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ABSTRACT: Recent experimental data has shown that protein folding in the cytoplasm can differ
from in vitro folding with respect to speed, stability, and residual structure. Here we investigate
the all-atom molecular dynamics (MD) simulations of 9 copies of the model protein GTT WW
domain in a small bacterial cytoplasm model using three force fields. GTT has been well-studied
by MD in aqueous solution for comparison. We find that folded copies remain folded for up 25 us,
whereas unfolded copies do not fold for up to 190 us. Unfolded GTT in our cytoplasm model does
populate partly folded intermediates with one of the two hairpins formed. Relative to aqueous
solution, GTT gets stuck in metastable states with small RMSD and radius of gyration and
extensive burial of surface area against other macromolecules. In particular, GTT is even able to
form transient inter-molecular beta sheets with other proteins, resulting in ‘chimeric structure’ that
could be a precursor to oligomeric -aggregates. We conclude that sticking, enhanced by the non-
native mutations of GTT, is largely responsible and we propose, based on our result as well as
recent experiments, that co-evolution of protein surfaces with their solvation environment is

important for unhindered folding and diffusion of proteins in the cytoplasm.



INTRODUCTION

In vitro experiments,! theory,> and computational models® have shown that protein folding free
energy landscapes are shallow. That is, the free energy differences between folded and denatured
states and activation free energies are relatively small (0-40 kJ/mole) over the physiological
temperature range. Consequently most proteins fold relatively quickly (microseconds to minutes),*
and their stability is susceptible to changes in solvation conditions including tuning of the

0 and other

temperature,® pressure,® crowding,’ ionic strength, acidity,® chao-/kosmotopes®!
solvation parameters.

The native solvation environment for many proteins, the cytoplasm, is no exception to this
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rule, and experiments have reported cell type,'! cell cycle,!? and site-to-site dependence'® of
protein stability and folding kinetics in the cytoplasm, although the general folding mechanism
remains unchanged. In cells, proteins are subject to crowding (excluded volume)'* and sticking
interactions! in addition to quinary structure (weak functional interactions).!® For example, a
human homolog of a bacterial protein sticks in bacterial cells, while the bacterial protein diffuses
more freely, due to differences in electrostatics and surface hydrophobicity.!”

Here, we examine how a small (~16 proteins, ~262 small solutes, ~430 ions and ~50,000 water
molecules) all-atom model of the E. coli cytoplasm'® affects the folding of the 33-residue GTT
WW domain compared to similar simulations of GTT in aqueous solution.!” The now > 200 us
simulation occupies a ‘protein-folding niche’ between long-time Brownian dynamics simulations?’
and short-time all-atom simulations of larger cytoplasmic models.?!

GTT is a triple-stranded beta sheet protein derived from the FiP mutant of the signaling module
WW domain,?? with hairpin 1 formed by strands 1+2, and hairpin 2 formed by strands 2+3 (Fig.
1). In in vitro experiments, GTT folds in ~4.3 us (at 353 K) and slightly faster using the
CHARMM22* force field, via a mechanism that forms hairpin 1 first ca. two-thirds of the time,
and hairpin 2 ca. one-third of the time.2* Thus GTT is an ideal testbed for simulating the effect of
cytoplasmic crowding and sticking on folding dynamics.

We simulated two initially folded and seven initially unfolded copies of GTT in our cytoplasm
model using three versions of the CHARMM force field: CHARMM22* (C22%),2* CHARMM36m
(C36m),> and CHARMM36m with CUFIX corrections (C36mCU).2% These force fields were

selected due to their propensity to optimize folding (C22*) or reduce ‘sticking’ interactions

between the protein and its surrounding environment (C36m and C36mCU). In all simulations, the



folded copies remained folded. None of the unfolded copies completely folded despite an overall
simulation time at least twenty times longer than the expected folding time at the temperature,
although native-like structure formed in hairpins 1 and 2 several times during the simulation.
Although the optimization of current force fields for folding of isolated small proteins leads them
to overestimate macromolecular sticking, a number of general questions can be asked. Here we
focus on three: How do crowding and sticking slow down folding dynamics of unfolded GTT and
affect fluctuations of the GTT native state? How disruptive can sticking interactions in the
cytoplasm become? And what is the role of in-cell water in mediating native-like contact

formation?

METHODS

Model Construction and Simulations The cytoplasm model and choice of proteins, ions and
metabolites has been described previously.!® Here we provide a brief summary specific to GTT

WW domain and additional analysis information.

All GTT models were constructed by mutating an existing crystal structure (PDB ID: 2F21) at
residues N26G, A27T and S28T. Initial unfolded structures were obtained with temperature-jump
molecular dynamics simulations using NAMD 2.9.27 GTT was subjected to equilibrium MD with
C22* force field** in a 5x5x5 nm? box with TIP3P water?® and 0.15 M NaCl, in the NPT ensemble.
The Langevin piston Nosé—Hoover procedure were used to maintain temperature and pressure at
constant values (500 K and 1 atm).?%** The long-range electrostatic forces were calculated without
truncation with the particle mesh Ewald (PME) method,?' using a grid density of 1 A=. The final
structures were equilibrated at 318 K before being placed in the cytoplasm models. The simulation
of GTT alone was run in the identical cube of water with a size of 5 nm initially used to obtain the

unfolded GTT structures.

The C22* cytoplasm model contained three unfolded copies of GTT, while the C36m and
C36mCU models contained 1 folded and 2 unfolded copies of GTT,*>?¢ each. Additionally, the
C22* model contained a small disordered DNA binding domain (Hns) that was omitted from the
C36m and C36mCU models. For the cytoplasm model, initially the macromolecules were
1.32

simulated with Atomic Resolution Brownian Dynamics to optimally pack into the periodic cel

Biological levels of common metabolites and inorganic ions were added** and the models were



solvated with TIP3P water. Models were initially equilibrated locally using NAMD 2.9 using
similar parameters as described above before production runs on the special-purpose
supercomputer for MD simulations, Anton 2.3* Altogether, the simulations required ~24 machine-

days on Anton 2 (at ~10 us/day).

Trajectory Analysis The secondary structure of GTT was calculated every 24 ns using the
compute_dssp function in MDTraj.>>3¢ RMSD values were calculated using VMD’s RMSD
trajectory tool.’” To determine the buried surface area of GTT, the solvent accessible surface area
(SASA) of the protein alone was compared to the SASA of the protein in the cytoplasmic
environment. SASA calculations were performed in VMD with a radius of the sphere set to the

radius of a water molecule set, 1.4 A.

RESULTS AND DISCUSSION

Overall simulation We ran three simulations of ca. 200,000 atoms at 318 K, with 21% of the
volume excluded by macromolecules (corresponds to 300 mg/ml macromolecules). The
CHARMM22* (C22* for short) simulation of =190 ps started with three unfolded states of GTT,
the CHARMM36m (C36m) and CHARMM36mCU (C36mCU) simulations of =25 us with one
folded and two unfolded GTT WW domains each. When referring to GGT molecules from the
same in-cell simulation, we will number them GTT1, GTT2 and GTT3 to distinguish them in the
discussion. In none of the simulations did GTT completely fold, although formation of paired
strands 1-2 or 2-3 was observed at least 5 times (Figures S1-S3). The two folded WW domains
also did not unfold for the 25 ps duration of their simulations. The stability of other proteins in the
simulation varied, with Co-RMSD ranging from about 2 to 10 A, and coldshock proteins (Csp)
particularly rigid with small RMSD (Figure S4).

Three typical structures of GTT are shown in a snapshot of the C36mCU simulation in Fig. 1
(WW domains in orange): native (top), highly extended (middle) and non-native helical residual
structure (bottom). A clustering analysis in Figure S5 of structures for the three unfolded WW
domains in the longest (C22*) simulation shows that unfolded states with transient helical structure
near the N-terminus are very prevalent in that force field. They were also observed in aqueous

solution simulations where GTT folded (see below). Although this propensity may be exaggerated



by C22*, it is plausible based on the very high helical propensity as evidence by Agadir®® scores
of residues W11 through M15 (numbering as in Figure 5G, scores in Table S1).

GTT in aqueous solution A long simulation of GTT in aqueous solution on Anton 2 using C22*
has previously shown that GTT folds in 10+2 ps at 395 K, near the melting temperature of GTT
with C22*-TIP3P."” This is similar to the experimentally measured mean refolding time of =6 s
at 363 K.!” To check that a similar time scale can be obtained at our lower simulation temperature
of 318 K, well below T,, we simulated a 25 ps trajectory using C22* (Figure 2). GTT showed
large (range 5-20 A) RMSD fluctuations in the unfolded state, and after populating a short-lived
intermediate with a non-native hairpin 1 at 9 ps, it formed hairpin 2 and within 2 us the native
state at 19 ps. Thus GTT can fold on a time scale almost as fast as in the higher temperature
simulations, consistent with the prediction of faster pre-factors for WW domain offsetting higher

barriers at low temperature.’

The formation of transient helical structure itself is not inconsistent with complete refolding.
Figure 2 reveals the formation and melting of non-native helix multiple times, generally for < 1
us. The N-terminal beta-strand is most susceptible to forming non-native helix, as seen in the

overall simulation of the cytoplasm model.

Secondary structure of GTT in the cytoplasm model We begin by examining the dynamics of
GTT in the cytoplasm model via secondary structure. Figure 3 highlights one 5 us region in the
trajectories for each GTT WW domain where significant (if any) changes in secondary structure
were observed. The full secondary structure trajectories for the C22*, C36m and C36mCU
simulations are shown in SI Figures S1-S3. In four of the seven non-native WW domains non-
helical structure persisted throughout the entire simulation, in contrast to Figure 2 and previous
simulations of WW domain subject to pressure or temperature perturbations, where transient
helical structure lasts for less than a few ps.** As expected from the secondary structure propensity
using Agadir,*® all but one of the four GTTs with helical structure throughout show long-lived
helix near the N-terminus. Therefore, the cytoplasmic environment enhances helix propensity of

WW domain relative to aqueous solution, and this contributes to the reduced folding rate.

The region of turns 1 and 2 is slightly less likely to form non-native helical structure than the

B-sheet regions. This is particularly evident in Figure S2 of GTT2 and GTT3 in the C36m



simulation, where turn 1 (residues 16-20) frequently switches from helical to random coil or turn
structure, whereas the adjacent sheet regions remain helical. This is consistent with nucleation of
the native state occurring at turns, and not in the beta strands, as will be discussed later in

conjunction with desolvation during turn formation.

Compactness of GTT in aqueous solution vs. cytoplasm In the aqueous solution simulation,
GTT rapidly explores radii of gyration greater than 20 A and then swiftly collapses to near-native
radius of gyration (Figure 4). This propensity for fast collapse to compact states has been seen in
single molecule experiments on unfolded proteins under native conditions.*!' In contrast, one might
expect that GTT rarely explores states of high radius of gyration in the crowded cytoplasmic
simulations. This is indeed the case, with GTT frequently getting stuck in states with R,<15 A.
(Figure 4).

Two main differences in the dynamics of unfolded GTT in the cytoplasm and aqueous solution
are evident. First of all, whereas large fluctuations occur in aqueous solution on a timescale < 100
ns, in the three C22* cytoplasmic copies the protein frequently spends many microseconds in a
state with a narrow range of radius of gyration, before switching to another such state. The
residence time of GTT3 in Figure 4 for example is greater than 25 ps in three cases, and GTT2
gets stuck in a state with nearly constant R, for over 70 us. GTT1 experiences a highly reduced
dynamic range of R, and several long residence times also. The slow time evolution of R, goes
hand in hand with reduced translational diffusion through the cytoplasm, averaging 3.0 nm?/us in
aqueous solution vs. 0.03 nm?/us for the cytoplasmic copies (Figure S6), as determined by fitting
the slope of the mean squared displacements vs. time of the MD simulation trajectories. Previous
experimental measurements in E. coli show a slowdown closer to a factor of 10 than a factor of
100,*** indicating that our cytoplasm models overestimate the stickiness of the cytoplasm for

GTT.

Secondly, the cytoplasmic GTTs have far less solvent-exposed surface area (Figure 4, bottom)
in the C22* simulation, routinely falling below the native state average of 7.5 nm? in aqueous
solution. This observation is consistent with reduced diffusion due to macromolecular sticking and
crowding. Both super-resolution displacement mapping of mammalian cells** and bleaching
measurements in mammalian cells*® have revealed heterogeneous diffusion consistent with the

intermittent sticking and surface area burial seen in the bacterial cytoplasm model in Figure 4.
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Sticking of GTT to nearby macromolecules The retarded dynamics and lack of exposed surface
area of GTT in the cytoplasmic simulations are strong evidence that GTT is not only crowded
(excluded volume), but sticks (forms weak surface bonds) to other proteins. We analyzed such
sticking previously for a series of proteins.'® Here we consider two examples of how GTT interacts

with the surrounding cytoplasmic matrix.

Figure 5A shows GTT3 from the C36mCU simulation buried in a matrix of four other
cytoplasmic proteins. Another copy’s (GTT2) surface area also is buried by other proteins (Figure
5B) and varies widely from 20 nm? to near-zero, showing that the simulation is long enough to
sample release and reburial on a time scale of several microseconds. A somewhat shorter time
scale for lifetime of protein-protein contacts, following a power law distribution with a broad range
from 1 ns to 1 us has been observed for an average over many fully folded proteins.'® As discussed
above, RMSD is able to range to its highest values only when the protein is less buried, so the
buried states tend to be more compact. Figure 5B also decomposes the buried area into
hydrophobic, charged and polar interactions. For the CHARMM force fields used here,
hydrophobic, polar and charged patches make a similar contribution to GTT-protein contacts. For

a larger protein analyzed previously hydrophobic contacts were more dominant.'®

Figure 6 shows a contact analysis of GTT2 during the portion of the C22* trajectory when the
protein is struck for over 70 us to proteins MDN and EF-TU in Figure 4 (top). During this time its
radius of gyration remains frozen at =12 A with fluctuations about 5 times smaller than for the
unfolded state in aqueous solution. The reduced R, is caused by tight contacts between GTT and
its host proteins. In particular salt bridges between lysine-glutamate and glutamate-arginine pairs
are long lived and often coexist for microseconds 3-4 at a time. Hydrogen bonds are more fleeting,
and often act in concert with salt bridges, as can be seen by the strong correlations in Figure 6
(coincidence of red bars). Three hydrophobic interactions between GTT and EF-TU are also
particularly prominent, and also correlated with salt bride dynamics. This cooperativity between
three sticking modes explains the long-lived nature of this metastable state of GTT. It has been
observed previously that MD force fields, including C22*, overstabilize the formation of salt

bridges between charged side chains.#647

Although this will bias the protein-protein contact
formation we observe, other computational studies of proteins in crowded environments also point

to the importance of salt bridge formation in protein-protein contacts.*** Additionally,



experimental evidence underscores the critical role protein surface charge plays in protein-protein

interactions in vivo.!”

Chimeric interaction between GTT and other proteins Cooperativity between interacting
proteins in our model cytoplasm can be even more extreme: the intermingling of unfolded GTT
with another protein to form intramolecular tertiary structure, which we will refer to as a ‘chimeric
protein,” in analogy to genetically chimeric proteins where proteins originating from different
genes are linked.>® Such chimeras have been observed experimentally for the WW domain, when
monomers are linked together so they can interact frequently, as would be the case with proteins

in the cytoplasm.’!

Figure 7 shows a specific example where GTT1 interacts with superoxide dismutase (SodA)
in the C22* simulation. In (b), the proteins make contact and a long helix in SodA partly unfolds.
In (¢), GTT has diffused away again. In (d), GTT and the unfolded region interact again to form
an intermolecular beta sheet composed of two strands (shown in orange and cyan). In (d), they
have diffused away again and the beta sheet structure is lost. Finally, in (f), they associate again
and the same intermolecular B-sheet strand forms again. Overall, an initially transiently populated
helical region in one protein (GTT) interacts with part of a helix in another protein (SodA) to form
beta sheet structure. The B-sheet structure is very dynamical and lasted anywhere from several ns
to several us. It was mainly governed by hydrogen bonds between polar residues 30 to 35 in GTT1
(black arrows in Figure 6G), with an Arginine-rich region in SodA (Figure 6H). This happens to
be the region of the GTT mutation that distinguishes GTT from wild-type human Pinl WW

domain.??

Another such interaction occurred in the C22* simulation between Mdh and GTT2. Thus,
chimeric interactions are not rare in this force field. We did not observe them in the albeit shorter
C36m and C36mCU simulation (50 ps total), indicating that these force fields may be less sticky.
However, such events may present an extreme form of protein-protein interaction in the cytoplasm,
and such non-native intermolecular beta sheet structure could eventually resemble pre-amyloid

oligomers.

Drying transition of GTT during partial folding in cytoplasm model Hairpin formation

between either strand 1 and 2, or 2 and 3, was observed several times throughout the three



simulations. Figure 8 illustrates an example of the forward process for loop 2 formation
(desolvation and hairpin formation) from the C36mCU simulation in Figure 3¢, and Figure S7

illustrates another example of the reverse process (solvation to open the hairpin).

Among the three cases of GTT2’s partial hairpin formation and break-up in the C36mCU
model, some are more native-like, while others are one residue out of registration. In all cases, we
observe a state with a single water molecule intercalating the loop, either just before the ‘dry’
hairpin forms, or just before additional water molecules solvate the loop while it breaks up. Five
samples are not enough for a full transition path analysis, but we propose that the loop intercalated
by a single water molecule lies close to the transition state ensemble for loop formation. In all
cases the less solvated loop forms before the 3-strands interact, and a drying transition that removes
the final intercalating water molecule allows the two-stranded beta sheet to form. This ‘loop first,
then zip up the sheet’ is consistent with in vitro measurements and models that residues near the

turn have the largest effect on folding/unfolding kinetics.>3

CONCLUSIONS
We find that the C22*, C36m and C36mCU force fields all reduce the in-cell folding rate of GTT

WW domain, at least by a factor of ca. 10 for C22* relative to aqueous solution. The main reason
is sticking of the unfolded protein against other macromolecules in the simulations. In these force
fields, the contribution of hydrophobic interactions at protein-protein interfaces is significant. Slow
refolding is corroborated by slow diffusion, slow intermittent changes in radius of gyration and
surface burial, formation of salt bridges, H-bonds and hydrophobic contacts between proteins, and
even formation of chimeric structures. Experimental observations of a few larger proteins have
revealed in-cell folding rates comparable to in vitro,>* so the force fields are likely to exacerbate
sticking. This should not come as a surprise because they were modified from C22* to simulate
folding of a single protein in aqueous solution, where enhanced sticking of a protein (to itself) may
enhance collapse and folding. Although sticking in the cell is likely not as severe as in the
simulations, sticking will slow down in-cell folding, whereas crowding reduces available volume

only by a factor of ca. 2, and has a similarly small effect on folding in vitro vs. in-cell or in vivo.!-5

Another explanation for the sticking of GTT is that the region of the three mutations made to

speed up folding (residues 30-32 in Figure 7h) is strongly involved in chimeric structure between
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GTT and SodA. Thus, mutating surface-exposed residues away from the wild-type sequence could
enhance sticking. Two types of experimental results support the importance of surface residues to
avoid in-cell sticking, and hence co-evolution of protein surfaces with their cellular environment.>®
Firstly, in-cell NMR studies have shown that protein surface composition of human vs. bacterial
proteins strongly influences free vs. hindered rotational diffusion in bacterial cells.!” Secondly,
comparison of an intracellular eukaryotic protein (PGK) vs. an extracellular prokaryotic protein

(VISE) shows that the latter folds more slowly in mammalian cells.

Finally, it is interesting to note that formation of chimeric proteins with an intermolecular (3-
sheet (Figure 8) is a mechanism by which an unfolded protein, here GTT, can initiate formation of
B-rich protein oligomers. Such strong sticking could eventually become a nucleus for in-cell
formation of amyloid structure, although we did not observe that on the time scale of our

simulations.
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Figure 1. Overall view of the Charmm36mCU (C36mCU) simulation after ~4.99 us of all-atom
simulation, showing three states of GTT in shades of orange. (a) native structure with 0=0.93. (b)
highly extended unfolded structure with 0=0.01. (c) unfolded with non-native helical structure,
0=0.03. Other macromolecules in the model are illustrated in blue/green and metabolites and
inorganic ions are shown in gray.
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Figure 2. CHARMM?22* (C22%*) trajectory of GTT in aqueous solution at 318 K, showing a
complete refolding event in less than 20 ps, consistent with ref. '°. (A) Q > 0.85 in the folded state.
(B) RMSD undergoes fluctuations between 5 and 20 A before settling to <3 A upon folding. (C)
Secondary structure involves fluctuating helix especially between residues 3-10 (strand 1). Turn 1
forms temporarily at 8 ps, until folding is initiated by formation of turn 2 at >15 ps and subsequent
formation of a native-like turn 1 at 20 ps.
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Figure 3. Secondary structure of GTT throughout trajectories as calculated by DSSP (reference
DSSP, mdtraj). The secondary structure at each residue of the native structure is given at left. Each
panel (a-1) represents a 6 ps slice of each GTT copy’s trajectory. The lower right of each panel
indicates the force field used to simulate and whether the protein started in the folded (F) or
unfolded (U) state. Partial B hairpin formation was observed in several of the unfolded trajectories
(c-f) but was frequently register shifted. Secondary structure calculations of the full trajectories
can be found in Figures S1-S3.
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Figure 4. Top 4 panels: Radius of gyration R; of GTT in the CHARM?22* (C22*) cytoplasm model
(a-c) and in water (d). In water, the protein makes excursions between native-like R, and > 20 A
while in the unfolded state. In the cytoplasm model, R, fluctuates much less in the unfolded state
(GTT1 in panel a), switches between long-lived states of similar compactness (GTT2 in panel b),
and can end up in very long-lived metastable states due to sticking to the surface of other
macromolecules (see Figures 5 and 6). Bottom 4 panels: in the aqueous solution C22* simulation,
the exposed hydrophobic surface area of GTT (h) is almost always larger than in the native state
(red dotted line). In the C22* cytoplasm model, unfolded GTT1-3 (e-g) most often exposes even
less hydrophobic area than aqueous folded GTT due to burial against other macromolecules (see
Figures 5 and 6 for examples).
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Figure 5. (a) Snapshot of GTT3 buried by surrounding macromolecules in the CHARMM36mCU
(C36mCU) trajectory. (b) RMSD of GTT2 in the C36mCU trajectory, surface area of GTT that is
buried by protein-protein contacts throughout the C36mCU trajectory. (c) contribution of different
residue types: polar (green), hydrophobic (black), and charged (blue) to the buried surface area.
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Figure 6. Another example of cytoplasmic sticking from the C22* simulation, corresponding to
the flat region in the GTT2 radius of gyration after 120 ps in Figure 4b. GTT is interacting mainly
with (a) Mdh and EF-TU via (b) salt bridges, hydrogen bonds, and hydrophobic interactions. At
the very bottom are shown two residues on EF-TU that make only sporadic contact for comparison.
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Figure 7. Chimeric interactions between GTT1 (orange) and Mn SOD (blue) in the C22*
trajectory. (a) The proteins were not in contact at the beginning of the simulation. (b) GTT forms
a contact with Mn SOD and unfolds Mn SOD’s a-helix (residues 30-42) (c-f) GTT and Mn SOD
continue to form and break protein-protein contacts including 1 antiparallel chimeric interaction
(d) and multiple parallel chimeric interactions (f). These chimeric interactions can be remarkably
long-lived. The interaction shown in (d) lasted for ~4.44 ps. The complete sequence of GTT (g)
and a partial sequence of Mn SOD (h) are shown with their secondary structures indicated. The
residues that form chimeric interactions during each event are indicated with black arrows below
the respective sequences.
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Figure 8. Representative snapshots of turn hydration during the B hairpin formation of GTT2 (U)
in the C36mCU simulation. We observe a potential transition state that involves a single water
bridging the backbone of the nascent turn (b). This state in a few observed cases either immediately
precedes or immediately follows hairpin formation (c), or further solvation of the turn (a) (also see
Figure S4). Panel (d) shows the same three states for clarity without the surrounding proteins, ions
and metabolites, and highlights the bridging water molecules.
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