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Summary
The entry of a water molecule into the distal heme pocket of pentacoordinate heme proteins such
as myoglobin and the α,β chains of hemoglobin can be detected by time-resolved spectroscopy in
the heme visible bands after photolysis of the CO complex. Reviewing the evidence from
spectrokinetic studies of Mb variants, we find that this optical method measures the occupancy of
non(heme)coordinated water in the distal pocket, nw, with high fidelity. This evidence further
suggests that perturbation of the kinetic barrier presented by distal pocket water is often the
dominant mechanism by which active site mutations affect the bimolecular rate constant for CO
binding. Water entry into the heme pockets of isolated hemoglobin subunits was detected by
optical methods. Internal hydration is higher in the native α chains than in the β chains, in
agreement with previous crystallographic results for the subunits within Hb tetramers. The kinetic
parameters obtained from modeling of the water entry and ligand rebinding in Mb mutants and
native Hb chains are consistent with an inverse dependence of the bimolecular association rate
constant on the water occupancy factor. This correlation suggests that water and ligand mutually
exclude one another from the distal pockets of both types of hemoglobin chains and myoglobin..

Introduction
Water molecules buried within the internal cavities of proteins can modulate dynamical
processes such as folding, catalysis, and proton transfer, as well as affect protein structural
stability and rigidity.1–8 In the case of the oxygen storage protein myoglobin and other
pentacoordinate heme proteins, including human hemoglobin A, a solvent water molecule is
sequestered within the deoxygenated heme pocket by hydrogen bonding to the distal
histidine (His at the E7 helical position) and exerts a controlling influence on the kinetics
and thermodynamics of ligand binding during protein function.9–11 Displacement of this
water from the distal pocket is required for ligand access to the active site in native sperm
whale myoglobin and probably in human hemoglobin (Scheme 1). Thus, one important
mechanism by which the structural and conformational perturbations induced by mutation
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and pH change influence the kinetics of ligand binding is through changes in the occupancy
of water in the unliganded distal pocket.

We have recently discovered an optical signal for the entry of non-coordinated water into
the distal heme pocket.12 These absorbance changes permit convenient monitoring of the
dynamics of water entry, which has also been observed in atomic level detail by Schotte et
al. by using picosecond time-resolved X-ray crystallography.13 The observation from both
optical and X-ray time-resolved measurements that water entry is concurrent with ligand
escape has confirmed the idea that the presence of ligand in the pocket prevents water entry
and vice versa. This mutual exclusion has also been observed to occur between coordinated
water and internal water molecules in molecular dynamics simulations of the distal pocket in
met-myoglobin.14 The requirement to displace distal pocket water by apolar diatomic gases
is the physical basis for the inhibition of ligand binding caused by increases in distal pocket
polarity.11 The optical detection method provides additional and sometimes more reliable
measurements of water occupancy than has been obtained by traditional structural methods
such as X-ray crystallography and NMR spectroscopy, as discussed further bvelow. In
combination, the structural and kinetic measurements provide a greater understanding of
how distal pocket mutations and protein conformational changes, such as those observed at
low pH, affect ligand binding in pentacoordinate heme proteins.

Previous crystallographic evidence indicated that the distal water occupancy is high, nw =
0.84, in native and wild type deoxymyoglobin and becomes effectively zero when the distal
histidine residue (E7) is replaced with the apolar residue leucine (Figure 1).15 On the other
hand, mutations from apolar to more polar residues in the distal pocket can increase distal
water occupancy, as observed for the single V68F Mb mutant and for the double mutant
H64L/V68N compared to H64L Mb.16, 17 The marked increase observed in the ligand
binding rates of apolar His64 mutants relative to native myoglobin first led to the suggestion
that the distal water molecule excluded small ligands like O2, CO and NO from the heme
binding site.9 This interpretation suggests that there is a significant kinetic barrier to
bimolecular ligand entry into the globin due to the requirement for water displacement,
making the observed association rate constant proportional to the fraction of empty active
sites (one minus the fraction of water occupancy, 1 − nW).11

Thus, the distal histidine can both inhibit ligand binding by stabilizing the water in the
unliganded pocket and enhance affinity by donating a hydrogen bond to coordinated ligands.
The latter electrostatic effect preferentially stabilizes bound O2 because of the large negative
charge on the oxygen atoms of the Fe(II)-O-O complex. In contrast, the Fe-C-O complex is
almost neutral and little affected by the presence of the His(E7) side chain. Thus, the net
result of the distal histidine’s hydrogen bonding capacity is a decrease in the association rate
constants for all ligands due to a reduction in the rate of entry into the active site caused by
the presence of water and a marked, preferential decrease in the rate constant for O2
dissociation caused by stabilization of the FeO2 complex, with little or no effect on CO
dissociation.11 The net effect of having a histidine at the E7 position in the active site is to
enhance O2 affinity relative to that for CO. This ligand discrimination suppresses poisoning
of the O2 storage and release function of Mb that might otherwise result from the production
of endogenous CO during heme catabolism.18

The emerging recognition that internal water plays important roles in protein structure and
function has motivated a need for more reliable methods for the detection of H2O molecules
near the heme iron. The electron densities of buried water molecules may be obscured in X-
ray diffraction studies by positional disorder, and NMR detection is often limited by
orientational disorder and short residence times.19–22 Although computational methods can
be of help in searching for the less ordered and more rapidly exchanging water molecules
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missed by traditional approaches, the extent to which water may be buried in the apolar
cavities of proteins has remained an open question.8, 22

Optical absorbance changes due to alterations in polarity near heme groups appears to be
unaffected by positional disorder, allowing dispersed buried water to be detected in Mb
mutants wherein traditional structural methods have failed. Thus, the deoxy heme pockets of
ligand-binding globins may offer model systems for investigating the effects of residue
polarity and steric bulk on hydration in internal cavities. This information can, in turn, be
used to guide the development of improved X-ray crystallographic, NMR, and
computational approaches to detect internal water. The results presented here for myoglobin
and hemoglobin chains also suggest that it may be possible to generalize optical methods for
internal water detection in other chromophore-containing proteins.

Materials and methods
Preparation of Hb chains and variants

Hb α and β chains were isolated from the native human Hb tetramers by the method of
Parkhurst and Parkhurst, as modified by Birukou et al.23, 24 Protein samples were prepared
for laser photolysis experiments at a concentration of 75–100 μM in pH 7.3, 100 mM
phosphate buffer under 1 atm CO and reduced with 1 mM sodium dithionite in sealed quartz
cuvettes.

Time-resolved spectroscopy
Time-resolved absorption data were measured as described previously using a broadband
xenon flashlamp probe, multichannel detection, and frequency-doubled Nd:YAG laser
actinic pulses (8-ns, 40-mJ).25 Photolysis difference spectra were collected over the visible
band spectral region (500–650 nm) at 41 time delays spaced logarithmically from 20 ns to
20 ms after the laser pulse. Each time-delayed spectrum represented the average of ~1000
photolysis measurements.

Spectrokinetic detection and modeling of water entry
The procedure for kinetic modeling of water entry and ligand binding data described by
Goldbeck et al. was applied to spectrokinetic data for the Hb chains.12 This model is based
on the reaction sequence shown in Scheme 1.11 Singular value decomposition (SVD) was
first applied to the matrix of time-resolved spectral data for each species to obtain matrices
containing orthogonal spectral (U) and temporal (V) basis vectors and their respective
weighted contributions, the singular values (S).26 The two largest SVD components were
used as inputs to the modeling procedure, i.e., U1·S(1,1) ·V1′ and U2·S(2,2) · V2′. In general,
SVD components may not necessarily correspond to particular physicochemical processes,
although this correspondence is more likely when the processes are both spectrally and
temporally distinct, as is the case for the myoglobin and hemoglobin visible band photolysis
data. The first SVD component, which is very similar in spectral shape (U1) to the CO-
unbound – CO-bound heme difference spectrum, approximately represents geminate and
bimolecular CO rebinding, and the second component, which corresponds spectrally to a
blue shift in the CO-unbound heme spectrum (U2), approximately represents water entry to
the distal pocket (concurrent with geminate ligand escape) and exit (concurrent with
bimolecular rebinding) (see Figure 6).12, 17

The fitting analysis provided values for all parameters in Scheme 1 using the time courses
V1 and V2. The equilibrium water occupancy values were calculated from nw = kin

H2O/
(kin

H2O + kout
H2O). The water entry difference spectra were calculated as the spectral

difference between the hydrated and anhydrous pockets, Scheme 1 species [Fe···H2O] and
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[Fe···], respectively. The water entry difference spectra for the native and variant Hb chains
were constrained in the fitting procedure to be similar, when scaled to 100% occupancy, to
the full-occupancy spectrum calculated previously for myoglobin.27 (The geminately
dissociated and anhydrous deliganded species, [Fe···CO] and [Fe···], respectively, were
assumed to have identical spectra in the modeling.) The geminate recombination yield was
calculated from φg = kFe

CO/(kFe
CO + kout

CO). Because the geminate rebinding time scale is
much faster than bimolecular rebinding in hemoglobin and myoglobin (and the intrinsic rate
for equilibration of water in the deoxy pocket, kin

H2O + kout
H2O, is very fast), Scheme 1

implies that the observed rate constant for bimolecular recombination, k′, will be given by
the expression k′ = (1 − nw) ·φg· kin

CO.

Results and discussion
Comparison of nw values from spectrokinetic and X-ray diffraction methods

The spectrokinetic measurement of water entry after ligand photolysis permits determination
of the kinetics and thermodynamics of heme hydration, information that can facilitate
understanding of the influence of internal water on bimolecular ligand rebinding.12 The
intrinsic rate of water entry into an empty distal pocket (kin

H2O) is very fast, and thus the
observed rate of solvent entry is limited to a great extent by the rate at which the CO ligand
leaves the pocket (~2 μs−1 for native myoglobin). The correspondence between the
spectrokinetically determined water occupancy values, nw, and the values determined by X-
ray crystallography (where available) is excellent for WT Mb and most of the distal pocket
Mb mutants studied so far, as shown in Figure 2. The two notable exceptions, L29F and
H64Q Mb, contain distal pocket water that is detected spectrokinetically, but not observed
by discrete electron density peaks in the crystal structures for these mutants, presumably
because of positional disorder, as discussed further below.

The kinetic mechanism for heme pocket hydration presented in Scheme 1 assumes that the
entry of water from the bulk solvent into the distal portion of the heme pocket can be
represented by a single, pseudo first order rate constant kin

H2O[H2O]. This process could
involve movement through the His(E7) gate or be a more complex process involving many
distinct routes through the protein. No continuous open channels connecting the pocket to
the solvent are obvious in the crystal structure, so the entry of small molecules like water or
CO must depend on stochastic fluctuations in the close packing of protein residues. The
parameter kin

H2O thus represents an average of the distribution of second order rate
constants corresponding to the various diffusional paths that water may take from the bulk
solvent to the pocket.

We cannot rule out the possibility that small amounts of water enter the distal pocket more
directly from nearby protein cavities, e.g. the four Xe cavities. However, the water
occupancies of these apolar cavities are expected to be low, as suggested by the absence of
electron density in these sites in crystal structures of Mb under 1 atm of gas pressure and by
a recent molecular dynamics study of buried water in met-myoglobin.14 The distal pocket
also becomes free of water when His64(E7) is replaced by Leu, as judged both by electron
density maps of deoxy- and metMb crystals and by the spectrokinetic assay (Figure 1).16

The spectrokinetic water assay assumes that the extent to which the distal water dipole
perturbs the observed deoxyMb visible band spectrum is proportional to the water
occupancy. However, the spectral perturbation must depend on the water dipole orientation
and distance relative to the heme ring. Thus, our emprical observation that the spectral assay
reproduces the X-ray diffraction-determined water occupancies of a variety of distal pocket
mutants with high fidelity suggests that the average distance, mobility, and orientation of the
water dipoles with respect to the heme are similar among the Mb variants studied. This
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correlation may reflect the small size of the distal pocket, which constrains variation of the
heme-water distance, and the fact that polar residues that stabilize internal water act as
hydrogen bond acceptors, which would tend to consistently orient the negative end of the
water dipole toward the heme.

Modulation of k′ by distal water occupancy
The observed bimolecular rate constant for CO rebinding, k′, depends on the fraction of
empty active sites (1 − nw), which was suggested in the original mutagenesis studies,9,11

and is confirmed by the spectrokinetic results plotted in Figure 3 for a larger series of
myoglobin variants. We have plotted k′/(φg·kin

CO) vs. (1 − nw), where k′[CO] = τobs
−1, τobs

is the observed exponential time constant for ligand rebinding, [CO] = 1 mM, φg is the
geminate recombination yield, and kin

CO is the fitted microscopic rate constant for CO entry
into an empty distal pocket. For the purpose of comparison, we assumed that the latter
parameter is ~80 μM−1 s−1, which is near the diffusion controlled value for heme proteins
and equal to the average of the kin

CO values determined for Gly, Ala, Val, and Leu E7
mutants of sperm whale Mb. 28, 29 The linearity observed is consistent with a good fit to the
expression k′ = (1 − nw) ·φg· kin

CO. Note that the range of (1 − nw) values plotted in Figure 3
implies that the distal water occupancy factor modulates the observed ligand binding rates
over two orders of magnitude. The fraction of empty deoxyMb active sites (1 − nw) ranges
from 0.01 for V68F Mb (99% water occupancy) to the highest possible value, 1.0 for H64L
Mb (0% water occupancy).

Comparison of modulation of k′ by nw, φg, and kinCO

We have plotted the ratios of the values of nw, φg, and kin
CO for all the Mb variants to those

for wild-type myoglobin in Figure 4 to evaluate the individual contributions of these
parameters to the overall bimolecular rate constant for CO binding. Surprisingly, the water
occupancy factor, (1 − nw), often makes the largest contribution to changes in the overall
bimolecular rate constant. Mutation-induced changes in water occupancy are typically the
single most important factor affecting ligand association and frequently overshadow the
direct effects of residue size and steric hindrance on kin

CO and the fraction of geminate
rebinding, φg.13

Distal heme hydration is also an important factor governing the increase in CO binding rate
and affinity observed in myoglobin at low pH in the range from 6 to 4.30–32 Protonation of
the distal histidine promotes an “open” protein conformation in which the protonated distal
histidine swings out into solvent, opening up the E7 channel and making the active site less
polar and more anhydrous.33–35 Spectrokinetic results for nw measured at acidic pH values
as low as 4.5 support the hypothesis that a decrease in occupancy of the distal water
molecule accounts in part for the high ligand-binding rate attributed to the open
conformation.27

Correlation between nw and hydrophobicity of distal pocket residues
In general, mutations that increase the hydrophobicity of the pocket will decrease the distal
water occupancy, as observed for apolar mutations of the distal histidine. To further examine
this idea, a plot of the free energy of water occupancy in the active site of myoglobin, ΔGw
= −RT ln[nw/(1 − nw)], vs. changes in active site hydrophobicity accompanying single and
double mutations was constructed and is shown in Figure 5. The Mb mutant system appears
to offer the first opportunity for a quantitative experimental test of the correlation between
hydration free energies and residue hydrophobicities for an internal cavity in a protein.
Consistent with expectation, there is a strong correlation, implying that polar side chain-
water interactions are the main determinants of the free energies of water occupancy in Mb
and probably more important than changes in residue size (which showed little correlation,
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results not shown). The near-unity slope of the correlation is also consistent with this
interpretation, as hydrophobicity values such as those used here are designed to roughly
represent the solvation free energies of residues in water vs. octanol.36

Spectrokinetic detection of disordered water
The spectrokinetic approach overcomes several limitations of the structurally more specific
X-ray crystallographic and NMR approaches in detecting disordered water in protein
cavities. Our time-resolved optical spectroscopic studies have found evidence for the
presence of water in the distal pockets of myoglobin mutants previously believed to be
anhydrous from traditional structural methods. Both L29F and V68L deoxyMb were found
to contain distal water molecules (~50% occupancy) that were not previously reported by X-
ray diffraction studies.17 In our recent study, we reexamined the diffraction data for V68L
Mb and found electron density in the pocket consistent with a water occupancy value of
0.36, in closer agreement with the optically determined value. However, a similar
reexamination of the electron densities for L29F Mb failed to detect significant water
occupancy, which we attributed to positional disorder of distal water molecules that
exceeded the limit for crystallographic detection. The spectrokinetic method also detected a
high water occupancy in H64Q Mb (nw = 0.68), a mutant in which no discrete water is seen
by X-ray crystallography, although qualitative evidence from NMR spectroscopy indicated
significant hydration of the heme pocket.12, 37

Water entry into the distal heme pockets of Hb chains
Native Hb α and βchains—We have recently examined water entry into hemoglobin
after photolysis of the isolated α and β subunits. The α subunits of tetrameric deoxyHbA
contain a well resolved noncoordinated water molecule in their heme pockets at room
temperature, whereas, in contrast, the heme pockets of the β deoxyHb subunits have
negligible electron density associated with distal water.38 We obtained a similar result from
our spectrokinetic data for the isolated native hemoglobin chains shown in Figure 6. These
measurements indicated that water enters the distal heme pocket of the α chains with a high
fractional occupancy (nw > 0.5) after CO photodissociation. This process occurs on
submicrosecond timescales similar to that for dissociated ligand escape from the pocket. The
amplitude for water entry into β subunits is significantly smaller. The blue traces (2nd SVD
component) for the Hb α chains (Figure 6, panels b and e) bear a strong similarity to the
water entry signal observed previously in MbCO, both spectrally (cf. panel a), in time
evolution, and in amplitude (cf. the trough to peak evolution of V2 at time delays ≤ ~1 μs,
panel d). The corresponding signal is much smaller for the β chains (panels c and f),
consistent with expectations from the crystal structure of the unliganded tetramer. We can
get a rough initial estimate of the water occupancies in the Hb chains from the data in Figure
6 by assuming that the spectrokinetic water signal amplitudes for all species shown are
proportional to nw by the same factor, i.e., that the spectral response of the heme
chromophore to water entry is similar in myoglobin and the hemoglobin chains. Using
myoglobin as a guide, we estimate that nw ≈ 0.6 for the α chains and ≈ 0.2 for the β chains
(see Table 1 for more quantitative results from the spectrokinetic modeling). The differences
between our results for isolated subunits and the crystallographic results for deoxyHbA
tetramers could be real because of differences in quaternary structure; however the
differences in hydration of the α and β subunits are apparent in both cases.

Spectrokinetic modeling of theα and β subunit data—We applied the
spectrokinetic modeling procedure described above to data for the native Hb chains to both
(1) assess the applicability of Scheme 1 and the kinetic control of bimolecular ligand
rebinding by the water factor (1 − nw) and (2) obtain more quantitative estimates of nw. We
set the value kin

CO[CO] for entry into an empty distal pocket to 0.08 μs−1, which is roughly
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equal to that for H64L Mb,12 and the value computed by Birukou et al.24 for various small
apolar E7 mutants of both Hb subunits. We also set the geminate rebinding parameters to the
values reported by Birukou et al.24 for native α and β subunits. The fitted parameters
indicate that the differences between k′[CO] for the α and β subunits are due to a complex
set of differences in iron ligand bond formation, ligand escape, and the extent of water
hydration, (1 − nw) (see Table 1).

Conclusions
The spectrokinetic approach detects the presence of water with high fidelity in the distal
heme pockets of a variety of myoglobin mutants, even those in which the water is apparently
too disordered for detection by X-ray crystallography. The kinetic parameters obtained from
this approach provide quantitative support for the idea that ligand association rates are
proportional to the factor 1 − nw. The importance of this inverse dependence on water
occupancy in modulating ligand binding rates was highlighted by the finding that this factor
varied over two orders of magnitude in the Mb variants studied. It was also the major factor
modulating ligand association rates in the majority of the variants studied. Water occupancy,
along with the internal rate of iron-ligand bond formation and the rates of ligand escape and
entry into vacant active site, are the three factors that govern the overall association rate
constant. Variations in nw caused by distal residue mutations correlate well with
concomitant changes in the overall hydrophobicity of the pocket.

The results presented here extend the optical approach for detecting water entry to the heme
pockets of the isolated α and β chains of hemoglobin. There seems to be little difference
between the ligand binding rates and affinities of the chains within the tetramer, despite their
known structural differences.39, 40 This near equivalence of chain affinities is thought to be
a result of evolutionary pressures to maximize the cooperative binding of O2 within the
tetramer, and involves balancing factors such as bond formation and dissociation rates, the
ligand escape rates from the pocket and the barrier to ligand entry that is presented by the
distal pocket water molecules. In particular, the pressure to increase distal pocket polarity in
order to increase affinity and reduce auto-oxidation by hydrogen bond donation to bound
O2, must be balanced against a concomitant increase in water occupancy in the
deoxygenated state, which lowers association rate constants and ligand affinity by restricting
access to the heme. Our results show that the extent of hydration in isolated α subunits is 2
to 3 times larger than that in β subunits, in agreement with the room temperature, high
resolution crystal structure of tetrameric deoxyHbA.38, 41 This agreement seems to be only
little affected by the T-state quaternary constraint on heme tertiary structure that is present in
the hemoglobin tetramer and absent in the isolated subunits, which exhibit R-state behavior.

The entry of water into the α hemoglobin deoxy pocket could also play a structural role in
the protein conformational changes leading from the R to the T quaternary state. Density
functional theory/molecular mechanics calculations for myoglobin have suggested that H-
bonding of water to the distal histidine produces a steric contact between the water molecule
and the Phe43 and Phe46 residues of the CD loop.42 Interestingly, this contact displaces the
loop after deligation in a manner corresponding to the early steps along the R to T allosteric
pathway observed in hemoglobin.

The results and conclusions presented here for myoglobin and the isolated α,β chains of
hemoglobin help to illuminate the role that distal water plays in modulating the binding of
ligands to pentacoordinate heme proteins. The knowledge gained from such studies may
ultimately aid in the engineering of proteins for enhanced autooxidation resistance, O2
transport and CO discrimination.10
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Figure 1.
X-ray crystal structures of the distal heme pockets of (A) WT deoxymyoglobin (2MGL) and
(B) H64L deoxyMb (2MGD) and (C) α and (D) β subunits within tetrameric deoxyHb
(2DN1). A noncoordinated water molecule is H-bonded to the Nε atom of the distal histidine
E7 in WT Mb (84% occupancy)15 and α subunits (100% occupancy) of deoxyHbA.41

Apolar mutations at the E7 position in Mb, e.g., leucine, reduce or eliminate distal water and
there is no discrete water molecule in the heme pocket of unliganded β subunits.
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Figure 2.
Distal pocket water occupancy values of deoxyMb variants determined by the optical
spectrokinetic method correlate closely with values from X-ray crystallography. Paired
values lie close to the line shown for perfect correlation, except for the mutants L29F and
H64Q. NMR confirms the high distal water occupancy of H64Q (blue bar).37 High
positional disorder accounts for the inability of X-ray diffraction to detect water in either the
H64Q or L29F heme pockets (see text). Optical and X-ray diffraction derived nw values
were taken from Goldbeck et al.12, 17
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Figure 3.
Log-log plot of the observed bimolecular CO recombination rate constant normalized to the
geminate recombination yield and the microscopic rate constant for CO entry into the pocket
(assumed here to be 80 μM−1 s−1 for all species) vs. the distal water kinetic factor, (1 − nw),
assayed spectrokinetically for myoglobin wild type and distal pocket mutants.12, 17 The
solid line shows the linear least squares fit to the data and the dashed line represents a
perfect fit to the expression k′ = (1 − nw)φgkin

CO.
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Figure 4.
Bar graph of the three factors contributing to k′ = (1 − nw) φg kin

CO of myoglobin mutants
relative to wild-type myoglobin: (blue) (1 − nw)mutant/(1-nw)wt, (green) φg,mutant/φg,wt, and
(gray) kin,mutant

CO/kin,wt
CO. The values plotted were taken from references 12 and 17, with

the exception of φg,mutant/φg,wt for L29W. Because φg was too small for direct measurement
in L29W MbCO, the ratio observed in L29W MbO2 by Scott et al. was used: φg,mutant/φg,wt
≤ 0.1.43
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Figure 5.
Free energy of distal water occupancy vs. change in Eisenberg hydrophobicity values for
single and double mutations of distal pocket residues in sperm whale myoglobin. ΔGw =
−RT ln[nw/(1 − nw)], where nw values were measured using the optical spectrokinetic assay
method.12, 17 Line is best linear least squares fit (r = 0.78).
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Figure 6.
First two SVD (singular value decomposition) components of CO photolysis TROA spectra
for isolated human Hb chains (20 C, neutral pH): (a,d) Mb shown for comparison,27 (b,e)
Hb α chains, (c,f) Hb β chains, The red traces correspond most closely to CO rebinding
processes, the blue traces are most sensitive to water entry into the pocket. Panels a–c,
spectral basis vectors; the second spectral vectors are scaled by their singular values and a
factor of 20 for clarity. Panels d–f, temporal basis vectors; the second temporal basis vectors
are scaled by their singular values and a factor of 25. The solid lines in panels d–f show fits
to the Vi data points calculated from the kinetic hydration model of Goldbeck et al.12 with
the parameter values (e.g., nw) shown in Table 1.
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Scheme 1.
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