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Discovery of new ligand binding
pathways in myoglobin by random
mutagenesis

Xiaohua Huang and Steven G. Boxer

A random library of single amino acid mutants of myoglobin was generated using
a highly efficient, single-base-misincorporation random mutagenesis method to
discover new ligand-binding pathways in myoglobin. A surprisingly large fraction
of the library exhibits ligand-binding kinetics that are substantially different from
the wild-type protein. In addition to residues 45, 64 and 68, which comprise the
best studied ligand-binding pathway single mutations of several other clusters of
residues far away from that pathway are discovered which profoundly affect the

ligand-binding kinetics. These results provide a new approach to explore the
relationship between the fluctuations in protein structure and function.

The binding of diatomic ligands to myoglobin (Mb) is
one of the best characterised examples of the coupling
of protein dynamics and function. Examination of the
X-ray structures of many Mbs shows that there are no
obvious pathways from the protein surface to the haem-
iron binding site'. Thus fluctuations in the structure
are required for physiological function®. This dilemma
has been addressed by examining X-ray structures with
small**” and bulky*'° ligands bound to the haem iron,
temperature-dependent X-ray diffraction’! and molecu-
lar dynamics simulations'?-°. These studies suggest that
distal residues His 64, Val 68 and Arg 45 (Lys 45 in many
species) comprise a primary pathway, and this has been
extensively explored with single and multiple mutations
of these residues'®>*, The question remains whether this
traditional pathway is a dominant or even major path-
way or whether, as some recent calculations’* and ex-
periments'®% suggest, many pathways compete.
Although a systematic approach to uncovering novel
ligand-binding pathways, using site-specific mutagen-
esis guided by computer modeling and molecular dy-
namics simulations, can be very useful and has been pur-
sued by many groups'?, an alternative is to prepare a
random library of single-amino-acid mutants. This
strategy is not biased by the history of prior efforts and
predictions. There are many recent examples of the use
of random libraries where some form of phenotypic se-
lection is used to reduce the pool of interesting mutants
to a manageable number for further study”-?, This ap-
proach is not useful in the present case because
Escherichia coli, in which the Mb gene is expressed, does
not depend on Mb for survival. Thus we have been

forced to adopt the brute force approach of discovering
interesting mutants by examining the function of a large
number of mutant proteins. This represents one of a
few cases to date where a library is screened for a spe-
cific function using a series of precise physical measure-
ments, rather than by classical genetic or biochemical
selection.

A random library of myoglobin mutants

A new method was used to generate a random library of
single base mutations of the sperm whale myoglobin gene
(see Methods section and Fig. 1). Time-serial digestion
of the DNA by exonuclease III produced a uniform and
random distribution of 3' ends over the whole gene.
Single base mutations were then efficiently introduced
into the 3' ends, and the DNA with the mis-paired base
was properly extended. This was confirmed by standard
DNA gel electrophoresis. A number of colonies were
picked randomly from three out of eight time-serial
pools of the mutants and their DNA was isolated and
sequenced. Most of the colonies contain single base mu-
tations, and these are evenly and randomly distributed
over the expected regions of the Mb gene. The plasmids
carrying the mutated genes were transformed into E.
coli, and mutant Mbs were expressed®. A primary se-
lection is made based on whether the E. coli colonies
turn reddish-brown, indicative of the presence of Mb.
Some colonies remain white, most likely because the
genes contain a stop codon, deletions/insertions, or code
for sequences which are not stable or do not fold cor-
rectly. The possible misfolding mutants are also poten-
tially very interesting and will be discussed elsewhere.
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Fig. 2 Recombination of CO following photo-dissociation
with a 9 ns laser flash for a number of mutants discovered
by screening the random library (Mbs in crude lysate of
E. coliin 50 mM Tris. Cl and 1 mM EDTA, pH = 8.0, saturated
with 1 atm of CO at 23 °C). The data are plotted as
normalized fraction of deoxy Mb vs. time on a logarithmic
scale to include both geminate rebinding (times shorter
than microseconds) and bimolecular recombination (the
longest phase varying from about 10 ps to 10 ms).

structural biology volume 1 number 4 april 1994

Fig. 3 Recombination of O, following photo-dissociation
with a 9 ns laser flash for a number of mutants discovered
by screening the random library (Mbs in crude lysate of
E. coli in 50 mM Tris. C1 mM EDTA, pH = 8.0, saturated
with 1 atm of air at 23 °C). The data are plotted as
normalized fraction of deoxy Mb vs. time on a logarithmic
scale to include both geminate rebinding (times shorter
than microseconds) and bimolecular recombination (the
longest phase varying from about 10 us to 1 ms). The full
timecourse of the geminate process is not resolved
because the earliest geminate events are faster than the
pulsewidth of the laser.
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Ligand-binding kinetics of the mutants

O, and CO rebinding kinetics on the nanosecond to
millisecond timescale were measured on mutant Mbs
in crude lysates of E. coli using standard flash photolysis
methods™. These kinetics are highly sensitive to changes
in protein structure, and can be measured accurately
on relatively crude fractions of mutant proteins. All as-
pects of this process were automated using a robot of
local design. The following criteria were used to distin-
guish significant from insignificant changes in ligand
binding kinetics compared to the wild-type Mb: for the
bimolecular recombination rate constant, an increase
greater than 50% for CO and 40% for O,, or a decrease
greater than 25% for CO and 15% for O,; for the rela-
tive geminate recombination yield, an increase or de-
crease greater than 50% for CO and 20% for O,. Al-
though arbitrary, these represent large changes in ligand
binding kinetics and lead to a manageable number of
interesting mutants. The genes coding for a large num-

ber of the mutants which met these criteria were then
sequenced.

To date, the kinetics of approximately 1500 mutants
have been measured. A large fraction (about 10%) was
found to exhibit major differences compared with the
wildtype. Some examples of the large variations in CO
and O, recombination kinetics are shown in Figs 2 and
3, respectively. Fig. 4 shows three-dimensional repre-
sentations of Mb with positions of high sensitivity to
mutations highlighted in red. It is immediately evident
from these representations that regions of the structure
far removed from the classical pathway consisting of resi-
dues 64, 68 and 45 (shaded green, and which were also
re-discovered in the course of the search), can pro-
foundly affect the ligand binding kinetics. Although a
substantial fraction of the library has been examined, it
is likely that more pathways will be discovered by fur-
ther study. Several interesting trends emerge. The re-
gions of sensitivity to amino acid changes tend to occur
as clusters in the three-dimensional structure. Residues
adjacent to those comprising the traditional pathway are
found to be as sensitive as those on the pathway itself.
This includes many residues on the E-helix (in the vi-
cinity of residues 64 and 68), and also residues adjacent
to Arg 45. The ligand binding kinetics of Mb are insen-
sitive to amino acid changes in large regions of the pri-
mary sequence. A substantial fraction of the mutants
exhibiting the largest changes involve replacements by
proline, for example His 24, Phe 46, Leu 61, His 64, Gln
91 and Lys 145 to proline. Insertions of Pro in the middle
of o helices might be expected to produce unstable pro-
teins; however, in these cases the proteins are still stable
and the function is radically altered.

New ligand-binding pathways in Mb

It is possible that an amino acid substitution leads to
the introduction of new ligand binding pathways or that
the observed effect is the result of more global struc-
tural changes. The observation that the substitutions that
affect ligand binding kinetics occur in clusters from the

Fig. 4 a (top), three-dimensional
structure of sperm whale Mb
(adopted from Geis®) illustrating in
red the amino acids where mutations
lead to large changes in ligand
rebinding kinetics, and, in green, the
traditional ligand binding pathway
involving residues 45, 64 and 68.
Examples of specific changes affecting
CO and O, rebinding kinetics are
shown in Figs 2, 3. b (left), Stereo view
of the myoglobin structure. Co's of
other residues where mutations lead
to large change in ligand binding
kinetics are highlighted in red. The o~
helices are represented by ribbons,
and the haem is represented by CPK
model (Coordinates of sperm whale
myoglobin are from Protein Data
Bank’. The graphics were generated
using O (ref. 34).

structural biology volume 1 number 4 april 1994



@ © 1994 Nature Publishing Group http://www.nature.com/nsmb

article

Acknowledgements
We thank D.G.
Lambright for the
design and setup of
the apparatus for flash
photolysis, for his help
with the automation
of data collection and
with data analysis. We
also thank S.G. Sligar
for making the
synthetic sperm whale
Mb gene available and
R.L. Baldwin for
providing the plasmid,
pMb413b, in which
the codon for residue
Asn 122 has been
corrected to the
codon for Asp 122 in
the Mb gene. This
work is supported in
part by a grant from
the National Institutes
of Health.

interior to the exterior of the protein, rather than in iso-
lated residues, suggests that genuine, native pathways
are being revealed. Nine clusters of residues where
amino acid changes lead to large changes in ligand bind-
ing kinetics have been identified: Arg 45, His 64, Thr 67
and Val 68 between the CD loop, E helix and the haem
(these are the residues forming the classical pathway);
Phe 43, Asp 44, Arg 45 and Phe 46 between the CD loop
and the haem; Trp 14 and Leu 69 between the A and E
helices; Gln 26, Leu 29, Ile 30, Leu 61 and Lys 56 be-
tween the B, E and D helices; Phe 33, Lys 34, His 36, Leu
107 and Ser 108 between the B and G helices; Phe 33,
Phe 43, Phe 46 between the B and C helices and the CD
loop; His 24, Lys 16 and His 119 between the A-B and
G-H helix corners; Gln 91, Ile 99, Ala 144 to Lys 145 and
Tyr 146 between the F-G helix corner, and the Fand H
helices; and finally Ala 71, Leu 137 and Phe 138 between
the E and H helices. Some of these residues {Leu 29, Val
68, Ser 108, Leu 137 and Phe 138) are associated with
interior cavities revealed in the X-ray structure of the
Mb-xenon complex®. A substantial number of residues,
including Trp 14, His 24, Gln 26, Leu 29, Ile 30, Phe 33,
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