
pubs.acs.org/BiochemistryPublished on Web 05/17/2010r 2010 American Chemical Society

Biochemistry 2010, 49, 4987–4997 4987

DOI: 10.1021/bi1001745

Alkyl Isocyanides Serve as Transition State Analogues for Ligand Entry and
Exit in Myoglobin†

George C. Blouin,‡ Rachel L. Schweers,§ and John S. Olson*

Department of Biochemistry and Cell Biology and W. M. Keck Center for Computational Biology, Rice University,
Houston, Texas 77005 ‡Present address: Physics Laboratory, Biophysics Group, National Institute of Standards and Technology,

Gaithersburg, MD §Present address: Katten Muchin Rosenman LLP, Chicago, IL

Received February 4, 2010; Revised Manuscript Received May 13, 2010

ABSTRACT:Alkyl isocyanides (CNRs) identify pathways for diatomic ligandmovement into and out ofMb,with
their side chains acting as transition state analogues. The bound alkyl groups point either into the back of the
distal pocket (in conformation, νCN ≈ 2070-2090 cm-1), which allows hydrogen bond donation from
His64(E7) to the isocyano group, or toward solvent through an open His(E7) channel (out conformation,
νCN ≈ 2110-2130 cm-1), which prevents polar interactions with the isocyano atoms. Fractions of the in
conformer (Fin) were measured by FTIR spectroscopy for methyl through n-pentyl isocyanide bound to a series
of 20 different distal pocketmutants of spermwhalemyoglobin and found to be governed by the ease of rotation
of the His(E7) side chain, distal pocket volume and steric interactions, and, for the longer isocyanides, the
unfavorable hydrophobic effect of placing their terminal carbon atoms into the solvent phase in the out
conformation. There are strong correlations between the fraction of in conformer, Fin, for long-chainMbCNR
complexes measured by FTIR spectroscopy, the fraction of geminate recombination of photodissociated O2,
and the bimolecular rates of O2 entry into the distal pocket. These correlations indicate that alkyl isocyanides
serve as transition state analogues for the movement of O2 into and out of the binding pocket of Mb.

In the preceding paper, we used crystal structures of alkyl
isocyanides bound to Mb1 (MbCNRs) to visualize the entry and
exit channels involved in diatomic ligand binding (1). Isocyanides
coordinate to theMbheme iron, and the alkyl side chain (R group)
is relatively free to rotate and occupy the lowest free energy
positions adjacent to the active site, which are presumably the
spaces and channels most accessible to the movement of the
physiologically relevant ligands, O2, CO, and NO. Two major
isocyanide conformations are observed in the crystal structures of
native and wild-type (wt) MbCNR complexes that correlate with
the two major isocyanide stretching frequency bands observed in
solution FTIR spectra (1, 2). The low frequency (∼2075 cm-1) νCN
band represents the in conformer, in which the bound alkyl chain is
pointing toward the protein interior. In this orientation, the distal
histidine gate is closed and forms a hydrogen bond to the bound
isocyano group and decreases its bond order. The high-frequency
(∼2125 cm-1) νCN band represents the out conformer, in which the
ligand side chain is pointing toward solvent through an open E7

channel created by outward movement of the His64 side chain. In
this orientation, the bound isocyano group is in an apolar
environment, which favors a larger bond order (2).

In the case of bound n-butyl isocyanide (CNC4), the fractions
of in and out conformations are roughly equal in solution,
indicating that the unfavorable free energy for packing the four
butyl carbon atoms in the interior of the distal pocket is roughly
equal to that for opening the distal histidine gate and filling the
E7 channel (Figure 1). In the previous paper we suggested that
the inward- and outward-pointing positions of the butyl side
chain represent respectively the initial and final pathways for
the movement of photodissociated and thermally dissociated
diatomic ligands.

Olson, Gibson, Phillips, and co-workers (3, 4) have proposed
that diatomic ligands enter mammalian Mbs and hemoglobins
through the distal His(E7) gate and are then captured in the
interior portion of the distal pocket and adjacent Xe binding
cavities before binding to the iron atom. They suggested the
metaphor of catching of a ball in a baseball glove. Opening of the
glove by movement of the thumb is analogous to the outward
movement of the His(E7) side chain, and catching in the web of
the glove is analogous to ligand capture in the interior cavities of
the globin.

Ligand dissociation represents a reversal of this process and
can be examined directly by laser photolysis of Mb-ligand
complexes. Gibson, Scott, and Olson (3, 4) described the internal
ligandmovements and geminate recombination reaction in terms
of a side path scheme. Photolysis breaks the Fe-ligand bond
causing the dissociated ligand to move into the initial B-state,
which is located directly above the interior pyrrole rings of the
heme group. From there, the ligand can either move into the Xe4
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and Xe1 sites (states C and D), rebind, or escape through the
His(E7) gate (Figure 1). Movement into the C and D sites
represents a side path from which the ligand rarely leaves the
protein. Instead, it returns to the distal pocket to either rebind to
the iron (geminate recombination) or escape from the protein.

We hypothesize that the CNR alkyl C atoms in the in
conformation simulate the initial trajectory taken by photodis-
sociated diatomic ligands into the B-state site and that the alkyl
carbon atoms in the out conformation mimic O2, CO, and NO at
points along their escape path through the E7 channel
(Figure 1 (4, 5)). To examine the correspondence between the
side path scheme and the isocyanide conformation, we system-
atically measured the effects of key distal pocket mutations at
positions 29, 45, 46, 68, and 107 (Figure 1) on the fraction of in
versus out CNR conformers as measured by FTIR spectroscopy.
The results were then compared to previously measured rates of
O2 entry and fractions of geminate rebinding for the same library
of Mb variants (4). The resultant correlations between these
independently measured parameters are striking and support
strongly the idea that the positions of bound isocyanide side
chains do identify the pathways for diatomic ligandmovement in
myoglobin.

MATERIALS AND METHODS

Detailed methods can be found in the first paper of this
series (2). Recombinant Mbs were expressed in Escherichia coli
and purified as described by Springer and Sligar (6) andmodified
by Carver et al. (7). The CNRs were synthesized by our group or
by Mark Hargrove’s group at Iowa State University using the
methods of Casanova et al. (8-10).

Geminate recombination measurements were carried out for
MbCNRs in N2-equilibrated, pH 7.0 buffer containing 100 mM
potassium phosphate, 1 mM EDTA, 50-100 μM Mb, and

100-1000 μM CNR. Rate constants for CNR binding were
measured as described in ref 11. We chose not to determine all of
the rate parameters for the isocyanides because our goal was to
correlate the position of the ligand side chain with the rate
constants for diatomic ligand binding andnot to study isocyanide
binding per se as has been done previously for various naturally
occurring globins (10, 12) and His64 mutants (11).

FTIR measurements were conducted by loading into a 40 μm
CaF2 cell an ∼20 μL sample of 2-5 mM Mb and 1� and 5�
molar equivalents of CNR and sodium dithionite, respectively.
All solutions contained N2-equilibrated, 100 mM potassium
phosphate, 1 mM EDTA, pH 7.0 buffer. The FTIR spectra were
collected on a Nicolet Nexus 470 FTIR spectrometer and have a
1 or 2 cm-1 resolution.

RESULTS

Effects of Mutations That Alter the Flexibility of the
His64(E7) Side Chain. Substitutions of His64 clearly alter
ligand entry and exit rates. Scott et al. (4) observed a roughly
linear dependence of the O2 entry rate on the size of the side chain
at position E7 for the series of relatively apolar amino acids, Gly,
Ala, Val, Leu, Phe, and Trp. They also observed that mutations
at locations spatially near the distal histidine, Arg45(CD3) and
Phe46(CD4), could cause significant increases in the rates of
ligand entry and exit by enhancing the mobility of the His64 side
chain.

The Arg45(CD3) guanidinium group is part of a hydrogen-
bonding network that includes the Nδ of His64, the heme
propionates, and water molecules when His64 is in the closed
conformation (13, 14). Disruption of this hydrogen-bonding net-
work moderately enhances the rates of ligand entry and exit by
destabilizing the closed conformation of the histidine gate. The
Phe46(CD4) benzyl group sterically hinders outward rotation of
the His64 side chain. In the crystal structure of F46V MbCO,
His64 rotates upward to fill the space left by removal of the
phenyl group and, in doing so, opens a pore between the binding
pocket and the solvent phase near the heme propionates (15).
Smith et al. (1) observed an identical opening of the His64 side
chain in the F46V MbCNC4 crystal structure. In the latter case,
the pore is filled with the butyl group of the bound isocyanide in
the out conformation (Figure 2C).

The FTIR measurements shown in Figure 2 support the idea
that the R45K, R45E, and F46V mutations allow a greater ease
of opening the E7 gate. Although the conservative R45K sub-
stitution retains a positively charged amino acid at position
45(CD3), it causes small increases in the amplitudes of the νCN
out peaks in all of the R45KMbCNR spectra (Figure 2A). Loss
of the three N atoms of the arginine guanidinium partially
disrupts the hydrogen-bonding network that stabilizes His64 in
the closed conformation and allows more of the bound ligands
to point outward. The larger increase in the amount of out
conformer for the R45E mutant is due both to disruption of the
hydrogen bond network and to introduction of a negative charge
near His(E7). The net change in charge of -2 due to the R45E
mutation increases the pKa of the His64 side chain, its extent of
protonation at pH 7, and the amount of outward rotation of the
resulting imidazolium cation. Carver et al. (13) studied a similar
mutant, K45E pigMb, and found that CNC3 andCNC4 had 10-
fold increases in affinity over the wt protein (Table 1, last
column). This effect is most likely caused by selective relief of
steric hindrance on the bound CNR in the out conformation.

FIGURE 1: Stereo view of amino acids selected for mutation near
bound CNRs. The binding pockets are shown for native (pH 7) and
wt (pH 9) MbCNC4 (104m and 111m, respectively (1)) and are
globally aligned by their CR atoms.Mutations of the residues shown
in dark blue are expected to affect the free energy of CNC4 in the in
conformation (slate blue) by increased or decreased steric hindrance,
whereas those in brown should selectively affect the out conformer of
CNC4 (orange). The heme groups are in white, and van der Waals
spheres for CNC4 are shown to provide an indication of residue/
ligand packing. The alkyl groups of bound CNRs may act as
transitions state analogues for CO in the photodissociated B state
or during entry into the binding pocket through the His64 “gate”
(marked as CO not observable). CO in the dissociated B state has
been observed directly in low-temperature and time-resolved crystal-
lography experiments, whereas, to date, ligand movement through
the E7 gate has not been observed directly.
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The infrared spectra for methyl through pentyl isocyanide
bound to F46VMb are also shown in Figure 2A. The fractions of
in conformers for F46V Mb are roughly 2-10-fold lower than
their corresponding wt Mb values (Fin, Figure 2B). Clearly, the
histidine gate in this mutant is easily opened (Figure 2C).
Although the ligand binding data are limited to CNC4, the out
conformer in the F46V mutant is less hindered than either
conformer in wt Mb, and as a result, the affinity of F46V Mb
for CNC4 is roughly 10-fold higher than that for wt Mb and
similar to that for K45E pig Mb (Table 1).

For wt Mb and the R45K and R45E mutants, a plot of Fin

versus CNR size has an undulating up-down-up shape with
CNC2 and CNC4 at the vertices (Figure 2B, tops of the bars for
each variant). Blouin andOlson (2) postulated that the increase in
Fin for CNC2 compared to CNC1 is due to the inductive effect of
the ethyl group, which favors more unpaired electron density on
theN atom for interactionwithHis64. The space occupied by the
ligand Cβ is unhindered and is in the same location as the initial
position of photodissociated ligands (Figure 1). The decrease in
Fin for CNC2-CNC4 is due to steric constraints on the Cγ and
Cδ atoms of the alkyl side chain, which begin to push the n-
propyl and n-butyl groups out of the pocket and into the E7
channel. CNC5 is long enough to access solvent directly outside
the binding pocket in the out conformer, where it disrupts the
water hydrogen-bonding lattice. Thus, for the longest ligands, the
hydrophobic effect becomes dominant, and the fraction in
becomes higher again for both CNC5 (Figure 2) and CNC6
(see Figure 6C).

However, for F46V Mb, Fin continues to decrease for CNC5,
indicating that despite the unfavorable hydrophobic effect the
open conformation is more favorable than packing the five alkyl
carbon atoms in the interior of the distal pocket. Superimposition

FIGURE 2: Effect ofmutating residuesArg45 andPhe46. (A)The νCN
peaks in the FTIR spectra of methyl through pentyl isocyanides
(CNC1-CNC5) bound towt, R45K, R45E, and F46VMbs. (B) The
fraction of in conformers (Fin) for each mutant in panel A as a
function of CNR size. These values indicate that the distal histidine is
pushed outward more easily in the order wt < R45K < R45E ≈
F46V by the alkyl tail of each ligand. (C) Structures of native
(orange) and F46V (slate blue) MbCNC4 (104m and 101m, respec-
tively (1)), globally aligned by their CR atoms. The smaller Val46
side chain allows the His64 imidazole to rotate away from the
terminal carbon of the ligand and relieve steric hindrance in the out
conformation.

Table 1: FTIR Spectroscopy and Ligand Binding Kinetic Parameters Measured for MbCNR Complexes with R45 Mutations E and K and F46Va

FTIR spectral data CNR binding data
MbCNR

complex in νCN (cm-1) out νCN (cm-1) Fin Fgem k0 (μM-1 s-1) k (s-1) Ka (μM
-1)

wt

CNC1 2083 2139 0.60 0.80 0.12b 4.3b 0.028b

CNC2 2065 2106 0.82 0.95 0.074b 0.27b 0.27b

CNC3 2077 2112 0.69 0.79 0.043b 0.33b 0.13b

CNC4 2083 2113 0.47 0.63 0.029b 0.60b 0.048b

CNC5 2081 2131 0.68 0.89 0.030c 0.44c 0.069c

R45E

CNC1 2083 2139 0.16 0.59d 0.23d 4.7d 0.049d

CNC2 2077 2112 0.61 0.29d 1.0d 0.28d

CNC3 2077 2118 0.29 0.23d 0.46d 0.51d

CNC4 2077 2118 0.20 0.18d 0.36d 0.51d

CNC5 2081 2121 0.29

R45K

CNC1 2082 2139 0.45 0.78d 0.11d 4.4d 0.025d

CNC2 2071 2107 0.76 0.098d 0.63d 0.15d

CNC3 2082 2116 0.55 0.063d 0.70d 0.090d

CNC4 2078 2116 0.36 0.040d 0.50d 0.081d

CNC5 2085 2122 0.57

F46V

CNC1 2083 2131 0.07 0.47

CNC2 2079 2110 0.52 0.54

CNC3 2075 2110 0.37 0.42

CNC4 2074 2112 0.26 0.30 0.22e 0.63e 0.36e

CNC5 2074 2118 0.16

aThe parameter abbreviations are described in footnote 1. The in and out νCN values are the low- and high-frequency isocyano FTIR peaks, respectively.
Blank cells indicate parameters that have not been measured. bFrom ref 11. cValues are for native sperm whale Mb and are averages from refs 10
and 12. dValues are for K45E and wt pig Mb from ref 13. eFrom ref 16.
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of the nativeMbCNC4 (P21, pH 7) and F46VMbCNC4 (P6, pH
9) crystal structures (1) shows that, although the distal histidine in
both structures is rotated into an open conformation, the space
left by the removal of the Phe46 phenyl group allows the His64
imidazole to rotate further away from the ligand alkyl atoms in
the out conformation. As a result, there is a clearance of 3.8 Å
between the closest atom of the His64 side chain (Cδ) and the
terminal carbon of the CNC4 alkyl group in F46V Mb. In
contrast, this distance is 3.3 Å in the native Mb structure
(Figure 2C).
Correlations between Fin and Rates of O2 and NO Entry

for Mutations at the E7 Gate. The values of Fin for the R45E,
R45K, and F46V MbCNC5 complexes show the greatest varia-
tion (Figure 2B, last set of bars) and were compared to previously
determined rate constants for O2 entry, k

0
entry,O2

, and the fraction
of O2 geminate recombination, Fgem,O2

, for the same set of Mb
variants (Figure 3). As shown in Figure 3, there is a strong linear
correlation (R2 values g0.9) between Fin for CNC5 measured by
FTIR and Fgem,O2

(4). The positive slope confirms that larger Fin

values, which indicate a higher free energy barrier to E7 gate
opening, are associated with larger Fgem values for O2, which
indicate greater trapping of diatomic ligands in the distal pocket
after photolysis.

The conclusion that His(E7) in Mb controls ligand access to
theMbdistal pocket is supported by the inverse correlation of the
fraction of in CNC5 conformer with both the computed rates of
ligand entry for O2 binding, k0entry, and the directly measured
association rate constants for NO binding, k0NO, for the position
45 and 46 mutants (Figure 3B). For NO, the fraction of internal
binding versus escape is alwaysg0.99 due to the high reactivity of
the NO radical, and thus the rate-limiting step for NO binding is
entry into the distal pocket (4). This inverse correlation demon-
strates that a lower barrier to opening the histidine gate, indicated
by a smaller Fin,CNC5, predicts significantly higher bimolecular
rates of diatomic ligand entry.

Similar, though less strong, correlations of Fin for the CNC1-
CNC4 complexes of these mutants with Fgem,O2

, k0entry,O2
,

and k0NO are observed (data not shown). The close proximity
ofHis64 to theMb heme iron allows any bound CNR, regardless
of its size, to act as a probe of the stability of its closed versus open
conformations. Longer CNRs are required to study the effects of
mutations at positions deeper in the binding pocket and to
indicate the importance of capture volume in the reactions of
diatomic ligands with Mb.

Effects of Val68(E11) Mutations: Decreasing and En-
hancing Direct Steric Hindrance and Blocking Access to
the Xe4 Pocket. The distal valine(E11) has multiple effects on
ligand binding to Mb including (a) sterically hindering access to
the heme iron (17-19), (b) affecting the position of the distal
histidine in its closed conformation, (c) lining a portion of the E7
channel, and (d) being part of the short path between the initial
geminate or B-state and the more interior Xe4 cavity (Figure 1).
Thus, mutations at the E11 position have complex, sometimes
competing effects on bimolecular and geminate rebinding and on
the orientation of bound isocyanides.

The V68A mutation in Mb results in a large decrease in steric
pressure on all bound CNRs, as judged by the 10-100-fold
increases in overall affinity (Ka values in Table 2). However, the
effects of this release of hindrance are different for the short
versus the long straight-chained ligands (see the spectra in
Figure 4A and the first two bars of each set in Figure 4B). The
Fin values for CNC1, CNC2, and CNC3 bound to the V68A
mutant are all smaller than those for wt Mb, indicating that
opening up of the E7 channel due to loss of the adjacent valine
γ2methyl group is the dominant effect. In contrast, the Fin values
for CNC4 and CNC5 bound to V68AMb are larger than the wt
values (Figure 4B, Table 2), indicating that loss of the γ1 methyl
group creates more space in the back of the distal pocket for a
direct connection to the Xe4 cavity and accommodation of the
terminal carbon atoms of the n-butyl and n-pentyl side chains
(Figure 1). This increase in space allows the hydrophobic effect to
push the side chains of the longer ligands back into the protein
interior (Figure 4B, Table 2). These differences roughly correlate
with the differences in the fractions of geminate recombina-
tion observed for the rebinding of these ligands to wt and V68A
Mb after laser photolysis. The short-chain isocyanides show
smaller while the longer ligands show larger Fgem and Fin values
(Figure 4B, Table 2).

In contrast to the V68A mutation, which reduces steric
hindrance of the bound ligands, the V68I mutation increases
direct hindrance significantly and decreases the affinities for O2,
CO, and the alkyl isocyanides CNC1-CNC4 by 4-20-fold
(Table 2 (17)). The Cδ methyl group of isoleucine is in van der
Waals contact with bound CO in the X-ray structure of V68I
MbCO and is found in two rotomers indicating significant
hindrance and disorder in the liganded complex (Figure 4C,
green sticks (18)).

The IR spectra of V68I MbCNRs are complex with two to
three broad peaks, reflecting the conformational heterogeneity
observed in the V68I MbCO crystal structure. The three νCN
bands are assignable based on their alignments with the wt
MbCNR peaks. One low-frequency peak probably represents an
in conformation, and the two high-frequency peaks probably
represent out conformations. The splitting of the out conformer
peakmay be due to the presence of both Ile68 rotomers shown in
Figure 4C. Despite this complexity, it is clear from the spectra in
Figure 4A that the dominant effect of the V68I mutation is to
push the alkyl isocyanides into an out conformation, which opens
the His(E7) gate. This effect is most dramatic for the longer
isocyanides where g60% and 100% of CNC4 and CNC5
conformers, respectively, are pointing outward.

The V68F mutation offers a test of the ability of longer alkyl
isocyanides to access the distal Xe4 cavity. In the crystal
structures of V68F Mb, the benzene ring of Phe68 partially fills
and blocks access to the Xe4 cavity (Figure 4D, green sticks). The
lack of an effect of the Phe68 mutation on Fin for CNC1, CNC2,

FIGURE 3: The CNR out conformation acts as a transition state
analogue for diatomic ligand entry. (A) Correlations between the
fraction of geminate recombination of photolyzed O2, Fgem,O2

, and
the fraction of bound CNC5 that adopts the in conformation, Fin,

CNC5, for Mb mutants with substitutions near the His(E7) gate,
including R45K, R45E, and F46V. Fgem,O2

values were taken from
ref 4. (B) Correlations for wt, R45K, R45E, and F46VMbs between
the logs of k0entry,O2

or k0NO and Fin,CNC5.
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and CNC3 demonstrates that, as in the crystal structure, the
68(E11) phenyl group does not significantly intrude into the
distal pocket and hinder bound ligands (Figure 4B, Table 2). Fin

for CNC4 is also unchanged by this mutation, although in the
crystal structure, the Phe68 side chain sterically hinders the
terminal carbon of the CNC4butyl group (Figure 4D). However,
theV68Fmutation does significantly decreaseFin for CNC5 from
0.68 in wt Mb to 0.46 in the mutant (Figure 4B, Table 2). The
increase in steric hindrance onCNC5 in the in conformation due to
blockage of the Xe4 cavity by Phe68 partially overcomes the
unfavorable hydrophobic forces on the ligand in the out conforma-
tion (2). The effect of decreasing Fin by blocking the Xe4 cavity is
even larger for the longer CNC6 ligand, as shown in Figure 6.

The IR spectra of the V68LMbCNRcomplexes are difficult to
interpret because, except for CNC1, a single broad band is
observed with a peak maximum midway between that for the
normal in and out peaks of the wt complexes (Table 2; spectra not
shown). Consequently, Fin values could not be determined or
used in the more global analyses described in the Discussion
(Table 2). In the crystal structure ofV68LmetMb, deoxyMb, and

MbCO, the isobutyl side chain occupies multiple conformations,
which alternatively fill the back of the distal pocket or the space
directly above the iron atom, displacing distal pocket water from
the unliganded protein (18). As a result, an ensemble of iso-
cyanide conformers is most likely present that cannot be de-
scribed in terms of only one in and one out orientation.

The effect of increasing the distal pocket polarity was also
examined by replacing Val68 with Thr. Following the work of
Smerdon et al. (21), Li et al. found the V68T mutation causes a
17 cm-1 blue shift of the major νCO band of pig and sperm whale
MbCO and attributed this effect to the proximity of the negative
dipole of the 68T hydroxyl group to the bound ligand atoms (22).
There are similar large blue shifts for the low-frequency in peaks
of CNC1, CNC2, and CNC3 bound to V68T Mb but not for
CNC4 and CNC5 (Table 2; spectra not shown).
Effects of Leu29(B10) Mutations. In globins, the B-helix

forms part of the roof of the distal binding pocket above the
heme, and the B10 side chain extends down toward the bound
ligand (Figures 1 and 5C). In mammalian Mbs and Hbs, the
native Leu(B10) directs the movement of dissociated ligands

Table 2: FTIR Spectroscopy and Ligand Binding Kinetic Parameters Measured for MbCNR Complexes with V68 Mutations A, I, F, L, and Ta

FTIR spectral data CNR binding data

MbCNR

complex in νCN (cm-1) out νCN (cm-1) Fin Fgem k0 (μM-1 s-1) k (s-1) Ka (μM
-1)

wt

CNC1 2083 2139 0.60 0.80 0.12b 4.3b 0.028b

CNC2 2065 2106 0.82 0.95 0.074b 0.27b 0.27b

CNC3 2077 2112 0.69 0.79 0.043b 0.33b 0.13b

CNC4 2083 2113 0.47 0.63 0.029b 0.60b 0.048b

CNC5 2081 2131 0.68 0.89 0.030c 0.44c 0.069c

CNC6 2078 2137 0.90 0.97 0.037c 0.15c 0.25c

V68A

CNC1 2100 2137 0.38 0.66 0.38d 0.76d 0.50d

CNC2 2064 2106 0.69 0.83 0.18d 0.07d 2.6d

CNC3 2089 2121 0.61 0.97 0.11d 0.022d 5.0d

CNC4 2079 2121 0.60 0.99 0.14d 0.011d 13d

CNC5 2065 2121 0.75

V68I

CNC1 2091 2138 0.21 0.57e 0.05d 21d 0.0024d

CNC2 2065 2095 0.53 0.63e 0.047d 3.4d 0.014d

CNC3 2073 2116 0.37 0.016d 1.5d 0.011d

CNC4 2092 2115 0.39 0.018d 1.5d 0.012d

CNC5 ND 2118 0.00

V68F

CNC1 2098 2139 0.59 0.99 0.013d 0.03d 0.43d

CNC2 2064 2100 0.86 0.99 0.0061d 0.0035d 1.7d

CNC3 2079 2108 0.71 0.96 0.004d 0.0019d 2.1d

CNC4 2079 2108 0.53 0.95 0.0058d 0.0077d 0.75d

CNC5 2079 2107 0.46 0.44

CNC6 2079 2107 0.40 0.72

V68L

CNC1 2140 ∼0.0 0.36 1.7 0.21

CNC2 2065 2100 ∼0.8 0.19 0.55 0.35

CNC3 2090 NA 0.26 0.34 0.76

CNC4 2090 NA 0.22 0.13 1.7

CNC5 2100 NA

V68T

CNC1 2118 2139 0.64 0.63f 0.039f 1.2f 0.033f

CNC2 2085 2109 0.65 0.67f 0.018f 0.092f 0.20f

CNC3 2095 2121 0.64 0.0095f 0.082f 0.12f

CNC4 2080 2127 0.67 0.0088f 0.16f 0.056f

CNC5 2074 2142 0.86

aDetails regarding the parameters are presented in Table 1. NA = not applicable. ND = not detected. Blank cells indicate parameters that have not been
measured. bFrom ref 11. cValues are for native spermwhaleMb and are averages from refs 10 and 12. dFrom ref 17. eFrom ref 20. fForV68T pigMb from ref 21.
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either into the back of the distal pocket or out through theE7 gate
and, if increased in size to Phe or Trp, can directly interact with

bound diatomic ligands (7, 23-25). Substitution of Leu(B10) with
the smaller Ala residue significantly increases the binding pocket
volume available to bound isocyanides, causing the marked
increases in ligand affinities, particularly for the larger isocyanides
(Table 3). In contrast, the Phe(B10) replacement causes decreases
in isocyanide affinity. However, remarkably, the Fin values for
L29A and L29FMbCNR complexes determined by νCN measure-
ments are similar to each other and to those for the wt MbCNRs.

The FTIR results inTable 3 andFigure 5 show that an increase
or a decrease in the size of the B10 amino acid causes only small
changes in Fin, even though ligand affinities change dramatically
(Figure 5B, Table 3). The in νCN peak is shifted to higher
frequencies for both the L29A and L29F mutants, suggesting a
more upright conformation in both cases, and the amount of in
conformer for the larger CNC4 ligand is significantly greater
than for wt Mb. The latter result is easy to understand for the
L29A mutant in which the internal distal cavity is much larger
than that in wtMb; however, the increase in Fin for Phe(B10)Mb
ismore difficult to rationalize. Aranda et al. (23) have shown that
Phe(B10) can move away from photodissociated CO in time-
resolved X-ray crystallographic studies of L29FMbCO and does
not appear to obstruct the B-state site, which is readily occupied
by photodissociated CO (Figure 5C). The FTIR data also
indicate that the long alkyl side chains of bound isocyanides
are accommodated in the interior distal pocket of L29F
MbCNR.
Effects of Ile107(G8)Mutations and Blocking Access to

the Xe4 Cavity for Bound CNC5 and CNC6. The Ile107(G8)
side chain is located at the back of the distal pocket and serves as
a partial barrier to ligand movement into the Xe4 pocket (4).
Substitution of alanine for isoleucine at G8 enhances the stability
of ethyl through pentyl isocyanides in the in conformation, with
CNC4 giving the greatest Fin increase from 0.47 in wtMb to 0.80
in I107AMb (Figure 6A, Table 4; spectra not shown). Inspection
of the wt MbCNC4 crystal structure shows that the Ile107 Cδ

FIGURE 4: Effect of mutating residue V68. (A) FTIR spectra of methyl through pentyl isocyanides (CNC1-CNC5) bound to wt and V68A,
V68F, and V68IMbs. (B) Fin for eachmutant-isocyanide pair as a function of ligand size. (C) Native (orange) and wt (slate blue) MbCNC4 and
V68IMbCO(green) globally alignedby theirCR atoms (PDBIDs 104mand111m(1) and1mlm(18), respectively). TheV68IMbCOstructure has
two Ile68 χ2 rotomers (A and B). Hemes are in white. (D) The same structural overlay as in panel C, except V68I MbCO is replaced by V68F
MbCNC4 (PDB ID 107m (1)).

FIGURE 5: Effect of mutating residue Leu29. (A) FTIR spectra of
methyl through pentyl isocyanides (CNC1-CNC5) bound to wt,
L29A, and L29FMbs. (B) Fin for each mutant-isocyanide pair as a
function of ligand size. (C) Structures of native (orange) andwt (slate
blue) MbCNC4 and L29F MbCO (light green) and L29F Mb:CO
photoproduct (dark green), globally aligned by their CR atoms (PDB
IDs 104mand 111m (1) and 2g0r and 2g0v (23), respectively; hemes in
light gray). The benzyl side chain at residue 29 rotates to accommo-
date photodissociated CO in the B-state. A similar rotation may
explain how the large CNR alkyl groups are accommodated within
the L29F Mb binding pocket.
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atom contacts the C3 and C4 atoms of the ligand butyl group
along its C1-C4 path from the B-state near the heme iron to the
Xe4 pocket (Figure 1). The structural and FTIR data indicate
that crowding by the Ile107 side chain significantly contributes to
the large free energy penalty of adding a fourth carbon to the
CNR n-alkyl group in the in conformation and that the further
addition of a fifth carbon is energetically neutral because it is
located within the Xe4 cavity.

Surprisingly, the I107Wmutation appears to expand the distal
pocket. The Trp107 mutant more readily accommodates mode-
rately sized isocyanides, CNC2-CNC4, as judged by signifi-
cantly larger Fin values compared to those for wtMb (Figure 6A,

Table 4). This result is consistent with the 30-fold greater Ka and
the larger fraction of geminate recombination for CNC4 binding
to I107W Mb than to wt Mb. The structure of I107W metMb
shows that the Trp107 indole is sterically restricted by the edge of
the heme group from rotating into the B-state associated with the
initial CO photoproduct (Figure 6B). However, this muta-
tion does significantly lower the Fin values for bound CNC5
and CNC6 compared to their much higher wild-type values
(Figure 6A, Table 4). As is the case for V68FMb (Figure 4B,D),
the indole ring of Trp107 appears to block access to the Xe4
cavity and sterically hinders the ends of the longer CNRs as they
wrap around the back of the distal pocket.

Complexes of n-hexyl isocyanide, CNC6, bound to wt Mb,
V68FMb, and I107WMb serve as tests of the ease of movement
into the Xe4 cavity, which is described as state C in most
photodissociation schemes. Figure 6C shows comparisons of
the νCN spectra for these complexes and those for CNC4 and
CNC5 bound to the same proteins. As described in the first paper
of this series (2), there is a progressive increase in the inward-
pointing population for CNC4, CNC5, and CNC6 bound to
wt Mb, with Fin values of 0.47, 0.68, and 0.90, respectively
(Figure 6C, top set of spectra; Table 4). The size-dependent
increase of the in conformation for these three CNRs is due to the
terminal alkyl carbon atoms being driven out of the solvent phase
and into the protein interior by a hydrophobic effect. There
appear to be only small increases in steric hindrance for the C5
and C6 carbon atoms in the in conformation because they can be
accommodated within the empty Xe4 cavity (2). This interpreta-
tion is supported by the effects of placing a tryptophan at
107(G8) or phenylalanine at 68(E11), which block access to the
Xe4 cavity and partially reverse the trend to higher Fin values for
the CNC4 to CNC6 series (Figure 6C, Table 4). Thus, when
access to the protein interior is sterically obstructed, there is
a roughly 40% decrease in the inward-pointing population of
the long-chain isocyanides. Under these conditions, the hydro-
phobic effect driving inward movement roughly equals the steric
hindrance caused by forcing the terminal carbon atoms into the
protein interior.

Table 3: FTIR Spectroscopy and Ligand Binding Kinetic Parameters Measured for MbCNR Complexes with L29 Mutations A and Fa

FTIR spectral data CNR binding data
MbCNR

complex in νCN (cm-1) out νCN (cm-1) Fin Fgem k0 (μM-1 s-1) k (s-1) Ka (μM
-1)

wt

CNC1 2083 2139 0.60 0.80 0.12b 4.3b 0.028b

CNC2 2065 2106 0.82 0.95 0.074b 0.27b 0.27b

CNC3 2077 2112 0.69 0.79 0.043b 0.33b 0.13b

CNC4 2083 2113 0.47 0.63 0.029b 0.60b 0.048b

CNC5 2081 2131 0.68 0.89 0.030c 0.44c 0.069c

L29A

CNC1 2098 2154 0.53 0.62 0.58d 7.7d 0.075d

CNC2 2075 2119 0.62 0.97 0.70d 0.63d 1.1d

CNC3 2093 2123 0.63 0.97 0.45 0.023 20

CNC4 2089 2126 0.66 0.98 2.0 0.020 100

CNC5 2098 2134 0.68

L29F

CNC1 2084 2133 0.38 0.29 0.19d 57d 0.0033d

CNC2 2079 2108 0.71 0.44 0.090d 4.2d 0.021d

CNC3 2093 2127 0.76 0.42

CNC4 2099 2123 0.69 0.28

CNC5 2098 2124 0.71

aDetails regarding the parameters are presented in Table 1. Blank cells indicate parameters that have not been measured. bFrom ref 11. cValues are for
native sperm whale Mb and are averages from refs 10 and 12. dFrom ref 7.

FIGURE 6: Effect of side chain size at residue 107 and blocking the
Xe4 pocket. (A) Fin plotted against ligand size for methyl through
pentyl isocyanides (CNC1-CNC5) bound to wt, I107A, and I107W
Mbs. (B) Native MbCNC4 (slate blue; pH 9 structure; PDB ID
105m (1)) and I107W Mb (green; ferric form; PDB ID 2ohb (5))
globally aligned by their CR atoms, with van der Waals spheres
shown for CNC4 and the Trp107 side chain. The Fin value for the
actual I107WMbCNC4 complex is unexpectedly high (panel A). (C)
FTIRspectra ofCNC4-CNC6bound towt, I107W, andV68FMbs.
Mutations that block access to the Xe4 site inhibit inwardmovement
of longer CNRs, as shown by increases in the high-frequency out
conformation band at ∼2125 cm-1.
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Correlations between Fin and O2 Binding Parameters as
a Function of Distal Pocket Size. Scott et al. (4) analyzed the
reactions of O2 with 90 mutants of Mb and found that the
bimolecular entry rate for O2, defined as k0entry = k0overall/Fgem,
was dependent on the volume available for ligand capture within
the distal pocket and in the Xe4 cavity. To examine this idea
further, we compared the measured values of Fin for MbCNR
mutants containing small (Ala) and large (Trp or Phe) amino
acids at the Leu29(B10), Val68(E11), and Ile107(G8) positions
with the fractions of geminate O2 recombination (Fgem,O2

), the
microscopic geminate rate constants k0entry, kbond, and kescape for
O2 binding, and the bimolecular association rate constants for
NO binding, k0NO, taken from Scott et al. (4). The oxygen binding
parameters only show significant correlations with the Fin values
for the larger isocyanides, particularly CNC5, presumably because
the bound smaller isocyanides cannot sense volume changes near
the back of the distal pocket (see Figures 1, 4D, and 6B).

Remarkably, there is a significant inverse correlation between
Fgem,O2

and Fin,CNC5 (R2 = 0.62; Figure 7A). The fraction of
geminate O2 recombination reflects the competition between
internal ligand rebinding and escape to solvent on nanosecond
time scales. The internal distal pocket mutations have little effect
on O2 escape (Figure 7D) but do markedly affect the speed of
internal bond formation (Figure 7C). Reducing the volume
sequesters the O2 molecule close to the iron atom increasing
kbond markedly, whereas increasing the volume available to
dissociated diatomic ligands decreases kbond due an increased
entropic barrier to return to the heme center (4). Thus, the extent
of geminate O2 recombination in I107W and V68F MbO2 is
large, whereas the Fgem,O2

value for L29A and I107A MbO2 is
small. The situations for L29F and V68A are more complex
because of increased and decreased, respectively, direct hindrance
of bound ligands.

There is a strong linear correlation between Fin,CNC5 and
log(k0entry) for diatomic ligands, as measured by k0NO or calcu-
lated from k0O2

/Fgem,O2
(R2 = 0.81; Figure 7B). The increase in

k0entry with increasing accessible distal pocket volume measured
byFin forMbCNC5 complexes indicates that the net rate of entry
is governed by the capture volume available for the incoming
ligands as well as the ease of opening of theHis(E7) gate. A larger
volume increases the residence time of the ligand in the pocket,
allowing the His(E7) gate to close before the ligand can return to
solvent, increasing the net rate of ligand capture. In contrast,
there is no correlation between Fin,CNC5 and kescape (Figure 7,

Table 4: FTIR Spectroscopy and Ligand Binding Kinetic Parameters Measured for MbCNR Complexes with I107 Mutations A and Wa

FTIR spectral data CNR binding data
MbCNR

complex in νCN (cm-1) out νCN (cm-1) Fin Fgem k0 (μM-1 s-1) k (s-1) Ka (μM
-1)

wt

CNC1 2083 2139 0.60 0.80 0.12b 4.3b 0.028b

CNC2 2065 2106 0.82 0.95 0.074b 0.27b 0.27b

CNC3 2077 2112 0.69 0.79 0.043b 0.33b 0.13b

CNC4 2083 2113 0.47 0.63 0.029b 0.60b 0.048b

CNC5 2081 2131 0.68 0.89 0.030c 0.44c 0.069c

CNC6 2078 2137 0.90 0.97 0.037c 0.15c 0.25c

I107A

CNC1 2089 2141 0.59 0.73 0.091 2.3 0.040

CNC2 2067 2147 0.91 0.92 0.12 0.15 0.80

CNC3 2083 2141 0.87 0.99 0.13 0.025 5.2

CNC4 2081 2143 0.80 0.99 0.19 0.0088 22

CNC5 2079 2144 0.76 0.99

I107W

CNC1 2096 2143 0.49 0.87 0.18 0.21 0.86

CNC2 2066 2147 0.85 0.94 0.16 0.025 6.4

CNC3 2077 2139 0.82 0.96 0.017 0.029 0.59

CNC4 2077 2141 0.78 0.87 0.062 0.044 1.4

CNC5 2073 2137 0.57 0.91

CNC6 2074 2136 0.68 0.97

aDetails regarding the parameters are presented in Table 1. Blank cells indicate parameters that have not been measured. bFrom ref 11. cValues are for
native sperm whale Mb and are averages from refs 10 and 12.

FIGURE 7: Correlations between the Fin values for MbCNC5 com-
plexes and parameters describing the binding kinetics of O2 for
internal distal pocket mutants of Mb. Fgem and the logarithms of
k0entry and kbond, but not kescape, measured for the reaction of O2 with
Leu29, Val68, and Ile107 Mb mutants show moderate correlations
with the Fin values for bound CNC5. k0NO (gray circles, upper right
panel) serves as an independent measure of the entry rate of diatomic
gases. The O2 and NO kinetic data were taken from Scott et al. (4).
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lower right), which is governed primarily by the extent and
frequency of opening of the His(E7) gate and not the volume of
the distal pocket.

DISCUSSION

The results presented here, in Blouin et al. (2), and in Smith et
al. (1) demonstrate that bound straight-chain alkyl isocyanides
act as probes of the spaces and pathways used by ligands to bind
to myoglobin. The fraction of in conformer obtained from FTIR
measurements with wt MbCNR complexes correlates strongly
and directly with the fraction of geminate recombination of
bound methyl through n-hexyl isocyanide (CNC1-CNC6) after
nanosecond laser photolysis (2). Photodissociated alkyl isocya-
nides originally oriented in the in conformation are trapped and
efficiently rebind, but those oriented in the out conformationwith
the His(E7) gate open are much more likely to escape completely
to solvent. The original evidence in support of His64(E7)
regulating CNR entry and escape from Mb is shown in Figure 8.
The logarithms of the measured overall bimolecular rate constants
for O2, methyl, ethyl, n-propyl, and n-butyl isocyanide binding
are plotted versus the size of the amino acid at the 64(E7) pos-
ition. Most of the data were taken from Rohlfs et al. (11) and

Scott et al. (4), and new parameters for CNRbinding toH64WMb
were measured for this work. There is an∼10-fold decrease in k0O2

when the size of theE7 amino acid is increased fromGly toTrp, but
the increase in the size of the E7 amino acid has a much more
dramatic effect on k0CNR, which decreases from ∼100 to e0.1
μM-1 s-1 for the same set of mutations (Figure 8).

The complex correlations between the O2 binding parameters,
k0entry,O2

, and Fgem,O2
and the fraction of in MbCNR conformer

shown in Figures 3 and 7 support our idea that the alkyl side
chains of isocyanide ligands act as transition state analogues for
bothO2 entry andO2 capture in the back of the distal pocket. The
crystal structures of MbCNC4 taken from the second paper of
this series are shown in Figure 9 and can be used to visualize
diatomic ligand pathways. Two key caveats to using the iso-
cyanides as probes of ligand channels are (1) the isocyanide alkyl
chain is less mobile than a freely diffusing diatomic gas because it
is tethered to the iron atom, and (2) the connectivity of the alkyl
side chain may require displacement of several amino acids
simultaneously rather than just one or two side chains. However,
the flexibility of the straight-chained CNRs allowsmore accurate
sensing of steric constraints and the relative free energies required
for opening potential pathways than the more rigid aromatic
rings of bound imidazole and phenyl ligands.

In the E7 gate mechanism, ligands enter Mb when the imida-
zole side chain of His64 has rotated outward, opening a direct
channel to the distal pocket. This conformation is seen for the out
conformer of nativeMbCNC4P21 crystals with the n-butyl chain
occupying an open E7 channel with enough space for a diatomic
gas molecule to enter the protein (Figure 9, left panel). This
interpretation is strongly supported by both the inverse and direct
correlations, respectively, of log(k0entry,O2

) and Fgem,O2
with the

fraction of CNC5 in conformers, Fin,CNC5, measured by FTIR
spectroscopy for a series of mutations at the 45(CD3) and
46(CD4) positions that alter the flexibility of the His64(E7) side
chain (Figure 3). In both cases, smaller values of Fin for n-pentyl
isocyanide indicate a lower barrier to opening of the E7 channel,
which increases the rate of bimolecular entry and at the same time
decreases geminate recombination after laser photolysis by
facilitating escape.

The side path or baseball glovemechanism for O2 binding also
predicts that the rate of ligand entry depends on the size of the
distal pocket. The larger the volume available to incomingO2, the

FIGURE 8: The bimolecular association rate (k0) for O2 and CNC1-
CNC4binding toMbmutantswith varied residue sizes at theE7gate.
There is only a small dependence of k0O2

on the size of the residue at
64(E7). The association rate constants for the larger CNRs, however,
are highly dependent on the amino acid size in the channel normally
occupied by the E7 gate. The k0 values are from this work (W64),
Rohlfs et al. (11), and Olson et al. (26).

FIGURE 9: Left panel: Structure of the native outMbCNC4 conformer (PDB ID104m (1)) withCOatoms placed at the terminal carbon atoms of
the alkyl side chain. Right panel: Structure of the wt in MbCNC4 conformer (PDB ID 111m (1)) with CO placed in the position found in the
structure of the room temperature B-state photoproduct of wtMbCO (PDB ID 1abs (27)). All structures were globally aligned by CR atoms and
rendered in the same orientation in PyMOL. The left panel represents ligand entry through the E7 channel, and the right panel represents ligand
capture in the side path model of ligand binding first described in detail by ref 4.
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greater will be the chance of ligand capture, just as a large pocket
in a baseball glove makes it easier to catch a ball. This interpreta-
tion is supported by the direct correlation between Fin for bound
CNC5 and log(k0entry,O2

) for mutations in which the volume of
the interior of the distal pocket is increased or decreased byAla
or Phe/Trp mutations, respectively. An increase in the fraction
of in CNC5 conformer indicates more free space in the interior
of the distal pocket, and this increase in volume correlates
directly with greater rates of O2 entry (Figure 7B). This
interpretation is shown in the right panel of Figure 9, where
the structure of the in conformer of wt MbCNC4 is compared
to the structure of the initial B-state structure of photodisso-
ciated CO. The terminal atom of the n-butyl side chain is
pointing toward the Xe4 pocket which may also be part of the
capture volume and is the location of state C for dissociated
CO (4, 23, 24, 28-31).

There is debate over the functional significance of the
interior Xe cavities that were characterized at high resolution
in Mb by Tilton et al. (32). Their original observations were
followed by molecular dynamics simulations that suggested a
“multiple pathways” model in which ligands can freely migrate
from one Xe site to another in the interior of Mb and then exit
from these positions through several transient openings to
solvent, with the distal histidine gate being only a very minor
pathway (33). Even the most recent molecular dynamics
simulations (34-36) and energy mapping computations (37)
still consistently findmultiple apolar pathways for ligand entry
and exit that lead from the distal pocket through the protein
interior to solvent.

In 1994, Huang and Boxer (38) carried out a random muta-
genesis study of point mutations of recombinant Mb. In their
experiments, changes in O2 and CO rebinding time courses were
measured after laser photolysis of bacterial cell lysates without
purifying the Mb variants. Most of the mutations that markedly
affected ligand binding rates were located at or near the His(E7)
position, but a number of replacements remote from the heme
pocket also gave large effects. The latter observations led Huang
and Boxer (38) to propose that their results supported the
multiple pathway model.

Building on the work of Huang and Boxer (38), Scott et al. (4)
used a rational mutagenesis strategy to systematically introduce
small or large amino acids at positions along all of the proposed
ligand entry and exit pathways in spermwhaleMb. In their work,
all of the variants were expressed and purified to homogeneity,
and both geminate and overall association and dissociation rate
parametersweremeasured. They only found significant effects on
rates of ligand entry and escape for substitutions near His64 and
the E7 channel and suggested that∼80% of diatomic gases enter
and exit through this pathway. Some of the remote mutations
reported to have large effects by Huang and Boxer (38) were
examined and found to be false positives (4). Many of the other
remote mutations identified in the screen of bacterial lysates
involved proline substitutions in the middle of helices or other
replacements that are predicted to markedly decrease Mb
stability. As a result, the lysates probably contained significant
amounts of partially denatured protein and free heme, which
would give large changes in the time courses for CO and O2

rebinding after laser photolysis.
Time-resolved X-ray crystallography has also provided strong

experimental evidence in favor of the side path/E7 gate model
proposed by Scott et al. (3). In crystals of wt Mb, the electron
density for photolyzed CO is found to persist in the Xe1 cavity on

the proximal side of the heme group with a lifetime of∼10-20 μs
and then disappears as the ligand moves out into solvent (30).
This observation first led workers to propose that CO escapes
directly to solvent from the Xe1 cavity, thus supporting the
multiple paths model. However, blocking access to the distal
pocket from these internal cavities by L29F and L29Wmutations
traps CO within the Xe1 cavity for even longer times, ∼300 and
∼1500 μs, respectively (24). If ligands could escape directly from
the Xe sites, inhibiting their return to the distal pocket by the
large Phe(B10) andTrp(B10) side chains should not have affected
the lifetimes of ligand electron density in the Xe1 cavity. The
simplest interpretation of these time-resolved crystallographic
data is that ligands have to return to the active site to escape
through the E7 channel as predicted by the side pathway model.
Thus, there is still a strong disconnect between theoretical
simulations that consistently predict multiple pathways and the
experimental effects of mutagenesis on ligand binding that
strongly identify the E7 gate and channel as the primary route
for entry and exit.

In this work, we have taken another experimental approach,
used CNRs to probe the spaces and paths near the Mb binding
pocket, and found correlations that also indicate that ligands
primarily enter and exit the protein through the His(E7) gate.
An alternative explanation for the direct correlation between
Fin,CNC5 and log(k0entry,O2

) is that when the connection between
the Xe4 cavity and the distal pocket is blocked by the V68F and
I107W mutations, ligand entry and escape through the multiple
interior pathways will be markedly inhibited. However, this
argument and the multiple interior pathway mechanism cannot
explain the lack of correlation of Fin,CNC5 with kescape,O2

for the
“pocket volume”mutants includingV68F and I107W (Figure 7D).
In addition, themultiple pathwaymodel cannot readily explain the
decrease in k0 with increasing size of the E7 amino acid shown in
Figure 8. Thus, in our view, the E7 gate/baseball glove model
provides the best structural explanation of ligand binding to Mb,
and bound alkyl isocyanides serve as excellent probes of the
flexibility of the distal histidine gate and the capture volume in
the interior of the active site, as shown in Figures 1 and 9.
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