 4.1 (£0.02)x 1072 1.2 (£0.02)x107* 0.61+0.006 0.71+0.002 1.3+0.01 11.2+0.02
None 4.2 (£0.03)x10% 4.3 (£0.06)x10* 0.82+0.01 0.58+0.003 1.4+0.01 10.5+0.02

Global analyses were performed with Prism, version 4 (GraphPad Software) using equation (3), and rate constants are first order. Errors
quoted are the standard errors calculated by the fitting program; the small errors quoted for some parameters are a reflection of the global

analysis, rather than a true experimental error.

2 My =My, + M . )

b AGI?I‘?O =-RT ln(k‘u{zo/ k}{zo) except for phase 2, where AGE‘Z“O:
Figure 8(c).

—RT In(2k° /1559), according to folding via the mechanism shown in
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Figure 8. Relative amplitudes for the two YbeA
unfolding phases seen during interrupted-refolding
experiments after refolding to 1 M urea and unfolding to
a final concentration of (a) 4.3 M urea and (b) 7.7 M urea.
Insets show an expanded view for delay times up to 20 s.
Amplitudes are coloured according to their corresponding
phase in Figure 6(a). (c) The folding pathway of YbeA
most consistent with all data. Rate constants are shown for
buffer at 25 °C, pH 7.5 with salt and glycerol, and arrows
are coloured to match their corresponding phase in Figure
6(a). Continuous lines in (a) and (b) represent the KINSIM
simulation of the time-course of intermediate monomeric
species and native YbeA dimer during refolding via the
mechanism shown in (c¢). The continuous red line
represents the population of I in (a) and the population
of [I+N;] in (b), where unfolding of N, is not rate limiting.
(d) The folding pathway of YibK is taken from Mallam &
Jackson.” The rate constants are for buffer at 25 °C, pH 7.5
with salt and glycerol. Conditions: 25 °C, 50 mM Tris-HCl
(pH 7.5), 200 mM KCl, 10% (v/v) glycerol, 1 mM DTT.

the presence of both I and N, molecules will result
in the observation of a I~D unfolding event. The
continuous lines in Figure 8(b) represent the time-
course of [[+N,] (red) and N, (blue) molecules
during refolding at 1 M urea, simulated using
KINSIM.*

A free energy diagram illustrating how the rate-
determining step in unfolding changes between
7.7 M urea and 4.3 M urea is shown in Figure 9. The
free energy of unfolded YbeA has been set arbi-
trarily to zero, and the relative energies of the
intermediate, I, and native dimer, N,, were calcu-
lated using the parameters given in Table 4.
Activation barriers were estimated using a deriva-
tion of the Eyring equation, and an empirical
estimate of the pre-exponential factor.” Figure 9
illustrates the change in unfolding rate-determining
step; at 7.7 M urea, the barrier for unfolding of
N,<2I is lower than that for I-~D, hence the latter is
rate limiting. The reverse is true at 4.3 M urea, where
N,<2I is rate limiting and therefore the only
reaction observed.

Discussion

The complicated backbone topology of YbeA
involving the formation of a deep trefoil knot
makes it an interesting and challenging candidate
for a protein-folding study. It is classified on the
basis of its structure as a member of the a/p-knot
superfamily of MTases (Figure 1). Extensive studies

) )
T i

Free energy (kcal mol '1)
-
b

o
1

Reaction coordinate

Figure 9. Profile of the reaction coordinate for the
unfolding of YbeA at 7.7 M urea (continuous line) and
43 M urea (broken line) to illustrate the change in
unfolding rate-determining step with concentration of
urea. At 7.7 M urea, AG; np (8.1 kcal mol )< AG; 1 (8.8
kcal molfl), and the I~D unfolding transition is rate
limiting (red arrow). At 4.3 M urea, AG; Ny (10.5 kcal
mol 1> AGy,1(10.2 keal mol 1) and unfolding of N2l is
the rate-determining step (blue arrow). Stabilities are for
1 pM YbeA in 50 mM Tris-HCl (pH 7.5), 200 mM KCl, 10%
(v/v) glycerol, 1 mM DTT. Ground state stabilities were
calculated from the kinetic parameters in Table 4, and the
free energy of the denatured state was arbitrarily set to
zero. Activation energies were estimated using the
relationship kops=k, exp(—G1C /RT). An empirical estimate
of 10° s was used for the pre-exponential factor k25
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on the folding of another member of this group of
proteins, YibK from Haemophilus influenzae, have
been undertaken.'”* The aim of this study is to
characterise the thermodynamic and kinetic folding
mechanism of YbeA, and to compare it to that of
YibK.

Experiments have been performed on YbeA using
two buffer conditions at pH 7.5: one with and one
without salt and glycerol as stabilising agents. The
former was to enable a direct comparison of
stabilities and folding rates to YibK, where aggrega-
tion issues made it necessary to carry out experi-
ments in a buffer with additives.'” The latter was to
allow the effect of stabilising agents on the folding
properties of YbeA to be ascertained.

aB-Knotted proteins are dimeric in solution

SEC studies were undertaken on YbeA and results
are consistent with YbeA existing as a dimer at all
experimental concentrations of protein studied,
down to 5 uM (Figure 2). An upper limit for the
dissociation constant between dimer and monomer,
Kg, of 15 nM can be estimated from these data. These
observations are similar to those made for YibK,
which was shown to be dimeric in solution with a
dissociation constant of less than 1 nM."? The strong
association of monomers near pH 7 appears to be a
common characteristic of proteins belonging to the
o/p-knot superfamily and has been observed for
other family members.*'

YbeA unfolds via a monomeric equilibrium
intermediate

Equilibrium denaturation studies have been per-
formed on YbeA and, under all conditions examined,
unfolding profiles appeared monophasic and pro-
tein concentration-dependent (Figure 4). A protein
concentration-dependence in the equilibrium
unfolding in dimeric systems is expected, and can
be used to assign a denaturation model. YbeA
denaturation profiles display an increase in apparent
AG%EBZD and my,..op values with increasing protein
concentration when analysed using a simple two-
state dimer denaturation model (Table 1; Figure
4(a)), suggesting that YbeA unfolds via a three-state
dimer denaturation involving a monomeric
intermediate.'””® The thermodynamic parameters
from the fit to this model show that YbeA has a total
free energy of unfoldingNof native dimer to two
unfolded monomers, AGHESZD, of 20.2 kcal mol !
and 18.9 kcal mol !, and an my,-.2p value of 4.4 kcal
mol ™" M™" and 4.6 kcal mol ' M! for buffer with
and without stabilising agents, respectively (Figure 4
(b); Table 2). These m-values agree well with those
obtained from ASASA estimates (Table 3). AG{E; B
and mi_.p values are similar for both buffer
conditions, suggesting that stabilising agents have
little effect on the stability and structure of the
equilibrium monomeric intermediate (Table 2). In
comparison, AGG” values do show a depen-
dence upon buffer conditions, and are 15.2 kcal

mol ™" and 13.3 kcal mol " for conditions with and
without stabilising agents, respectively. This sug-
gests that the glycerol and salt have stabilised the
native dimer by some 2 kcal mol . Dissociation
constants for dimer dissociating to a monomeric
intermediate, KY2~?, can be calculated from the
denaturation data, and are 7x107 2 M and 2x10*°
M for buffer with and without stabilising agents,
respectively. These low values confirm that YbeA is
dimeric at all experimental concentrations of protein
studied under both buffer conditions, and the
increased K§?* seen for buffer without stabilising
agents reflects the slight reduction in stability of the
dimer in the absence of salt and glycerol.

The equilibrium unfolding mechanism for YbeA
described here can be compared to that for YibK.
Comparisons are drawn from experiments per-
formed under the same buffer conditions with salt
and glycerol stabilising agents. Unfolding of both
knotted proteins is fully reversible in urea (Figure 3),
suggesting that their complicated topology has not
hindered their folding efficiency.'” Reversible fold-
ing in urea was observed also during the purifica-
tion of the knotted protein TrmH from Aquifex
aeolicus,” and therefore appears to be a common trait
of all members of the a/p-knot clan. Equilibrium
denaturation studies show that YbeA and YibK are
stable homodimers that denature by the same
equilibrium mechanism. They unfold via mono-
meric equilibrium intermediates that have compar-
able structure (Table 2). Intermediates for both
proteins have undergone some partial loss of
secondary and tertiary structure relative to a fully
folded monomeric subunit in a dimer; this is
reflected in the Y; values calculated from the
analysis of fluorescence and far-UV CD data, and
the observation that the m-value predicted for the
unfolding of a monomer subunit from analysis of
ASASA is larger than that observed for unfolding of
the monomeric intermediate measured experimen-
tally (Tables 2 and 3)." YibK is the most stable dimer
of the two by some 11 kcal mol !, and its monomeric
intermediate is considerably more stable than that of
YbeA (Table 2).

The folding mechanism of YbeA

The folding kinetics of YbeA were studied using
single-jump and double-jump experiments. For each
buffer condition, all kinetic traces were considered
together and analysed globally to give the chevron
plots and kinetic parameters shown in Figure 6 and
Table 4, respectively. Global analysis allowed the
characterisation of the two reversible YbeA folding
phases, shown in red and blue (Figure 6(a)). The
unfolding arms of the phases crossed at 5.4 M urea
and 3.4 M urea for buffer with and without
stabilising agents, respectively, indicating a change
in rate-determining step on the YbeA unfolding
pathway at these concentrations of urea.

Interrupted-refolding experiments were per-
formed to both moderate unfolding conditions
(4.3 M urea), where the blue unfolding phase is
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rate limiting, and to strongly unfolding conditions
(7.7 M urea), where both red and blue unfolding
phases are observed, and these were used to assign a
folding mechanism to YbeA (Figure 8). The former
allowed the population of refolding intermediates to
be mapped out; the species corresponding to the red
refolding phase increased immediately to a max-
imum value before decaying, while the population
of the species corresponding to the blue refolding
phase displayed a lag, consistent with an obligatory
intermediate preceding its formation. These data
were most consistent with a sequential folding
mechanism involving three species and including a
kinetic monomeric intermediate. This scheme is
shown in Figure 8(c) and the continuous lines in
Figure 8(a) represent a simulation of species present
during refolding via this mechanism.

Under strongly unfolding conditions at 7.7 M
urea, unfolding of native dimer is no longer rate
limiting. The change in rate-determining step with
the concentration of urea on the YbeA unfolding
pathway can be illustrated by considering the free
energies along an unfolding reaction coordinate
under strong and moderate unfolding conditions
(Figure 9). Estimates of the transition-state energies
involved for each reaction show that at 7.7 M urea
the barrier for I-~D unfolding is highest, and
therefore rate limiting. At 4.3 M urea, the N,<2I
transition has the higher activation energy, and
becomes the rate-limiting step (Figure 9).

The kinetic parameters from the global analysis of
YbeA kinetic traces agree well with those from
equilibrium denaturation experiments for both
buffer conditions. The kinetic and equilibrium
monomeric intermediates have comparable stabili-
ties and m-values, suggesting that they are similar
species (Tables 2 and 4). As with the YbeA
dimerisation phase in equilibrium studies, the blue
kinetic dimerisation phase (2I<N,) is destabilised
during unfolding in buffer without stabilising
agents compared to that with salt and glycerol.
The agreement of kinetic and thermodynamic
parameters gives confidence in the YbeA folding
model assigned in each case.

Comparison of the folding pathways of YbeA
and YibK: elements common to knotted proteins

The kinetic folding pathway of YbeA can be
compared to that of YibK, shown in Figure 8(d).
The pathway for YbeA is much simpler, and involves
only three species compared to the six species
involved in the folding of YibK (Figure 8). The
complex folding of YibK is thought to be, in part, a
consequence of proline isomerisation in the dena-
tured state.”” Unlike YibK, YbeA does not possess a
cis-proline residue, nor any other proline residues in
its native structure that appear to affect folding.
Furthermore, it is possible that intermediate states
similar to I; and I, seen in the folding of YibK exist for
YbeA, but are simply too unstable to be populated
significantly. Both YbeA and YibK fold via sequential
mechanisms that involve monomeric kinetic inter-

mediates that are the precursors to native dimer
formation (Figure 8). Equally, they display a slow
dimerisation phase that has an apparent rate
constant in the region of 2x107% s '—4x1072 s~ " at
1 uM protein (Figure 8). The corresponding second-
order rate constants are some five orders of mag-
nitude below the diffusion limit of 10°~10° M ' s,
implying that association is not diffusion limited in
the folding of YbeA or YibK. It is interesting to note
that their dimerisation is much slower than that
observed for other dimeric proteins,®*** suggesting
that a slow dimerisation step may be a characteristic
of knotted protein folding. The dimerisation of YbeA
displayed no obvious dependence on protein con-
centration at pH 7.5, suggesting that it is limited by a
conformational change rather than a collision event
at this pH, and so becomes a first-order reaction
(Figure 5(c)). An identical situation was seen for the
dimerisation reaction observed at pH 7.5 for YibK,
which was also independent of protein concen-
tration.”” Both YibK and YbeA populate kinetic
monomeric intermediates that are similar to those
observed during equilibrium unfolding, shown by
the good agreement of m-values and stability (Tables
2 and 4).*Y These monomeric intermediates are the
precursors to native dimer formation, and are
formed in a relatively slow folding step with a rate
constant in the region of 0.1-0.2 s ! (Figure 8). The
increased stability of the YibK dimer compared to
that of YbeA means that, under the conditions
studied, dissociation is always rate-limiting during
unfolding of wild-type dimeric YibK, and no change
in the unfolding rate-determining step with urea
concentration is observed.*’

Conclusions

The folding of the knotted homodimer YbeA has
been studied under a variety of buffer conditions
using equilibrium denaturation and kinetic single-
jump and double-jump experiments. YbeA unfolds
under equilibrium conditions by a three-state dimer
denaturation model involving a monomeric inter-
mediate of appreciable structure and moderate
stability. Kinetics experiments show that YbeA
folds via a simple three-state sequential mechanism
where monomeric precursors form native dimer in a
slow dimerisation step. The kinetic and equilibrium
monomeric intermediates have similar properties.

The folding of YbeA has been compared to that of
the related knotted dimer YibK. Reversible folding
in urea is a shared trait, and both have considerable
stabilities and a common equilibrium unfolding
mechanism. Strong dimerisation appears to be a
characteristic of knotted proteins, and no evidence
of dissociation of either protein is seen in buffer near
neutral pH. Additionally, both fold via sequential
mechanisms that involve the slow formation of a
kinetic monomeric intermediate followed by an
even slower dimerisation step. These similarities
suggest that the mechanism of folding and knot
formation in both proteins may be alike.



Comparison of the Folding of Two Knotted Proteins

663

Materials and Methods

Materials

The gene encoding the hypothetical protein YbeA was
amplified from Escherichia coli genomic DNA and
subcloned into the pET-17b vector (Novagen). Chroma-
tography columns and media were obtained from GE
Health Sciences, and molecular biology grade urea was
purchased from BDH Laboratory Supplies. All other
chemicals and reagents were of analytical grade and
were purchased from Sigma or Melford Laboratories.
Millipore-filtered, double-deionised water was used
throughout.

Protein expression and purification

YbeA was purified by the protocol used for YibK."
Protein yield was approximately 40 mg 1.

Buffers

Unless stated otherwise, all experiments were carried
out in both 50 mM Tris-HCI (pH 7.5), 200 mM KCl,
10% (v/v) glycerol, 1 mM DTT and 50 mM Tris-HCI
(pH 7.5), 1 mM DTT. Aggregation assays were used to
confirm that YbeA remained soluble under all condi-
tions used (data not shown).*!

Size-exclusion chromatography

Size-exclusion chromatography (SEC) was performed
on YbeA by the methods used for YibK, and these are
described elsewhere.'” YbeA samples at various concen-
trations of protein between 5 pM and 40 uM, pre-
equilibrated in 50 mM Tris-HCI (pH 7.5), 200 mM KCl,
10% glycerol, 1 mM DTT, were injected (100 pl) onto an
analytical gel-filtration column equilibrated in the same
buffer. The relative elution volume was compared to that
of molecular mass standards. SEC was not performed in
50 mM Tris-HCl (pH 7.5), 1 mM DTT, as YbeA interacted
with the column without salt present.

Spectroscopic measurements

All measurements were made at 25 °C using a ther-
mostatically controlled cuvette or cell. For fluorescence
studies, an excitation wavelength of 280 nm (4 nm band-
pass) was used in all experiments. An SLM-Amico
Bowman series 2 luminescence spectrometer with a 1 cm
path-length cuvette was used for fluorescence equilibrium
denaturation experiments, and scans were recorded from
310-350 nm. Far-UV CD spectra were measured using an
Applied Photophysics Chirascan. Scans were taken be-
tween 190 nm and 260 nm at a scan rate of 1 nm s~ using a
0.1 cm path-length cuvette. Rapid-mixing fluorescence
data were collected using an Applied Photophysics
SX.18MV stopped-flow fluorimeter with a 335 nm cut-off
filter.

Equilibrium denaturation experiments

Equilibrium denaturation experiments on YbeA were
performed using the chemical denaturant urea and the

methods described for YibK."” Samples were left for at
least 1 h to equilibrate, after which no change in spectro-
scopic signal was seen.

Kinetic unfolding and refolding experiments

Kinetic folding experiments using rapid-mixing techni-
ques were performed on YbeA by the methods used for
YibK as described.*”

Data analysis

All data analysis was performed using the non-linear,
least-squares fitting program Prism, version 4 (GraphPad
Software). A detailed description and derivation of the
equations used to analyse YbeA equilibrium denaturation
curves and kinetic traces can be found elsewhere.'”?
Briefly, equilibrium data were first fit to a two-state dimer
denaturation model:

K
N> <%oD Scheme 3

where the fraction of unfolded monomers, Fp, can be

defined as:
/K2 + 8KyP, — Ky

4Pt

Fp =

where P; is the total protein concentration in terms of
monomer, and the equilibrium constant Ky, is defined as:

Ku = exp (RTln(Pt — m([D] 50%—[denaturant}))

RT

Fluorescence and far-UV CD datasets for each protein
concentration were fit individually to:

Y() = YN(l — FD) + YpFp (1)

where Y, is the spectroscopic signal at a given con-
centration of urea, and Yy and Yp, are the spectroscopic
signals for native and denatured monomeric subunits,
respectively.

Additionally, data for each buffer were globally fit over
all concentrations of protein to a three-state dimer
denaturation model involving a monomeric intermediate:

2P,F2
K‘l ‘) + Y1(F1) + Yp(KzFy) 2)

Yrel = YN(

where Y is the normalised spectral signal, Yy, Y7 and Yp
are the spectroscopic signals of the native, intermediate
and denatured state, respectively, F; represents the
fraction of monomeric subunits involved in the inter-
mediate state, and K; and K are the equilibrium constants
for the first and second transitions, respectively.

A global analysis of YbeA kinetic traces was undertaken
where all refolding and unfolding kinetic transients at
different concentrations of urea were considered together
and fit to a single equation.*”*> This analysis makes
several assumptions: first, that there are two, reversible
folding phases; and second, that the folding limbs of both
phases are linear. The second assumption is valid, as
refolding rate constants obtained from the analysis of
separate refolding traces show a linear dependence on the
concentration of urea; no rollover is observed (data not
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shown). All YbeA kinetic traces measured under the same
buffer conditions were fit globally to:

Y(f) = Y'Native + Ylexp(—kobslt) + YzEXp(—kobszt) (3)
where kgps = Kk=© exp(—mk/ [urea]) +KEO exp(my, [urea]) for
phases 1 and 2, and Y; and Y, are the corresponding

fluorescence amplitude changes. Parameters kf*©, ki, my,

and my, for each phase were shared throughout al
datasets, and were utilised to construct the chevron plots
shown in Figure 6(a) using:

In kops = ln(k}qzoexp(—mk/ [urea])
+ kquoexp(mk” [urea))) (4)

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

Kinetic simulations to model the time-course of species
present during refolding via the folding mechanism
shown in Figure 8(c) were performed using the numerical
modelling program KINSIM,** and the appropriate rate
constants from the chevron plots.

Solvent-accessible surface area and m-value
calculations

The SASA of native dimeric YbeA was calculated from
the coordinates of its X-ray crystal structure, using the
web-based program GETAREA version 1.1.** The SASA
was calculated also for a fully folded monomer subunit.
The SASA of an unfolded monomer was estimated using
values for individual residues obtained from tripeptide
studies.”> These studies used Gly-X-Gly tripeptides as
model compounds for the SASA of side-chains in the
unfolded state. However, tripeptide models are thought to
often overestimate the SASA of the unfolded state;
therefore, the SASA of an unfolded monomer was also
estimated using values obtained from hard-sphere simu-
lations, termed the upper bound model.*®

It has been shown that the m-value of a protein is highly
correlated to the ASASA between native and denatured
states, and the following relationship has been observed
for proteins without crosslinks:*°

Urea m-value = ASASA(0.14+0.01) (5)

This relationship, along with the ASASA calculated for
the unfolding transition, was used to estimate the m-value
associated with complete unfolding from native dimer to
two unfolded monomers. The theoretical m-value asso-
ciated with dimer dissociation to fully folded monomer
subunits was also estimated using this method; the ASASA
upon dissociation is the difference in SASA between native
dimer and two fully folded monomers.
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