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We recently presented a nuclear spin relaxation study of
solvent and solute rotational dynamics in aqueous
trehalose solution." The results of this and other subsequent”
studies are consistent with a solute-induced perturbation of
water dynamics that is essentially confined to the first hydration
shell. In contrast, THz absorption measurements by the
Havenith group (HG) were taken to imply a “long-range”
perturbation of solvent dynamics.” This discrepancy led us to
critically examine the model used to interpret the THz data,
with the conclusion that HG’s THz approach does not yield a
reliable estimate of the perturbation range. In their Comment,”
HG reaffirm their analysis without convincingly addressing our
principal objections. In this Reply, we attempt to clarify these
issues by first explicitly stating the physical approximations in
HG’s model and then quantitatively demonstrating how and
why the data analysis produces spurious results. In doing so we
add new insights to this debate, including a vastly more efficient
way of computing the overlap volume. To identify the physical
basis of HG’s puzzling THz results, it is helpful to contrast
saccharides® with proteins.é_10 Due to space limitations, we
consider only two solutes: the disaccharide trehalose and the
small globular protein ubiquitin. For g)roteins, the discrepancy
with nuclear spin relaxation results'*'” is even more striking,
with the THz analysis suggesting significant perturbations of
water (?mamics out to ~20 A and more from the protein
surface.”* '

According to the three-component model used by HG, the
THz absorption coeflicient a is a volume-based average of bulk
water (W), hydration water (H), and solute (S) contributions

a= gbwaw + d)HaH + gbsas (1)

The straight lines in Figure 1 of HG’s Comment” correspond to
the limiting cases of eq 1 with no hydration water (¢ = 0) or
with no bulk water (¢ = 0). Equation 1 may appear
innocuous, but a collective property like @ cannot be neatly
decomposed into additive and independent component
contributions. In particular, the physical significance of ay
and ag is not immediately obvious (see below).

The reported experiments measure ¢, typically averaged in
the 2.1—2.8 THz window to reduce data scatter, as a function
of solute volume fraction ¢ (or concentration C = ¢bg/ V).
Formally, this dependence can be expanded in a power series

> _ ® (@) 42 3
—=1+8B + B +0
- s ds + O(gy) @

-4 ACS Publications  © 2014 American Chemical Society

1.00

z
2 o095
3

0.90

0.85

0.80

1 | I |
0 005 010 015 020 025
<])Sor10(])S

Figure 1. Relative THz absorption a/ayy versus volume fraction ¢
trehalose (red circles), ubiquitin at pH 4.8 (blue diamonds), and
ubiquitin at pH 2 (black triangles). The data and error bars are from
HG’s work.”® The red and blue solid curves are fits to the RP3C
model (eqs 3—5) with the two highest concentrations omitted for
ubiquitin at pH 4.8 (as in the original fit®). The solid (black) and
dashed (red and blue) straight lines are fits to the linear model (eq 2
truncated after the linear term) using the data points with filled
symbols. The dotted lines show the contribution from bulk water and
solute (eq 1 with ay; = 0 and ag from the nonlinear fit). The magenta
dash-dotted curve is the model prediction for ubiquitin at pH 4.8 with
&y =1.063 and h = 18 A (see text). For ubiquitin, the volume fraction
on the abscissa has been multiplied by a factor of 10.

where the coefficients B are independent of ¢ All
coefficients, except the first one, are model-dependent; in
particular, they depend on the solute—solute interaction. The
linear, model-independent coeflicient has contributions from
solute and hydration water
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Here vy is the number of water molecules in the hydration
domain (of arbitrary shape), and & = ay/ay is the dynamic
perturbation factor; ie., &y — 1 is the relative change in THz
absorption between hydration and bulk water. Finally, Vg and
Viy are the molar volumes of solute and of bulk (and hydration)
water. At 20 °C, Vg/Vy, = 11.46 for trehalose'® and 355 for
ubiquitin.

Two-state models of solvation dynamics, like the one
considered here, are not new. For example, eqs 1-3 (with a
replaced by the spin relaxation rate) have been used in
innumerable NMR relaxation studies of hydration dynamics
during the past half century."*"S Since NMR probes single-
molecule (rather than collective) dynamics, eq 1 is rigorous (if
volume fractions are replaced by mole fractions), and since only
water is observed, there is no direct solute contribution. In
NMR studies, one usually refrains from interpreting the model-
dependent nonlinear concentration dependence. Instead, one
determines the model-independent coefficient B{}) from the
limiting slope (e.g., Figure 7 in ref 1). It is then not possible to
separate the magnitude (&y) from the range (vy) of the
dynamic perturbation. It might be tempting to separate these
factors by identifying the onset of nonlinearity with the
concentration where hydration domains begin to overlap. For
two good reasons, NMR spectroscopists tend to resist this
temptation. First, to convert a solute concentration into a
solute—solute separation one must know the spatial distribution
of solutes. In particular, solute clustering can give rise to
hydration domain overlap at solute concentrations much lower
than would be the case if the solute—solute interaction only
included hard-core repulsion. Second, in addition to this
interaction-dependent geometric overlap effect, there is a
dynamic overlap effect produced by the stronger dynamical
perturbation of water confined between two or more solute
molecules. Whereas the geometric overlap effect produces a
weaker than linear concentration dependence, the dynamic
overlap effect usually produces a stronger than linear
concentration dependence. Typically, as for trehalose,’ it is
the dynamic overlap effect that is responsible for the observed
deviation from linear concentration dependence.

Because B is the limiting slope, all quantities appearing in
eq 3 pertain to infinite dilution, with no overlap between
hydration domains. As an alternative to the series expansion in
eq 2, @ can be cast on the pseudolinear form

a _ (1)
o 1 + B (¢hs) b @

BW(¢pg) is still given by eq 3, where, however, a(¢s), vi(¢s),
and &4(¢s) are now functions of the solute concentration ¢s.
(We ignore the weak concentration dependence in the partial
molar volume Vg.) The model used by HG, which we shall refer
to as the restricted primitive three-component (RP3C) model,
can be obtained from eq 4 by (1) neglecting dynamic cross
correlations between different molecular components, (2)
neglecting the spatial decay of the dynamic solvent
perturbation, and (3) neglecting all solution nonideality beyond
excluded volume. Failure of any of these approximations can
seriously compromise the interpretation of THz absorption
data. We now briefly discuss each of these three approx-
imations.

The THz absorption coefficient a is a collective property that
mainly reflects intermolecular vibrations. The component
absorption coeficients ay; and ag must therefore be regarded
as effective quantities that contain contributions from dynamic
solute—water cross correlations.'® In general, the parameter &y
therefore cannot be regarded as a measure of intrinsic water
dynamics. For the same reason, cross correlations complicate
the extraction of hydration water dynamics from other
collective observables, such as the dielectric permittivity'”'®
or the fluorescence emission frequency from a newly created
chromophore dipole."”?® In addition, cross correlations
between distinct solute molecules render ag concentration
dependent. In the RP3C model, these complications are
ignored by treating ay; and ayg as fixed parameters, independent
of ¢hs. The effect of cross-correlations is likely to be exacerbated
by attractive solute—solute interactions leading to solute
clustering, a phenomenon which is not captured by single-
solute simulations.”

Physical considerations suggest that ay(r) gradually
approaches the bulk value ayy with increasing distance r from
the solute, mostly likely in an approximately exponential
fashion. For the limiting slope in eq 3, this is not an issue
because @y can be regarded as a spatial average of ay(r) over
the hydration domain. However, to quantify the effect of
hydration domain overlap, we must know the functional form
of a(r). In the RP3C model, this is taken to be a step function.
Hydration domain overlap then becomes a purely geometric
problem, formalized by writing vy(¢ps) = vyl — 7(ds)].
(Here, and in the following, quantities written without an
explicit ¢bg argument refer to infinite dilution, as in eq 3.) The
overlap fraction 7(¢g) is the average fractional reduction of the
hydration domain volume due to overlap. Note that 7(¢g)
accounts for two kinds of overlap: (1) shared hydration, where
water molecules simultaneously belong to the hydration
domains of two or more solute molecules and (2) excluded
hydration, where a solute molecule penetrates the hydration
domain of one or more neighboring solute molecules.

The total solute—solute interaction in an aqueous solution
results from several physical mechanisms, including (shape-
dependent) hard-core repulsion (excluded volume), hydrogen
bonds, and solvent-mediated Coulomb and hydrophobic
interactions. For the purpose of computing the overlap fraction
11(¢s), the RP3C model ignores this complexity by treating the
aqueous solution as a hard-sphere fluid. HG use a Monte Carlo
procedure to determine the overlap fraction #7(¢hs) “by
randomly inserting solute molecules into water”.> But no
water and no interactions beyond the solute’s hard core are
involved. HG model the solute as a hard sphere or, for
disaccharides, as two fused hard spheres, but #7(¢s) is practically
the same for these geometries at the same core volume.”

The Monte Carlo procedure is inconvenient for data fitting
since it must be repeated for each solute concentration (and
each solute type). This hurdle can be avoided by recognizing
that the bulk water volume fraction ¢y can be equated with the
probability of successfully inserting, at an arbitrary point in a
fluid of hard spheres of diameter ¢ and volume fraction ¢, a
test particle of radius h (where h is the thickness of the
spherical hydration shell). A variety of simple analytical results,
based on approximate equations of state, are available for this
probability,”"** all of which are virtually exact at the solute
volume fractions of interest here.”> We adopt an approximation
basedzzon the Carnahan—Starling equation of state, which
yields
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Table 1. Results of RP3C Model Fits to the THz Absorption Data in Figure 1°

parameter unit trehalose
100(&y — 1)° % 30 + 22 (34)
v - 144 + 126 (893)
K A 6.0 + 2.8 (19.9)
ag’ cm™! 38 + 31 (39)
e cm™! 4200 + 0.3 (0.6)
B - —0.66 + 0.06 (0.12)

ubiquitin pH 4.8
63 + 0.8 (24) -
[7.0 + 22 (5.5)] x 10* -
66 + 9 (20) -
(o] -

420.8 + 0.3 (0.6) 420.5 + 0.2 (0.3)

4.8 + 0.5 (1.1) —0.6 + 0.1 (0.2)

ubiquitin pH 2

“Fits were performed with the trust region reflective nonlinear optimization algorithm.”* Parameter errors corresponding to a confidence interval of
68.3% (95%) were obtained with the Monte Carlo method™ using 5000 synthetic data sets. From nonlinear fit. “From linear fit. “Spherical
hydration shell thickness h derived from fitted “hydration number” vy according to vy = (@h/vy)[6(c + 2h) + 4h/3], where vy = 29.97 A% is the
molecular volume of bulk (and hydration) water at 20 °C and ¢ is the hard-sphere diameter of the solute (8.7 A for trehalose and 27.3 A for

ubiquitin). “Parameter value frozen in the fit.

(1 = @)1 — exp(—pA)]
UXCERY (s)

where Kk = 1 + 2h/o and A = ai® + 3bx* + 12ck + d with
coefficients a = (1 + ¢bs)/(1 — ¢bs)®, b = —¢ps(3 + ¢ps)/[2(1 —
%3% ¢ = 93/[2(1 - ¢5)*), and d = —(2 — 7¢hs + 9D)[2(1 —

)]

Having defined the RP3C model and the underlying
approximations, we shall now apply it to the THz absorption
data (averaged over the interval 2.1-2.8 THz) measured by
HG on aqueous solutions of trehalose® and ubiquitin.® The
efficient computation of the overlap fraction by means of eq 5
allows us to rigorously determine parameter confidence
intervals and covariances by nonlinear fits to 5000 synthetic
data sets.”®* For the fits we use the experimental errors
reported by HG,>® except at ¢bs = 0 where the error was
reduced by a factor of 10 since ay, was determined with higher
precision.” The data and fits (solid curves) are shown in Figure
1, while the resulting values of the three RP3C model
parameters (@, vy, and &) are collected in Table 1.

We first discuss the results for trehalose. As seen from Table
1, the parameter errors are large even at the 68% confidence
level. For the other two saccharides examined by HG,*® we find
that the parameters are even less well-determined. For
trehalose, the 68% confidence region for the “hydration
number” vy ranges from less than a monolayer (the first
hydration shell comprises ~47 water molecules’) to about
three water shells. All three parameters have large mutual
covariances (Figures S1—S3, Supporting Information). Even if
0y is frozen in the fit, the remaining two parameters have a large
covariance with a trade-off between the magnitude (&) and
range (vy) of the dynamic perturbation. Because of data scatter,
the linear regime is not well-defined. Using data at ¢g < 0.1, we
obtain a limiting slope of BW = —0.66 + 0.06, but to isolate the
hydration contribution B, ag must be known.

When HG fitted the RP3C model to their trehalose data®
they fixed the solute absorption coefficient to ag = 53 cm™".
This value was reportedly* obtained from measurements on a
“dry powder of trehalose”, which presumably means the
common crystal form trehalose dihydrate.”® Similar measure-
ments on glucose powders reveal that the absorption coeflicient
(averaged over the 2.1—2.8 THz interval) differs substantially
between anhydrous glucose (15.7 cm™) and glucose
monohydrate (9.0 cm™).*” Even if we disregard phonon
modes, which only contribute in the crystal, it is not clear what
ag value should be used for a solute surrounded by (and
interacting strongly with) water molecules. Since ag is
dominated by intermolecular vibrations,”” the value measured

77(¢s) =1-

10808

on a powder sample is almost entirely due to cross correlations
that will be different for the solute in aqueous solution. This
problem cannot be addressed by simulations of a single
trehalose molecule in water.* For these reasons, it seems
advisable to regard g as an adjustable effective parameter in the
RP3C model, as we have done here.

The RP3C model assumes that the spatial distribution of
solute molecules in a concentrated aqueous trehalose solution
is the same as in a hard-sphere fluid. The ability of HG’s THz
approach to determine the range of the solute-induced
perturbation of water dynamics (specified with sub-A
precision™) relies critically on the validity of this bold
assumption. While HG believe that “the small deviation of
the experimental data points from the best-fit curve supports
the three-component model”,® it is not surprising that the
modest deviation from linearity can be captured by an
additional parameter. For example, the trehalose data in Figure
1 are also very well described by eq 2 taken to second order.
The decisive question here is not how well the model fits the
data but what the model parameters mean. In the case of
trehalose, there is strong experimental1 and computationaf)"28
evidence for transient solute clustering over the entire
concentration range examined by HG.? This aggregation not
only alters the magnitude and concentration dependence of the
overlap fraction #(¢s) from that computed for the hard-sphere
fluid but also introduces a nonlinear ¢bs dependence via the
effect of cross correlations on ay and ag.

Our main criticism of HG’s analysis of THz absorption data
from trehalose and other saccharides™ can be summed up in
the following three points.

(1) HG state that the THz absorption coefficient a “directly
probes solute-induced retardation of water dynamics” in
aqueous saccharide solutions.” However, the link between a
and water dynamics can hardly be described as “direct” when it
relies heavily on dubious assumptions about solution structure
and when the connection of the THz perturbation factor &y to
water dynamics is poorly understood, nonmonotonic, and
strongly frequency-dependent. In fact, it is not even clear
whether the inferred increased THz absorption coefficient (ay
> ay and thus &; > 1) corresponds to slowing down or
speeding up of hydration water dynamics.

(2) HG state that the THz absorption coefficient « reveals a
“long-range influence of carbohydrates on the solvation
dynamics of water”.> However, according to our reanalysis of
their trehalose data, the THz “hydration number” vy is
consistent, even at the 68% confidence level, with monolayer
hydration (Table 1). Nonetheless, given that a primarily probes
intermolecular vibrations, the effect cannot be completely
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confined to the first water layer. Furthermore, the perturbation
range is not necessarily the same for the collective dynamics
probed by a as for the single-molecule rotation probed by
NMR. However, in any case, the analysis of the THz data, even
if the RP3C model is accepted, does not justify the description
of the perturbation as “long-range”.

(3) HG do ot acknowledge the experimental' and
computational**® evidence for trehalose clustering in the
concentration range of their THz study. As a result of this
clustering, the dynamic overlap effect, which is neglected by
HG, dominates over the geometric overlap effect.' Moreover,
trehalose clustering invalidates the hard-sphere model used by
HG to infer the range of the dynamic perturbation. HG ignore
these complications because “additional parameters are not
justified by the fittable features in the experimental data”.*
Another course of action would have been to follow in the
footsteps of the many NMR spectroscopists who were content
with determlmn% the model-independent low-concentration
slope, that is, BW in eq 3.

Turning now to the protein ubiquitin, we note, as did HG?
that the RP3C model can provide a reasonable fit only if the
two data points at ¢ > 0.017 are ignored (Figure 1). In
contrast to the trehalose case, the (poorly defined) limiting
slog)e BY = 4.8 + 0.5 is now large and positive, indicating that

> IB(UI The absorption of the solute is therefore relatively
ummportant and we follow HG in setting ag = 0. (For
example, a fit with fixed ag = 100 yields 100(&y — 1) = 5.9 and
vy = 7.6 X 10% well within the 68% confidence intervals in
Table 1.) According to the fit, the relative solvent perturbation
(Ey — 1) is twice as large as for trehalose, and the dynamically
perturbed hydration domain now comprises some 70 000 water
molecules! For a spherical protein, this corresponds to a shell of
thickness h = 66 A.

HG also performed this fit (Figure 6 in ref 8), but they did
not present the resulting parameter values. Instead they argued
that “proteins are rather large molecules compared to
disaccharides and at high enough concentration a large fraction
of the solvation water lies in the hydration shells around two or
more proteins” and that “the three-component model does not
provide a completely quantitative description of the hydration
layer thickness because it neglects that hydration water near
multiple proteins contributes in a nontrivial way to the total
THz absorption coefficient”.® But in the examined concen-
tration ranges, the overlap fraction 77(¢g), as determined with
the aid of the RP3C model, is nearly the same for ubiquitin and
trehalose (Figure 2).

In dealing with this perceived problem, HG did not attempt
to improve the model but instead employed the same RP3C
model in a less rigorous way, positing that “the precise
measurement of the onset of nonlinearity allows us to estimate
the average size of the dynamical hydration shell”.* The data in
Figure 1 do not define the “onset of nonlinearity” very
precisely, but HG take the overlap concentration corresponding
to this onset to be 1.5 mM or ¢¢ = 0.0096. They then use their
hard-sphere Monte Carlo procedure to compute “an average
protein—protein distance”, which we call D*, at this
concentration. Finally, they deduce the thickness of the
spherical hydration shell as h = L*/2, where L* = D* — ¢ is
the surface-to-surface separation corresponding to the center-
to-center separation D* and o is the equivalent hard-sphere
diameter for ubiquitin. In this way they arrive at h = 18 A.* But
if this result is correct, the overlap fraction is less than 10% even
at the highest concentration (Figure 2), as compared to 75% for
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Figure 2. Hydration domain overlap fraction # versus solute volume
fraction ¢bs, computed with eq S and parameters for trehalose (red
curve, h/c = 6.0/8.7) and ubiquitin (blue curve, /o = 66.0/27.3). The
dashed curve refers to ubiquitin with a smaller hydration domain (h =
18 A). For ubiquitin, the volume fraction on the abscissa has been
multiplied by a factor 10.

trehalose. The inability of the RP3C model to account for the
ubiquitin data at the two highest concentrations can therefore
not be due to extensive hydratlon overlap, as proposed by HG.S
HG do not define their “average protein—protein distance”
D. If taken literally, it would be a macroscopic length.
Presumably, they compute the mean nearest-neighbor distance,
which we shall denote by L. For the hard-sphere fluid, L/c is a
universal function of ¢)g readily computed to very high accuracy
(without the need for simulations) by simple quadrature®

= gfl dx exp[— A} (x)] (6)

where A (x) = 8a(x® — 1) + 12b(x* — 1) + 24c (x — 1) and the
coeficients a, b, and ¢ are given below eq 5. Figure 3 shows the
mean nearest-neighbor surface separation L as a function of
solute volume fraction for trehalose and ubiquitin. For ubiquitin

10 100
8 80
6 60
< <
~ ~
4t 40
2r 20
O 1 1 1 1 0
0 0.05 0.10 0.15 0.20 0.25

g 0r 10 o

Figure 3. Mean nearest-neighbor surface separation L versus solute
volume fraction ¢ for trehalose (red curve, left axis) and for ubiquitin
(blue curve, right axis). For ubiquitin, the volume fraction on the
abscissa has been multiplied by a factor 10.
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we thus obtain L* = L(¢p%¥) = 32.4 A and h = 162 A. (HG
obtained a slightly larger value, & = 18 A, because they used a
35% too large protein volume, deduced from the radius of
gyration.®) But for any of these h values the hydration overlap
at (¥ is only a few % (Figure 2) so the expansion in eq 2 can be
truncated after the quadratic term. According to the RP3C
model, the coeflicient of this term is

@ _ 1 2 3.3

B . (& — D[2 — 9" — °(x° — 8)] )
which is negative for & > 1. The magenta dash-dotted (nearly
linear) curve in Figure 1 is the RP3C model prediction for & =
1.063 (as obtained from the nonlinear fit) and & = 18 A (as
inferred by HG from the overlap separation L*). This
prediction does not bear any semblance to the data. In
particular, the observed strong nonlinearity with an o maximum
at ¢s = 0.10—0.15 cannot be explained. This internal
inconsistency exposes a fundamental flaw in the procedure
used by HG to infer the hydration range h from the mean
nearest-neighbor separation at the overlap concentration. The
large discrepancy between the RP3C model fit (Table 1) and
the h value deduced by HG from the “overlap concentration”
¢¥ arises because, in a hard-sphere fluid, the mean nearest-
neighbor separation L is much smaller than the typical neighbor
separation, defined as the mean separation of the neighbors
responsible for the first peak of the pair correlation function. If
L had been a typical neighbor separation, then we would expect
L* = 12 A for trehalose (Table 1). The onset of nonlinearity
should then have occurred at ¢p¥ = 0.007 (Figure 3), an order
of magnitude below the observed (weak) deviation from
linearity (¢s ~ 0.08) in Figure 1.

In the RP3C model, a pronounced nonlinearity in a(¢g)
requires substantial hydration overlap. To account for the
strong nonlinearity observed for ubiquitin at volume fractions
of a few % (Figure 1), the RP3C model requires each protein
molecule to perturb on the order of 10° water molecules (Table
1). Such a scenario is incompatible with a large body of
experimental and computational work on protein hydration
dynamics,""* indicating that the dynamic perturbation is
essentially confined to the first water monolayer (~450 water
molecules for ubiquitin). Moreover, for a hydration range h as
large as 66 A (or even 18 A), the assumption in the RP3C
model of a step function profile for ay(r) is highly unphysical.
This assumption is reasonable if the hydration domain
comprises one or two water shells, but for the much larger h
values deduced from the ubiquitin fit there must be a
substantial variation of ay(r) within the hydration domain.

The decay length A of ay(r) is not known, but a recent
classical MD study® presented a spatially resolved analysis of
the vibrational density of states, a readily computed proxy for @,
for water near the lambda repressor fragment A¥ g. It was thus
found that the water—water autocorrelation and protein—water
cross correlation both have decay lengths of 3—4 A in the
frequency range of interest here.’® For an exponential decay
with 4 = 3.5 A, the dynamic perturbation ay;(r) — ay would
vary by 8 orders of magnitude across a 66 A thick hydration
shell. Even a substantial overlap of such weak tails of the
perturbation profile would not be detectable, but the RP3C
model assumes that removal of the outermost hydration waters
(66 A from the protein surface) has the same effect as removal
of water in contact with the protein surface. We note that the
dynamic heterogeneity discussed here is a property of the
isolated (without overlap) hydration domain. A related, but

distinct, problem is the interference of perturbations from two
nearby solutes. The latter problem is likely to be most
important at high volume fractions (as in the trehalose study),
where it is intimately connected to the cross-correlation
problem.

Another indication that HG’s analysis is flawed comes from
the observation that the extensive hydration shell of proteins
(comprising ~10° water molecules) mysteriously disappears
when the protein is altered by nondenaturing point mutations
or pH variations.”~” As an example, Figure 1 shows HG’s THz
data for ubiquitin at pH 2.* According to the RP3C model, the
slightly negative slope of the linearly decreasing data (Figure 1)
implies that a pH drop from 4.8 to 2 is accompanied by a 30-
fold reduction of either the magnitude (£ — 1) or the extent
(vy) of the dynamic perturbation (Table 1). HG attribute this
drastic change to protein denaturation,’ but without providing
independent evidence for any structural change. Ubiquitin is an
exceptionally stable protein that has been repeatedly
shown® ™* to remain in its native folded state over the pH
range 1—13. In fact, even the hydration dynamics of ubiquitin
has been studied down to pH 2, with no sign of denaturation
and only a modest effect on the hydration dynamics, consistent
with the protonation of ubiquitin’s 12 carboxylate groups.>>*® If
ubiquitin remains folded down to pH 2, what is then the origin
of the drastic change in the THz absorption? As for trehalose,
solute—solute interactions and the associated cross correlations
may be largely responsible for the nonlinear concentration
dependence at pH 4.8. Indeed, ubiquitin undergoes reversible
dimerization with dissociation constant K, = 4.9 mM at pH 6.0
and 30 °C.** Only 1.7 carboxyl groups are protonated on going
from pH 6.0 to 4.8, but at pH 2 essentially all carboxylate
groups are protonated, yielding a net charge of +13 that likely
prevents dimerization.

An even more striking pH effect was reported for the lambda
repressor fragment A¥ 45, where a nonlinear concentration
dependence similar to that seen for ubiquitin at pH 4.8 was
found at pH 7.3, whereas at pH 5.0 no significant hydration
effect was detected (ie, a/ay ~ 1 — ¢b).” Using the same
flawed analysis as for ubiquitin, HG inferred an extensive
dynamic perturbation (h & 22 A) at the higher pH.%’ Protein
aggregation was reportedly”’ “ruled out” by a SAXS study,’’
which, however, examined the protein in a 45:55 v/v glycol/
water mixture at —28 °C. As for ubiquitin, the abolished
hydration effect at the lower pH was attributed”” to protein
unfolding even though the CD data showed no sign of
denaturation at pH 5.0.

Our main criticism of HG’s analysis of THz absorption data
from ubiquitin and other proteins®™'® can be summed up in the
following four points.

(1) HG attribute the inability of the RP3C model to account
for the THz data from ubiquitin (and other proteins) to the
large fraction of overlapping hydration shells.* However, for the
hydration shell thickness deduced by HG (h = 18 A), the
overlap fraction is actually an order of magnitude smaller
(Figure 2) than in the saccharide solutions, where the RP3C
model can fit the data.

(2) Abandoning the RP3C model, HG deduce the average
thickness (h) of the perturbed hydration shell from the protein
concentration (¢¥) corresponding to the “onset of non-
linearity” in a(¢g). In doing so, they incorrectly identify the
typical protein—protein separation with the much smaller mean
nearest-neighbor separation. For the shell thickness thus
deduced (h = 18 A), the a(¢s) curve predicted by the RP3C
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model differs drastically and qualitatively from the observed
curve, even at the lowest protein concentrations (Figure 1). To
account for the observed maximum in a(¢;), the RP3C model
requires a much thicker hydration shell (h = 66 A).

(3) In either case (h = 18 or 66 A), the result is based on the
unphysical assumption that a water molecule at a distance h
from the protein surface is as much perturbed as a water
molecule in contact with the surface. In fact, MD simulations
yield a decay length of 3—4 A for the protein’s perturbation of
single-molecule water rotation as well as of collective THz
water dynamics, consistent with NMR results but grossly
inconsistent with the thick protein hydration layers inferred by
HG.

(4) HG invoke protein unfolding to rationalize the nearly
complete disappearance of the THz hydration effect upon pH
reduction, but without verifying that the protein actually is
unfolded. In fact, the available evidence strongly indicates that
the proteins remain folded at the lower pH. On the other hand,
significant protein self-association is indicated at the higher pH.
As in the case of trehalose, the nonlinear a(¢s) dependence
thus appears to be caused by solute—solute interactions.

Like HG’s original work, this Reply has focused on the issue
of the range of the perturbation, as reflected in the parameter h
or vy. In closing, we shall briefly comment on the physical
significance of the magnitude of the perturbation, as described
by the parameter {y. The NMR-derived dynamic perturbation
factor &y is the ratio of correlation times for water rotation in
the hydration domain and in bulk water. The corresponding
THz-derived quantity &y = ay/oyw is not a ratio of
characteristic time scales and therefore cannot be directly
interpreted in terms of slowing down or speeding up of water
dynamics. When the water—oxygen vibrational density of states
is computed from classical MD simulations, one finds a slight
blue-shift of the broad intermolecular vibration band for protein
hydration water.” As a result of this speeding up of
intermolecular vibrations in the first hydration shell, & > 1
in the frequency window (2.1—2.8 THz) commonly probed by
HG, whereas & < 1 at 1.0 THz. Moreover, at an intermediate
frequency of ~1.5 THz one finds &4 = 1,** showing that ay; =
Oy is not necessarily an indication of an unperturbed hydration
shell. A 10% shift of the intermolecular vibration frequency
corresponds to an energetic perturbation of 0.025kgT. Such a
small perturbation is not likely to have a significant impact on
any molecular process. HG argue in their Comment* that the
H-bond shift (56 cm™) of the intramolecular O—H stretch
vibration frequency (3657 cm™') is likewise a small
percentage,” but in absolute terms it is an order of magnitude
larger than the intermolecular shift.

In conclusion, we have elaborated our earlier concerns”
about HG’s interpretation of their THz absorption data from
saccharides and proteins. Whereas HG argue that “the extent to
which the solute influences the solvent has been under-
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estimated by other experimental techniques”,” the analysis
presented here indicates that the “long-range” hydration effect
inferred by HG is an interpretational artifact. It is to be hoped
that this issue will be further clarified by systematic
experimental and theoretical studies, preferably in several
laboratories, of the effect of independently monitored solute
aggregation on the THz absorption coefficient.
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Figure S1: Results for the RP3C model parameters &g — 1 and h obtained from nonlinear
fits to 5000 synthetic data sets generated with the trehalose parameters in Table 1 and a
Gaussian error distribution consistent with the experimental error bars in Fig. 1. Red (blue)
dots correspond to 95 % (68.3 %) confidence interval. The fits were performed with the trust
region reflective nonlinear optimization algorithm, restricting the parameters ag and h to
physically admissible (nonnegative) values.
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Figure S2: Results for the RP3C model parameters ag and &g — 1 obtained from nonlinear
fits to 5000 synthetic data sets generated with the trehalose parameters in Table 1 and a
Gaussian error distribution consistent with the experimental error bars in Fig. 1. Red (blue)
dots correspond to 95 % (68.3 %) confidence interval. The fits were performed with the trust
region reflective nonlinear optimization algorithm, restricting the parameters ag and h to
physically admissible (nonnegative) values.
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Figure S3: Results for the RP3C model parameters ag and h obtained from nonlinear fits to
5000 synthetic data sets generated with the trehalose parameters in Table 1 and a Gaussian
error distribution consistent with the experimental error bars in Fig. 1. Red (blue) dots
correspond to 95 % (68.3 %) confidence interval. The fits were performed with the trust
region reflective nonlinear optimization algorithm, restricting the parameters ag and h to

physically admissible (nonnegative) values.
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