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Abstract

Conformational fluctuations have been invoked to explain the observation that the diffusion of small ligands
through a protein is a global phenomenon, as suggested (for example) by the oxygen induced fluorescence quenching
of buried tryptophans. In enzymes processing large substrates, a channel to the catalytic site is often seen in the
crystal structure; on the other hand in small globular proteins, it is not known if the cavities identified in the interior
space are important in controlling their function by defining specific pathways in the diffusion to the active site. This
point is addressed in this paper, which reports some relevant results obtained on myoglobin, the hydrogen atom of
molecular biology. Protein conformational relaxations have been extensively investigated with myoglobin because the
photosensivity of the adduct with CO, O, and NO allows us to follow events related to the migration of the ligand
through the matrix. Results obtained by laser photolysis, molecular dynamics simulations, X-ray diffraction of
intermediate states of wt type and mutant myoglobins are briefly summarized. Crystallographic data on the
photochemical intermediate of a new triple mutant of sperm whale myoglobin (Mb-YQR) show, for the first time, the
photolyzed CO* sitting in one of the Xe-binding cavities, removed from the heme group. These results support the
viewpoint that pre-existing ‘packing defects’ in the protein interior play a major role in controlling the dynamics of
ligand binding, including oxygen, and thereby acquire a survival value. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Packing defects and protein dynamics substrate. In enzymes processing larger sub-
strates, a channel guiding to the active site has
been identified, and the molecular basis of sub-
strate channeling is now understood [2].

In small globular proteins, ‘packing defects’
identified in the interior space as void volumes [3]

are essential structural components of protein

Ever since the three-dimensional structure of
lysozyme was solved [1], enzymes are often char-
acterized by a cleft at the active site to host the
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flexibility and thermodynamic stability. The com-
mon observation that many thermophilic proteins
are more stable and more rigid than their meso-
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philic counterparts has been considered as the
basis for their lower reaction rates at room tem-
perature [4].

How important internal cavities are in functio-
nal control, by providing pathways and hosting
stations in the diffusion of a ligand to the active
site, remains an open problem. The concept that
protein fluctuations and conformational changes
are linked to structural defects was defined by
Lumry [5] as the ‘mobile defect hypothesis’. Ever
since, this idea gained support, although it seems
now clear that defects are well-defined cavities,
which may or may not mediate ligand migration
in proteins. This paper is about finding the func-
tional value of these internal ‘packing defects’,
based on recent crystallographic data [6] of a
novel photochemical intermediate of a triple mu-
tant of myoglobin (Mb).

2. Myoglobin

Mb is a small globular protein whose function
in the red muscles is to facilitate O, delivery to
the mitochondrion. O, is bound to the ferrous
(Fe II) heme with an overall dissociation constant
(Kp ~1 pM) intermediate between that of mito-
chondrial cytochrome-c-oxidase (K,; < 0.1 pM)
and that of hemoglobin in the erythrocyte (K ~
25 wM). The ferrous state of Mb binds CO and
NO with affinities higher than that for O, [7].

The model of the active site of sperm whale
Mb is shown in Fig. 1 as a complex with O, CO
and NO. Only some of the amino acid side chains
surrounding the heme are highlighted; in particu-
lar those on the distal site, which are in close
contact with the iron bound ligand and play a role
in the discrimination between these three gases,
which bind with very different affinities and rates
(see [7] and [10] for reviews). Examination of a
space-filling model shows that there is no clear
channel that these diatomic molecules may follow
to come in close contact with the heme iron [11],
and fluctuations of the side chains should open a
passageway for the ligand to diffuse to and from
the active site.

Molecular dynamic (MD) simulations of Mb
(and of the hemoglobin chains) provided informa-

tion on the motions of the iron and the protein,
and on the escape of the ligand from the active
site [12,13]. An initial hypothesis for ligand migra-
tion from the heme into the solvent was based on
the so-called His-gate, which involves a rotation
of the side chain of the distal His 64 (E7) to
create a channel [14]. Experimental evidence in
favor of this mechanism includes a displacement
of His 64 (E7), as seen in the crystal structure of
some derivatives [15,16], as well as large changes
in the rate constants for ligand entry in Mb
mutants [17]. MD simulations [18] and random
mutagenesis data [19] indicated alternative path-
ways for ligand escape, involving hydrophobic
residues between the B, G and H helices.

A special feature which makes hemoproteins
ideal objects to study the rapid migration of a
ligand in the matrix, is the photosensivity of the
Fe-ligand bond [7]. Since Gibson’s discovery of
the quickly reacting state of hemoglobin [20],
tremendous progress has been achieved. The ad-
vent of super-fast lasers opened new avenues to
study the relaxation of the protein and the migra-
tion of the ligand in a time range extending from
picoseconds-to-microseconds. In this field, the
conceptual breakthrough came with the discovery
of geminate recombination and the role of con-
formational substates of a protein on its function
[21].

3. Kinetic barriers to ligand binding

The kinetics of ligand re-binding to Mb has
been extensively investigated by laser spectro-
scopy, because of the photosensivity of the adduct
with O,, CO, NO, and other ferrous ligands [7].
These diatomic molecules are small enough to
allow rapid migration away from the metal, and
large enough to probe the accessibility of atomic
size cavities in the protein’s interior. The high
photosensivity of the Mb—CO adduct has made
this complex ideal for early photochemical work
on hemoglobin; on the other hand O, and NO,
because of their higher intrinsic reactivity, have
proved to be very useful probes of the earlier
events, after picosecond-to-nanosecond laser dis-
sociation.
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Fig. 1. View of the distal pocket of Mb bound to O,, NO, and CO. Coordinates from Quillin et al. [8] for MbO, (2 mhm) and for
MbCO (2 mgk), and Brucker et al. [9] for MbNO (1 hjt). A number of amino acid side chains, which are important in controlling
dynamics and the affinity of ligand binding, are indicated. The position of His 64 (E7) is at a distance suitable to interact with the
bound ligand. Notice that O, and NO have a bent geometry (111-120° for O, and 111-140° for NO), while CO is more linear
(155-180°). The H-bond with His 64 (E7) which stabilizes O,, is much weaker with NO and essentially absent with CO.

Optical spectroscopy of ligand binding after the
rapid photodissociation of MbCO led to the dis-
covery of the geminate state [21,22]. The rupture
of the Fe-CO bond by an intense light pulse
leads to an immediate change in the spectrum of
Mb; the photolyzed ligand can either migrate out
into the solvent (and thereby re-bind in a slow
bimolecular mode), or hit the iron diffusing from
within the protein; an intramolecular process
called geminate recombination. The presence of
at least one intermediate state suggested a simple
two-step reaction scheme [23], illustrated by the
free energy barrier diagram reported in Fig. 2.
Examination of the diagram shows that the outer
barrier (~ 4 kcal mol™!) is related to the diffu-
sion in the interior of the protein, and is essen-
tially the same for the three ligands. The inner
barrier, which leads to the bound state, has a very
different height for the three gases, and reflects

differences in intrinsic reactivity. It should not be
forgotten that the bound ligands have a different
stereochemistry, as shown in Fig. 1. The mecha-
nism of discrimination by the protein moiety has
been extensively investigated [10].

Because of quantum mechanical restrictions,
geminate rebinding of CO to Mb at room temper-
ature is minimal and thus it has been very dif-
ficult to detect; only very accurate spectroscopic
data [24] provided unequivocal evidence for the
nanosecond rebinding of CO to Mb. O, is more
reactive, and on a nanosecond time scale yields
approximately 50% geminate rebinding in Mb;
thus it has been extensively employed with a
number of mutants, not only because it is the
physiological ligand, but in order to evaluate lig-
and migration. The highest reactivity by far is
seen with NO, which rebinds to Mb almost com-
pletely in a time scale of picoseconds, because of



224 M. Brunori / Biophysical Chemistry 86 (2000) 221-230

!

0, Mb+X
CcO l
NO I
Mb wt

0, Mb+X
CO

NO

Mb-YQR

Fig. 2. Free energy barrier diagram for the binding of O,, CO and NO to wt Mb (left) and to Mb-YQR (right). From Brunori et al.
[38], modified. The solution state (S = Mb + X) is arbitrarily set to free energy = 0. The outer barrier (arrow) is essentially the same
for the three ligands and the two Mbs (~ 4 kcal mol~1). The inner barrier is different; for wt Mb, the inner barrier is small for NO,
approximately equal to the outer barrier for O,, and much larger for CO. In general, mutations of the distal site residues affect the
inner barrier (see Olson and Phillips [23] for a review). Thus mutations introduced in Mb-YQR lead to a substantial decrease of the
overall combination rate constants for O, and CO because binding demands the concerted fluctuation of Tyr 29 (B10) and Gln 64
(E7) that in the deoxygenated protein move towards the heme and hinder close approach to the metal.

little quantum mechanical barrier. The multipha-
sic nature of NO geminate rebinding [25,26] has
been an important probe to assess the role of the
protein in the control of ligand binding.

The kinetics and the yield of the geminate
phase are both sensitive to the local conformation
of the heme, and, therefore, to its immediate
environment (Fig. 1). The role of the protein is
crucial to control reactivity and function, and thus
it was proposed that the kinetic barrier for ligand
rebinding is controlled by the protein; the exact
origin of this control has been extensively investi-
gated [25-30]. It may be recalled that the multi-
phasic rebinding may be determined by: (i) the
relaxation of the Fe—His 93 (F8) bond (‘proximal
effect’), with the metal moving out of the heme
plane after ligand dissociation, and thereby
slowing-down geminate rebinding; or (i) the mi-
gration of the photolyzed ligand in the matrix,
with rebinding by diffusion from sites at various
distances from the heme iron.

The conformational relaxation of the protein
after instantaneous photodissociation covers a
large time interval, and has been described with a
continuous distribution of exponential processes
(see [30,31,32]). Important features emerged from
a complete study of the protein relaxation as a
function of temperature and viscosity in Mb and
Hb [31,33]. The origin of the stretched exponen-
tial kinetics in the higher temperature range led
to the proposal of different models which empha-
size either the difference in the well depth for the
various conformational substates [34], or the
change in the distribution of solvated slowly inter-
converting molecules [33]. Ansari et al. [31] con-
cluded that at very low temperatures, the confor-
mational substates of Mb are not so much ‘frozen’
but ‘stuck’, emphasizing the effect of viscosity and
internal diffusion.

A consecutive reaction scheme involving (at
least) four states has been commonly employed,
as illustrated in the following Eq.(1):
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MbX - Mb:X* - Mb:: X*
A B(ps) C(ns)

Mb + X
< S(ms) (W)

In the discussion of this scheme with reference
to the role of ‘packing defects’ on function, we
take into consideration the viewpoint championed
by Gibson and collaborators [23,25,29], that multi-
phasic geminate rebinding is primarily de-
termined by the migration of the ligand away into
the matrix. However, the alternative hypothesis,
that the relaxation of the Fe out of the heme
plane (‘proximal effect’) plays a role, should not
be forgotten [28,30,33].

Photochemical or thermal dissociation of MbX
is associated with the rapid motion of X* (the
ligand in the matrix) into the distal pocket, shown
in Fig. 1. The ligand reaches a primary docking
site (B-state) in less than 1 ps, and CO* acquires
two orientations which are both parallel to the
heme plane [35]. Lim et al. interpreted their time
resolved IR data to mean that in the B-state
(Mb:X*) the CO* is trapped by the protein fairly
close to the metal. The location may be the same,
accounting for the very fast NO geminate rebind-
ing phase, because of back diffusion from a rela-
tively close position hitting the iron. A role for
the side chain of Leu 29 (B10) has been es-
tablished by site-directed mutagenesis; with Phe
in (B10), most of the ligand dissociated by the
light pulse is bounced back to increase the
probability of contact with the iron, and rebinding
with NO is extremely fast (see Olson and Phillips
[23]. If rebinding is made difficult by quantum
mechanical restrictions, the ligand migrates away
and eventually reaches the solvent (S-state); this
is generally the destiny for CO* because the
inner barrier exceeds by far the outer barrier (see
Fig. 2).

Much debate has gone into the interpretation
of the C-state(s), associated with the picosecond-
to-nanosecond rebinding phase (0.5-500 ns). A
common view is that the C-state is correlated to
the trapping of the ligand into new and more
distant locations, called secondary docking sites
[36]. Some of the results on site-directed mutants
of Mb seem consistent with this hypothesis (see
Olson and Phillips [23]). We studied a triple mu-
tant of Mb (designed to mimic the O, binding

properties of Ascaris Hb (see [37]) which is char-
acterized by a very slow (7 ~ 200 ns) and promi-
nent geminate phase with NO, and an unusually
large ps quantum yield (~4%) [38]. Based on
MD simulations, and on the effect of Xe on the
time course of geminate NO rebinding, it was
proposed [38] that a fraction of NO* migrates
into a cavity which corresponds to the Xe* site of
Tilton et al. [39]. Since this behavior was observed
with NO which has the highest intrinsic reactivity,
the simple-minded view that the ligand was
trapped further away (> 8 A) into a secondary
docking site seemed logical. Nonetheless these
data will have to be reconciled with the view held
by Olson and Phillips [23], who argued that, even
for the ns geminate phase, the ligand is close to
the iron but distributed among a smear of posi-
tions.

The uncertainties in the exact location and
nature of these secondary docking sites poses a
number of problems which may be relevant to the
pathway of ligand entry in the molecule. The
overall rebinding rate demands a close approach
to the iron. In wt Mb, binding is possible after the
expulsion of a water molecule stabilized near the
metal by H-bonding to His 64 (E7) [40]. In several
mutants, a reduction of the space in the distal
pocket by the insertion of bulky residues de-
creases the overall second order rate constant.
Examples are the Val 68 (E11) — Phe and the
Leu 29 (B10) — Tyr mutants; on the other hand
smaller residues as in Leu 29 (B10) — Ala have
opposite effects (see [23]). The correlation of this
extensive kinetic information with the location of
cavities and their connectivity is dealt with in the
following paragraph.

4. Cavities and pathways

Xenon proved to be a useful probe to study the
number and location of ‘packing defects’ in met-
Mb [39]. The X-ray crystallographic data at 1.9 A
resolution revealed four binding sites with an
occupancy from 0.45 to 1.0. These cavities (called
)0(61 through to Xe*) have radii greater than 1.2
A, are coated largely by hydrophobic residues
(Leu, Ile, Val, Phe) and exist within the globin
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structure even in the absence of Xe, since they
can be filled with minimal perturbation and (if
anything) a decrease in local atomic motions. The
location of the four Xe atoms is shown in Fig. 3.
Xe! and Xe? are relatively close to the Fe and to
each other on the proximal side of the heme;
some of the residues defining this cavity are Leu
89, Ala 90, His 93, Leu 104, Phe 138 and Ile 142.
Xe? resides in a cavity near the surface, screened
from the solvent by Ala 134 and Gly 80, and far
(13.5 A) from the iron. Xe* is on the opposite
side of the heme, in a space bounded by the
residues Gly 25, Ile 28, Leu 29, Val 68, and Ile
107. This pioneering work yielded a static picture
of a few cavities, occupied by Xe with different
‘affinities’, and pre-existing in the globin’s inte-
rior. However, it provided no information on the
movement of small ligands in the matrix and on
the possible role of ‘packing defects’ on the rates
of ligand binding to Mb.

Molecular dynamics (MD) simulations carried
out by Karplus, Elber and co-workers [18,41], led

Fig. 3. Crystallographic structure at 1.9 A resolution of sperm
whale met-Mb under Xe gas at 7 atm. From Tilton et al. [39],
modified. The four Xe atoms bound are shown as dotted
spheres, and the protein backbone as a ribbon; the heme is
seen edge-on, with the proximal site toward the upper left.

to the identification of multiple pathways for the
escape of CO from Mb. The enhanced sampling
algorithm follows the motion of a cloud of 60
ligand molecules in the presence of a single tra-
jectory of the protein. Ligands were found to be
trapped for significant times in individual cavities,
which corresponded to the Xe binding sites; hop-
ping between cavities and/or escape to the sol-
vent were rare and rapid events, involving the
crossing of barriers. Escape from the protein was
through several routes, but most of the trajecto-
ries passed near the heme, Ile 107 (G8) and Val
68 (E11) (shown in Fig. 1). In all events, computa-
tions confirmed that rapid protein fluctuations
are essential for the escape of small diatomic
molecules from the matrix into the solvent.

Multiple ligand escape pathways were probed
by an original approach introduced by Huang and
Boxer [19]. A random library of single base muta-
tions of the Mb gene was generated, and the
colonies expressing Mb were probed by laser pho-
tolysis of crude lysates of E. coli. Examination of
approximately 1500 mutant Mbs led to the discov-
ery that a large fraction (10%) exhibited major
differences in the time course of the ligand (O,
and CO) rebinding compared to the wt protein.
Mutated residues, associated with a measurable
kinetic effect, tend to occur as clusters in the
three-dimensional structure; the authors de-
scribed nine possible clusters, some correspond-
ing to the residues involved in defining the Xe-bi-
nding cavities [39].

A revealing piece of work by Scott and Gibson
[36] made the important step of correlating the
Xe binding cavities and pathways to ligand re-
binding and escape in sperm whale Mb mutants.
These authors reported geminate O, rebinding
data (from ns to ws) on more than 25 point
mutants, in the absence and presence of Xe. The
time course of this reaction is biphasic. The initial
fast phase (half time ~ 20 ns) is larger in ampli-
tude, and is accelerated in the presence of Xe;
the slower phase (half time ~0.5-2.0 ps) is
smaller in amplitude and is affected by a number
of point mutations and by a high pressure of Xe
gas. The authors describe their data with a side-
path model, whereby the photodissociated ligand
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moves initially into a primary docking site toward
the interior of the protein, and upwards to a
position in the direction of Leu 29 (B10), Ile 107
(G8) and the Xe* site (see above), in the initial
picoseconds after dissociation [35]. From the pri-
mary docking site the ligand may: (i) diffuse back
to the Fe and rebind; (ii) escape on the opposite
side (possibly through the His—gate); or (iii) mi-
grate to the Xe* and/or to the Xe! sites. From
these secondary docking sites, ligands may diffuse
back, accounting for the slower O, geminate
phase. The effect of Xe (at different pressures up
to 12 atm) and of single mutations on the rate
parameters of the side-path model, and on the
amplitude of the secondary phase, allows us to
map the secondary docking sites. Particularly sig-
nificant effects were obtained with mutants of
Leu 29 (B10) (to Ala or Trp) and mutants of Leu
104 (G5) (to Ala and Trp again). In particular, the
mutation Leu 104 (G5) — Trp behaves as though
the aromatic side chain occupies the Xe' site
(and possibly close to the Xe? site, see above).
This study made the necessary connection
between the crystallographic data locating the Xe
binding sites, the MD calculations, and the kinet-
ics of ligand rebinding from different locations in
the protein matrix. Within the limitations of the
side-path model (and without necessarily proving
that the sequential model, see Eq. (1), is inappli-
cable), Scott and Gibson [36] presented a coher-
ent correlation between the location of the ligand
within the protein and the speed of the geminate
rebinding to the Fe, concluding that the slower
geminate phase reflects the migration of the lig-
and towards the metal from secondary docking
sites, corresponding to the Xe!, Xe?, and Xe* of
Tilton et al. [39]. Crystallographic data on the
photolytic intermediates are described below in
connection with these kinetic experiments.

5. The structure of photochemical intermediates

The first attempt to correlate crystallographic
information with the dynamic behavior of Mb can
be traced back to Frauenfelder et al., [42] who
reported the temperature dependence of the pro-
tein fluctuations evaluated from B-factor analysis.

The last few years have seen the first successful
attempts to determine directly the structure of
photochemical intermediate(s) obtained by the
photolysis of CO bound to ferrous Mb in single
crystals.

The first time-resolved X-ray diffraction experi-
ment [43] with ns time resolution, revealed a
number of features related to the position of the
photodissociated CO* and the motion of the Fe
and of the protein. Together with previous work
at ultra-low temperatures [44-46], the diffraction
data at room temperature showed the CO* to be
located in a site fairly close to the Fe, which
moves out of the heme plane (by ~ 0.3 A) with a
concerted motion of the proximal His 93 (F8). In
spite of some differences in yield and location,
attributed (partially or totally) to a variable de-
gree of photolysis related to the experimental
protocol and /or the temperature [46], the results
showed that CO* is a few A from the metal, and
probably in a position reached a few picoseconds
after photolysis [35]. We can assume that this
primary docking site corresponds to the location
that leads to the faster geminate O, rebinding
[36].

A more extensive study of the structure of
intermediates of Mb by crystallography of time
resolved or ‘frozen’ species is of general interest.
If the niche hosting the photolyzed CO* can be
defined as a specific docking site, a correlation
between the cavities where Xe is bound and the
location of CO* may be expected. Since muta-
tions were found to affect the time course of
geminate rebinding, it may be anticipated that
suitable mutants may result in a modification of
the cavity occupied by the ligand during fast mi-
gration in the protein matrix, and thus protein
engineering may be used to modify the preferen-
tial pathways. A crystallographic experiment re-
ported by Brunori et al. [6], on a novel mutant of
Mb, seems to provide relevant results.

The triple mutant of sperm whale Mb called
Mb-YQR [37], contained the following mutations:
Leu 29 (B10) — Tyr; His 64 (E7) — Gln; Thr 67
(E10) — Arg. An investigation using crystallogra-
phy, kinetics and MD simulations [38] suggested
that in Mb-YQR the photodissociated NO* mi-
grates into a secondary docking site at some dis-
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tance from the Fe. The effect of Xe on the time
course of geminate recombination and MD simu-
lations suggested that this may correspond to the
Xe* site of Tilton et al. [39]. In this work NO was
employed because of its higher intrinsic reactivity,
associated with large nanosecond geminate
phases, but the behavior of CO and O, was also
studied. This investigation is fully consistent with
the view held by Gibson and co-workers [25,29,36],
that the origin of multiphasic geminate reactions
is not related to the movement of the Fe out of
the heme plane after photodissociation, but to
diffusion of the photolyzed ligand away from the
metal, partially into more distant sites.

The structure of the photolytic intermediate of
Mb-YQR was determined at 20 K by X-ray
diffraction, following the protocol of Schlichting
et al. [44]. Starting with the CO complex of Mb-
YQR, illumination and photolysis of the Fe—CO
bond is associated with the migration of CO* to a
cavity 8.1 A away from the metal [6] (see Fig. 4),
which corresponds to that predicted by MD simu-
lations. The photolytic intermediate undergoes
small structural changes in the protein. On the
proximal side, the Fe and His 93 (F8) move away
from the heme plane as in the wt protein; on the
distal side, motion of Tyr 29 (B10) and Gln 64
(E7), seen upon deoxygenation at room tempera-
ture [38], is very small at 20 K.

This secondary docking site becomes accessible
to the ligand via a channel going by Ile 107 (GS8),
identified by Elber and Karplus [18,41], along a
major escape route for CO*. This residue was
found to be influential in geminate kinetic experi-
ments carried out on single site mutants [36].
Brunori et al. [6] proposed that the mutations
introduced in Mb-YQR dictate the preferential
docking site occupied by the dissociated CO*.
The mutation Leu 29 (B10) —» Tyr seems sulffi-
cient, as illustrated in Fig. 4, to account for the
differences seen between wt Mb and Mb-YQR.
This interpretation supports the view that small
ligands migrate to and from the active site through
a limited number of voids and channels, which
can be engineered. Moreover, this finding agrees
with the proposal that there is a correlation
between geminate rebinding kinetics and the lo-

Fig. 4. Structure of the active site of Mb for the photochemi-
cal intermediate of the wt protein and the mutant Mb-YQR.
Data from Schlichting et al. [44] and Brunori et al. [6]. The
figure shows the heme edge-on, and three side chains on the
distal site, namely: (E7) which is His in wt Mb and Gln in
Mb-YQR; (B10) which is Leu in wt Mb and Tyr in Mb-YQR,;
and (G8) which is Ile in both. The position of the photolyzed
CO* in the intermediate, as obtained by the rupture of the
Fe—CO bond (diffraction data at 20 K), is indicated: (i) in the
primary docking site as populated in wt Mb (near the heme),
and (ii) in the secondary docking site as populated in Mb-YQR
(shown near B10). Substitution of Leu 29 (B10) with Tyr
seems sufficient to account for the observation that the pref-
erential docking site of CO* in the two proteins is different
and (by-and-large) alternative. The position of CO* in the
primary docking site seems incompatible with Tyr at 29 (B10)
since its hydroxyl would be only 2.8 A away from CO™*; this
may account for the very low occupancy of CO* in the
primary docking site in the photolytic intermediate of Mb-
YQR. On the other hand, Leu 29 (B10) in wt Mb would clash
with CO* if this were to occupy the secondary docking site,
being only 2.4 A away from it; thus this niche, which hosts
Xe*, is less available for CO* in wt Mb.

cation of the ligand into specific sites in the
matrix.

Recent work by Parak et al. [47] seems to
complete the picture just outlined, by using an-
other Mb mutant of the same amino acid, namely
Leu 29 (B10) — Trp. In these crystallographic ex-
periments, the location of the photolyzed CO*
depends on the protocol. When data were col-
lected at 105 K after photolysis was carried out
below 180 K, there was a complete dissociation
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and the CO* was found in the back of the distal
pocket, with minor displacements of the distal
side chains. However, if photolysis was carried
out above 180 K (and data were collected again at
105 K), large shifts of the side chains, especially
His 64 (E7) and Trp 29 (B10) were seen; CO*
was now located on the proximal side of the
heme, in the Xe! (and Xe??) sites, with a 62%
occupancy.

These crystallographic data on the photolytic
intermediates of mutant Mbs agree with the O,
geminate recombination experiments [36] showing
that, over and above the primary docking site
yielding faster geminate rebinding, two secondary
docking sites corresponding to Xe* and Xe! bind-
ing cavities can be occupied. Thus, a correlation
between cavities, distance from the heme and
kinetics of binding is supported.

6. Concluding remarks

In this paper, I have discussed the hypothesis
that Mb internal cavities and ‘packing defects’
define a pathway for ligand diffusion to and from
the active site, which is deeply buried inside the
protein. Some of the results, obtained by crystal-
lography of equilibrium and intermediate states
of wt and mutant Mb, have been correlated with
laser photolysis experiments (covering events in
the picosecond-to-nanosecond time range) and
MD simulations in order to present a coherent
summary of the structural dynamics of Mb. Al-
though oversimplified, the view presented leads to
the general conclusion that cavities are specific
docking sites and hosting stations, which play a
role in controlling the dynamics of ligand binding
and which can be modified by protein engineer-
ing. The emerging picture is that the migration of
small diatomic molecules occurs through a limited
number of docking sites, which in the case of Mb,
have been identified largely with two of the Xe
binding sites. The effect of filling these ‘packing
defects’ with Xe at high pressure was a key obser-
vation to correlate cavities and function.

Overall binding rates and affinities have been
described with a mechanism involving multiple
states and barriers. Since some of the intermedi-

ates should correspond to Mb molecules with the
ligand sitting in one or the other of the identified
docking sites, en route to and from the iron, and
given that the thermally dissociated ligand should
follow the same pathway and cross the barriers
estimated from photochemistry, a relevant ques-
tion arises as to whether internal cavities and
rapid fluctuations of side chains confer a selective
advantage for survival. We have previously raised
this point with reference to a specific comparison
between two non-cooperative hemeproteins, sug-
gesting that there may be an evolutionary value in
internal protein dynamics, which may be involved
in regulating O, rates and affinities [48]. Whether
the specific case in question will stand the test of
new experiments remains to be seen. Neverthe-
less, the general concept of a functional role of
internal cavities (as anticipated with the ‘mobile
defect hypothesis’) is complementary to the view
that flexibility and stability in proteins are also
related to cavities. Thus, there may be a selective
advantage in building a protein with ‘packing
defects’.
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