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Abstract: Internal water molecules are important to protein structure and function, but positional disorder
and low occupancies can obscure their detection by X-ray crystallography. Here, we show that water can
be detected within the distal cavities of myoglobin mutants by subtle changes in the absorbance spectrum
of pentacoordinate heme, even when the presence of solvent is not readily observed in the corresponding
crystal structures. A well-defined, noncoordinated water molecule hydrogen bonded to the distal histidine
(His64) is seen within the distal heme pocket in the crystal structure of wild type (wt) deoxymyoglobin.
Displacement of this water decreases the rate of ligand entry into wt Mb, and we have shown previously
that the entry of this water is readily detected optically after laser photolysis of MbCO complexes. However,
for L29F and V68L Mb no discrete positions for solvent molecules are seen in the electron density maps
of the crystal structures even though His64 is still present and slow rates of ligand binding indicative
of internal water are observed. In contrast, time-resolved perturbations of the visible absorption bands of
L29F and V68L deoxyMb generated after laser photolysis detect the entry and significant occupancy of
water within the distal pockets of these variants. Thus, the spectral perturbation of pentacoordinate heme
offers a potentially robust system for measuring nonspecific hydration of the active sites of heme proteins.

Introduction

Internal water molecules important to protein structure and
function may be highly conserved in homologous protein
families, much as are key amino acid residues.1 The fundamental
roles played by water molecules in internal protein cavities in
satisfying the H-bonding potentials of main chain atoms in turns,
coils, and loops, determining the stability and rigidity of proteins,
shifting the pKa values of buried ionizable residues, and
modulating dynamic processes such as folding, catalysis, and
proton transfers are driving an emerging need for reliable
methods for detecting internal hydration.2-9 However, traditional
structural techniques remain limited in this regard. The electron
densities of buried water molecules are frequently obscured in
X-ray diffraction studies by positional disorder, and the NMR

detection of internal water is often limited by orientational
disorder and short residence times.10-12 Consequently, detection
of internal water molecules within a given protein has tended
to be incomplete and inconsistent between methods. This
situation has prompted an increasing reliance on computational
methods to search for the less ordered and more rapidly
exchanging water molecules missed by current experimental
approaches and has left open to controversy fundamental
questions such as the extent to which water may be buried in
the apolar cavities of proteins.9,13

We have been focusing on the extent and functional effects
of hydration of the heme pocket of myoglobin and have
developed an experimental method that uses a convenient
marker provided by the visible absorption bands of the penta-
coordinate, high spin form of the iron(II) porphyrin cofactor to
detect the entry of water after laser photolysis of carbon
monoxide. We find that this optical method reliably and
quantitatively detects the entry of internal (noncoordinated)
water into the distal pockets of a series of Mb mutants after
photodissociation of ligands.14-16 This detection appears to be
unaffected by positional disorder, allowing us to “see” the
presence of water molecules in deoxyMb variants, even when
discrete electron density for internal water is not visible in the
crystal structure. These results imply that it may be possible to
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generalize optical methods for internal water detection to other
chromophore-containing protein cavities, either natural or
engineered. Cao et al.17 carried out similar photolysis experi-
ments with Mb(FeIII)NO complexes and observed water
penetration into the protein by monitoring the appearance of
the intense 409 nm Soret band that is due to water coordination
with the ferric iron atom. Rates for water entry (∼105 M-1 s-1)
and NO escape (∼5 × 106 s-1) after photolysis were determined
and are similar to those measured in our MbCO photolysis
experiments, adding validity to our analyses of the smaller
spectral changes associated with noncoordinated water entry into
the distal pocket of unliganded ferrous Mb.14,15

The noncoordinated water molecule present in the distal
pocket of wild-type deoxyMb is functionally important in
decreasing the bimolecular rate for ligand entry into the protein
and lowering the overall affinity of the protein for ligands. This
slowing of ligand association is proportional to (1 - nw), where
nw is the fractional occupancy of the water molecule in the distal
pocket. The value of nw is ∼0.8 for the wild-type protein.14,18-24

This internal water molecule is readily detected in the crystal
structure of wild-type deoxyMb. However, no electron density
attributable to water has been reported in the crystal structures
of the L29F and V68L myoglobin mutants,25-27 even though
these mutants react slowly with ligands when compared to
variants containing apolar or “dry” distal pockets (i.e., H64A,
H64V, H64L, and H64F deoxyMb).28

An NMR study by La Mar et al. found qualitative evidence
for high occupancy of distal water near the glutamine side chain
in H64Q Mb, another mutant that reacts relatively slowly with

ligands.29 There are no electron density peaks attributable to
distal pocket water in the crystal structure of H64Q deoxyMb,
but we were able to detect its presence after photolysis of Gln64
MbCO by using our spectral assay.14 The amide side chain of
glutamine is highly polar and water penetration was expected;
however, at least four different positions are possible in which
the water could be donating or accepting a hydrogen bond from
the terminal O and NH2 atoms of the Gln side chain, which
itself is highly mobile. Thus, we attributed the lack of discrete
water electron density to a high degree of disorder. Building
on this previous work, we have further tested the generality of
the optical spectrokinetic assay of deoxyMb hydration by
examining the distal pockets of six additional Mb mutants. V68L
and L29F Mb were chosen because they retain His64 but appear
to have little or no crystallographically detectable water. L29W
and L29F/V68L Mb were examined to see if the decrease in
distal pocket volume would reduce or eliminate water penetra-
tion. H64L/L29F Mb was examined as a control to see if the
benzyl side chain of Phe29 influenced the spectrokinetic
properties of deoxyMb, and H64L/V68N Mb was examined to
see if the amide side chain would facilitate water penetration
into Mb containing Leu64. The results are compelling and
indicate that the rapid deoxyheme spectral changes, which occur
after laser photodissociation of MbCO, do provide a robust,
independent method for detecting hydration of the ligand binding
site in globins, even when positional disorder occurs.

Experimental Procedures

Recombinant sperm whale Mb mutants were cloned, expressed,
and purified as described previously.27 Experimental conditions and
data analysis were as described by Goldbeck et al.14 Time-resolved
optical absorption (TROA) data were collected in the heme visible
band spectral region by using a broadband probe light source and
multichannel detection after photolysis excitation with a frequency-
doubled Nd:YAG laser (8 ns, 40 mJ pulses). MbCO samples with
concentrations of ∼70 µM were photolyzed in 1 cm path length
cells sealed under 1 atm of CO. We used singular value decomposi-
tion (SVD), a model independent method for analyzing two-
dimensional data, to decompose the array of photolysis difference
absorption spectra versus time delay data into orthogonal spectral
and temporal basis vectors ranked by the magnitudes of their overall
contributions.30 The two largest SVD components were used as
inputs to a kinetic modeling procedure that explicitly included
microscopic rate constants for water entry and exit from the distal
heme pocket as well as for geminate and bimolecular ligand
recombination after CO photolysis, as described previously.14,21

A complete description of the model is given in Goldbeck
et al.,14 and the chemical reaction scheme is given in Scheme 1.
The second SVD component represents the difference between the
[Fe · · ·H2O] deoxyMb species and the initial anhydrous photoprod-
uct, [Fe · · · ]. The fitting analysis provides values for all parameters
in Scheme 1 using time courses associated with components one
(geminate bimolecular CO recombination, Figure 2, right panels,
red traces) and two (water entry and displacement by CO, Figure
2, right panels, blue traces). The equilibrium water occupancy
values, nw, were calculated from the ratio of the fitted water entry,
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kin
H2O[H2O], and exit, kout

H2O, rate constants, which defines the
equilibrium constant for partitioning water into the distal pocket,
Kpartition

H2O (i.e., nw ) Kpartition
H2O /(1 + Kpartition

H2O )). These rate constants were
obtained by fitting the observed absorbance changes associated with
water entry (reflected mainly in the V2 SVD component) to the
differential equations prescribed by the reactions in Scheme 1. The
intrinsic water entry difference spectra for the Mb mutants examined
in the present study were constrained to be similar, when scaled to
100% occupancy, to that previously calculated for wild-type Mb.14

Determination of the Crystal Structures of H64L/V68N
Met- and DeoxyMb. Crystals for H64L/V68N met- and deoxyMb
were prepared as described previously for recombinant Mbs with
Asn at position 122 and were of space group P6.31 Diffraction data
were collected at cryogenic temperatures on an RAXIS IV++
detector and RUH3R rotating anode at 100 K using 10 min 0.5
deg frames. Data were processed with d*trek,32 and all structures
were refined using CNS starting from the known structure of the
wild-type protein.33 Relevant statistics are given in Table 1.

Results

Overview of CO Rebinding Data. The spectrokinetic method
for determining nw takes advantage of a small spectral shift in
the Fe(II)-porphyrin visible absorption bands upon the entry
of water into the distal heme pocket after CO photolysis. The
amplitude of this spectral signal correlates with the fraction of
water occupancy, nw, in the equilibrium deoxyMb structure.14,15

Because the amplitude of this water signal is small as compared
to that of the heme Fe-CO bond photolysis difference spectrum
at most wavelengths, the absorbance changes associated with
water entry are not immediately obvious in the time-resolved

optical absorbance (TROA) photolysis spectra reported for the
MbCO variants in Figure 1. However, the appearance of this
signal can be discerned directly by carefully examining the long
wavelength region of the difference spectra for the MbCO
complexes with a polar ligand binding site and modest geminate
recombination yields, for example, wild-type, L29F, L29F/
V68L, and V68L Mb (Figure 1A,B,E,F). In these cases, the
positive spectral extremum near 600 nm shows a slight growing
in of amplitude on the geminate recombination time scale, ∼0.5
µs, despite the loss of amplitude from the concurrent geminate
rebinding process. The spectrokinetics generated by SVD
analysis (see Figure 2) for these four variants are the most
qualitatively similar of the 7 Mbs examined.

In general, the spectral data in Figure 1 represent a wide range
of kinetic behavior with respect to geminate recombination
yields on the 10-8 to 10-6 s time scale and bimolecular
recombination on the 10-5 to 10-3 s time scale. This diversity
can obscure comparisons based on qualitative indicators of distal
pocket water entry (Table 2). In particular, the higher geminate
recombination yields of L29F/H64L (expected to be anhydrous)
and H64L/V68N (expected to facilitate water penetration)
MbCO, Figure 1C and G, respectively, both produced sufficient
decay of the CO photolysis difference spectrum on short time
scales to obscure water entry based simply on evolution of the
600 nm extremum. In contrast, no geminate recombination
occurs for L29W MbCO (Figure 1D), and the time scale for
bimolecular recombination to this mutant was extended by 2
orders of magnitude as compared to that for wild-type MbCO,
demonstrating as previously observed that steric intrusion by
Trp29 greatly hinders the access of both water and ligands to
the distal pocket (Table 2).34b,35

The two highest ranked SVD basis spectra (U1 and U2) and
their time evolutions (V1 and V2) shown in Figure 2 provide a
more quantitative look at the water entry and ligand rebinding
signals for each of the variants.36 The first component of each
variant corresponds mainly to its geminate and bimolecular CO
rebinding processes. The spectral signal for water entry after
CO photolysis was evident principally in the second SVD
component, shown in blue in Figure 2a-g. In the mutants with
significant distal water occupancy, L29F, V68L, L29F/V68L,
and H64L/V68N, the second component (Figure 2b,i; f,m; e,l,
and g,n, respectively) had a spectral shape and time evolution
similar to that observed for the entry of water into the distal
pocket of wild-type Mb (Figure 2a,h). This difference spectrum
corresponded to a small blue shift of the deoxy visible band
near 560 nm and additional small changes near 540 and 600
nm that were complete by ∼1 µs.14 In particular, the normalized
amplitude of the L29F deoxyMb signal was ∼60% of that
observed for the wild type.37

Fitting to the kinetic model of Goldbeck et al.14 for the
competition between geminate and bimolecular CO recombina-
tion and heme pocket hydration yielded a water occupancy
value, nw ) kin

H2O[H2O]/(kin
H2O[H2O] + kout

H2O), of 0.5 for L29F Mb
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in Figure 2.

Table 1. Summary of Crystal Parameters, Refinement, and Model
Statistics for H64L/V68N Met- and DeoxyMb

mutant myoglobin
(PDB ID)

H64L/V68N metMb
(PDB code 3H58)

H64L/V68N deoxyMb
(PDB code 3H57)

unit cell parameters:
a b c (Å) 90.13 90.13 45.26 90.32 90.32 45.23
R � γ (deg) 90 90 120 90 90 120

refinement and model statistics
resolution range 40-1.8 45-1.7
number of reflections

(total/free)
19 536/953 22 079/1026

Rmerge (overall/outer shell) 0.035/0.066 0.045/0.088
completeness (overall/

outer shell)
99.7/99.2 96.6/87.4

mean 〈I〉/〈σ(I)〉 18.9 23.8
Rcryst (Rfree) 0.196 (0.219) 0.214 (0.233)
rmsd bonds (Å) 0.01 0.01
rmsd angles (deg) 1 1.4
average B factor (Å2) 17.8 16.8
number of water molecules 212 222
Ramachandran plot, residues in

most favorable region (%) 98.0 98.0
additional allowed region (%) 2.0 2.0
generously allowed region (%) 0.0 0.0
disallowed region (%) 0.0 0.0
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(Table 2), which was, as expected, 60% of the wild-type
occupancy. The goodness of the fit to the data provided by this
model can be seen in the comparisons between the time
evolution data and the calculated evolutions for the species
studied (Figure 2h-n). The expression for the observed ligand
association rate constant derived from this model, k′ ) (1 -
nw)φgkin

CO, where φg ) kFe
CO/(kout

CO + kFe
CO) is the geminate

recombination yield,14 also gave good agreement with the
observed rate constants obtained by fitting a simple exponential
to the slow, millisecond phase for bimolecular rebinding (k′[CO]
column, Table 2).

Disordered Water in L29F and V68L DeoxyMb. Spectral
detection of water in the distal pocket of L29F Mb (nw ≈
0.5, Figure 2b, Table 2) was initially surprising. Previous
picosecond time-resolved X-ray crystallographic studies
found evidence for the entry of water into the wild-type

protein after CO photolysis but not the mutant.25,26 Schotte
et al.26 suggested that the greater intrusion of Phe29 into
the heme pocket as compared to that of the wild-type leucine
residue after CO escape could block water entry and explain
the lack of water in the distal pocket observed in the
equilibrium crystal structure of the mutant. However, the
large size of the second spectral component in the SVD
analysis in Figure 2b suggests strongly that water is present.
The simplest interpretation is that the large benzyl side chain
prevents the noncoordinated water molecule from localizing
at a single well-ordered position that is hydrogen bonded to
His64 as in the wild-type protein, thus spreading the ∼50%
water occupancy over a distribution of positions within the mutant
distal pocket. The rms translational variation of the water molecule
in the mutant cavity must be larger than the X-ray detection limit,

Figure 1. Time-resolved optical absorption spectra of heme visible bands in MbCO variants: (A) wild type, (B) L29F, (C) L29F/H64L, (D) L29W, (E)
L29F/V68L, (F) V68L, and (G) H64L/V68N.

12268 J. AM. CHEM. SOC. 9 VOL. 131, NO. 34, 2009

A R T I C L E S Goldbeck et al.



∼0.5 Å,10 to account for the lack of discrete electron density (Figure
3, second structure, top row).

An alternative explanation of the deoxyheme spectral signal
for L29F Mb is that the multipole of the Phe29 side chain
coincidentally induces a shift in the deoxyheme absorption
spectrum similar to that of water entry. To test this possibility,
we examined the double mutant L29F/H64L Mb, in which
the distal histidine was replaced by leucine. The imidazole
side chain of His64 fixes the position of the internal water
molecule by hydrogen-bond formation. Replacement of His64

with Leu leads to complete loss of water from the distal
pocket as measured by the spectrokinetic assay or crystal-
lography (Figure 4, left panels).38 Thus, if the signal seen
for the single L29F mutant were due to the phenyl ring, it
should also be seen for the L29F/H64L double mutant;
however, if the L29F Mb signal is due to disordered water
partially stabilized by the polarity of His64, it should be

(38) Quillin, M. L.; Arduini, R. M.; Olson, J. S.; Phillips, G. N. J. Mol.
Biol. 1993, 234, 140–155.

Figure 2. First two SVD components of time-resolved photolysis difference spectra (red and blue, respectively) for (a-g) scaled spectral basis vectors U1

and 20 × U2S2/S1 and (h-n) scaled temporal basis vectors V1/V1,1 and 25 × V2S2/(V1,1S1) (where V1,1 ≡ V1(t1)) for the MbCO mutants: (a,h) wild type, (b,i)
L29F, (c,j) L29F/H64L, (d,k) L29W, (e,l) L29F/V68L, (f,m) V68L, and (g,n) H64L/V68N. The scalings applied to the U1, U2, V1, and V2 components
observed for the MbCO variants were chosen to facilitate size comparisons of their distal pocket water signals, which to a good approximation were represented
by the second basis vectors, U2 and V2. (U2 is highlighted in bold for each species.) The singular value scaling described above for the orthonormal Vi vectors
(with V2 further scaled by a factor of 25 for clarity) permits an approximate indication of the relative water signal sizes from the peak to trough amplitudes
of the scaled V2 components shown in panels h-n. The solid lines in panels h-n show fits to the Vi data points calculated from the hydration kinetic model
of ref 14 with the parameter values (e.g., nw) shown in Table 2.

Table 2. Kinetic Parameters for Wild-Type MbCO and Variants L29F, L29W, H64L, V68L, L29F/H64L, and L29F/V68La

variant kFe
CO (µs-1) kin

CO[CO]c (µs-1) kout
CO (µs-1) kin

H2O[H2O] (µs-1) kout
H2O (µs-1) nw

X-ray structure, H2O occupancy:
deoxyMb (metMb) φg 1 - nw

k′[CO]e

(µs-1)
τobs

-1

(µs-1)

WTb 0.11 (0.08) 2.2 9.0 1.7 0.84 0.84 (0.99) 0.051 0.16 0.00064 0.00066
L29F 0.053 0.032 2.6 34 31 0.52 0.00 (1.00) 0.020 0.48 0.00031 0.00031
L29Wf (0.08) (1)g e0.07 n.d. 0.93 3.4 × 10-6

H64Lb 2.0 0.078 2.2 0 0.00 (0.00) 0.48 1 0.037 0.040
V68L 0.62 0.028 13 32 35 0.48 0.36 (1.00) 0.044 0.52 0.00064 0.00065
L29F/H64L 0.32 (0.08) (2.2)d (0.07) (0.6)h e0.12 n.d. 0.13 0.88 0.009 0.012
L29F/V68L 1.1 0.078 34 26 49 0.35 n.d. 0.032 0.65 0.0016 0.0015
H64L/V68N 1.7 0.15 4.7 160 240 0.39 0.43 (1.00) 0.27 0.61 0.025 0.023

a Rate constants and inverse lifetimes reported in µs-1; [CO] ) 1.0 mM; [H2O] ) 55.5 M. b From ref 14. c Constrained during fitting procedure to a
maximum (diffusion-controlled) value of 0.08 µs-1. d Constrained to a minimum value of 2.2 µs-1 (value from ref 14 for wild type and H64L Mb). e k′
≡ (1 - nw)φgkin

CO. f The φg value of L29W MbCO was too small to be determined from our data and was approximated in the nw analysis by
constraining kFe

CO to the wild-type value and kout
CO to the geminate escape rate constant reported in ref 34, ∼(5 ns)-1, a procedure that led to a fitted

value of 0.011 µs-1 for kin
CO[CO]. These values were not listed in the table because they could not be determined uniquely here, due to the lack of a

significant geminate recombination phase. g Not defined, constrained to 1 µs-1, could be much larger, but the ratio kin
H2O[H2O]/kout

H2O is defined to be
<0.1. h Not defined, could be much larger, but the ratio kin

H2O[H2O]/kout
H2O is defined to be <0.1.
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absent for the L29F/H64L double mutant. The results in
Figure 2c are clear; there is little or no second SVD
component after photolysis of L29F/H64L MbCO (nw e 0.1

for the second component, Table 2). Thus, the signal for the
single L29F mutant appears to be due to significant water
penetration that cannot be detected by crystallography.

Figure 3. Electron densities for the distal pocket residues, noncoordinated and coordinated water, and the proximal histidine in the deoxygenated
(Fe2+) and met (Fe3+) forms of wild-type (2MGL, 2MBW), V68L (1MLR, 1MLS), and L29F (1MOA, 2SPM) recombinant sperm whale Mb. Occupancies
for the water electron density (shown in blue) are given in Table 1. The 2FO - FC maps for wt deoxy and metMb and V68L metMb were taken from
Quillin et al.27 The final 2FO - FC maps (upper right structure) for V68L deoxyMb were obtained from a rerefinement of the structure reported by
Quillin et al. modeling a water in the small electron density reported in the distal pocket near His64.27 As part of this refinement, a simulated
annealing omit map using (FO - FC)RC coefficients without water in the model was constructed (third structure, top row of Figure 3). In this map,
only electron density not associated with the active site amino acids is shown and confirms a small peak above the iron atom, which we modeled with
a water in the final structure. For comparison, a simulated annealing, omit map was also constructed for the V68L metMb, using a model without
coordinated water. As expected, the electron density peak is significantly larger and clearly assignable to bound water. The 2FO - FC maps for L29F
were taken from Carver et al.28 When we tried to rerefine these data for L29F deoxyMb, we were unable to “find” water peaks in any of the maps
examined, and the final model does not contain water in the distal pocket.

Figure 4. Electron densities for the distal pocket residues, noncoordinated and coordinated water, and the proximal histidine in the deoxygenated (Fe2+) and
met (Fe3+) forms of H64L (2MGD, 2MGE) and H64L/V68N (3H57, 3H58) recombinant sperm whale Mb. Occupancies for the water electron density
(shown in blue) are given in Table 2. The 2FO - FC maps for wt deoxy and metMb were taken from Quillin et al.27 The structures of the double mutant
were determined for this work. The middle column contains simulated annealing omit maps calculated using (FO - FC)RC coefficients without any distal
pocket water in the model. The final deposited model and structure factors with distal pocket water included were used to construct the 2FO - FC map in
the last column (PDB codes: 3H58, 3H57).
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Blocking Water Penetration by Filling the Distal Cavity. The
original explanation for the lack of crystallographically detect-
able water in L29F deoxyMb was steric exclusion by the large
phenyl side chain, which occupies space adjacent to His64 and
partially fills the distal cavity. To explore this idea, we examined
L29W and L29F/V68L Mb. The large indole side chain in Trp29
Mb is expected to exclude water from occupying any space near
the heme chromophore, and adding a larger amino acid to the
68 position in the presence of Phe29 should also decrease the
accessible pocket volume.34 As shown in Figure 2d,e, both
mutations significantly decrease the amplitude of the SVD
component associated with water penetration (Figure 2a,b). The
signal for L29W was barely detectable, even though nanosecond
geminate rebinding is effectively zero and bimolecular rebinding
is very slow. The fitted value of nw for L29W deoxyMb is
e0.1.39 A signal for L29F/V68L Mb was detected, but nw is
significantly smaller than that for the single L29F mutant (Figure
2b,e, Table 2). These data show that sterically reducing the size
of the distal pocket can lead to exclusion of water, but that Phe29
by itself is not large enough to prevent water penetration.

The polar nature of the distal pocket in L29F Mb can be
judged by the presence of coordinated water in the ferric form
of the mutant. In wt Mb, water is found in both the ferrous and
the ferric crystal structures of the unliganded protein, whereas
water is only seen in the ferric form of L29F Mb (Figure 3). In
contrast, water is absent in the crystal structures of both H64L
deoxy- and metMb (Figure 4).

Leu68 and Asn68 Have Opposite Effects on Water Penetra-
tion. Quillin et al.27 suggested that there was a small peak of
electron density associated with a distal pocket water molecule
adjacent to His64 in the single V68L mutant, but did not include
it in their model. When V68L MbCO was examined in our laser
photolysis experiments, a detectable second SVD component
was observed (Figure 2f) and indicated a relatively high nw value
of 0.48. As in the case of L29F Mb, the distal pocket of Leu68
Mb contains His64, is polar, and shows a well-defined coordi-
nated water in the ferric form (V68L metMb in Figure 3).

In view of Quillin’s comments,27,40 we re-examined his
deposited data for V68L deoxyMb, rerefined the structure,
placed a partially occupied water molecule at the same position
as in wild-type Mb, and obtained the electron density map shown
in Figure 3 (upper panel, last column). A simulated annealing
omit map, phased without any distal pocket water in the model,
was initially calculated to confirm the presence of water (Figure
3, upper row, third structure). A small peak of electron density
is present with a refined occupancy of ∼0.3 to 0.4, in rough
agreement with the spectrokinetic analysis. Regardless of the
exact value, both experiments show that the larger, more flexible
Leu68 side chain sterically disrupts water interaction with His64,
reducing its occupancy and increasing its disorder. The higher
nw value for L29F Mb suggests that, even though more disorder
occurs, the Phe29 side chain appears to be increasing the extent
of water occupancy, probably through weak interactions with
the phenyl multipole that are similar to those causing water/
benzene azeotropes.

Replacing Val68 with Asn has been shown to stabilize water
in deoxyMb and reduce the rates and equilibrium constants for
ligand binding by donating a second hydrogen bond to the

internal solvent molecule.41 As a further test of our spectral
assignments, we examined H64L/V68N Mb to see if the Asn68
side chain could attract a water molecule into the distal pocket
of H64L Mb, which by itself is anhydrous as measured by both
our spectral analysis and crystallography (Figure 3, Table 2).
As shown in Figure 2g, a significant water signal is seen for
the double mutant. The Asn68 mutation is able to facilitate water
penetration by itself, even with Leu at the distal histidine
position, and the calculated value of nw is ∼0.4.

To test this result, we determined the crystal structures of
the met- and deoxyMb forms of the H64L/V68N double mutant.
The resulting electron density maps are shown in Figure 4 (right
panels). The occupancy of the water in H64L/V68N mutant was
refined to ∼0.4 in deoxyMb, and the two peaks in the metMb
structure were refined to ∼0.9 for the coordinated water and
∼0.6 for the second, more external water located near Thr67
and underneath Leu64 (Figure 4). Again, simulated annealing
omit maps were calculated without distal pocket water in the
model and show clear evidence for solvent in the distal pocket
of the double mutant in both the ferric and the ferrous forms
(Figure 4, middle panels). The agreement between the spectro-
kinetic data and the crystal structure of H64L/V68N deoxyMb
is quite good, presumably because there are no steric interactions
to prevent direct hydrogen bonding to the Asn68 side chain and
cause disorder. These data also demonstrate that the spectro-
kinetic assay can detect water entry irrespective of which
residue, His64 or Asn68, is interacting with the solvent molecule
and further support the robustness of this optical method.

Discussion

Origin of the Water-Induced Spectral Change. Christian et
al.42 compared the visible absorption and Fe-His93(F8) vibra-
tional band positions for a series of deoxyMb distal pocket
mutants, including the L29F mutant studied here. They attributed
an observed 1 cm-1 decrease in the proximal Fe-His93
stretching frequencies of apolar His64 mutants to a decrease in
the electrostatic influence of the distal water dipole moment on
the Fe-His93 bond strength. On the other hand, a 4 nm red
shift observed in the deoxyMb visible Q-band and band III
absorption peaks of the mutants was attributed to changes in
the heme electrostatic environment arising from the distal
residues themselves. The wavelength shifts observed in the
equilibrium spectra of the apolar His64 mutants relative to wild-
type Mb are larger than the shift associated with the entry of a
water molecule into the distal pocket of wild-type Mb observed
after CO photolysis in our work. This comparison suggests that
any equilibrium spectral shift contributed by decreased oc-
cupancy of the distal water molecular dipole to the total shift
could be obscured by larger contributions coming from the
mutation-induced changes.

However, in our assay, we are directly measuring the
difference between the anhydrous deoxyMb species generated
9 ns after photolysis ([Fe · · · ], Scheme 1) and the final
equilibrium deoxyMb species ([Fe · · ·H2O], Scheme 1). Most
amino acid side chain relaxations appear to occur on more rapid
time scales (e1 ns).43-46 Thus, any large effects due to the
mutations should affect both the initial 10 ns intermediate and
the final product with distal pocket water in place and cancel

(39) The small evolution observed in the V2 component of L29W Mb at
∼10-1 s after photolysis appears to be associated with bimolecular
CO rebinding rather than water entry.

(40) Quillin, M. L. Ph.D. Dissertation, Rice University, 1994.

(41) Krzywda, S.; Murshudov, G. N.; Brzozowski, A. M.; Jaskolski, M.;
Scott, E. E.; Klizas, S. A.; Gibson, Q. H.; Olson, J. S.; Wilkinson,
A. J. Biochemistry 1998, 37, 15896–15907.

(42) Christian, J. F.; Unno, M.; Sage, J. T.; Champion, P. M. Biochemistry
1997, 36, 11198–11204.
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out in our analysis. Ligand rebinding and escape and water
penetration occur on the hundreds of nanoseconds and micro-
second time scales of our experiments. Thus, transient opening
and closing of the distal histidine gate must also be occurring
on these time scales, and the kinetics and extent of these motions
will be dependent on the nature of the mutation. However, the
similarity of the spectra of the intermediates for the H64L/V68N
mutant and wt Mb argues against a specific spectral effect due
to His64.

Increasing solvent polarity (e.g., benzenef water) blue shifts
the heme Soret and visible absorption bands of model heme
compounds by several nanometers.47 These shifts occur in both
the strongly allowed Soret and the weakly allowed visible bands,
whereas water penetration into the distal pocket of Mb shifts
only the visible absorption bands.14,15 The difficulty in finding
an equilibrium experimental model for the distal-water spectral
shift suggests that a computational approach, with a Hamiltonian
that includes electrostatic interaction matrix elements between
the water dipole moment and the heme π-electron transition
dipoles and, perhaps, heme quadrupole moments, may be a
useful alternative.

Water Penetration Rates and Occupancies. One interesting
result in Table 2 is the correlation between lower water
occupancy (nw) and faster rates of water entry and exit
(kin

H2O[H2O], kout
H2O[H2O]). Excluding the values of L29W and

L29F/H64L, which are undefined because nw e 0.1 (i.e., no
water is seen), the H2O entry and exit rates both increase with
decreasing occupancy. Clearly, the distal histidine is part of a
strong barrier to water penetration and escape, presumably
because it can form strong hydrogen bonds with water through
either Nδ, keeping the solvent molecule out of the pocket, or
Nε, keeping the water in the pocket. The latter interaction
accounts for the high value of nw in wild-type Mb. Cao et al.17

observed a similar increase for the rate of water penetration
and coordination to H64G metMb after photolysis of NO,
consistent with His64 being a gate to water entry.

Steric interactions with Phe29 appear to impede both His64
interactions, causing 3- and 15-fold increases in the water entry

and exit rates, respectively, and a drop in nw. Similar increases,
due presumably to steric clashes with His64, are observed for
the single V68L and double L29F/V68L mutants. Increased
kin

H2O[H2O] and kout
H2O[H2O] values were also observed for H64Q

Mb.14 However, the most convincing proof that His64 is the
major barrier to water penetration in wt Mb comes from the
marked increases in the rates of water movement observed for
the H64L/V68N mutant. In this variant, water is stabilized by
the amide group of Asn68, but the Leu64 side chain offers
20-100-fold less resistance to water entry and exit, respectively.
Similar results are observed for ligand binding, where His64
confers a much larger barrier to entry than Leu64. Thus,
ironically the distal histidine, which stabilizes the internal water,
is a large barrier to its entry into the distal pocket.

Correlations between Spectral Measurements and Crystal-
lographic Data. To a first approximation, the nw values
calculated from analysis of the second SVD component correlate
well with the water occupancies observed in the corresponding
crystal structures for wt Mb and the H64L, V68F, V68L, and
H64L/V68N mutants (Table 2).14 The two major outliers are
H64Q and L29F deoxyMb (Table 2).14 The spectral signals for
water penetration are large for both mutants; their distal pockets
are clearly polar, as judged by 100% occupancy of coordinated
water in the ferric forms (Figures 3 and 4);14 and the rates of
ligand binding to these proteins are slow, indicating significant
barriers to ligand entry. The control experiment with H64L/
L29F Mb shows that the signal for L29F is not due to polar
interactions with the phenyl ring. Complete and greater exclusion
of water by the L29W and L29F/V68L mutants, respectively,
shows that Phe29 is not large enough to prevent water
penetration. Together the results for H64Q and L29F Mb
demonstrate that the spectrokinetic assay can detect internal
water that is too disordered to be observed in crystal structures.
Thus, this method may be applicable for studying the dynamics
and energetics of noncoordinated water in the active sites of all
heme proteins with a pentacoordinate ferrous state without the
requirement for positional order.
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