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Abstract

The nature of water’s interaction with biomolecules such as proteins has been difficult to examine
in detail at atomic resolution. Solution NMR spectroscopy is potentially a powerful method for
characterizing both the structural and temporal aspects of protein hydration but has been plagued
by artifacts. Encapsulation of the protein of interest within the aqueous core of a reverse micelle
particle results in a general slowing of water dynamics, significant reduction in hydrogen
exchange chemistry and elimination of contributions from bulk water thereby enabling the use of
nuclear Overhauser effects to quantify interactions between the protein surface and hydration
water. Here we extend this approach to allow use of dipolar interactions between hydration water
and hydrogens bonded to protein carbon atoms. By manipulating the molecular reorientation time
of the reverse micelle particle through use of low viscosity liquid propane, the Ty, relaxation time
constants of *H bonded to 13C were sufficiently lengthened to allow high quality rotating frame
nuclear Overhauser effects to be obtained. These data supplement previous results obtained from
dipolar interactions between the protein and hydrogens bonded to nitrogen and in aggregate cover
the majority of the molecular surface of the protein. A wide range of hydration dynamics is
observed. Clustering of hydration dynamics on the molecular surface is also seen. Regions of
long-lived hydration water correspond with regions of the protein that participate in molecular
recognition of binding partners implying that the contribution of the solvent entropy to the entropy
of binding has been maximized through evolution.
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Since the seminal works of Tanford,! Kauzmann? and their contemporaries, the nature of
water as a biological solvent has been a topic of deep interest and remains so today.34
Nevertheless, the present view of water behavior near macromolecular surfaces comes
largely from analyses of molecular dynamics and related simulations that have been difficult
to validate experimentally. There are a host of detailed technical issues that have prevented
experimental characterization of macromolecular hydration in solution but they generally
arise from two fundamental qualities of aqueous solutions: water molecules are incredibly
numerous and they move very fast. These two factors have conspired to create problems in
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both temporal and spatial resolution of measurements in aqueous solution such that the
experimental insight into protein solvation is surprisingly limited.

The collection of one to two layers of water surrounding macromolecules is generally
referred to as the hydration layer and is now commonly termed ‘hydration water’ or
‘biological water’.6 Measurements using magnetic relaxation dispersion, time-resolved
optical spectroscopy,® and other methods’-8 have demonstrated that hydration waters are
dynamically slowed relative to bulk water, though the estimated degree of retardation varies
from 2-fold to 2 orders of magnitude,® and that this dynamic slowing extends, on average,
one to two water layers outward from the protein surface. Though this general picture is now
largely accepted, the range of motion within the hydration layer and the mechanism by
which the macromolecular surface influences motion of hydration water remain poorly
understood. Nevertheless, it is well known that specific interactions between biomolecules
are often mediated by water molecules, and that water has a variety of important direct
catalytic roles in biochemical processes.3 Perhaps most importantly, whether a given
biomolecular interfacial interaction is wet or dry, it is clearly affected by the energetics of
desolvating the interacting surfaces during the binding process. The orientations and
motions of hydration water molecules directly determine the degree to which such
desolvation is favorable or unfavorable.19.11 Thus a complete description of binding
energetics requires a better understanding of hydration on the atomic scale.

Experimental access to a site-resolved view of hydration has relied upon fluorescence8-12-14
and EPR® based methods. Both approaches require mutation of the protein of interest such
that probes are moved, one site at a time, throughout the molecule. In principle, solution
NMR could provide comprehensive access to site-resolved measurement of protein-water
interactions via dipolar magnetization exchange between protein hydrogens and water
hydrogens.16 Though this approach has provided extensive insight into the residence time
and location of internal water molecules integral to protein structure (i.e. “structural” water),
three severe technical limitations have prevented its use for detection of hydration water.1’
Despite the slowing of the of waters in the hydration layer, they still move too fast to allow
efficient build up of dipolar magnetization exchange.1” In addition, interpretation of such
signals is clouded by contributions from hydrogen exchange between water and labile
protein hydrogens. Dipolar exchange and chemical exchange can be distinguished by
comparison of both the laboratory-frame nuclear Overhauser effect (NOE) and the rotating-
frame NOE (ROE).17 In the slow tumbling limit, the NOE and ROE are of opposite sign
while hydrogen exchange produces NOE and ROE of identical sign. Unfortunately,
ambiguity arises when a protein hydrogen Hp is exchanged with a hydrogen derived from a
water molecule and is then followed by intramolecular dipolar exchange between protein
hydrogens Ha and Hg. This mechanism results in NOE and ROE intensity of opposite sign
between the remote protein hydrogen Hg resonance and the water resonance, producing a
signal which is indistinguishable from direct dipolar magnetization exchange between
hydrogen Hg and water. A further complication to measurements of protein-water NOES in
aqueous solution comes from the potential for long-range dipolar coupling with hydrogens
of bulk solvent.18-20 |t has been argued that the usual r=8 dependence associated with the
intramolecular NOE and ROE can be effectively reduced to r=! rendering the entire
approach useless.>21

Encapsulation of a protein of interest within a reverse micelle largely overcomes these
limitations.22 Reverse micelles have been used to encapsulate a wide range of soluble
proteins as well as integral membrane and peripheral membrane proteins with high structural
and functional fidelity, making the full arsenal of high-resolution multi-dimensional NMR
experiments accessible.23-28 |n the present case, several novel qualities of the reverse
micelle provide a means to surmount the aforementioned difficulties in using solution NMR
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methods to characterize protein hydration. The nanometer scale water pool has significantly
slowed water dynamics; the effective rate of hydrogen exchange is slowed by at least two
orders of magnitude; and the vast majority of solvent water present in a normal aqueous
sample is absent in a reverse micelle preparation. These features have enabled use of the
NOE and ROE to provide comprehensive site resolved information about protein
hydration.22

We have previously used this approach for measurement of protein-water interactions

using 1°N-resolved NOESY and ROESY spectra.22 This provides information about
solvation at or near amide hydrogens in the protein. Using the 76 amino acid protein
ubiquitin as a test case, we showed that the protein has a highly variable range of dynamics
and that clustering of regions of hydration water dynamics is apparent. Here, we extend the
previous studies using 13C-resolved measurements. Unfortunately the reverse micelle
particle containing a single ubiquitin molecule and a well-defined amount of water is a large
particle that tumbles with an effective rotational correlation time on the order of 10 ns in
pentane. In pentane, where the previous 1°N-resolved studies were done, this results

in 1H{~13C} Ty, values that are too short to allow high S/N 13C-resolved ROESY spectra to
be obtained. To increase the 1H T, values, solutions of encapsulated ubiquitin were
prepared in liquid propane, which has a bulk viscosity slightly less than one half that of
pentane at the encapsulation pressures used. The effective rotational correlation time of the
encapsulated protein is reduced to ~5 ns providing a concomitant reduction in 1H T1p
relaxation rates (Table S1). Three-dimensional 13C-resolved NOESY and ROESY spectra
were collected on uniformly 15N, 13C-ubiquitin in AOT reverse micelles dissolved in liquid
propane using a mixing time of 35 ms, which is within the linear build-up regime for the
NOE but not for the ROE. The ROE was corrected using the measured 1H Ty values as
described by Macura & Ernst.2

The indirect 1H planes at the water resonance of these experiments are shown in Figure 1.
Also shown are the water planes of identical measurements on aqueous ubiquitin. The
aqueous ubiquitin spectra show only a handful of peaks centered at the water resonance, all
of which come from sites that are within NOE distance (~3.3 A in this case) of labile side
chain hydroxyl or amine hydrogens and are likely the result of artifactual hydrogen-
exchange mediated indirect magnetization transfer pathways.2! The reverse micelle spectra,
however, show dozens of cross peaks centered at the water resonance which are resolved
from H,, cross peaks. The opposite phase of the ROE and NOE peaks indicate that these
cross peaks arise from direct dipolar exchange between protein hydrogens and solvating
water.1? There is ample evidence from these spectra that the rate of hydrogen exchange is
significantly slowed. For example, intramolecular NOE cross peaks to most of the
exchangeable Thr OH were observed indicating that they remain in slow exchange on the
chemical shift time scale (key << 10 s™1). A detailed example is provided in Figure S1. A
likely explanation for the effective slowing of hydrogen exchange is that the dissociation of
water is slow enough3? to make collision of reverse micelles and exchange of their aqueous
cores rate limiting for the availability of hydroxide ion catalyst.3! The slowed dynamics of
water may also contribute. Regardless, the protein-water cross peaks seen in the reverse
micelle spectra in Figure 1 are clearly the result of direct protein-water dipolar exchange.
Only the hydroxy! of the lone Tyr residue presents a potential complication. Importantly,
there are no NOEs (ROES) to water from probes not within NOE distance of the surface,
which indicates the selectivity of the method and absence of water within in the core of the
protein. Finally, we note that long-range coupling to water is minimal in reverse micelles
due simply to the lack of bulk water created by the nature of the sample. It is interesting to
note that 1H-1H projections of 1°N-resolved NOESY experiments of encapsulated 15N, 2H-
ubiquitin dissolved in either 98% deuterated pentane or 10% deuterated pentane are
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indistinguishable indicating an absence of significant long-range coupling between the
protein and bulk alkane solvent in the reverse micelle system (Figure S2).

The ratio of cross relaxation rates of the NOE (onog) to the ROE (orog) can be used as a
quantitative measure of protein-water interactions. Ratios of the NOE to ROE peak
intensities obtained at a mixing time of 35 ms were used to calculate onog/oroE for the

37 13C-resolved NOE/ROE that could be quantitatively interpreted (Table S1). This almost
doubles the number of hydration probes and increases the surface area coverage by nearly
50% relative to the 1N-resolved data reported previously.22 The onog/oRroE ratios range
from 0 to —0.5. A onoe/oRrog ratio of —0.5 corresponds to an interaction with water which is
in the slow tumbling limit and is dictated by the rotational correlation time of the protein.1’
In the absence of hydrogen-exchange mediated indirect magnetization transfer, which is the
case here, onoE/OROE ratios between —0.5 and 0 are indicative of interaction times shorter
than the rotational correlation time of the protein.16:17.32 At the magnetic field strength used
here, the NOE approaches zero at an effective correlation time of ~300 ps.1? It should be
emphasized that the dynamical effects have both a distance and angular dependence leading
to potentially complicated detailed origins for the scaling of obtained opog/oroE ratios from
the slow tumbling limit.32

The onoe/oroE ratios are given in Supplementary Table S1 and are mapped onto the
structure of ubiquitin in Figure 2. As was seen in the previous analysis of 15N-bonded
hydrogens22, a minority of 13C-bonded hydrogens show onog/oroE ratios at the slow
tumbling limit of a rigid interaction and the entire dynamic range of oyog/oRroE ratios is
sampled. The present 13C-resolved data were combined with previously obtained 15N-
resolved measurements to more completely delineate the nature of the hydration surface of
the protein. The previous 1°N-resolved measurements were undertaken in liquid pentane in
which the encapsulated ubiquitin has an approximately two-fold longer molecular
reorientation time. Similar experiments carried out in liquid propane resulted in oyoE/OROE
ratios that were within experimental error of those obtained in liquid pentane. It is also
important to point out that the present measurements were performed using 15N, 13C-
ubiquitin whereas the previous work was performed using 1°N,2H-ubiquitin. As a result the
resolution of water cross peaks from H, cross peaks was far superior in the earlier work,
hence the use of this earlier data in assembling the map of ubiquitin hydration dynamics in
Figure 2.

In addition to the obvious clustering of the fast hydration dynamic sites, there is also clear
grouping of sites where interactions with water are quite long-lived. The cluster of dark blue
sites along the outer surface of the mixed B-sheet and along the interface of the B-sheet and
a-helix indicates regions of protein surface with greatly slowed hydration dynamics.
Intermediate hydration dynamic clusters (purple) are also evident, particularly around the
310 helix. The apparent clustering of hydration dynamics evident in Figure 2 is most
intriguing and is more fully visualized in Figure 3. The wide coverage and range of these
data represent the most extensive measurements of hydration dynamic behavior to date.

The large patches of similar hydration dynamics speak to persistent questions about the
potential role of water in protein structure-function relationships and molecular
evolution.34:11.17.33.34 ypjquitin is involved in a host of critical protein-protein interactions
that regulate protein degradation pathways.3> Many ubiquitin binding interactions are
mediated by the hydrophaobic patch formed by the side chains of lle-44, Leu-8, and
Val-70.36 A recent analysis3” compared the ms-us motions within ubiquitin with a series of
crystal structures of ubiquitin in complex with various binding partners and found
correlations between binding and protein motion. This motivated comparison of the
hydration dynamics surface with the same series of 18 complexes (see Table S2). We
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aligned ubiquitin in each of the 18 crystal structures with the structure of encapsulated
ubiquitin and examined whether specific portions of the protein’s surface were excluded
from the complex interfaces. The protein-protein interfaces center on the hydrophobic patch
indicated with a yellow circle in Figure 3. The outer surface of the a- helix is generally
excluded from these protein-protein binding interactions (Figure 3, left panel). This portion
of the ubiquitin surface contains the largest patch of fast hydration dynamics seen in the
present measurements (colored orange, purple and red). Conversely, the opposite face of the
protein, which is heavily involved in protein-protein contacts, is composed mostly of sites
with restricted hydration dynamics (Figure 3, right panel).

The correlation of a fast hydration dynamic portion of protein surface being seemingly
excluded from a wide variety of ubiquitin’s protein-protein interactions as well as the
generally slowed hydration surface being buried in these complexes suggests a potential
functional or evolutionary relevance. This correlation is easily rationalized if we consider
the nature of desolvation in protein-protein interactions.38:39 The hydrophobic effect?-2:40
predicts that burial of hydrophobic surface produces an entropic advantage to the free energy
of a given interaction and comes from the liberation of interfacial water molecules. As the
entropy of bulk water should be essentially constant, the difference in the desolvation
entropy of one region of protein surface versus another will primarily be determined by the
difference in the entropy of the local hydration layer. The entropy of the hydration layer
should be directly related to the degree of motional restriction imposed by these regions of
protein surface on the solvating water. If the protein surface imposes considerable motional
restriction on the local hydration water molecules while another imposes relatively little,
then it follows*! that the more restrictive site will provide a more favorable entropic gain
when desolvated. The present analysis suggests that such differential desolvation may play
an important role in the binding of ubiquitin to its various targets and the methods used here
would offer a new window into this previously underappreciated aspect of molecular
recognition and evolution.38:39 More systems will need to be examined to determine if the
variation of the residual translation-rotational entropy of hydration water is generally
involved in the thermodynamics of protein-protein interactions but the initial observation
here is undoubtedly provocative.

Related to this is the issue of so-called cold denaturation of proteins. The observed large
positive change in heat capacity upon unfolding demands that proteins exhibit both thermal
and cold-induced unfolding.#? In addition, a statistical thermodynamic view of the
cooperative substructure of proteins suggests that cold denaturation should be non-
cooperative in many cases, particularly in situations where interactions within units of
cooperative substructure are qualitatively distinct from those between units of cooperative
substructure.#3 This is in sharp contrast to the highly cooperative apparently two-state high
temperature unfolding that is predicted by the same theory and is generally observed
experimentally.#4 Taking advantage of the fact that the water core of reverse micelles resists
freezing, we have used encapsulated proteins to examine this issue and observed the
predicted multi-state nature of protein cold denaturation.*3 These results have been
challenged on a variety of technical grounds#® that have largely been answered“6 but a
recent study*’ has raised an apparent paradox that is resolved by the observations presented
here. Using emulsions with cavities on the micron length-scale, Halle and coworkers failed
to detect magnetic relaxation dispersion of the water pool that would be indicative of cold
induced unfolding of ubiquitin.4” As they emphasize, technical issues aside, cold
denaturation is principally driven by the hydrophobic effect, which finds its roots in the
entropy of water. The results presented here establish that the water within the reverse
micelle, both free and protein-associated, has significantly reduced entropy relative to the
essentially bulk water of the micron scale emulsion cavities. This would raise the
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temperature at which cold-induced unfolding occurs in the reverse micelle but not in the
micron scale emulsion and thereby resolves the apparent paradox.

In conclusion, use of 13C-resolved NOESY and ROESY experiments in combination with
the technical advantages offered by reverse micelle encapsulation has significantly expanded
the characterization of the hydration dynamics at the surface of ubiquitin. Clustering of
reduced motion of the hydration water correlates with surface that forms interfaces of
protein-protein complexes while the opposite is true for regions that do not contribute to
protein-protein complex formation. This suggests that the protein surface has evolved to
maximize the entropy gain arising from exclusion of hydration water to form a dry protein-
protein interface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Protein-water NOE and ROE measurements. Indirect 1H planes of 13C-resolved NOESY (A,
C) and ROESY (B, D) spectra of uniformly 1°N,13C-ubiquitin in aqueous solution (A, B:
indirect 1H plane at 4.9 p.p.m.) or in AOT reverse micelles with a water loading (Wg) of 9
dissolved in liquid propane (C, D: indirect 1H plane at 4.35 p.p.m.) are shown. An NOE
(ROE) mixing time of 35 ms was used. Dipolar cross peaks are indicated by positive (black)
NOE and negative (red) ROE. The cross peaks centered at the water resonance of the
aqueous solution spectrum are boxed in panels A and B. Crosspeaks appearing between 4
and 5 p.p.m. corresponds to the edges of auto-peaks while the unboxed peaks near 1 p.p.m.
are intramolecular NOEs from methyl hydrogens to H,s and are not centered at the water
resonance. In aqueous solution, the cross peaks centered at the water resonance are due to
sites within detectable NOE distance (< 3.3 A in this case) of labile hydrogens (1 - Thr Hgs,
2 —Ser Hgs and Lys Hgs, 3 - Thr H,s). In contrast, the corresponding spectra of ubiquitin
encapsulated with a reverse micelle show a multitude of cross peaks from a wide variety of
sites, each of which shows a negative ROE indicating direct dipolar exchange between a
protein site and water.
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-0.5 Onoe!Oroe 0
>10 ns Effective correlation time ~300 ps
Figure 2.

Hydration dynamics at the surface ubiquitin. A ribbon representation of the structure
encapsulated human ubiquitin (PDB code 1G6J, conformer 25)24 is shown. Hydration
probes sites are represented as spheres. Probe sites with unique hydrogen chemical shifts are
shown as small spheres at the location of the probe hydrogen. Probe sites that are
degenerate, such as the hydrogens of a methyl group whose chemical shifts are averaged, are
shown as large spheres at the location of the carbon to which the probe hydrogens are
bonded. The spheres are colored according to the probe onoe/oroe Values. onoe/SROE
ratios near —0.5 indicate the slowest hydration dynamics while values near 0 are the regions
of fast hydration dynamics. Backbone amide hydrogens which are solvent-exposed but
showed no cross peaks to solvent?2 are colored orange. These sites are interpreted as the
locations of fastest hydration dynamics. The carbon-resolved hydration dynamic data
corresponds well with the 1°N-resolved measurements. Sites in the rigid limit have residence
times and surface dynamics slower than 10 ns. Sites showing no NOE but a detectable ROE
have effective correlation times on the order of 300 ps. Intermediate onog/croE Values
potentially arise from a complicated scaling due to both the time scale of motion and its
geometric details.3?
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Figure 3.

The ubquitin hydration surface and comparison to its protein-protein interaction surface.
Two views of the molecular surface of ubiquitin are shown. The surface is color-coded
according to the average onog/orog Vvalues of all probes within NOE detection distance
from —0.5 (blue) to 0 (red). onoe/oroE ratios near —0.5 indicate the slowest hydration
dynamics while values near O are the regions of fast hydration dynamics. Surface points
which are within NOE distance of solvent-exposed backbone amide sites but did not show
cross peaks to water in the previously-obtained 1°N-resolved hydration experiments22 and
were not within NOE distance of any other hydration probes are colored orange. These sites
are interpreted as the locations of fastest hydration dynamics. Surface points not within NOE
distance of any usable hydration dynamics probe site are colored gray. Patches of tightly
bound hydration water and of intermediate hydration dynamics are readily evident.
Hydration dynamics are mapped for approximately 70% of the ubiquitin surface. Eighteen
crystal structures of ubiquitin (details and references given in Supplementary Information) in
macromolecular complexes were aligned with the structure24 of encapsulated ubiquitin
(PDB ID 1G6J). All non-ubiquitin heavy atoms within 6 A of ubiquitin in the various
complexes are shown as dark gray spheres (left panel). The regions of ubiquitin with the
most dynamic hydration behavior are excluded from the protein-protein interface in all of
these complexes. A rotated view of the hydration surface with the atoms of the ubiquitin
binding partners removed is also shown to illustrate the hydration dynamics of the interfacial
surface of ubiquitin (right panel). The hydrophobic patch,36 which is involved in a host of
ubiquitin binding interactions, is indicated with a yellow circle.
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