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Casting a cold eye over
myoglobin

Steven G. Boxer' and Philip A. Aufinrud?

Structural studies of carbonmonoxy myoglobin photolyzed at ultra-low temperatures
have allowed the visualization of an otherwise elusive binding intermediate.

Two recent X-ray crystallographic
studies describe the location of car-
bon monoxide in myoglobin (Mb)
following its photadissociation from
the haem iron"?. This photochemi-
cal intermediate, denoted Mb*CQ, is
short-lived under physiological con-
ditions and leads to conformational
relaxation of the protein as well as
escape of the CO. By performing the
X-ray analysis at temperatures below
40 K, the investigators were able to
‘freeze’ conformational relaxation
and trap the CO in a well-defined site
near the haem. Because Mb*CO is
the putative intermediate for the
ligand binding process Mb + CO —
MbCO, it is a key player in the story
of how Mb reversibly binds ligands
(Fig. 1). The authors have discovered
that the CO of Mb*CO occupies a
well-defined site near the haem iron
with its bond axis oriented approxi-
mately parallel to the haem plane.

Why should anyone care? After
all, Mb is never exposed to light in
its physiological environment, CO is
not its physiological ligand, and
cryogenic temperatures are of no
consequence for normal biology!
Furthermore, Mb was the first mod-
erately large protein to be character-
ized by X-ray crystallography over 30
years ago, so isn’t everything that
anyone would possibly want to know
about it already known? The answer
to this question is unambiguously
no. To understand both the relevance
of this seemingly non-physiological
result to Mb’s physiological function
and the more general issues regard-
ing the coupling between protein
motion and function (issues which
presently attract the interest of many
scientists in different fields), a bit of
background is needed.

A bit of background

Firstly, carbon monoxide is indeed
an important, albeit very dangerous,
physiological ligand for Mb. In the
course of the natural breakdown of
haem itself, a single molecule of CO
is liberated The equilibrium binding
constant for CO is much larger than
for oxygen, but not so much larger
that our Mb is saturated with CO. It
is clear that the protein takes an ac-
tive role in discriminating against
CO, reducing its relative binding
constant compared to free haem. Un-
derstanding the molecular basis of
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this discrimination has been the sub-
ject of a vast literature using chemi-
cally synthesized haem model com-
pounds’ and genetically engineered
Mbs*,

Secondly, when the three dimen-
sional structure of Mb was solved
long ago, it was noticed that there
were no obvious holes or pathways
through the protein to allow en-
trance and egress of O,. How then
can a ligand shuttle between the sux-
rounding solvent and the active
binding site? Protein dynamics pro-
vide the answer: the pathways con-
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Fig 1 Schematic illustration of ligand binding and release for myoglobin.
Three states are illustrated: MbCO (the CO is bound to the haem iron); Mb*CO (the
geminate state structurally characterized by Teng et al." and Schlichting et a/.? where
CO is photodissociated from the haem iron but remains in the protein); and Mb +
CO (the fully dissociated state in which the ligand has left the protein entirely).
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necting the solvent and haem are
dynamic, opening and closing as the
conformation of the protein fluctu-
ates about the average structure de-
termined by X-ray crystallography.
Should we be looking for a single
pathway or many pathways? It is clear
now from mutational studies made
in many laboratories including a
random library of thousands of mu-
tations®, from molecular dynamics
simulations®, and from time-re-
solved mid-IR spectra’ that more
than one pathway exists for ligands
to enter and exit the protein.
Thirdly, the three-dimensional
structures of Mb and MbCO reveal
subtle conformational differences.
Notably, the iron in Mb is displaced
approximately 0.35 A out of the
plane of the haem but is found in the
plane in MbCO. The driving force
for conformational change is local-
ized, at least partially, to the iron-
haem coordinate since model haem
compounds with and without bound
CO reveal analogous iron-haem dis-
placements. Are such modest confor-
mational differences relevant? The
structural rearrangement accompa-
nying conformational relaxation
slows the reverse binding process and
alters the free energy of binding.
These effects are real and measurable
and argue for adding biomechanical
motion to the repertoire of control
mechanisms exercised by Mb.

Spectroscopy and
photolysis

How can we attain a deeper under-
standing of the ligand binding pro-
cess? A basic problem is that ligand
binding and release are thermal pro-
cesses. Many years ago Quentin
Gibson demonstrated that the ligand
binding reaction could be studied in
real time by creating the unbound
state using a flash of light. As with
many recent studies of caged com-
pounds, where a flash of light can be
used to create a large, non-equilib-
rium population of an important
intermediate, photolysis of MbCO
creates Mb*CO at a well defined in-
stant; the ligand flies off in less than
100 fs. The absorption spectrum
(colour) of the haem is sensitive to
whether or not a ligand is bound so
the reverse reaction, the rebinding of
a ligand, can be studied using time-

resolved spectroscopic methods.

The rebinding kinetics are more
complex than expected and can be
roughly divided into two phases: a
short-lived phase independent of the
CO concentration corresponds to
Mb*CO-» MbCO and is called
geminate rebinding, and a slower
phase which depends on the CO con-
centration and corresponds to bimo-
lecular rebinding. This slower, more
complex process involves ligand dif-
fusion through entrance channels
that open temporarily due to dy-
namic fluctuations of the protein
structure. These rebinding processes
can occur over a very wide range in
time and with greatly varying ampli-
tudes dependent on the ligand, tem-
perature and viscosity of the reaction
media. For example, geminate re-
binding of CO is almost non-exis-
tent at physiological temperatures,
but becomes dominant at low tem-
perature, which is one of the rea-
sons why Terg et al.! and
Schlichting et al.? performed their
X-ray analyses at low temperature.
For nitric oxide, a molecule long
thought to be irrelevant in biology
but now known to be of great im-
portance in many processes, gemi-
nate rebinding dominates at all tem-
peratures and is extremely fast. The
physiological ligand oxygen is in be-
tween these limits: at room tempera-
ture a substantial fraction of the re-
binding occurs geminately, the re-
mainder occurring by the bimolecu-
lar pathway. Clearly the geminate
pair is relevant to our understand-
ing of the overall ligand binding pro-
cess. Although much was known
from X-ray crystallography about
the structures of MbCO and Mb,
there was no structural information
on this important geminate pair un-
til these papers.

The description of the ligand
binding process in Mb, especially
that of CO, has taken on a broader
significance, due in part to the ex-
tensive studies of Hans Frauenfelder
over the past 20 years®. Frauenfelder
observed that the geminate rebind-
ing process at low temperatures ex-
hibits highly non-exponential kinet-
ics. Because the geminate process is
a unimolecular reaction, conven-
tional kinetic treatments would pre-
dict simple exponential rebinding.

Non-exponential kinetics are well
known in other areas of polymer
physics, especially in studies of the
dynamics of glasses. Frauenfelder
postulated the existence of confor-
mational substates in proteins to ex-
plain the non-exponential rebinding
kinetics. The idea is that proteins,
even in their folded state, have many
residual degrees of freedom so the
structure of each individual protein
molecule is slightly different from its
chemically identical companions.
These small variations in structure
lead to variations in function, and
the observed binding kinetics reflect
this distribution.

In a significant sense, the beauti-
ful three-dimensional structures dis-
played on the covers of journals like
this {and on the annual reports of
biotechnology companies) are de-
ceptive: they hide some of the func-
tionally relevant complexity associ-
ated with proteins. Of course, ‘struc-
ture’ means different things to dif-
ferent people. The positions of the
atoms determined by the X-ray crys-
tallographer reflect their time-aver-
aged position within the unit cell
over the period required to make the
measurement, and, like all measure-
ments, are subject to some degree of
experimental uncertainty. Some dy-
namic information can be inferred
from the crystallographic B-factors;
however, it is far from clear how the
B-factors translate into real pathways
for ligand motion. To characterize an
intermediate structurally, there are
two choices: trap the intermediate in
its pure form for the duration of the
data collection, or develop time-re-
solved structural methods. Teng et
al.' and Schlichting et al.? have cho-
sen the first approach to obtain the
first X-ray structures of Mb*CO.
Due to the availability of increasingly
bright X-ray sources, the time re-
quired for data collection is con-
stantly getting shorter and shorter,
however, it will be some time before
one will be able to acquire a high
resolution snapshot of a short-lived
reaction intermediate such as
Mb*CO at physiologically relevant
temperatures. This is where a
marriage between spectroscopy and
crystallography can be extremely
powerful.
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Correlation with spectros-
copy

Traditionally, transient absorption
spectroscopy has focused on colour
changes in the haem, the dynamics
of which are related to the transition
between the MbCO and Mb confor-
mations characterized by X-ray crys-
tallography. Much more detailed in-
formation can be obtained, in prin-
ciple, from time-resolved vibrational
spectroscopy, in which the nature
and orientation of individual chemi-
cal bonds can be probed. The struc-
ture of Mb*CO provides a perfect il-
lustration. The X-ray structure of
Mb*CO was obtained at low tem-
perature for the reasons outlined
above, however, the time-resolved vi-
brational spectrum of CO can be
measured at any temperature and
with femtosecond time resolution.
Anfinrud’s group has shown that the
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mid-IR spectrum of Mb*CO at 283
K is virtually the same as that in a
glass at 5.5 K7. The subtle differences
detected can be rationalized in terms
of conformational relaxation, which
occurs under ambient conditions but
not at cryogenic temperatures. Fur-
thermore, because the spectrum of
Mb*CO appears within 0.5 ps, the
dissociated CO must be located near
the haem iron, and polarized mid-
IR spectra of the unbound CO show
that its orientation must be parallel
to the plane of the haem. This is ex-
actly what is found in the X-ray
structure of Mb*CO at cryogenic
temperatures, thus the structures de-
termined at these low temperatures
really are physiologically relevant.
Just as crystallography has its limi-
tations, so does spectroscopy. While
polarization spectroscopy can deter-
mine the orientation of the CO rela-
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tive to the plane of the haem, it can-
not specify its position in the pro-
tein. In principle, the position could
be probed by measuring the mid-IR
spectrum of CO photodissociated
from many mutants of Mb, however,
that would provide only indirect in-
formation and would therefore be
subject to interpretation. Here, the
X-ray structure shows quite clearly
where the dissociated CO is trapped.

The results reported in these pa-
pers represent a significant and
meaningful breakthrough that will
surely catalyze further progress in
our understanding of this reversible
ligand-binding process. They also
provide a wonderful example of the
power of combining structural and
dynamic probes of the same process
to obtain a molecular view of the
impact of protein structure and dy-
namics on function.
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