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Hydrogen-Bond Free Energy of Local Biological Water

Abstract: Here, we propose an experimental methodology based on
femtosecond-resolved fluorescence spectroscopy to measure the
hydrogen (H)-bond free energy of water at protein surfaces under
isothermal conditions. A demonstration was conducted by installing a
non-canonical isostere of tryptophan (7-azatryptophan) at the surface
of a coiled-coil protein to exploit the photoinduced proton transfer of
its chromophoric moiety, 7-azaindole. The H-bond free energy of such
biological water was evaluated by comparing the rates of the proton
transfer, sensitive to the hydration environment, at the protein surface
and in bulk water, and it was found to be higher than that of bulk water
by 0.4 kcal/mol. The free-energy difference is dominated by the
entropic cost in the H-bond network among water molecules at the
hydrophilic and charged protein surface. Our study opens a door to
accessing the energetics and dynamics of local biological water to
give insight its roles in protein structure and function.

Introduction
Water present in the vicinity of biological macromolecules, called
“biological water,” plays a critical role in the structural stability and
dynamics of associated macromolecules and can thereby
modulate their functions. [1] These water molecules also
participate in the interactions between biological entities and
various other molecules ranging in size from small to very large
and determine the binding affinity to proteins.[2]
The behavior of biological water is unique compared to that of
water in bulk. This is because the hydrogen (H)-bonds among
biological water molecules are either partly replaced by bonds to
a hydrophilic protein surface or limited due to the topology and
hydrophobicity of the protein surface, [3] either of which produces
a diverse array of physicochemical properties. It is therefore
desirable to characterize biological water at the molecular level in
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terms of its mobility, which is primarily controlled by H-bond
breakage and H-bonding energy, and other factors.
Many researchers have investigated hydration dynamics in
biological systems from experimental and theoretical
perspectives to address the nature of the interactions and
associated dynamics between water and protein molecules. [4] In
contrast, the energetics of the H-bonds in biological water have
largely been ignored even though these are fundamental to
understanding the foundations of hydration at biological surfaces
towards designing and controlling biological function. Recently,
the Zhong group successfully obtained activation energies for
hydration of proteins originating from several different
environments by invoking the Arrhenius relationship, which
requires rates to be measured at a series of temperatures. [4b]
However, interpreting the activation energies obtained from such
analyses is not straightforward in cases where not only the energy
available to populate a reactive configuration along a reaction
coordinate but other factors, such as the conformation of a protein,
depend on temperature.
Here, we report a new experimental approach to elucidate the
H-bond free energy of biological water at protein surfaces under
isothermal conditions using a fluorescent hydration probe of
prototropic chemical reactivity. Studying the energetics and
dynamics of biological water will expand our understanding the
role of water in biological assembly and biochemical processes,
e.g., maintaining and modulating ligand binding.[2] This work
promises the mapping of such the properties of local biological
water to predict and design functional biological entities.

Model system
The non-canonical amino acid 7-azatryptophan (AW) (Figure 1a)
was selected as it has a similar molecular structure and size as
tryptophan (W) but exhibits unique H-bond interactions with
adjacent water molecules. Another advantage is that the
photochemistry of the chromophoric moiety of AW, or 7-azaindole
(7AI), has been extensively investigated. [5, 6]
The excited-state prototropy of 7AI involves a parent normal
form (N*) and a proton-translocated tautomer (T*). The excitedstate proton transfer (ESPT) of 7AI has been reported to occur via
catalysis by a water molecule, which produces a transient 1:1
cyclical H-bonded complex with N* (N*‡) from a more stable
noncyclical H-bonded complex.[6] The efficiency of ESPT depends
on the free-energy difference (ΔG‡) between the well-configured
N*‡ and the prevalent noncyclical H-bonded 7AI-water complexes,
as depicted in Figure 1b. The overall rate of ESPT (kPT) can be
computed as:[6]
kPT = kpt exp(−ΔG‡/kB T),

(1)

where kpt is the intrinsic rate for proton dissociation, kB is the
Boltzmann constant, and T is the temperature in Kelvin.
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of different A1 monomers cluster to form a hydrophobic core
inside the coiled-coil protein. Note that the original A1 protein
does not contain aromatic fluorescent residues that absorb
ultraviolet (UV) light above 280 nm, such as tyrosine or W. [4c, 7] A
residue at f position (D34) highly exposed to water was changed
by W (A1m), which had previously been used to study the
hydration dynamics (Figure 1d).[4c] Here, also prepared was A1mAW, in which W was replaced by AW in a residue-specific manner.

Figure 1. Schematics of the prototropy of the fluorescent probe and the
structures of model proteins. (a) Molecular structure of AW. (b) Schematic
energetics of the two-step excited-state proton transfer model of 7AI. (c) Top
view of the coiled-coil model proteins in this study. (d) Side views of A1, A1m,
and A1m-AW proteins. For A1, A1m, and A1m-AW, the residues at 34 positions
were aspartic acid (D), tryptophan (W), and 7-azatryptophan (AW), respectively.

To achieve a cyclical H-bonded configuration in water, the
complexing water molecule should replace one H-bond to an
adjacent water molecule with a new H-bond to 7AI, as shown in
Figure 1b. When the chromophoric moiety is installed at an
appropriate position in a protein, for example one exposed to bulk
water, the difference in the H-bond free energy between biological
and bulk water can be determined by comparing the kPT values
on and off the protein surface. In this study, AW was selected and
inserted in a model protein to probe the energetics and dynamics
of water H-bonds based on the ESPT of the 7AI moiety. In the
control experiment, AW was replaced with W because this amino
acid has a similar molecular structure and can be used to probe
hydration but does not undergo the ESPT.
The engineered coiled-coil protein A1 was selected as the
model based on its structural integrity to guarantee the maximum
exposure of the hydration probes to water after insertion
(Figure 1c).[4c, 7] The secondary structure of A1 is α-helix with six
copies of seven repeating amino acids that can be described as
(abcdefg)n, where each letter represents a different amino acid. In
aqueous solutions, the hydrophobic residues at positions a and d

The presence of the hydration probes of W and AW at position 34
(f position in the heptad) of the A1 protein was confirmed via the
absorption spectra shown in Figure 2a. The lowest absorption
maxima were at approximately 280 and 290 nm for A1m and
A1m-AW, respectively, which are similar to those of bare W and
AW in water.
The circular dichroism (CD) spectra of the two coiled-coil
proteins are shown in Figure 2b, where it can be seen that both
maintain α-helix structures. Using the K2D3 software package, [8]
the helicities of A1m and A1m-AW were estimated to be 52% and
57%, respectively, which are comparable to the α-helicity of A1m
described in a previous report.[4c] This suggests more than half of
the amino acids in both A1m and A1m-AW are in regions
containing α-helix secondary structures.
Based on these results, the structures were confirmed to be
predominantly α-helical and to form a rigid coiled-coil structure,
which maximizes the chances of exposing the hydration probes
to water when their positions are properly chosen. Here, the
hydration probes were installed at the most surface-exposed
position on the coiled-coil protein, the f position (residue 34) in the
middle of the A1 protein.
The extent of exposure of the W and AW residues to water
can be estimated from the steady-state fluorescence spectra of
A1m and A1m-AW.[9] It has been well established that the
fluorescence maximum of the W residue ranges from
approximately 320 nm, when deeply buried in proteins, to 350 nm
in cases where the residue is fully exposed to an aqueous
environment. As shown in Figure 2c, the fluorescence maxima of
both W and A1m were located near 350 nm. This indicates that
the installation of W at the surface-exposed aspartic acid of the f
position of the third heptad (residue 34) in the middle of the rigid
α-helix chain was a successful approach that ensured the
maximum exposure of the chromophore to biological water.
These results are consistent with previous results.[4c]
When evaluated, the emission maxima of AW and A1m-AW
differed significantly, i.e., 400 nm for AW and 387 nm for A1mAW. This does not seem to agree with our original design of the
A1m-AW protein. The spectral full width at half maximum (FWHM)
of A1m-AW was significantly larger (~6000 cm-1) than that of AW
(~5000 cm-1). By the spectral deconvolution of the time-resolved
fluorescence spectra of A1m-AW based on a global-lifetime
analysis (Figure 2c), two bands with different lifetimes can be
seen, one of which decays in 2.2 ns with a peak at 360 nm and
another that relaxes much faster (~0.4 ns) and has a peak at 400
nm. The spectral width of the 0.4-ns component was ~5100 cm-1,
which is similar to that of bare AW. As the integrated area of the
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Figure 2. Structural characterization. (a) Steady-state UV-visible absorption
spectra of W, AW, A1m, and A1m-AW. (b) CD spectra of both proteins. (c)
Fluorescence spectra of W and A1m (left panel), and, AW and A1m-AW (right
panel) obtained via excitation at 285 nm. In the right panel, spectral
deconvolution of the time-resolved fluorescence spectra obtained by the timecorrelated single photon counting (TCSPC) measurements reveals the two
bands of different peak having the global lifetimes of 0.4 ns (black squares) and
2.2 ns (red circles). (d) Time-resolved anisotropy r(t) of A1m (left panel) and
A1m-AW (right panel). Depicted lines are the fit curves according to triexponential decay: r(t) = ∑3𝑖 𝑟i exp(−t/i).

360-nm band was approximately 5% of that of the 400-nm band,
it was inferred that the majority of the AW residue was fully
exposed to water because it exhibited the same fluorescence
maximum as that of bare AW in the same buffer solution. The
origin of the 360-nm band was conjectured to be the minor
conformation of the AW residue, which may experience a
crowded environment due to adjacent residues and cause water
to be expelled from the proximity. In a reverse micellar
environment with a trace amount of water, AW was reported to
exhibit a fluorescence peak at 370 nm. [10]
Based on the fact that the amplitudes of the two different
lifetime components are positive across the wavelength range of
their bands, the two conformations do not seem to interchange
within their excited-state lifetimes. It follows that the ground-state
equilibrium between the two conformations determines their
fractions. Because the majority (95%) of the AW residue was fully
exposed to biological water while the AW residue undergoes
ESPT only when exposed to water, the ESPT rates of AW and the
major conformer of A1m-AW in the same buffer solutions can be
compared to determine the H-bond free energy of biological water.
The local environments around the probes can also be
investigated in terms of their mobility. The depolarization
dynamics related to the motion of the W and AW residues were
obtained by measuring the femtosecond (fs)-resolved

fluorescence anisotropy as shown in Figure 2d. Upon analysis,
three distinct timescales were identified that ranged from
hundreds of fs to a few picoseconds (ps), tens of ps, and several
nanoseconds (ns), longer than our time window, as given in Table
S1. The initial ultrafast components were attributed to internal
conversion between two adjacent excited electronic states of the
probes. The second decay components originated from local
wobbling due to the restricted motion of the probe residue and the
slowest components were ascribed to protein tumbling
motions.[4b,c,f, 11] Using the previously reported wobble-in-a-cone
model,[4b,c,f, 12] the cone semiangles, within which the W and AW
residues wobbled, were determined to be 24° ± 2° and 23° ± 2°,
respectively, which are consistent with the previously reported
value (21°) for A1m.[4c] This result indicates that the W and AW
residues were in similar local structural environments.
A molecular dynamics (MD) simulation was conducted to
determine the structural integrities of the A1m and A1m-AW
proteins. First, the structural characteristics of the hydrated A1m
and A1m-AW proteins were probed by monitoring the root mean
square displacement (RMSD) and root mean square fluctuation
(RMSF) for 50 ns from the initial model structures. Both proteins
underwent large structural changes from their initial structures but
eventually converged to their equilibrium structures in ~25 ns
(Figure 3a). The RMSF was analyzed over the last 25 ns of the
trajectory to confirm the stability of the coiled-coil structure of the
proteins (Figures 3b, c, and d). It was found that in both proteins,
the residues in positions ranging from 15 to 56, which constituted
α-helical coiled-coil structure, had lower RMSF values, as
anticipated for a rigid coiled-coil structure. Second, the possibility
for W and AW residues to be exposed to water was investigated.
The average conformations of the W and AW residues during the
last 25 ns of the trajectory indicated that both W and AW had
stretched-out conformations toward the opposite side of the
hydrophobic core (Figure S1). This maximized the probability of

Figure 3. Simulated coiled-coil structures of hydrated A1m and A1m-AW. (a)
Root mean square displacement (RMSD) of A1m and A1m-AW compared to
their initial structures during the first 50 ns. The values converged to their
equilibrium structures in ~25 ns. (b) Root mean square fluctuation (RMSF) of
A1m and A1m-AW over the last 25 ns of the MD trajectories. Each coil in the
same pair of the coil is denoted as (A) and (B). (c) and (d) RMSF values plotted
on the average structure of A1m (c) and A1m-AW (d). The low RMSF value
represents the high rigidity of the protein residues.
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the probe being exposed to water, as was intended. We also
analyzed the possibility of the exposure by counting the average
number of intermolecular H-bonds of the W and AW residues per
timeframe (Table S2). The average number of intermolecular Hbonds per timeframe was similar to the number of possible Hbond sites in each residue. Next, to verify the W and AW residues
were in similar local environments, the structural features of the
hydrated residues were compared by computing the radial
distribution function (RDF) of the oxygen atoms in the water in the
vicinity of the exposed residues (Figure S2a). For both proteins,
the RDF had the same distribution with a small peak at around 2
Å and a broad peak at 4 Å , indicating the presence of H-bonds
and the first hydration layer, respectively. Therefore, we
concluded that the probe residues had similar local hydration
structures. Finally, the wobbling motion of the hydrated residues
were compared by analyzing the distribution of dihedral angles 1
and 2 (Figures S2b, c, and d); it was found that in both proteins,
the dihedral angles 1 and 2 were mainly distributed in the range
of −150° to 150°, which indicates the wobbling motion of the
exposed probe residues were limited in a similar manner.
The spectroscopic and mobility features as well as the results
of the MD simulation presented in this section can be leveraged
to stringently compare the ESPT dynamics between the pair of
fluorophores AW and A1m-AW and the hydration dynamics
between the two proteins A1m and A1m-AW.

Hydrogen-Bond Free Energy
The ESPT dynamics of AW and A1m-AW were analyzed via the
irreversible two-state model presented in Scheme 1. [6] In this
model, the formation of the prerequisite 1:1 cyclically H-bonded
configuration (N*‡) is energetically unfavorable (transition state)
such that the preequilibrium between the noncyclical H-bonded
N* and N*‡ is exclusively biased toward the former. Here, kpt is
related to the intrinsic electronic property of the chromophoric
moiety of AW (7AI). For bare AW and AW-containing polypeptides
(trimer and octamer), the lowest singlet-transition energies in
absorption and emission have been reported to be the same
within the margin of 1 nm.[13] According to our quantum chemical
calculation using density functional theory, AW and a trimer (EAW-E) as a comparison showed almost identical nuclear
geometries and partial charge distributions in the excited states
(Figure S3). The vertical excitation energies were obtained to be
nearly the same as well. All combined, it is inferred that the
covalent peptide bonds to AW do not perturb the intrinsic
electronic property of its chromophoric moiety, responsible for the
ESPT. Therefore, kpt can be considered to be the same for both

Scheme 1. Two-state excited-state proton transfer model of 7AI in water.

Figure 4. Fluorescence kinetic profiles of AW and A1m-AW representing
excited-state proton transfer. The excitation wavelength was 285 nm. (a) Timeresolved fluorescence (symbol) of AW (upper panel) and A1m-AW (lower panel)
measured at 400 nm (black) and 540 nm (red). The profiles were measured at
400 nm to trace the temporal dependence of [N*] and at 540 nm to trace [T*].
(b) Time-resolved fluorescence of AW (left panel) and A1m-AW (right panel)
without (black) and with 0.5 M KNO3 (red). All transients were fitted to I(t) =
∑i Aiexp(−t/i) convoluted with the Gaussian instrument response function (IRF)
of 250 fs (FWHM). The fit curves are also given in each panel as solid lines (and
dashed lines as well in panel b).

A1m-AW and AW. Note that the typical value for kpt is (100 fs)−1.
The temporal dependence of [N*] and [T*] can be determined as:
[N*] = [N*]0exp[−(kN + kPT)t],
[Τ*] = [Ν*]0

kPT
{exp(-kTt) - exp[-(kN + kPT)t]},
kN + kPT - kT

(2)
(3)

where kN and kT are the rate constants for the relaxation of N* and
T* apart from the ESPT, respectively. In this case, the overall
ESPT rate, kPT, depends on the free-energy difference (ΔG‡)
between N* and N*‡ as given in Figure 1b and Equation (1).
Because kT is greater than (kN + kPT) as evidenced by the absence
of the steady-state fluorescence of T* above 500 nm (and as
reported[6b, 14]), the apparent rise time of Equation (3) is
represented by (kT)−1 while the apparent decay time by (kN + kPT)−1.
The value of (kN)−1 was taken to be 18 ns, which is the lifetime ()
of N* in polar aprotic dimethyl sulfoxide without ESPT (Figure S4).
We note that according to the relationship of fluorescence lifetime
with absorption intensity by Strickler and Berg [15] (kN)−1 is
calculated to be ~16 ns in water (see Supporting Information).
To obtain the kPT values for AW and A1m-AW, fs-resolved
fluorescence transients were collected at 400 nm, which reflect
the time-dependent populations of N* (Figure 4a). The transient
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for AW was fitted to a single exponential decay with  = 729 ± 5
ps. For A1m-AW, the main decay time was found to be 403 ± 11
ps with a minor long decay component with  = 2.2 ns, which was
ascribed to the lifetime of N* when crowded by adjacent residues
with minimal exposure to water. These major time constants were
found to be the same as the decay times of the T* fluorescence
obtained at 540 nm; the rise time of 160 ps for both AW and A1mAW corresponds to (kT) −1. The kPT values for A1m-AW (kPT,bio) and
that for AW (kPT,bulk) were deduced using the relationship of 1/ =
kPT + kN, where kN is the total relaxation rate without kPT. If kPT,bio
is compared to kPT,bulk, the difference between the H-bonding free
energy (ΔΔG = ΔGbio‡ − ΔGbulk‡) of biological water and that of
bulk water can be elucidated as:
kPT,bio /kPT,bulk = exp(−ΔΔG/kB T).

(4)

Finally, the ΔΔG value was found to be −0.36 (±0.02) kcal/mol,
which is significant compared to the H-bond free energy of water
in bulk at 298 K (ΔGbulk = 1–1.3 kcal/mol).[16]
The smaller free-energy difference between N* and N*‡ for
A1m-AW indicates that at the protein surface, the formation of the
activated complex, N*‡ is more facile compared to that in bulk.
The major difference in the comparison set is the presence of
hydrophilic residues around the probe. In the formation of N*‡, it
is essential for a water molecule already singly H-bonded to a 7AI
moiety to replace an H-bond to an adjacent water molecule with
a new H-bond to the 7AI moiety. This is accompanied by breaking
and forming H-bonds among nearby water molecules. It follows
that the difference in the free-energy change (ΔΔG) represents
the difference of the H-bond free energy of biological water from
that of water in bulk. The H-bond breakage and formation at the
prototropic sites of the 7AI moiety are identical in both cases that
they contribute little to ΔΔG.
As a proof-of-principle experiment, we obtained the kPT value
for AW in the presence of a chaotrope (0.5 M),[17] nitrate (NO3−),
in the buffer solution (Figure 4b). The ionic chaotrope was found
to disrupt H bonds among water molecules accelerating the ESPT,
decreasing  from 729 ± 5 ps to 585 ± 6 ps, i.e., destabilization of
the H-bond free energy of water by 0.13 ± 0.01 kcal/mol. When
the same amount of the chaotrope was dissolved in the A1m-AW
solution, the kPT value did not change. This implies that the Hbond network of biological water was already too ruptured to
respond to the chaotrope or the effect of the chaotrope was local
at the heterogeneous protein surfaces.

Hydration Dynamics
To visualize the motion of local biological water, we applied the
time-resolved spectral reconstruction method demonstrated by
the Zhong group (as detailed in the SI, Figures S5-S8).[18] The
hydration energy relaxation, Δν(t), was constructed as:
Δν(t) = νhmax (t) − νhmax(∞),

(5)

w h e re νhmax (∞) r e p re s e n ts th e e m is si o n m a x i m u m i n
wavenumbers after hydration is complete. To adequately fit Δν(t)
as in Figure 5, tri-exponential functions were used for all samples.
The details of the fitting parameters are presented in Table S3.

Figure 5. Hydration dynamics. Solvation correlation functions of A1m (upper
panel) and A1m-AW (lower panel). Depicted lines are the fit curves. Details of
reconstruction method and fitting parameters are given in Supporting
Information.

The three distinct timescales were identified as 0.4–0.9, 1.7–3.7,
and 50–380 ps for both proteins. As per several published
studies,[4b,c,f, 19] the ultrafast component represents the motion of
the water molecules in the outer hydration shells. The water
molecules in the inner hydration shell reorient on a slower
timescale of several ps. The slowest components with tens to
several hundred of ps have been ascribed to water-protein
collective rearrangements.
The results in Figure 5 and Table S3 can be summarized as
follows. First, when the hydration dynamics of A1m-AW were
compared to those of AW, the extent of the hydration energy
relaxation was found to be larger than that of AW by ~2300 cm -1,
which indicates that a large fraction of the relaxation due to the
hydration of AW in bulk water was missing because the relaxation
was much faster than our time resolution of 250 fs. It follows that
the biological water in the outer hydration shell was less labile
than bulk water as its motion could be seen with our instruments.
Around the hydrophilic AW residue at position 34, there are four
charged or hydrophilic residues at positions 30, 31, 35, and 38
among the five proximate residues.[7] Therefore, the water
molecules in the inner layer may form strong H-bonds with the
charged (and hydrophilic) surface of the protein, affecting the Hbond networks in the outer hydration layers. Second, when
normalized, the hydration dynamics of A1m-AW appeared to be
slower than those of A1m in the initial 10 ps after photoexcitation.
This may indicate that the extra H-bonding site of AW compared
to that of W tended to retard water motion in the inner and outer
hydration shells.
Third, the slowest hydration timescales were quite different:
50 ps for A1m and 380 ps for A1m-AW. This is thought to be due
to the local protein (in)flexibility caused by the coupled waterproteins motion.[4b,c,f, 11] This is consistent with our observation that
A1m-AW, which has a more hydrophilic residue (AW) than W that
is directed opposite to the hydrophobic core of the coiled-coil
structure, contains more α-helicity than A1m with a higher local
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structural rigidity; it cannot be ruled out that the 380-ps component
partly originated from the minor buried conformation of AW.

Table 1. Calculated H-bond lifetime () and the activation energy to break Hbond between water molecules at each hydration layer of AW (ΔGbulk‡) and
A1m-AW in the vicinity of probe residues (ΔGbio‡).

AW

The hydration results show that molecular interaction at
hydrophilic surfaces reduces the mobility of water molecules,
which increases the time required to break (and even longer to
form) H-bonds. Note that bond breaking is unimolecular whereas
bond formation is bimolecular and involves the formation of
reactive encounter complexes. This effect appears to extend up
to several hydration layers, which makes sense in that when the
timescale of observation approaches that of the intrinsic dynamics,
i.e., the librational motion and the rotation of water molecules, the
time constants no longer reflect thermodynamic aspects but
instead represent those of molecular motion.
Our results demonstrate that it is possible to evaluate the free
energy of H-bonds among biological water molecules at protein
surfaces via the chemical kinetics approach. Here, the H-bond
free energy of biological water was found to be 0.4 kcal/mol higher
than that of bulk water. This is because highly structured H-bond
networks in the vicinity of hydrophilic and charged protein
surfaces may result in an entropic cost that dominates the freeenergy difference. To validate the experimental approach, we
applied Spoel’s method [16] to calculate the difference in the free
energy of H-bonds of biological water from that of bulk water using
MD simulations. The kinetics of H-bond breakage and reformation were investigated as per the following chemicaldynamics analysis. When the forward rate constant k for H-bond
breakage and the backward rate constant k' for H-bond formation
are defined, the kinetics of H-bonding can be described via the
reactive flux correlation function K(t):
K(t) = −dch(t)/dt = kch(t) − k'n(t),

(6)

where ch(t) is the autocorrelation function of the binary function
h(t), which is unity when a H-bond is present and zero otherwise.
Note that H-bonds are counted when a donor and an acceptor are
separated by a distance of 3.5 Å or less and the donor-H-acceptor
angle is less than 30°. The term n(t) represents the probability that
a donor and an acceptor that have an H-bond at time zero will
have a higher donor-H-acceptor angle than 30° but are still within
the H-bonding distance. Based on the MD trajectories, the forward
and backward rate constants were computed. The H-bond lifetime
 was calculated using the inverse of the forward rate constant. If
we assume that the process of H-bond breakage can be
described as an Eyring process,  can be estimated from the
Gibbs energy of activation ΔG‡, where h is Planck’s constant:

 = h/kB T exp(ΔG‡ /kB T)

(7)

To compare the H-bond free energy between biological water and
bulk water,  and ΔG‡ were calculated for each hydration shell
around 7AI of AW and A1m-AW, the results of which are
summarized in Table 1.
In the case of AW, the free energy required to break the Hbonds among water molecules was almost identical, c.a., 1.6
kcal/mol, regardless of the distance between the water molecules
and a residue surface. This confirms that AW is a suitable probe

A1m-AW

rcut [Å ]

 [ps]

ΔGbulk‡ [kcal/mol]

 [ps]

ΔGbio‡ [kcal/mol]

0~4

2.36 ± 0.08

1.60 ± 0.02

2.45 ± 0.22

1.62 ± 0.05

4~9

2.33 ± 0.02

1.59 ± 0.00

1.79 ± 0.12

1.43 ± 0.04

9~14

2.43 ± 0.05

1.61 ± 0.01

1.48 ± 0.05

1.32 ± 0.02

14~20

2.37 ± 0.01

1.60 ± 0.00

1.46 ± 0.02

1.31 ± 0.01

0~9

2.37 ± 0.01

1.60 ± 0.00

1.76 ± 0.15

1.42 ± 0.05

0~14

2.41 ± 0.00

1.61 ± 0.00

1.49 ± 0.04

1.32 ± 0.01

0~20

2.45 ± 0.00

1.62 ± 0.00

1.40 ± 0.01

1.29 ± 0.00

aUncertainties

were obtained from 5 independent MD trajectories as described
in Supporting Information.

for measuring the free energy required to break H-bonds among
water molecules in bulk. In the case of A1m-AW, the free energy
to break H-bonds is similar to that of AW at the first hydration shell
(rcut = 4 Å ). However, this energy gradually decreases as the
radius of the hydration shell increases, which indicates that the
free energy to break H-bonds among biological water molecules
is smaller than that of bulk water molecules. It follows that the Hbond free energy of biological water molecules is higher than that
of bulk water molecules as depicted in Figure 6. As the sensing
distance of the probe residue is known to be up to 2 nm, we
computed the difference of the H-bonding free energy (ΔΔG =
ΔGbio‡ − ΔGbulk‡) by differentiating the respective radii of the
hydration shell as 9, 14, and 20 Å , respectively. The calculated
ΔΔG values at each hydration shell were −0.18, −0.29, and
−0.33 kcal/mol, which are comparable to the measured ΔΔG
value of −0.36 kcal/mol.
The results of the experiment and simulation show that in the
hydrophilic and charged vicinity of AW in the A1m-AW protein,
biological water has higher H-bond free energy than that of bulk
water. This is in accordance with the results of previous research
on the structure of water near a flat hydrophilic surface. Sandra
and Dennis showed that with certain distances from hydrophilic
surfaces, the hydration layer exhibits poor H-bonds compared
with that of bulk water.[20] On the other hand, tetrahedrally ordered
water has been reported near the charged residues at a protein
surface.[21] In addition, the size of ions [22] and the topology of a
local biological surface [23] have been reported to affect the H-bond
network of water molecules in a diverse and complex way. For
example, a small halide ion rarely perturbs the water network as
much as a large halide ion. Likewise, a lower degree of surface
curvature for a protein has been reported to affect the structure of
hydration more than a high-curvature surface.
Even though extensive experiments and simulations have
been performed over the past few decades to better understand
the properties of water in biological environments, [4] information
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Figure 6. Schematic comparison of the H-bonding energetics of water in bulk and in the vicinity of the model protein surface probed by proton-transfer reaction to
measure the H-bond free energy difference (ΔΔG) between bulk water and biological water. Carbon, nitrogen, oxygen, and hydrogen atoms are displayed in gray,
blue, red, and white, respectively. The water molecules in H-bond networks are depicted as orange-colored rods if they are in the inner hydration layer of AW and
as green-colored rods otherwise. The hydrophilic residues at A1m-AW protein are displayed as purple rods.

on the H-bond energy of local biological water is scarce and what
exists is mostly based on simulations utilizing computational
methodologies reporting its diverse characteristics determined by
many factors.[24] To address the lack of information, we leveraged
the selective localization of the unique probe at protein surfaces
of interest to glimpse the energetic (and dynamic) properties of
local biological water. We anticipate our proposed approach to be
applicable to locally map diverse roles of such water in structural
integrity, assembly, change, and function of proteins.

Conclusions
In this paper, we introduced a new experimental approach to
evaluate the H-bond free energy of water at protein surfaces. By
tracking the well-established photoinduced prototropy of the
fluorescent residue of 7-azatryptophan, which is the noncanonical isostere of tryptophan, at protein surfaces and in bulk
water, the ratio of the water-catalyzed proton-transfer rates was
rationalized as a measure for estimating the difference in the free
energy associated with the H-bond network around the
fluorescent hydration probe. In this way, we determined that the
H-bond free energy of biological water in this study was higher
than that of bulk water by 0.4 kcal/mol. The difference may be due
to the entropic cost of the highly structured H-bond network in the

vicinity of the hydrophilic and charged protein surfaces. In the
future, we plan to install fluorescent probes at desired locations in
proteins via molecular biology and protein engineering techniques
to elucidate the detailed H-bond energetics/dynamics properties
of local biological water on various topological and hydrophobicagainst-hydrophilic surfaces.
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