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Structures that contain a knot formed by the path of the polypep-
tide backbone represent some of the most complex topologies
observed in proteins. How or why these topological knots arise
remains unclear. By developing a method to experimentally trap
and detect knots in nonnative polypeptide chains, we find that
two knotted methyltransferases, YibK and YbeA, can exist in a
trefoil-knot conformation even in their chemically unfolded states.
The unique denatured-state topology of these molecules explains
their ability to efficiently fold to their native knotted structures in
vitro and offers insights into the potential role of knots in proteins.
Furthermore, the high prevalence of the denatured-state knots
identified here suggests that they are either difficult to untie or
that threading of any untied molecules is rapid and spontaneous.
The occurrence of such knotted topologies in unfolded polypeptide
chains raises the possibility that they could play an important, and
as yet unexplored, role in folding and misfolding processes in vivo.

knotted protein ∣ denatured state ∣ protein folding ∣ protein misfolding

Protein-folding pathways generally depend on both the intrinsic
properties of the polypeptide chain and the external influence

of the cellular environment. For example, whereas the shape of a
protein-folding free-energy landscape is essentially determined
by the amino-acid sequence, interactions with molecular chaper-
ones are also often required to avoid energy minima that corre-
spond to misfolded and aggregated species (1–3). The folding
pathways of many small, usually monomeric, proteins have been
extensively studied in an effort to understand the general rules
that govern protein folding and to facilitate protein structure pre-
diction, because both have significant implications in medicine
and drug design (4, 5). However, a growing number of proteins
have been identified over the last decade that challenge some
long-established beliefs in the field—they possess a knot deep
in their structure formed by the path of the polypeptide backbone
(6–9). These molecules, which appear to be self-tying, apparently
defy popular concepts that suggest that cooperativity, an increas-
ing degree of “nativeness,” and smooth energy landscapes are re-
quired for rapid and efficient protein folding (10). Such theories
imply that proteins should be knot-free. Trefoil, figure-of-eight,
and penta knots with three, four, and five projected crossings
of the polypeptide backbone, respectively, have been observed
in proteins from all three domains of life (11–13). The functional
advantages of knotted structures over their unknotted counter-
parts are unknown, although various computational studies have
suggested that topological knots may increase protein stability
or resistance to cellular translocation and degradation pathways
(11, 14–16). Whereas various routes for protein knotting have
been proposed, examples of which include the existence of an
intermediate “slipknot” configuration or specific, attractive non-
native contacts that promote a threading event (17–19), these
models have yet to be experimentally verified. For a complete
understanding of the de novo folding behavior of polypeptide
chains in vivo, further investigations into the mechanisms
involved in protein-knot formation are necessary.

The knotted proteins YibK from Haemophilus influenzae and
YbeA from Escherichia coli are single-domain, homodimeric
methyltransferases (MTases), whose structures, enzymatic func-

tions, and folding pathways have been probed using a combina-
tion of biophysical, biochemical, and computational techniques
(18–27). Both proteins adopt an α/β-fold and contain a right-
handed trefoil knot, where at least 40 amino acid residues have
passed through a similarly sized loop (Fig. 1 A–C). They can be
reversibly unfolded in vitro using chemical denaturants to a state
that has no detectable structure and undergo folding reactions
that involve the population of one or more monomeric intermedi-
ate states (26, 27). Experimental investigations into the folding
mechanisms of engineered variants of YibK and YbeA suggest
that either the polypeptide chain knots early on in the folding
reaction, before the formation of secondary and tertiary struc-
ture, or that knotting may even occur in the denatured ensemble
(24, 25). In addition, the identification of natural knotted MTase
proteins that have large appending amino or carboxy domains,
and natural tandem fusions of knotted domains within the same
polypeptide chain, provides a further indication that the knotting
of these proteins could involve very large loops (13). Is it possible,
then, that a protein can be knotted even in its denatured state?
This question has yet to be addressed due to the practical diffi-
culties that surround the experimental determination of whether
a polypeptide chain is indeed knotted at any point in time.
Furthermore, the presence of a knot in a denatured polypeptide
chain is somewhat unexpected due to the unfavorable entropic
cost of knotting. Because of this, it is a concept that is rarely
considered.

Here, we demonstrate that it is possible to experimentally trap
and detect knots in nonnative protein chains by the construction
of mutant knotted proteins that contain terminal cysteine
residues. These constructs can be circularized by formation of
a disulfide bond under nonreducing conditions. This effectively
tethers the termini of the protein and prevents the occurrence
of any subsequent threading or unthreading events. In principle,
this reaction can be carried out on any species that can be isolated
during the folding process. The ability of the circularized protein
to fold and form the native knotted structure can be used to verify
the presence of a knot under the conditions in which the disulfide
bond was first introduced. We have used this approach to inves-
tigate if the polypeptide chains of YibK and YbeA are knotted in
their chemically denatured states, where there is no detectable
structure (Fig. 1D). We find evidence to suggest that the dena-
tured ensemble of both proteins contains molecules that fre-
quently, if not predominantly, exist in the correct trefoil-knot
conformation for productive folding to the native knotted
structure. This result can explain the efficient folding reaction
of YibK and YbeA observed in vitro (20, 26) and has important
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implications for general protein-folding and misfolding processes
within the cellular milieu.

Results
YibK and YbeA Can Be Circularized Under Native and Strongly Dena-
turing Conditions. YibK and YbeA are particularly suited to
circularization due to the close proximity of their natural N
and C termini (Fig. 1 A and B). The introduction of a serine-
glycine spacer and a terminal cysteine residue at the amino
and carboxy terminus of both proteins generated constructs that
were capable of disulfide-bond formation. The terminal cysteine
mutants of YibK and YbeA were purified in their linear reduced
form and are here referred to as YibKSH

SH and YbeASH
SH, respec-

tively. Disulfide bonds were allowed to form in YibKSH
SH and

YbeASH
SH samples under both native and fully denaturing (6 M

GdmCl) conditions. The oxidation reaction was monitored by
quantifying the free sulfhydryl groups in solution using
5; 50-dithio-bisð2-nitrobenzoic acidÞ (DTNB). This resulted in
both monomeric and multimeric species in an approximately
equal ratio, suggesting that intra- and intermolecular disulfide
bonds form at comparable rates. Monomeric disulfide-bonded
species were isolated to yield the circularized proteins YibKcirc

nat
and YbeAcirc

nat (circularized under native conditions) and
YibKcirc

den and YbeAcirc
den (circularized under denaturing condi-

tions). The circularization of YibKSH
SH and YbeASH

SH under native
conditions generated reference states in which it is known that the
polypeptide chain is in a knotted conformation.

Circularized Forms of YibK and YbeA Can Refold to Their Correct,
Native Knotted Structure. Using our strategy, only YibKSH

SH and
YbeASH

SH molecules with their polypeptide backbone in the cor-
rect trefoil-knot conformation when circularized can subse-
quently refold to a knotted, dimeric native state. This feature
can be used to detect the existence of a knotted topology in

the denatured state of the two proteins (Fig. 1D). A variety of
structural and functional probes were employed to assess the
presence of the native fold, including measures of oligomeric
state, secondary structure, and ligand binding. In all cases,
refolded proteins that were circularized in their chemically dena-
tured states behaved the same as proteins that were circularized
in their native states (Fig. 2). This suggests that, for both YibKSH

SH
and YbeASH

SH, a trefoil-knot conformation can exist in the un-
folded protein. Analytical size-exclusion chromatography
(SEC) confirmed that, under native conditions, the circularized
constructs are able to form native-like dimers in solution, thus
demonstrating that the dimer interface, located near the knotted
core in YibK and YbeA, is present (Fig. 2A). A small peak
corresponding to a monomer of between 10–15% was observed
in the elution profiles of YibKcirc

den and YbeAcirc
den. This suggests that

the dimer interface is unable to form in a minor fraction of
molecules, perhaps because in these cases the polypeptide chain
has become untied under the strong denaturing conditions. The
far ultraviolet circular dichroism (far-UV CD) spectra of all the
circularized proteins are characteristic of the MTase α/β-fold
and indicate the formation of a native-like secondary struc-
ture (Fig. 2B).

YibK and YbeA bind the MTase cofactor S-adenosylmethio-
nine in a crevice that is formed by the knotted region of the pro-
tein (Fig. 1 A and B) (22, 28). The binding affinity for S-adenosyl
homocysteine (AdoHcy), the product of S-adenosyl methionine
after methyl-group transfer to the substrate has taken place,
can be used to confirm the integrity of the cofactor binding site
and therefore also the presence of the native, knotted structure
(21, 24). Binding of AdoHcy was measured using isothermal
titration calorimetry (ITC) for the circularized proteins; all
displayed a similar affinity for AdoHcy as the equivalent linear
species (Fig. 2C and Table S1). Dissociation constants were
in the range of 59–74 μM and 0.6–2.4 μM for YibK and YbeA

Fig. 1. Detecting a knot in a nonnative protein chain. (A, B) The homodimeric knotted proteins YibK (160 residues, PDB ID code 1MXI) (A) and YbeA (155
residues, PDB ID code 1NS5) (B). Proteins are colored to highlight the deep trefoil knot in their structures: The knotting loop is yellow or cyan and the knotted
chain is red or blue. AdoHcy molecules are displayed as ball-and-stick models to show the cofactor-binding site in the knotted region of the proteins, de-
termined from crystallographic and modeling studies for YibK and YbeA, respectively (22, 28). (C) A topological diagram of an α/β-knot MTase to illustrate the
position of the knot within the structure. The numbers refer to common secondary structure elements. (D) A strategy to trap and identify knots in protein
chains using disulfide chemistry, shown here for the denatured state of a knotted protein. Only those molecules that contain a knot in their denatured states
can, after circularization, refold to the correct native knotted structure.
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proteins, respectively. Consequently, all the structural and func-
tional probes indicate that the circularized proteins are able to
form the correct knotted, homodimeric, native structure irrespec-
tive of whether they were circularized in a native or denatured
state. These results demonstrate that the polypeptide chains of
YibKSH

SH and YbeASH
SH can exist in a right-handed trefoil-knot con-

formation in their largely unstructured, chemically denatured
states.

Knotted Denatured Polypeptide Chains as Protein-Folding Precursors
for YibK and YbeA in Vitro.We examined the stabilities and the fold-
ing pathways of the circularized knotted proteins to learn more
about their folding properties. Although 6 M GdmCl was used to
circularize YibKSH

SH and YbeASH
SH under denaturing conditions, the

chemical denaturant urea was employed in these experiments to
allow for comparison with previous studies on wild-type YibK and
YbeA. YibKSH

SH and YbeASH
SH unfold at lower concentrations of

urea than the parent wild-type proteins (Fig. 3). This suggests that
the mutations introduced to produce proteins that are able to
circularize have had a destabilizing effect. Circularization of a
protein can lead to an overall change in stability depending upon
the balance between the favorable entropic effect that results

from a loss in conformational entropy of the denatured state
and any strain caused by the introduction of a disulfide bond
in the native structure (29). Equilibrium denaturation profiles
measured for the circularized proteins studied here differ from
those of the corresponding linear reduced forms. They display
an increase in the midpoint of unfolding (½D�50%) of between
0.1–0.4 M urea and a decrease in the apparent slope of the tran-
sition, or m value (mapp), of between 0.7–1.6 kcalmol−1 M−1

(Fig. 3 and Table S2). This is consistent with circularization
having a stabilizing effect and the denatured state being more
compact.

Information on the rate and mechanism of folding of the cir-
cularized knotted proteins was obtained from analysis of kinetic
folding and unfolding data. Wild-type YibK folds from a urea-
denatured state with a complex kinetic mechanism that involves
four reversible folding phases. These correspond to the formation
of two different intermediates on parallel pathways that fold via a
third sequential monomeric intermediate to form a native dimer
in a slow rate-limiting dimerization reaction (Fig. 4A) (27). In
contrast, wild-type YbeA exhibits two reversible kinetic phases
that relate to native dimer formation from a monomeric inter-
mediate state (Fig. 4B) (26). The folding kinetics of YibKSH

SH

Fig. 2. Structural and functional characterization of linear and circularized knotted proteins. Data are shown for wild-type proteins (black), linear reduced
constructs with terminal cysteine residues (cyan), proteins circularized in the native state (blue), and proteins circularized in the denatured state (red).
(A) Native analytical size-exclusion chromatography. (B) Far-UV CD spectra under native (circles) and denaturing (solid lines) conditions. (C) Cofactor binding
isotherms measured using ITC. Insets show the original titration traces. The continuous line represents the best fit of the data to a single-site binding model
using the Origin software package (MicroCal Inc.). Data have been corrected for the heat of dilution. See also Table S1.

Mallam et al. PNAS ∣ May 4, 2010 ∣ vol. 107 ∣ no. 18 ∣ 8191

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/cgi/data/0912161107/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0912161107/DCSupplemental/Supplemental_PDF#nameddest=ST1


and YbeASH
SH and their associated circularized forms were

measured over a range of urea concentrations, and a global
analysis of the kinetic data was performed similar to that used
to determine the folding pathways of the wild-type proteins
(25, 26). The mutant proteins were all found to fold with the same
number of reversible, [urea]-dependent phases as the parent wild-
type proteins (Figs. S1 and S2), and the kinetic data were used to
calculate chevron plots (Fig. 5 and Table S3). The sum of the ki-
netic m values (mkin), which are the slopes of the chevron plots,
for all the folding and unfolding phases observed for YibKcirc

nat and
YibKcirc

den is some 0.7–1.3 kcalmol−1 M−1 lower than for YibKSH
SH.

Conversely, the kinetic stability of YbeAcirc
nat and YbeAcirc

den is at
least 1.5 kcal−1 mol−1 greater than for YbeASH

SH (Table S3). Both
these observations are consistent with the proteins being circular-
ized. Overall, however, the kinetic folding data suggest that the
gross features of the folding free-energy landscape of the knotted
proteins have not been altered upon circularization; circularized
and linear variants appear to fold through essentially the same
pathway as the parent wild-type proteins and populate similar
intermediate species. Moreover, the refolding rate constants
measured for the circularized proteins are comparable to those

calculated for the parent wild-type protein (Fig. 5 and Table S3).
This indicates that the trapping of the knot has had little impact
on the folding speed or the rate-determining step. Consequently,
a productive folding trajectory in vitro for wild-type YibK and
YbeA most likely begins from a knotted denatured state.

Knotting Characteristics of the Denatured Polypeptide Chains of YibK
and YbeA. Our data suggest that the large majority of denatured
YibKSH

SH and YbeASH
SH molecules have the correct trefoil-knot

conformation such that after circularization they can still fold
to the native state (Fig. 2). This implies that, during disulfide-
bond formation under denaturing conditions, either the polypep-
tide chains rarely (or never) become untied or knotted and
unknotted states exist in equilibrium and circularization of the
knotted species is favored. We investigated the effect of denatur-
ing the wild-type proteins in 6 M GdmCl at several temperatures
for various lengths of time. The refolding efficiencies of both
YibK and YbeA, as determined by their ability to dimerize
and regain the characteristic far-UV CD and fluorescence signals
of the native proteins, remain close to 100%, even after molecules
have been left to denature for up to four days at 37 °C (Fig. S3).
Successful refolding to a dimeric structure was observed after
denatured proteins were incubated at temperatures ranging from
50 to 90 °C; however, mass spectrometry, SEC, and SDS-PAGE
indicated that a significant proportion of the polypeptide chains
decompose into smaller fragments under these conditions. This
suggests that, at physiological temperatures, the denatured-state
knots in YibK and YbeA are relatively hard to untie and remain
present even after long periods of time, or that any untied
molecules can reknot rapidly and spontaneously before folding.
Taken together, these data demonstrate that occurrences of
chains in knotted conformations are frequent, if not prevalent,
in the denatured ensemble of these proteins.

Fig. 3. Equilibrium denaturation profiles of linear and circularized knotted
proteins. (A, B) Normalized urea denaturation profiles for YibK (A) and YbeA
(B) variants to demonstrate the slope and midpoint of the unfolding transi-
tion. Data were measured at 1-μM protein and are colored as in Fig. 2. The
solid lines represent the fit of the data to a two-state dimer denaturation
model. See also Table S2.

Fig. 4. The folding pathways of YibK and YbeA. The folding mechanisms
proposed for wild-type dimeric YibK (A) and YbeA (B), based on previous
kinetic analysis of folding and unfolding reactions (26, 27).

Fig. 5. Characterization of the folding free-energy landscapes of linear and
circularized knotted proteins. (A–D) Chevron plots calculated from the global
analysis of kinetic transients measured in urea for variants of YibK (A, B) and
YbeA (C, D). Data were measured at 1-μMprotein and are colored as in Fig. 2.
Rate constants for each phase are denoted by open diamonds (very fast),
filled diamonds (fast), open circles (slow), and filled circles (very slow dimer-
ization). Data were obtained from single-jump unfolding or refolding experi-
ments, except for the very fast, fast, and slow unfolding arms of the YibK
chevron plots that were calculated from interrupted refolding experiments.
See also Figs. S1 and S2 and Table S3.
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Discussion
The existence of a knot in the denatured states of YibK and
YbeA, while perhaps unexpected, is consistent with our earlier
work that examined the folding pathways of these proteins and
can explain the relative ease with which they can form their native
states during in vitro folding experiments (24, 26, 27). This in-
cludes the surprising result that the fusion of a large, stable struc-
tured domain at both the N and C termini of YibK and YbeA has
little effect on the folding kinetics (24, 26, 27). It is also in agree-
ment with previous mutational studies on YibK, which suggest
that the threading of the polypeptide chain and the formation
of protein structure occur independently, as successive events
(25). Moreover, the mechanisms by which the knotted denatured
states of YibK and YbeA fold to their native structures in vitro
may be more similar than we originally thought to those already
proposed for the folding of unknotted proteins, which involve co-
cooperativity and smooth folding energy landscapes to channel
the protein toward the native state.

The denatured knots identified here may arise from conforma-
tional preferences in the unfolded polypeptide chains, or they
may represent kinetically trapped states. In either case, the ability
of a polypeptide chain to adopt a knot in its denatured state is
somewhat surprising due to the unfavorable entropic cost of
knotting. Whether the denatured knots are loosely or tightly tied,
are stabilized by either native or nonnative contacts, or are in a
dynamic equilibrium with unknotted chains are areas for future
research. In fact, it was postulated over a decade ago that knots in
native proteins might originate from knotted denatured states
(30). Our results are consistent with computational and experi-
mental studies that have demonstrated that long flexible strings
and homopolymers, similar to denatured polypeptide chains,
have a high chance of becoming entangled of their own accord
(6, 31–34).

The results presented here can be related to events in the cel-
lular environment. Our data allow us to propose that denatured
knotted polypeptide chains are precursors to the folding
pathways of YibK and YbeA in vitro. It is possible that species
similar to the denatured knots detected in this study are also po-
pulated in vivo during the posttranslational folding of YibK and
YbeA, after they are synthesized on the ribosome and knotting
for the first time. Evidence that large loops are required during
the de novo folding of these proteins comes from the successful
biosynthesis of recombinant knotted fusion proteins of both YibK
and YbeA with a sizable (91-residue) domain attached at both
termini (24). A large number of natural knotted fusion proteins
with substantial domains at either the amino or carboxy terminus
have also been identified, including several that involve two tan-
dem knotted protein domains in the same polypeptide chain (13).
It has been proposed that the knotting of these proteins either
must involve very large loops, perhaps like the denatured-state
knots identified here, through which the whole domains are
threaded, or that knot formation may occur from both directions
by the threading of either the amino or carboxy terminal regions
(13). How the knot forms in the first place after protein synthesis
is unknown. It is possible that the polypeptide chain is initially
guided into the correct knotted conformation by a slipknot
intermediate, or by specific nonnative contacts, as suggested in
previous simulation studies on YibK and YbeA (18, 19).

We can consider the effect of a knotted denatured state on the
overall folding free-energy landscape of a knotted protein and
how this might be useful during the folding and unfolding events
that occur frequently within the cell. A chain that exists in a
knotted topology will have fewer accessible conformations and
therefore a lower entropy compared to an unknotted chain of
equal length. This will restrict the free-energy landscape and
facilitate the approach of the polypeptide chain to the native state
structure, thus reducing the probability of misfolding and aggre-
gation events (Fig. 6). In this way, the presence of a knot in the

denatured state might be considered an intrinsic “chaperone-
like” property of the protein to promote efficient folding. Con-
sequently, our results allow us to speculate that the origin of the
function of a knot in a protein may not lie in its effects on the
native structure, but instead in the unique properties of the de-
natured state. To exist in a knotted conformation when unfolded
in the crowded environment of the cell may be an advantage if it
leads to an increased ability to avoid misfolding and aggregation.
A knotted denatured state may have reduced exposed hydropho-
bic surface and volume, both of which are important properties
when considering folding vs. misfolding in the cellular environ-
ment. Further evidence to suggest that a knotted precursor state
encourages efficient protein folding comes from the observed
“robustness” of the folding pathways of variants of YibK and
YbeA in vitro. Formation of the native knotted structure is fully
reversible and is not significantly affected by circularization (in
either the native or the denatured state) or the attachment of do-
mains at the amino, carboxy, or both termini (20, 24, 26). This can
be compared to some initial views on knotted protein structures
that considered such topologies likely to hinder rather than aid
folding (35).

We have demonstrated that denatured polypeptide chains of
natively knotted proteins can exist in knotted conformations,
even under conditions where spectroscopic probes indicate little
structure. In some ways, this is similar to existing ideas that re-
sidual structure in the denatured states of nonknotted proteins

Fig. 6. Knotted denatured states could promote efficient protein folding.
Schematic representations of hypothetical folding free-energy landscapes
for knotted and unknotted proteins of equal length to demonstrate the
potential effect of a knot in the denatured state on the folding mechanism
of a protein. See also Fig. S3.
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can be important for folding (36–38). Previous studies have
shown that native-like topology can persist in the denatured
ensembles of monomeric proteins, either by use of simulations
to examine the mean structure of the denatured state (36) or
through analysis of residual dipolar coupling constants measured
experimentally (37). In addition, global residual structure, includ-
ing oligomer formation, has been observed in a multimeric
protein under unfolding conditions (38). Our results suggest that
the polypeptide knots identified here form with ease, or prevail,
in the denatured state. Consequently, denatured-state topologies
such as this may have a significant, and as yet unexplored, role in
general protein-folding and misfolding processes. For example,
do knotted conformations exist in the denatured states of un-
knotted proteins? Can knotted species similar to those identified
here lead to kinetic traps or misfolding, and, if so, how do un-
knotted proteins avoid or escape these knots during folding?
Is there a role for molecular chaperones in promoting or prevent-
ing knotting in nonnative polypeptide chains? Is it possible to pre-
dict if a denatured polypeptide chain has a propensity to knot,
and is this an important consideration for the de novo folding
of nascent polypeptide chains in vivo? The approach we have
used here to determine the presence of knots in polypeptide
chains is general and can be used in the future to address many
of these questions.

Materials and Methods
Expression and Purification of Proteins. The genetic sequences for YibK and
YbeA were extended by polymerase chain reaction to encode for a serine-

glycine linker and a terminal cysteine residue at each terminus and inserted
into a pET-17b (Novagen) vector. The cysteine residues Cys22 and Cys83 for
YibK and Cys122 for YbeAweremutated to alanine to prevent any ambiguity
in the position of any disulfide bond. The resultant proteins were expressed
and purified under reducing conditions (10 mMDTT) as described for the par-
ent wild-type protein (20, 26). DNA sequencing, SDS-PAGE, mass spectrome-
try, and amino acid analysis confirmed the identity and purity of each
protein. All protein concentrations are in monomer units.

Creation of Circularized Species. YibKSH
SH and YbeASH

SH were fully reduced [5 mM
tris(2-carboxyethyl) phosphine] in either native [50 mM Tris-HCl (pH 7.5),
200 mM KCl, 10% (vol∕vol) glycerol] or denaturing [0.1 M Tris-HCl (pH
8.0), 6 M GdmCl] conditions. The reducing agent was then removed by
buffer exchange. The subsequent oxidation reaction was monitored by
quantifying the free sulfhydryl groups in solution using 5; 50-dithio-bisð2-
nitrobenzoic acidÞ and resulted in both monomeric and multimeric species.
The circularized monomeric proteins were isolated using denaturing gel-
filtration chromatography, and the presence of a disulfide bond in these
molecules was verified by mass spectrometry and an absence of free thiol
groups (see SI Materials and Methods).

Protein Characterization. Analytical SEC, ITC, far-UV CD, fluorescence, and
thermodynamic and kinetic folding experiments were carried out as
previously described (20, 21, 24, 25, 27). Additional information on protein
characterization can be found in the SI Materials and Methods.
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