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A. Dynamics of Water, Glycerol and Water-Glycerol Mixtures Based on CHARMM36
Force Field

Usually intermolecular potentials are ranked based on their capacity to recover basic
equilibrium properties such as density, compressibility, etc. or simple dynamic properties, such
as the diffusion coefficient (D) or shear viscosity 17 over limited temperature range. ' In a study
relating to the cooperative dynamics of proteins and to the coupling of the dynamics of the
solvent and the protein, however, we must be particularly concerned about how well our
intermolecular potential describes the dynamics of the solvent. Since the water potential is
central to CHARMM force field, and any other family of potentials aimed at modeling the
dynamics of biological macromolecules, we consider in this section some essential dynamical
properties of the modified TIP3P water model that are relevant to assessing dynamical properties

of proteins and other biological macromolecules using CHARMM36.

It is well known that D and the shear viscosity™> of TIP3P deviate from real water at room
temperature by a factor = 3, but the large deviation in the calculated melting temperature of

water' signals a rather serious problem for simulating dynamics, as discussed in the main text.



We now directly confirm this expectation by quantifying the dynamic heterogeneity in the
CHARMM36 TIP3P water model near room temperature (7 = 300 K) and at a 7 much lower
than the freezing temperature (7)) of real water (7 = 250 K). The non-Gaussian parameter (?),
defined in the main text in relation to the dynamics of ubiquitin, provides a simple way to
calculate this quantity. As a direct observable measure of dynamic heterogeneity * c(¢) can be
used to assess the suitability of this potential to describe the dynamics of water and aqueous
protein solutions. In Figure S.1(a), we show (7)) as function of ¢ for the modified TIP3P model
over the range of temperatures indicated in the figure. No detectable peak in a,(¢) is found at any
finite time so that this water model exhibits no appreciable heterogeneous dynamics over this
temperature range. These results for TIP3P water are contrasted with those for SPC/E water,
which are shown for comparison in the inset to Fig. S.1. ° In contrast to TIP3P, SPC/E water
exhibits a dynamic heterogeneity peak in o(¢) near room temperature and we see that the height
of this peak grows sharply upon cooling, a characteristic behavior of glass-forming liquids. ® The
absence of dynamic heterogeneity and collective motion found in our simulations of ubiquitin in
TIP3P water directly reflects the absence of dynamic heterogeneity in this water model that
would result to the lack dynamical coupling of the of the protein to this solvent. We then suggest
that TIP3P should be considered a hypothetical solvent in which collective motion is completely

absent rather than as a model of real water.
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Figure S.1. (a) Non-Gaussian parameter o; of CHARM 36 / TIP3P water near room temperature (7 = 300
K) and a representative much lower temperature (7 = 250 K) lower than the T, of real water. We see no
detectable peak in o (f) at a finite time in this TIP3P water model so that this fluid model is essentially
devoid of dynamic heterogeneity over this T range. The inset shows corresponding o, (f) estimates for
SPC/E water derived from a previously published study of this water model by Starr and coworkers.’
Note that o, () for SPC/E exhibits a peak at all 7" below room temperature. The peak height o, (¢) for
SPC/E water is not large near room temperature, making this model more acceptable at this 7. (b) Non-
Gaussian parameter o (¢) for the CHARMM36 glycerol potential, where a peak was observed at all 7,

suggesting dynamic heterogeneity over this 7 range.

Fortunately, the CHARMM36 potential for glycerol provides a better description of the
dynamics of real glycerol than it does for water. In Figure S.1(b), we show a(¢) as function of ¢
for the glycerol model over the range of temperatures. Glycerol exhibits a dynamic heterogeneity
peak in op(¢) in all temperatures and the height of this peak grows upon cooling. It is also
convenient for our discussion that the glassy dynamics and thermodynamics of CHARMM36
glycerol have recently been reviewed by Jahn et al.  As found for glass-forming liquids
generally, the 7 dependence of D follows a universal T dependence that is described by the

Vogel-Fulcher-Tammann relation (VFT),*® D = Dy exp [- Dp Ty/ ks (T - Ty)], where Dy and Dp



are materials-specific constants, and 7j is a widely reported characteristic temperature of glass-
forming liquids. In particular, Jahn et al. ’ find a rather good agreement between CHARMM
estimates of D for glycerol over a large 7 range: they estimate 7= 180 K for that is reasonably
close to the experimental estimate, Tj(expt.) = 170 K. '° We note for reference that the glass
transition temperature 7, and the melting temperature 7,, of glycerol are estimated to T,(expt.) =
190 K and T, (expt.) = 290 K , respectively. Room temperature is then close to melting
temperature of glycerol so that significant dynamic heterogeneity can be expected in both
simulated and real glycerol near this temperature [See Chen et al. '' and refs. 7, 12 for a
discussion of the characteristic glass transition temperatures for glycerol/water mixture and for

an extensive characterization of the dynamics of glycerol-water].

The growing of the structural relaxation time 7, with cooling is perhaps the most basic
feature of a glass-forming liquid and we briefly consider the CHARMM36 predictions for T
dependence of 7, Following standard practice, we obtain 7, from the decay of the self-
intermediate scattering function F(q,t), which is just the Fourier transform of Gy(r, Af). Fig. S.2
shows 7, estimates deduced from the decay of F(q,7) for water and glycerol at the designated T.
Note that the sharp growth of 7, upon cooling. This rapid growth of 7, makes equilibrium
simulations difficult since longer computational times than 7, are required to achieve
equilibrium. This basic feature of glass-forming liquids inherently limits the 7" range that can be

simulated by molecular dynamics simulation methods.

The dynamic heterogeneity that we observe for ubiquitin in CHARMM36 glycerol resembles
the typical dynamics of a glass-forming liquid, but this type of heterogeneous dynamics is not

observed for ubiquitin dissolved in TIP3P water. This significant change in the dynamics of



ubiquitin derives from a strong coupling between the dynamics of protein and the solvent.
Isolated macromolecules, even idealized ones having homogeneous chemistry and no solvent,
can exhibit heterogeneous dynamics and glass-formation'” so this solvent effect is striking. Just
how does the solvent regulate the dynamical heterogeneity and collective dynamics of the
protein and why does the “glass transition” of most proteins occur generally in a narrow
temperature between 200 K to 220 K, a temperature near the characteristic temperature 7. of pure
water, is not known.'* ' Although this remains a fundamental question, we can make some
informed speculation about this basic phenomenon that pertains to why it is so crucial to have a
water model with realistic heterogeneous dynamics.

The hydrating layer of water about the proteins ‘dresses’ them in a fashion similar to
solvation shells about ions in solution. This ‘bound’ layer of water can be expected to create a

cloaking effect'®'®

in which mutual interactions between the amino acid groups of the protein are
significantly influenced by this water layer. The cohesive interaction strength is the primary
parameter governing the characteristic temperatures of glass-forming liquids'® and a rather
uniform cohesive interaction would make proteins having a similar inherent flexibility and size
to have a similar glass transition. Protein hydration could then naturally explain the underlying
thermodynamic rationale for why the protein dynamics becomes coupled (“slaved”) to the
dynamics of the solvent, regardless of the degree of cooperative motion exhibited by the solvent.
This situation seems to be evidenced in our simulations of ubiquitin in TIP3P water where we
find that ubiquitin exhibits no discernable collective exchange motion, a behavior directly
reflected in the nearly perfectly uncooperative dynamics of TIP3P water. Of course, there is

substantial experimental evidence that the dynamical ‘glass transition’ transition directly depends

on the dynamics of the solvent. For example, the neutron scattering measurements by Tsai et al.



%% have shown that this type of dynamical transition, which often directly reflects itself in the
cessation of protein biological activity’', is not observed in dried lysozyme over a large
temperature range between 40 K and 500 K and that both this dynamical transition and the
protein denaturation temperature can be tuned by varying the amount of water. Pacciaroni et al.**
later showed that the dynamical transition in glycerol-water solutions of lysozyme can be tuned
by varying the water content. This solvent-protein coupling phenomenon has been characterized
as “slaving” and has been discussed in numerous previous computational and experimental
studies covering a range of proteins and solvents, as nicely reviewed by Dirama et al.'*'® '®
'8Schiro et al.” have recently shown that this type of coupling arises for both a globular (maltose
binding protein) and the intrinsically disordered protein (htau40). Given that protein dynamics is

so greatly influenced by the solvent, it is crucial to describe the solvent dynamics faithfully if we

want to realistically simulate the dynamics of proteins.
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Figure S.2 The self-intermediate scattering function Fy(q.f), the Fourier transform of G (r, Af) at
designated temperatures based on CHARM36 potentials for water and glycerol. The inset shows the
structural or “alpha” relaxation time 7, deduced from the decay of Fy(g*¢) where ¢* is taken to have a
value associated with the peak in the static structure, a scale that defines the average inter-particle
distance. F(¢*,t) has been normalized by the static structure factor so that Fy(¢*,0) approaches 1 as ¢
approaches ¢ = 0. The decay of Fy(¢g*,f) for water is almost perfectly exponential, while the decay of
Fy(g*,t) for glycerol is well described by a stretched exponential, Fy(¢*,f) = exp (- (¢ /7,)" ) with a
stretching exponent S near 0.8 for all the 7 simulated. This stretching is a characteristic feature of glass-

forming liquids ***

so we have additional evidence of the dynamic homogeneity of TIP3P water. Note
that the rapid growth of 7, upon cooling makes equilibrium simulations difficult since computational

times must then be significantly longer than this time.



B. Average amplitude of local atomic motion <u’> within ubiquitin at room temperature
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Figure S.3. Influence of the addition of water on the average amplitude of local atomic motion <u’>
within ubiquitin at room temperature. The changes occur non-uniformly; the enhancement of molecular
motion is greatest near the protein’s core and the protein-water boundary. More specifically, the relatively
rigid alpha helix and beta sheet structures are positioned around the mobile core of the protein. This effect
is illustrated in an averaged way in Figure 2(b) of the text where <u”> has been radially averaged for the
protein. Consistent with our simulation findings, Lindorff-Larsen®® have observed a high mobility in the

core of ubiquitin on a ps timescale and suggest that this is a common property of many proteins.
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