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Markov State Models and tICA Reveal a Nonnative
Folding Nucleus in Simulations of NuG2
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ABSTRACT After reanalyzing simulations of NuG2—a designed mutant of protein G—generated by Lindorff-Larsen et al. with
time structure-based independent components analysis and Markov state models as well as performing 1.5 ms of additional
sampling on Folding@home, we found an intermediate with a register-shift in one of the g-sheets that was visited along a minor
folding pathway. The minor folding pathway was initiated by the register-shifted sheet, which is composed of solely nonnative
contacts, suggesting that for some peptides, nonnative contacts can lead to productive folding events. To confirm this experi-
mentally, we suggest a mutational strategy for stabilizing the register shift, as well as an infrared experiment that could observe

the nonnative folding nucleus.

There are many important questions surrounding the physics
of protein folding that remain unanswered (1). Why do pro-
teins fold quickly? What is the role of nonnative interactions
in the folding process? Are there multiple pathways to the
folded state? Molecular dynamics (MD) simulation has
proven to be a powerful tool that can provide an atomic level
answer to these and other biophysical questions (2-4) as
well as a way for interpreting and predicting new experi-
ments (5). Nonetheless, making sense of large and high-
dimensional MD datasets can be difficult, but the analysis
can be made simpler by employing Markov state models
(MSMs). An MSM consists of a set of states (groups of pep-
tide conformations) and the probabilities of interconversion
between those states (6-9). There are two main steps in the
MSM construction process. The first is clustering the data
into some (preferably small) set of states and the second is
estimating the probabilities of transitioning between states.
Recent work has highlighted the importance of the state
decomposition: the general features of the model depend
significantly on the choice of the state space and basic struc-
tural metrics, such as root mean-square deviation (RMSD)
in atom positions or dihedral angles may not be the best
choice for clustering protein conformations (10). In addi-
tion, recent improvements have illustrated that distance met-
rics designed to ignore fast degrees of freedom can produce
a superior state decomposition and provide better estimates
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of kinetic and thermodynamic observables (11,12). Alterna-
tive approaches, which use an energy-minimization during
the clustering step, can also be useful for avoiding pathol-
ogies of strictly structural metrics (13).

In this Letter, we discuss the time structure-based inde-
pendent components analysis (tICA) method applied to
simulations of the peptide NuG2. This protein is a mutant
of protein G, which was computationally designed to fold
faster via mutations that stabilized a §-sheet between strands
1 and 2 (14). Previously, Beauchamp et al. (15) built an
MSM on the dataset generated by Lindorff-Larsen et al.
(16) utilizing the RMSD of atom positions as the distance
metric during the clustering step. We reanalyzed the same
dataset, but used tICA to build the new MSM (see MSM
Construction in the Supporting Material). When we
compared the RMSD-based model to one built using the
tICA metric, we found that there was a new slow timescale
(~180 ws) in the tICA model that was absent in the RMSD-
based model (Fig. 1). This slow process corresponded to a
near-native state, which had a two-residue register shift in
the sheet formed between strands 1 and 2. In fact, this pro-
cess was also observed in the RMSD-based model (see
Fig. SI in the Supporting Material), but the corresponding
timescale was two orders-of-magnitude faster in the original
model (Fig. 1). The timescale’s sensitivity to the choice of
state decomposition illustrated that this eigenprocess was
not adequately sampled in the original simulation. In fact,
this register-shifted state was only visited at the very end
of a single trajectory. To improve our estimate of the regis-
ter-shifted state’s kinetic and thermodynamic properties,
we used Folding@home to generate 1.5 ms of aggregate

P

@ CrossMark


mailto:pande@stanford.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2016.03.026&domain=pdf
http://dx.doi.org/10.1016/j.bpj.2016.03.026

A 10°

=
o
»

=
o
W

Implied Timescales (ns)
-
o
~

2
10 Anton/ Anton/ F@h/

RMSD tICA tICA

sampling (17) (see Folding@home Sampling in the Sup-
porting Material). The folding timescale of the new MSM
was slightly faster (~6 ws) than previous models, likely
due to using one order-of-magnitude fewer states. However,
recent results have illustrated that models built with greater
than a few hundred states may be overfit to the observed data
(18), and we are therefore more confident in this model than
the previous ones.

Using transition path theory (19), we found that most of
the reactive flux went through a pathway that first forms
the sheet between strands 1 and 2, and then forms the
remainder of the native secondary structure (Fig. 2). How-
ever, ~1% of the flux flowed through the register-shifted
state along a pathway that again first forms the sheet be-
tween strands 1 and 2, but with a two-residue register shift.
After the formation of this sheet, the remainder of the sec-
ondary structure forms as it is in the native state and then
in a final step, strand 2 shifts to the native register. Because
the register shift contacts are nonnative, this pathway is
nucleated by a state that is made up of entirely nonnative
secondary structure.

The register-shifted state is fairly stable, having an equi-
librium free energy (AG) of ~2 kcal/mol above the native
state. Interestingly, the two-residue shift in secondary struc-
ture is also accompanied by a two-residue shift in the hydro-
phobic contacts in the core (Fig. 1). A similar shift in the
hydrophobic contacts was observed for the register-shifted
states found in NTL9; 39 (11), suggesting a larger trend
that register-shifted states can be stabilized by favorable hy-
drophobic packing. In fact, these results suggest that register
shifts are more probable when the shift in register does not
significantly disrupt the hydrophobic core.

By comparing the hydrophobic contacts in the register-
shifted and native folds, Tyrl6 and Phel4 appear to be
in competition for forming a contact with Tyr33 (Fig. 1).
Therefore, by mutating one of these residues we believe it
is possible to stabilize (or destabilize) the register-shifted
state relative to the native fold. For instance, the Y16T muta-
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FIGURE 1 (A) A slow eigenprocess (red,
dashed line) was found in the both the
tICA and RMSD models built with the Anton
dataset, but with two very different time-
scales indicating a large uncertainty in the
model. After producing a new dataset on
Folding@home, we found that the time-
scale was best estimated to be ~15 us. (B)
The slow timescale corresponded to a
two-residue register shift in strand two.
The native state is shown in the top two
images, and the register shift in the bottom
two. There is a corresponding two-residue
shift in the hydrophobic core, with Tyr'®
(yellow) contacting Tyr33 (purple) in the
native state, while in the register-shifted
state, Phe14 (blue) stacks with Tyr33 (pur-
ple). To see this figure in color, go online.

tion (which reverses one of the mutations made by Nauli
et al. (14)) would remove the Tyr16-Tyr33 contact formed
in the native fold and possibly force the protein to adopt a
register-shifted conformation with Phel4 contacting Tyr33.
The stacking of two benzenes has been estimated to be
between 1 and 2 kcal/mol (20), and so, this mutation could
shift the population significantly. However, we note that
other mutations, which disrupt the contacts with Tyr33 or
the hydrophobic packing, could also be useful. Because the

FIGURE 2 Folding occurred along three main pathways. The
largest flux pathway (~55%) proceeded through the native sheet
between strands 1 and 2 (N;;) and then to the folded state. The
second largest pathway (~10%) proceeded by first forming the
sheet between strands 3 and 4, and then folding to the native
state. Additionally, a low-flux (~1%) pathway proceeded through
the register-shifted state (Ri2). To see this figure in color, go
online.
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register-shifted conformation has a significantly different
backbone hydrogen-bonding network, infrared (IR) spec-
troscopy with carefully placed '*C="%0 probes provides a
powerful tool to confirm our observations. The stability of
the register-shifted state puts observing this conformation
at the cusp of what is possible with a conventional IR exper-
iment. Therefore, we suggest leveraging the between-strand
coupling of two heavy carbonyl labels to observe the state.
Briefly, when two labeled carbonyls are on adjacent strands
and within one or two residues, an anomalously large IR ab-
sorption occurs (21). We suggest labeling Leu5 and Thrl12,
which will be adjacent in the register-shifted conformation
but separated by two residues in the native fold (see Fig. S6).

Our results provide compelling evidence for the necessity
of kinetically informed distance metrics, and shed light on
the limits of simple structural metrics such as RMSD. In
addition, our new dataset indicates that the folding of
NuG?2 can proceed through a minor pathway that is nucle-
ated entirely by nonnative secondary structure. Many have
assumed that nonnative contacts can only give rise to so-
called glassy free-energy landscapes that will slow the
folding process (22). However, the mutations made by Nauli
et al. (14) that introduced these stable nonnative contacts
actually increased the rate of folding by several orders of
magnitude. These observations are consistent with previous
work from Clementi and Plotkin (23), who found that favor-
able nonnative interactions can speed up the folding reaction
in simplified models, but because we studied a real protein,
we can go further to suggest specific experiments that
can verify (or refute) our conclusions. In fact, register shifts
have been observed in many other MD studies (10,24), and
these nonnative folding nuclei may be quite prevalent. So
long as the nonnative structure can correct itself without
completely unfolding, then nonnative contacts may lead to
productive folding events.

SUPPORTING MATERIAL

Supporting Materials and Methods, Supporting Results, and eight figures
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
3495(16)30107-2.
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