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Abstract
The effect of cellular crowding environments on protein structure and stability is a key issue in
molecular and cellular biology. The classical view of crowding emphasizes the volume exclusion
effect that generally favors compact, native states. Here, results from molecular dynamics
simulations and NMR experiments show that protein crowders may destabilize native states via
protein-protein interactions. In the model system considered here, mixtures of villin head piece
and protein G at high concentrations, villin structures become increasingly destabilized upon
increasing crowder concentrations. The denatured states observed in the simulation involve partial
unfolding as well as more subtle conformational shifts. The unfolded states remain overall
compact and only partially overlap with unfolded ensembles at high temperature and in the
presence of urea. NMR measurements on the same systems confirm structural changes upon
crowding based on changes of chemical shifts relative to dilute conditions. An analysis of protein-
protein interactions and energetic aspects suggests the importance of enthalpic and solvation
contributions to the crowding free energies that challenge an entropic-centered view of crowding
effects.
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INTRODUCTION
Biological cells consist of many elements such as proteins, nucleic acids, lipids and
metabolites at rather dense concentrations. Such high concentrations are significantly
different from the conditions typically encountered in experimental studies like dilute
solutions or crystals1,2. Macromolecular crowding due to a dense cellular environments, on
the order of tens of mM3, has long been proposed to modulate biomolecular structure and
dynamics4. Crowding also appears to modulate kinetic properties such as diffusion and
association rates that control biochemical reactions5-7. Furthermore, properties of the solvent
also seem to be affected as a result of protein crowding both dynamically and
thermodynamically, e.g. in form of reduced self-diffusion rates and dielectric constants8.

The long-standing view of the effect of crowding on protein stability involves an entropic
stabilization of the native state due to volume exclusion that limits the space for extended
conformations9. This view has been challenged recently, both experimentally and
computationally10-13. In hydrogen-exchange NMR studies of chymotrypsin inhibitor 2 (CI2)
in concentrated protein and non-protein crowder solutions13 it was found that CI2 stability
depended strongly on the surrounding crowder type. In the presence of polyvinylpyrrolidone
(PVP) CI2 was stabilized, while stability remained largely unaffected by bovine serum
albumin (BSA) and a destabilizing effect was found in the presence of lysozyme. To better
understand how CI2 is destabilized relative to PVP in the presence of protein crowders,
molecular dynamics (MD) simulations of the same systems with fully atomistic models were
performed14. These simulations suggest that the effect of crowding primarily depends on the
nature of protein-protein interactions with the crowder proteins and, in particular, whether
crowder interactions are favorable or not. Consistent with these findings are results from in-
cell NMR studies11 that also indicate a destabilization of proteins in cellular environments.
The experimental data by itself do not fully describe the origin of the observed
destabilization effects but they suggest that in addition to entropy effects due to
crowding7,15,16 enthalpic contributions due to protein crowders also play an essential role as
suggested by recent amide proton exchange experiments17.

Past studies have often discussed crowding effects as a shift in equilibrium between native
and unfolded states7. However, the recent observation of a non-native state under crowded
environments that is different from simple unfolding suggest the possibility of a more
complicated scenario18. One possibility to understand such data is that crowding disfavors
the (thermally or chemically) unfolded state for entropic reasons but favors alternate non-
native states for enthalpic reasons. In order to probe this issue further, we performed a series
of fully atomistic MD simulations of protein mixtures at high total protein concentrations.
We found that native protein stabilities were reduced by crowding, including the sampling
of partially unfolded structures that could not be explained by a simple excluded volume
effect of crowding. This suggests that the presence of protein crowders is essential in
understanding crowding7. Moreover, the observed non-native states do not simply match the
unfolded ensemble suggesting that crowding may significantly alter protein folding
landscapes from those observed under dilute conditions. The MD results were further
supported by NMR spectra on the same protein systems in dilute condition as well as in
crowded environments. Chemical shift changes in the crowded environments agree with the
simulation results and suggest reduced native-state stability in crowded protein
environments due to non-specific protein-protein interactions.
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METHODS
Simulation methodologies

Two small globular proteins were used as protein crowders: segment B1 of streptococcal
protein G (protein G, 56 residues, PDB entry 1PGB19) and the headpiece subdomain of
chicken villin (villin, 36 residues, PDB entry 1VII20) (cf. Fig. S1). Simulated systems
consisted of four protein G and eight villin molecules, solvated with TIP3P water molecules
under periodic boundary conditions. Different box sizes corresponding to protein volume
fractions ranging from 10% to 43% were considered for each system. These simulations
were described in detail previously8 and only the key aspects are briefly summarized here.
In the initial systems protein G and villin molecules were placed in random orientations at
the corners of cubic boxes8. Production simulations were carried out over 300 ns in the NPT
ensemble at 300K and 1 bar pressure. For comparison, simulations of a single villin
molecule, with eight different starting conditions, were also performed over 300 ns each at
298K and 1bar pressure. In addition, two 300 ns simulations of villin at 500K and in the
presence of 8 M urea, respectively, were carried out. Urea was modeled using recent
Kirkwood-Buff derived parameters21. All simulations were carried out with NAMD (version
2.7b2)22 The CHARMM22 all-atom force field23 was used with the CMAP correction
term24 for modeling the proteins and standard simulation parameters were applied
otherwise8. The simulations were analyzed with the MMTSB Tool set25, CHARMM26, and
custom analysis scripts. VMD27 was used for visualization.

For the energetic analysis, we extracted 3,000 snapshots for each of the eight villin
molecules from the trajectory of the most crowded system (C5) for a total of 24,000
snapshots. In each snapshot, the respective villin molecule was centered and all other
molecules were translated to the periodic image with the minimum distance from the central
villin. Free energies of crowding were calculated using a MMPB/SA scheme14 according to:

(1)

Contributions for villin, crowders, and villin plus the crowders were evaluated according to:

(2)

where ΔGMM is the vacuum force field energy, ΔGPB is the electrostatic solvation free
energy obtained from the Poisson equation (using the PBEQ module in CHARMM with a
grid spacing of 0.25 Å) and the solvent-accessible surface area (SASA) is multiplied by
γ=0.00542 cal/mol/Å2 to estimate the cost of cavity formation.

Solute entropy changes were found to be negligible in a similar previous calculation 14 and
were ignored here. In order to reflect a reduction in dielectric constant upon crowding 8 we
used ε=80 for calculating ΔGvillin but ε=60 for ΔGcrowders and ΔGvillin+crowders.

Energetic estimates based on scaled particle theory were obtained from the following
expression for the free energy of crowding in the presence of hard-sphere crowders28:

(3)

where π=ϕ/(1-ϕ) with the crowder volume fraction ϕ and z=(aF/aM). aF is the radius of the
folded protein modeled as a sphere and aM is the crowder radius. Because the radius of
gyration underestimates the contact surface of a spherical model of a protein, we calculated
effective radii based on the SASA for a given conformation according to SASA = 4πr2. The
crowder radius was set to 16.6 Å as an average over protein G and villin radii. In scaled
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particle theory, eq. 3 is given for the folded state while different expressions have been
proposed for the unfolded ensemble29-31. Here we apply eq. 3 for both the native and the
partially denatured states because we do not observe fully unfolded states that could be
described as freely linked Gaussian chains.

NMR experiments of villin in dilute and crowded conditions
Protein sample preparations and NMR experiments are detailed in the supplemental
material. Briefly, the DNAs encoding the headpiece subdomain (the amino acid sequence
from L792 to F826, referred to from L2 to F36 in this paper; villin) of the chicken villin
protein (SwissProt accession number P02640) and the segment B1 (from T228 to E282,
referred to from T2 to E56 in this paper; protein G) of streptococcal protein G (P06654)
were cloned into the expression vector using a two-step PCR32. The 15N-labeled villin and
non-labeled protein G were synthesized by cell-free protein synthesis33. All NMR spectra
were recorded at 298K on a 600 MHz Bruker Avance spectrometer equipped with
CryoProbe.

RESULTS
Five systems with different protein volume fractions (10%vol to 43%vol) were set up. Each
system consisted of four protein G and eight villin headpiece subdomain molecules (see Fig.
S1 and Methods section for additional details) and, for each, 300 ns of MD simulation was
performed with explicit solvent at 298 K. For comparison with a non-crowded environment,
additional simulations of a single villin molecule were also performed at 298 K, at high
temperature (500 K), and in the presence of urea.

Native state stability under crowded conditions
Protein stability was examined via root mean square deviations from the native state
(RMSD, see time series in Fig S2) and the radius of gyration (Rg) from Cα atoms. Villin
structures showed significant deviations from the native structures for some of the
molecules. According to the potentials of mean force (PMFs) as a function of RMSD and Rg
(cf. Figs. 1 and S3), non-native villin conformations appear at all crowder concentrations
(C1-C5) but not under dilute conditions (cf. Fig. 1). However, native conformations
remained the predominant species with fractions of native states of 0.92, 0.92, 0.96, 0.96 and
0.75 at increasingly crowded environments (C1-C5), respectively. The largest number of
non-native states was seen for the most crowded case, C5, where representative denatured
structures, denoted as LM1, LM2, LM3 and LM4, are shown in Fig. 1. In these structures,
there is a loss of both tertiary and secondary structure, with RMSD values ranging from 5 Å
to 10 Å with respect to the native state. However, the denatured structures remain overall
compact with Rg values below 13 Å. In terms of secondary structure, the central (R15-F18)
and C-terminal (P22-E32) α-helices were well maintained, but the N-terminal α-helix
(residues D4-F11) was lost partially upon crowding (see Fig. S4). Previous folding studies
of villin using atomistic MD simulations34,35 have suggested that the C-terminal of α-helix
forms first, whereas the N-terminal α-helix forms last. Hence, the destabilization of the N-
terminal vs. the C-terminal α-helix upon crowding may reflect differential intrinsic
stabilities of villin that are brought out by crowding. In the denatured structures LM1-LM4
there is also a partial loss of tertiary interactions that leads to opening of the hydrophobic
core. In particular, residues F7, F11 and F18 in the central core became exposed to the
environment. As will be detailed below, the loss of intramolecular hydrophobic packing is
partially compensated with intermolecular interactions involving hydrophobic residues.

In contrast to villin, protein G remains highly stable during all of the simulations except for
the most crowded case (C5) where a slightly destabilized near-native state with values of 2
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Å < RMSD < 3 Å and 10 Å < Rg < 11 Å appears (see Fig. S3). This results from one of the
four protein G molecules in the most crowded simulation deviating as far as 2.7 Å in RMSD
from the native structure (Fig. S2), while the other three copies retain the native structure.
This destabilized protein G conformation has a slightly opened core with the hydrophobic
pocket between residues T25 on the helix and T2 on the β-sheet becoming more exposed to
solvent (cf. Fig. S5). Concomitant with the opening of the core there were also structural
changes in part of the α-helix (E32-N37) at the junction (V21) between the α-helix (A23-
N37) and the β-sheet (K13-E19) and turn (D47-K50) region. Our finding that protein G
shows less destabilization upon crowding compared to villin is likely a reflection of different
inherent thermal stabilities of the native state. The B1 domain of protein G has a Tm of close
to 90°C36 while the Tm of the villin headpiece domain is around 65°C37,38. Furthermore,
villin has a stability of only 2.4 kcal/mol at 25°C38 vs. 6.6 kcal/mol at 25°C for protein G39.

There are also more subtle structural changes in villin as a result of crowding. Fig. 2b shows
the PMF as a function of the Cα distance between V10 and G34, at the N-terminal helix and
C-terminus, respectively. Under dilute conditions, the most stable state was located at 10 Å.
Upon crowding, a second state with a shorter distance (7 Å) becomes equally populated. The
state with the shorter distance is non-native and results in a slightly more compact core. The
conformations with much larger distances (up to 22 Å) correspond to the partially denatured
states described above.

To compare with the MD results, we measured NMR spectra of villin in dilute solution
(1mM villin) and in crowded conditions (32 mM villin as well as 32 mM villin and 16 mM
protein G). The highest experimental concentration of villin and protein G matches the
simulation C2 (17% vol. fraction). Higher concentrations could not be achieved
experimentally. In Fig. 2a, the 1H,15N TROSY-HSQC spectra of 15N labeled villin (1 and
32 mM) and 32 mM 15N labeled villin with 16 mM non labeled protein G are shown. Most
of the signals were conserved, but significant deviations of chemical shifts were observed
upon crowding for S3, V10, L23, W24, G34, and L35 (cf. Fig. 2a). The changes of the
chemical shifts for V10 and G34 are consistent with the shift in populations to a different
state upon crowding as seen from MD (Fig. 2b). Other residues that show the changes of
chemical shift are located at the surface in the native structure of villin consistent with
increased protein-protein interaction upon crowding. We did not observe clear NMR
evidence for the denatured states seen in the MD. This may be explained by the relatively
small population (<10% except for the most crowded conditions that could not be matched
experimentally) and large degree of heterogeneity of the denatured states as suggested by the
simulations.

Differences between unfolding ensembles under high temperature and urea induced MD
simulations

We compared the non-native structures observed upon crowding with the unfolded
ensembles upon thermal and chemical denaturation. Using LM1-LM4 as representative non-
native structures upon crowding, minimum RMSD values between snapshots of the
thermally unfolded states were found to range between 3.0 Å and 4.0 Å. Superimposed
snapshots with the respective minimum RMSD structures are shown in Fig. S6 emphasizing
a high degree of similarity, but not all of these structures have corresponding matches in the
urea-induced unfolded ensemble. Furthermore, when comparing the entire PMF between the
high temperature MD simulations and crowded simulations, it is clear that most structures of
the unfolded ensemble, especially much more extended conformations, are not sampled
under crowded conditions. The dominant structures at high-temperature involve significant
destabilization of the second helix (residues R15-F18) while maintaining the N- and C-
terminal helices (cf. HT in Fig. 1) while urea-induced unfolded structures tend to maintain
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the central helix but lose both N- and C-terminal helices. Both are qualitatively different
from the crowding-induced denatured states.

Protein-Protein interactions upon crowding
To further understand the origin of protein destabilization upon crowding, we analyzed
minimum distance contact maps to understand protein-protein interactions in the crowded
environments. Protein G-protein G and villin-villin did not show significant changes upon
crowding except that the contacts became more frequent (cf. Fig. S7). In contrast, villin-
protein G interactions qualitatively changed upon crowding (see Fig. 4). At lower
concentrations, localized charge-charge interactions between Lysine/Arginine and Aspartic
acid/Glutamic acid pairs dominate (see C1-C2) while, at higher concentrations (C4-C5),
polar-hydrophobic and polar-polar interactions become dominant. At intermediate
concentrations (C3), both are present. In particular, residues 15-25 of villin, where most of
the hydrophobic residues are located, are involved in many of the contacts under the most
crowded conditions. Representative dimer structures of villin-protein G interactions are
shown in Fig. 4. The dimer A/B highlights the salt bridges between K31/D46 and D40/K25
at low concentrations. At higher concentrations, different interactions appear. The dimer C
has polar-hydrophobic interactions between the loop region around D47-K50 of protein G
and the central hydrophobic core of villin. The dimer D has polar-polar interactions between
residues T2 and T17 at the edge of the β-sheet of protein G and the central α-helix (R15-
F18) of villin.

Energetic analysis using MMPB/SA and scaled particle theory
To gain a quantitative understanding of the how non-native conformations may be stabilized
upon crowding, we carried out an energetic analysis of the conformational ensemble of
villin under the most crowded conditions (C5). The resulting free energies of crowding (see
Methods), averaged and projected as a function of Rg and RMSD, are shown in Fig. 5. The
total MMPB/SA estimates show that both native-like and partially unfolded states are
similarly favorable, in particular those corresponding to states LM1 and LM2, in qualitative
agreement with the PMF-based analysis. Further analysis of the individual contributions
indicates that the dominant states are primarily stabilized via electrostatic and Lennard-Jones
interactions (Fig. 5b) but destabilized in terms of electrostatic solvation energy (Fig. 5c)
suggesting a significant enthalpic contribution to the free energy of crowding due to protein-
protein interactions. While electrostatic and solvation energies largely cancel each other, the
partially unfolded states are favored because of an overall reduction of solvent-accessible
surface areas (SASA) that reduce the cost of cavity formation in water (Fig. 5d).
Individually, the SASA of the central villin increases upon unfolding but because of
interactions with protein G the total SASA is decreased. This suggests that non-polar
solvation effects may in fact be the major driving force for villin unfolding upon crowding.

For comparison, we also calculated relative free energies based on scaled particle
theory28-30 (see Methods). Based on this theory, the native structure of villin would be
stabilized by ~5 kBT compared to any of the denatured structures. It is clear from this
analysis that the entropic factors captured by scaled particle theory only play a relatively
minor role compared to the enthalpic factors and solvation effects in the presence of protein
crowders.

CONCLUDING REMARKS
This study examines protein stability in crowded environments with realistic protein
crowders for a model system consisting of villin and protein G. Significant sampling of non-
native structures is observed for villin molecules upon crowding, involving both subtle
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structural changes and overall unfolding. The results challenge the classical view of
crowding based on a volume exclusion effect and suggest that partially unfolded structures
can become stable under crowded environments through enthalpy-driven protein-protein
interactions with surrounding crowders. We hope that this work will stimulate further
studies to understand the conformational sampling of proteins in realistic cellular
environments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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MD molecular dynamics
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PMF potential of mean force
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Figure 1.
Potential mean force (PMF) as a function of RMSD and Rg of villin at different protein
concentrations (C1(12%vol), C2(17%vol), C3(25%vol), C4(37%vol) and C5(43%vol)) in
units of kBT. Representative structures are shown for local energy minimum states in the
most crowded system (C5). NC and HT indicate the PMFs calculated form dilute simulation
at 298 K and 500K, respectively. Native regions are defined as RMSD < 4.5 Å and Rg < 9.5
Å and unfolded regions as RMSD > 4.5 Å or Rg > 9.5 Å. The N-terminal residue is
represented by red a sphere and key residues forming a central hydrophobic core, F7, F11
and F28, are shown in licorice form.
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Figure 2.
(A) 1H,15N TROSY-HSQC spectra of 15N-labeled villin (1 mM villin (green), 32 mM villin
(blue), and 32 mM villin with protein G (red)). Residues with changed chemical shifts are
labeled. (B) PMF along the Cα distance between G34 and V10 for non-crowded (NC: black)
and crowded simulations (C1 (blue), C2 (magenta), C3 (light blue), C4 (orange) and C5
(green), respectively) with the two major structures shown in blue (open) and red (closed),
respectively.
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Figure 3.
Schematic figure of protein folding in crowded environments.
The results from comparing the unfolded ensembles suggest that the crowding-induced
denatured states are distinctly different from the major conformations in either the
chemically or thermally unfolded ensembles. We therefore propose, that a discussion of
protein folding equilibria under crowded conditions should therefore consider a significantly
modified unfolded ensemble (cf. Fig. 3) where the unfolded structures upon crowding may
at most partially overlap with the unfolded ensembles under dilute conditions (cf. Fig. 3).
This observation is especially relevant for recently proposed post-processing protocols
where solute conformations are first sampled separately in the absence of crowding agents
and then inserted into crowding environments to examine their stability 40. A key
assumption of this approach is that sampling of the solute under dilute conditions produces
an ensemble that includes all of the conformations observed under crowded conditions. Our
results suggest that this may not necessarily be valid.
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Figure 4.
Interactions between protein G and villin at different concentrations (C1-C5) (a) and
representative villin-protein G dimer structures (b). Contacts are defined from the average
minimum Cα–distances. Key acidic and basic residues forming protein-protein interactions
via salt bridges are indicated by a broken line. Representative dimer structures for charge-
charge (A and B), polar-hydrophobic (C) and polar-polar (D) interactions are show in (b)
with the contacting residue in licorice representation.
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Figure 5.
Energetic analysis using MMPB/SA and scaled particle theory. Total energy (a) as well as
non-bonded vacuum interaction (b), PB-based electrostatic solvation (c), solvent-accessible
surface area-based hydrophobic solvation (d) and scaled particle theory (e) are shown.
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