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Abstract: Several mechanisms intrinsic to a protein’s primary structure are known to cause
monomeric protein misfolding. Coarse-grained simulations, in which multiple atoms are
represented by a single interaction site, have predicted a novel mechanism of misfolding exists
involving off-pathway, non-covalent lasso entanglements, which are distinct from protein knots
and slip knots. These misfolded states can be long-lived kinetic traps, and in some cases are
structurally similar to the native state according to those simulations. Here, we examine whether
such misfolded states occur in long-time-scale, physics-based all-atom simulations of protein
folding. We find they do indeed form, estimate they can persist for weeks, and some have
characteristics similar to the native state. Digestion patterns from Limited Proteolysis Mass
Spectrometry are consistent with the presence of changes in entanglement in these proteins.
These results indicate monomeric proteins can exhibit subpopulations of misfolded, self-
entangled states that can explain long-timescale changes in protein structure and function in vivo.

One-Sentence Summary: Entangled misfolded states form in physics-based all-atom
simulations of protein folding and have characteristics similar to the native state.
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Several mechanisms intrinsic to a protein’s primary structure are known to cause
monomeric protein misfolding (Table 1). Recently, high-throughput, coarse-grained simulations of
protein synthesis and folding of the E. coli proteome have suggested there exists an additional
widespread mechanism of misfolding™: proteins can populate off-pathway misfolded states that
involve a change in non-covalent lasso entanglements2. This type of entanglement is defined by
the presence of two structural components: a loop formed by a protein backbone segment closed
by a non-covalent native contact, and another protein segment that is threaded through and
around this loop*® in some cases multiple times (Figs. 1a and 1b). One-third of protein domains
have such entanglements present in their native state®, and since most proteins are multidomain,
around 70% of globular proteins contain these structural motifs.

The misfolded states observed in the aforementioned simulations involved either the gain
of a non-native entanglement (i.e., the formation of an entanglement that is not present in the
native ensemble, Table S1 and Fig. S1) or the loss of a native entanglement (i.e., an entanglement
present in the native state fails to form, Table S1 and Fig. S1)'-3. This newly predicted class of
misfolding offers an explanation for the decades-old observations that non-functional (or less
functional) protein molecules can persist for long timescales without aggregating, and in the
presence of chaperones neither get repaired nor degraded’™.

The coarse-grained simulations, in which individual residues are represented by single
interaction sites, suggest these misfolded states are often long-lived because to correctly fold they
need to change their entanglement state: e.g., an entangled state would need to disentangle,
which is energetically costly as already folded portions of the protein would need to unfold (see
folded gray segments in Figs. 1b and 1c¢). Moreover, these states are likely to bypass cellular
quality control mechanisms and remain long-lived in vivo’® because in some cases they are
similar in size, shape, and structure to the native state (compare Figs. 1b and 1d).

Two criticisms of these findings are that they are based on a model with limited spatial
resolution and use force field approximations that have the potential to affect the results. It could
be the case, for example, that these states are never populated in a physics-based all-atom
model. Further, the coarse-grained force field is “structure-based”, meaning the native state is
encoded to be favored over other states'. Both of these approximations have the potential to
affect these earlier findings.

Here, we examine whether a more fundamental, physics-based, all-atom model of the
protein folding process exhibits these self-entangled states; and if they do, we test whether those
states are off-pathway long-lived traps with properties similar to the native state. To do this, we
analyze previously reported all-atom protein folding trajectories of ubiquitin'' and N-terminal
domain (NTD) of A-repressor'? starting from their native and unfolded states (Fig. 2a and b).
Ubiquitin is a small protein (76 residues) found in eukaryotic organisms and regulates a range of
processes including protein degradation and the cell cycle. Ubiquitin folds on the millisecond (ms)
timescale under typical conditions in vitro'® and in about 3 ms in molecular dynamics simulations™.
The NTD of A-repressor in the published trajectories’ is 80 residues in length, binds DNA, and
folds on the microsecond timescale'>'*. Non-covalent lasso entanglements are not present in the
native structure of either of these proteins.

We analyzed whether non-native entanglements are populated during the folding
trajectories of Ubiquitin and A-repressor (Figs. 2c and d) totaling 8 milliseconds and 643
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80 microseconds of simulation time, respectively. We observed several non-native entangled states
81 (denoted by high, non-zero G values (eq. S4) in Figs. 2c and d) during folding transitions (indicated
82 by shifts from low to high Q values in Figs. 2c and d). Thus, protein self-entangled states are
83  observed in all-atom models. Next we asked whether these entangled states are off-pathway. We
84  never observe in these trajectories a direct transition from a (high G, low Q) pair of values to a
85 (low G, high Q) pair of values from one time point to the next; meaning there is never a direct
86 transition from the misfolded state to the native state. Hence, these misfolded states are off
87  pathway — they must unfold to reach the native state. These entangled states are clearly short-
88 lived (lasting just a few nanoseconds according to Figs. 2c and d), seemingly at odds with the
89 prediction that these can be kinetically trapped states?. However, these simulations were
90 performed at high temperatures (390 K for Ubiquitin and 350 K for A-repressor), near their melting
91 temperatures in the all-atom force field and configurational transitions are accelerated. Therefore,
92 these states may be able to rapidly disentangle due to these high temperatures.

93 To test if these states are kinetic traps at physiological temperatures we performed
94  unrestrained molecular dynamics simulations at 310 K (37 °C). We selected entangled structures
95 that had at least 60% of their native contacts (Q) formed as starting structures, resulting in 21 and
96 12 structures, respectively, for Ubiquitin and A-repressor. Structurally, these entangled states are
97  qualitatively similar (Table S2), 20 out of the 21 ubiquitin structures have closed-loops located
98 towards the C-terminus and the threading segment composed of the N-terminus. For A-repressor,
99 the loop forms towards the C-terminal end, and is very similar in all conformations, and the N-
100 terminal threads through it. Representative structures for these entangled states are shown in
101  Figs. 2e and f. Three independent molecular dynamics trajectories were started from each of
102  these conformations and the simulations were run for 700 ns, or until the entanglement was lost
103  (i.e., G = 0 was reached).

104 For the 63 trajectories (= 21 x 3) of ubiquitin, 71% (45 out of 63) contain a non-native
105 entanglement that persists for 700 ns (Fig. S2a and Table S2). On average then, the time to
106  disentangle is approximately 2.1 us (estimated using eq. S6, setting t = 700 ns). For A-repressor,
107  17% of trajectories (6 out of 36) persist in an entangled state for 700 ns (Fig. S2b and Table S2).
108  The average time to disentangle for A-repressor is approximately 390 ns (estimated using eq. S6
109  setting t = 700 ns), 50 times faster than for ubiquitin entanglements.

110 Relative to their time-scale of protein folding, these entangled states are not long-lived
111 kinetic traps even at 310 K. Based on the previous coarse-grained simulation results this is to be
112 expected', since ubiquitin and NTD are small single-domains proteins. They are representative
113  of the “model proteins” that have been traditionally studied by biophysicists and which
114  demonstrate the ability to rapidly and efficiently unfold and refold®, but are not representative of
115  the complexity of proteomes’®, (e.g., the median protein length in yeast is 379 residues’’). In such
116  very small proteins, entanglements compose a large proportion of the total protein structure
117  present — and hence, it is easier to disentangle as most of the protein structure is misfolded and
118 less stable. For example, for the entanglements reported in Table S2, 79% of ubiquitin’s primary
119  structure is involved in the entanglement (i.e., either part of the loop or threading segment, Fig.
120  2g), and 83% of A-repressor’s primary structure is involved in the entanglement (Fig. 2h). In
121 contrast, a protein of median length with a misfolded entanglement will need to unfold substantial
122 amounts of already folded structure to permit disentanglement (Figs. 3a-f). Unfolding for these
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123 proteins is energetically more costly, and hence near-native entanglements in large proteins are
124  more likely to be long-lived kinetic traps?.

125 Unrestrained all-atom simulations are incapable of folding such large proteins on tractable
126  simulation time scales. Therefore, to test this “size-effect” hypothesis we calculated the lifetime of
127  two misfolded states of a larger protein, E. coli's 4-Diphosphocytidyl-2-C-Methyl-D-Erythritol
128 Kinase (Fig. 3a; 283 residues; gene ispE). This protein was chosen from our dataset of proteins
129 that exhibit entanglements in coarse-grained simulations'® because of its large size and because
130 it exhibits both classes of misfolding: a conformation with a gain of a non-native entanglement
131  and another with a loss of a native entanglement (Figs. 3b,c and Table S3). We carried out in
132 silico temperature jump experiments on both of these misfolded states of this enzyme that were
133  created by back-mapping coarse-grained conformations to an all-atom representation. Arrhenius
134  analyses were then carried out (Figs. 3g and 3h), corrected for the observed acceleration in
135  unfolding rates in all-atom simulations (see SI Methods Section 4), to estimate the lifetime of this
136  entangled state at 298 K (this temperature was used to allow comparison to experimental
137  unfolding data measured at this temperature; see S| Method for details). We calculate that it takes
138 28 days for the gain of a non-native entanglement misfolded state to disentangle, a necessary
139  step to reach the folded state (Fig. 3g and Table S4, specifically, 2.413x10¢ s (95% Confidence
140  Interval: [931.587 s, 4.338x10° s])). For the misfolded state involving the loss of a native
141  entanglement, we calculate the time it takes for this off-pathway state to unfold, a necessary step
142  to reach the folded state, is between 2 and 18 hours (Fig. 3h, see Table S4 for statistics). Thus,
143  misfolded changes of entanglement can be very long-lived states in larger proteins according to
144  physics-based all-atom simulations.

145 To experimentally test for the existence of these misfolded states, we unfolded purified 4-
146  Diphosphocytidyl-2-C-Methyl-D-Erythritol Kinase (ispE) in 6 M guanidinium chloride, initiated
147  refolding by dilution, and then probed the protein’s conformation with Limited Proteolysis Mass
148  Spectrometry™'® (LiP-MS, see S| Methods). LiP-MS allows us to pinpoint subtle structural
149  differences between folded and misfolded conformations®?°. Based on the predicted timescales
150 from simulations, we allowed ispE three relatively long refolding times (1 h, 10 h, and 24 h, Table
151 S8 and Supplementary Data) before probing it with limited proteolysis. Specifically, we examined
152 if any of the predicted changes in structure accompanying self-entanglement overlap with the
153  proteolysis products that exhibit a significant change in abundance in the refolded samples
154  relative to native ispE. If there was significant overlap at 24 hrs, and at least one other time point,
155  we considered these predicted changes in self-entanglement to be consistent with the mass spec
156  data (Table S8, bolded).

157 In the LiP-MS data we observe two positions with perturbed proteolytic susceptibility after
158  both 10 h and 24 h of refolding: residue 210 (an aspartic acid) and residue 161 (a threonine).
159 From this, we conclude that structural differences persist for at least 24 hours for some structural
160  subpopulations of this kinase. Next we cross referenced these two cut sites against our entangled
161 states (Table S8), and found they overlap with the structural changes observed in the
162  aforementioned ‘loss of entanglement’ conformation (Fig. 3c). Specifically, crossing residue 16, in
163  the native entanglement, is in van der Waals contact with residue 210 in the native state. When
164 this native entanglement fails to form in the misfolded state, it increases the solvent exposure of
165 residue 210 by 5%, making residue 210 more susceptible to protease digestion (Fig. 4a).
166  Consistently, residue 210 experiences a modest (3-4—fold) but significant (p<0.01 by t-test with
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167  Welch’s correction, Supplementary Data) increase in proteolytic susceptibility. Crossing residue
168 33, which forms a non-native entanglement in this misfolded state, forms a van der Waals contact
169  with residue 165 — a neighbor to the cut site 161 — and increases residue 161’s solvent exposure
170 by 28% (Fig. 4b). The probability of this agreement between these mass spec data and simulated
171  entanglements arising by random chance is 1 in 53 (p-value = 0.019, see Methods). Thus, this
172 misfolded state is highly consistent with this LiP-MS digestion pattern. The ‘gain of non-native
173  entanglement’ misfolded state (Fig. 3b) exhibits a significant overlap with the LiP-MS data only at
174  the 1 hour time point (cut site residue 118 (Table S8) is in contact with the crossing residue 44,
175  Fig. 4c). Therefore, there is structural agreement, but this misfolded state may persist in reality
176  for less than 10 hours rather than the 28 days estimated by the simulations. Overall, we see
177 generally consistent agreement between the predicted structural changes accompanying
178  entanglement and experimental data (Table S8 and Supplementary Data).

179 Finally, we analyzed how native-like are these three protein’s entangled states. The radius
180  of gyration of these states are comparable to the native state (the differences are less than 10%,
181  Table S5), indicating the entangled and native states are of similar sizes. These entangled states
182  are estimated to have a solubility similar to the native state (Table S5) according to a model that
183  accounts for the chemical properties of the exposed protein surface’. This indicates these
184  misfolded states are likely to remain as soluble in solution as the native fold. Next, we analyzed
185  the secondary structure of proteins using Stride software?' and find that the non-native entangled
186  states contain up to 80% of the secondary structure found in the native state (Table S2). Thus,
187 the size, solubility, and secondary structure analyses indicate these misfolded states have
188  similarity to the native state. This is again consistent with LiP-MS data for ispE in that only 2—4
189  peptides (out of >100) displayed significant differences in susceptibility at the different refolding
190 times. In other words, ispE can spontaneously refold much of its native structure, with changes
191 in entanglement resulting in subtle, local changes.

192 In conclusion, non-native self-entanglements occur during protein folding in all-atom
193 models, some of these states are long-lived, and have properties similar to the native state. The
194  simulated misfolded states are consistent with those populated during refolding from denaturant
195 and probed by protease susceptibility. This new class of protein misfolding opens up novel
196  avenues of research including new targets for drug design, expanding our understanding of
197  protein homeostasis in cells, and the impact of these states on protein function.
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287  Fig. 1. Visualizing misfolded changes of entanglement through various representations.
288  (a) Anillustration of the two geometric elements that compose an entanglement: the closed loop
289 is colored in red and the threading segment is in blue. The loop is closed by a non-covalent

290  contact between two residues (yellow). Such entanglements occur naturally in the native states
291  of some proteins. In other cases, non-native formation of these entanglements can occur. (b) 3-
292 D structure of a misfolded entangled state from the protein D-alanine—D-alanine Ligase B

293  (DDLB; the closed loop and crossing section of the threading segment of their entangled

294  regions are colored in red and blue, respectively) taken from previously reported coarse-grained
295 simulations’. Q and G correspond, respectively, to the fraction of native contacts formed in the
296  structure, and the fraction of native contacts that exhibit a change in entanglement. (c) A

297 flattened 2-d structure representation of the entangled state of DDLB. S = beta sheet, A = alpha
298  helix. (d) A 3-D structure of the crystal structure of DDLB. All native contacts are formed in the
299  crystal structure (Q=1) and there is no entanglement change (hence, ¢ = 0). (e) A flattened 2-d
300 structure representation of the native state of DDLB. The coloring scheme of the relevant

301 elements is the same in all panels.
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Fig. 2. Misfolded gains-of-entanglement are observed in all-atom protein folding
simulations. (a) Ubiquitin's native structure and (b) A-repressor's native structure have no
entanglement present. (¢) Upper panel: Ubiquitin's fraction of native contacts Q versus time from
all-atom simulations, the blue-dashed line represents Q = 0.6. Lower panel: Ubiquitin's degree
of entanglement G versus time for the same trajectory. (d) Same as Fig. 2c, but for A-repressor.
(e) 3-D structure of a Ubiquitin entangled state observed at the time point labeled (i) in Fig. 2c,
with entanglement elements colored as in Fig. 1a. (f) Same as Fig. 2e, but for A-repressor, and
from point labeled (i) in Fig. 2d. (g) A flattened secondary structure representation for the
entangled state in Fig. 2e. (h) Same as Fig. 2g, but for A-repressor.
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314

315 Fig. 3. Misfolded states involving either the gain of a non-native entanglement or loss of
316 a native entanglement in a larger protein are estimated to persist from hours to weeks.
317  (a) Native structure of 4-Diphosphocytidyl-2-C-Methyl-D-Erythritol Kinase (PDB ID: 2WW4). (b)
318  Gain of a non-native entanglement structure in this protein. 92% of native contacts are present
319 in this structure (Q=0.92). (c) Loss of a native entanglement structure. 77% of native contacts
320 are present in this structure (Q=0.77) and 8% of the native contacts exhibit a change in

321  entanglement state relative to the native state (G=0.081). (d)-(f) Flattened secondary structure
322  representation of the structures shown in panels (a)-(c). Structure in C-terminal is shown as a
323  simple line as it does not involve the native entanglement. (g) Arrhenius plot for the gain of a
324  non-native entanglement state, with a super-Arrhenius fit?>23, error bars of the natural logarithm
325  of disentanglement rate at high temperatures are smaller than symbols, and the extrapolated
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326 lifetime of disentanglement at 298 K is about 28 days (corrected for the acceleration in unfolding
327  rates observed in all-atom simulations). Error bars represent the 95% confidence interval about
328 the mean. Kapp in a unit of ns™'. (h) Same as Fig. 3g but for the loss of native entanglement

329  state, the time it takes to unfold is extrapolated to between 2 and 18 hours (Table S4), the plot
330 shows the results for Q¢nresnoia = 0.2.
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332

333  Fig. 4: Overlap between the LiP-MS Proteinase K cut sites and the observed misfolded
334  structures in 4-Diphosphocytidyl-2-C-Methyl-D-Erythritol Kinase. (a-c) The two residues that
335 form the native contact to close the loop, the residue that crosses the plane of the loop on the
336 threading segment, and the backbone segment making the loop are shown, respectively, as two
337 yellow spheres, a magenta sphere, and a blue segment. The remaining portions of the protein
338  structure are shown in gray. The residue that is cut by Proteinase K is shown as a red-mesh
339  sphere, along with +/-5 of its nearest neighboring residues along the primary structure are shown
340 in red-transparent volume. The residues overlapping between these entangled residues and the
341 Proteinase K cut site are shown as red-solid spheres. (a) The loss-of-native-entanglement
342  structure (same conformation as in Fig. 3c, shown in different viewpoint) is consistent with the
343  Proteinase K cut site at residue D210, observed in the mass spec data at the 10 and 24-hour time
344  points (Table S8). (b) Same conformation as in Fig. 3c (loss-of-native-entanglement structure,
345 shown from a different viewpoint) but has contact gains of non-native entanglement with
346  entangled residues overlap with PK cut site at residue T161, observed in the mass spec data at
347  the 10 and 24-hour time points (Table S8). (c) A gain-of-non-native entanglement structure (same
348 conformation as in Fig. 3b, shown from a different viewpoint) illustrating the overlap with
349  Proteinase K cut site L118, observed in the mass spec data at the 1-hour time point (Table S8).
350 Note well, the bar connecting the two yellow spheres is emphasizing there is a non-covalent
351 interaction; there is not a disulfide bond between these two residues.
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Table 1. Mechanisms of protein misfolding?2°

Intrinsic to the primary
structure

Extrinsic to the primary structure

e Proline isomerization

e Intra-chain domain
swapping

e QOut-of-register B-strands

e Incorrect helix packing

e Mispacking of sidechains

e Alternative 2" or 3
structure

e Backtracking (frustration)

¢ Incorrect disulfide bond
formation

Transcription & Translation errors

mRNA splicing errors

Perturbation of temperature, oxidative stress,
pH, osmotic pressure, protein concentration,
chaperones, processing enzymes

Soluble & insoluble aggregation

Genetic mutations

Erroneous complex formation
Improper/incomplete degradation

Cofactor and ligand concentrations
Post-translational modifications

Inter-chain domain swapping
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