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ABSTRACT: We have determined eight X-ray structures of myoglobin mutant L29W at various experimental
conditions. In addition, infrared spectroscopic experiments are presented, which are discussed in the light
of the X-ray structures. Two distinct conformations of the CO-ligated protein were identified, giving rise
to two stretching bands of heme-bound CO. If L29W MbCO crystals are illuminated around 180 K, a
deoxy species is formed. The CO molecules migrate to the proximal side of the heme and remain trapped
in the so-called Xe1 cavity upon temperature decrease to 105 K. The structure of this photoproduct is
almost identical to the equilibrium high-temperature deoxy Mb structure. If the temperature is cycled to
increasingly higher values, CO recombination is observed. Three intermediate structures have been
determined during the rebinding process. Efficient recombination occurs only above 180 K, the characteristic
temperature for the onset of protein dynamics. Rebinding is remarkably slow because bulky residues
His64 and Trp29 block important migration pathways of the CO molecule.

Proteins are biological macromolecules that perform
diverse tasks in living systems. Their biological function is
determined by conformational changes of different magni-
tude. A quantitative understanding of protein function
requires insight into both structural and dynamic properties
of the protein. Detailed investigations have as yet only been
performed on selected model systems, the most popular one
being myoglobin (Mb).1 This small globular protein binds
diatomic ligands such as oxygen (O2), carbon monoxide
(CO), and nitric oxide (NO) reversibly at the iron in the
center of a heme cofactor (1). Theoretical (2) and experi-
mental (3-5) studies supplemented by computer simulations
have revealed an astonishing complexity in this apparently
simple binding process.

Mössbauer experiments on the heme iron (see reviews in
refs 6 and 7) as well as incoherent neutron scattering
experiments (8-10) have shown that the dynamics of Mb
differs below and above a characteristic temperatureTc

(around 180 K). Functionally important, slow diffusive
motions are activated only aboveTc.

Low-temperature flash photolysis experiments by Frauen-
felder and co-workers have shown that the ligand binding

process involves multiple intermediate states (5). Starting
in 1994, X-ray cryocrystallography below 180 K revealed
that the reaction intermediates arise from transient binding
of ligands at well-defined docking sites within the protein
matrix. The photolyzed ligands were observed not only at
the initial docking site B on top of the heme group (11-13)
but also in other locations within the protein (14-16), the
internal cavities Xe1-4 (17), named after their ability to
accommodate xenon atoms. The clearest results were not
obtained on the wild-type protein, but on mutant proteins,
where the distal leucine L29 had been replaced by bulky
aromatic residues such as tryptophan (L29W, Figure 1) or
tyrosine (14, 16).

In recent years, the time-resolved X-ray diffraction tech-
nique has been developed into a tool (18-21) that allows
monitoring ligand migration through the protein matrix in
real time (22-25). Time-resolved crystallographic studies
are experimentally challenging, and it is difficult to monitor
very small subpopulations. In contrast, spectroscopic experi-
ments are easier to perform and are sensitive to very small
subpopulations, provided that a suitable marker exists to
study ligand migration. The infrared absorbance bands of
heme-bound (26-28) as well as photolyzed CO (29-31)
depend strongly on the local environment of the ligand and
thus provide a tool to track CO on its way through the protein
matrix.

A detailed infrared spectroscopic study on ligand migration
and binding performed on solution samples of Mb mutant
L29W has shown that, in contrast to wild-type Mb, es-
sentially all ligands can be photolyzed and trapped at inter-
mediate docking sites within the protein (30). In the course
of these investigations, it became clear that the interaction
between the Trp29 indole side chain and the CO dipole
produces large spectral changes in the bands of photolyzed
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CO that could be used to unambiguously identify the location
of the photodissociated ligands.

Here, we combine an X-ray diffraction study with infrared
spectroscopy to provide direct structural information on the
interplay between ligand migration and protein dynamics
below and aboveTc characteristic for the dynamical transi-
tion. We will show that ligand dissociation and migration
lead to pronounced structural rearrangements at the active
site that result in markedly smaller association rate coef-
ficients in this mutant as compared to wild-type Mb.

MATERIALS AND METHODS

Sample Preparation. Mb mutant L29W was expressed in
Escherichia coliand purified as described (30). Crystals were
grown in 2.5 M (NH4)2SO4, 20 mM Tris, and 1 mM EDTA,
pH 8.5. X-ray structures were determined either at room
temperature (RT;T ) 295 K) or at low temperature (LT;T
) 105 or 110 K). A crystal grown in the oxidized (Fe3+,
met) form was measured without further modification to
obtain the room temperature structure, L29W metMbRT. The
reduced and unligated (deoxy) species, L29W MbRT, was
prepared by equilibrating the ice-cold stabilization solution
[2.6 M (NH4)2SO4, 20 mM Tris, 1 mM EDTA], including a
crystal for 45 min with N2 gas. After addition of 5µL of 1
M degassed sodium dithionite solution (5 mM final concen-
tration) to reduce the heme iron, the vial was stored overnight
on ice. Then the crystal was mounted in a capillary, one end
of which was quickly sealed. To remove excess air from
the capillary, 30 mL of N2 gas was purged through needles
which were glued airtight into the stainless steel reinforce-
ment supporting the base of the capillary. The needles were
abscised with pliers and sealed with epoxy. The capillaries
were stored at room temperature. To obtain the CO-ligated
form, L29W MbCORT, CO gas instead of N2 was flushed
through the stabilization buffer and the capillary. For
comparison, the low-temperature L29W MbCOLT structure
was determined at 110 K. Crystals were looped and im-
mediately shock-frozen in liquid propane and stored in liquid
nitrogen. For the temperature-cycling experiments, the
mother liquor was exchanged stepwise over a period of 2
days by the same mother liquor containing 0.8 M trehalose
in addition. The CO form was produced as described above,

and crystals were shock-frozen directly in the liquid nitrogen
cryostream.

Fourier Transform Infrared (FTIR) Spectroscopy.A CO-
ligated crystal (prepared as described above) was sandwiched
between two CaF2 windows separated by a 10µm Mylar
spacer and mounted inside a block of oxygen-free high-
conductivity copper on the coldfinger of a closed-cycle
helium refrigerator (model SRDK-205AW; Sumitomo,
Tokyo, Japan). The temperature was adjusted with a digital
temperature controller (model 330; Lake Shore Cryotronics,
Westerville, OH). A continuous-wave, frequency-doubled
Nd:YAG laser (model forte 530-300; Laser Quantum,
Manchester, U.K.) was operated at 300 mW output at 532
nm to photolyze the crystalline sample. Transmission spectra
were collected in the mid-IR (1800-2300 cm-1, resolution
2 cm-1) using a Fourier transform infrared (FTIR) spec-
trometer (IFS 66v/S; Bruker, Karlsruhe, Germany).

X-ray Crystallography: Data Acquisition. X-ray structures
were measured on a FR-591 Enraf-Nonius rotating anode
equipped with a HiStar multiwire gas detector (Bruker,
Karlsruhe, Germany). To collect data on a photolyzed L29W
MbCO crystal, the temperature of the cryostream was initially
set to 150 K. Using a 50/50 beam splitter and mirrors, the
L29W MbCO crystal was illuminated from opposite sides
with 532 nm light from a continuous-wave frequency-
doubled Nd:YAG laser (model forte 530-300; Laser Quan-
tum, Manchester, U.K.). The size of the focus was 1 mm
(full width at 1/e2 of the peak intensity). The laser power
was increased in steps until Debye-Scherrer rings showed
up in the diffraction pattern at a laser power of 150 mW.
They indicate a real crystal temperature of>180 K, as similar
Debye-Scherrer rings started to appear at a temperature of
180 K without laser illumination, arising from a phase
transition in the mother liquor. Subsequently, the laser power
was slowly reduced to 100 mW (8 mW/min). With the laser
power at 100 mW, the temperature of the cryostream was
decreased to 105 K (0.25 K/min). Then, the laser power was
further reduced to 30 mW at a rate of 1.4 mW/min. Data of
the photolyzed L29W MbCO crystal were collected at 105
K and a laser power of 30 mW. The obtained structure is
called L29W MbLT in the following, which indicates a deoxy-
like Mb structure.

After data acquisition, the laser was switched off, and the
crystal was subjected to a temperature-cycling protocol to
allow for sequential recombination (Figure 2). In a first step,
the crystal was warmed to 160 K over a time period of 1.5
h and kept there for 5 h. Subsequently, the crystal was cooled
to 105 K in 35 min, and data were collected. This moderate
temperature increase is expected to allow for recombination

FIGURE 1: Ribbon representation of the overall structure of Mb
mutant L29W (CO-ligated species). The helices are named accord-
ing to standard convention. The heme plane, the CO ligand, active
site residues His64 and Trp29, and the proximal His93 are included.
This figure was created with Ribbons (56).

FIGURE 2: Temperature ramp protocol used to monitor sequential
ligand recombination in L29W. Ellipses indicate X-ray data
collection.
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of CO molecules with comparatively low rebinding barriers.
In a second cycle, the crystal temperature was increased to
180 K over 2 h, kept constant for 5 h, and again decreased
to 105 K for data collection. Finally, the temperature was
raised to 200 K over 2.5 h, held there for 2 h to complete
recombination, and then cooled for data collection. The
structures generated after temperature cycling to 160, 180,
and 200 K are called L29W Mb160K, L29W Mb180K, and
L29W Mb200K, respectively (see also Figure 2). We empha-
size that structure determination of all three species was
performed at 105 K.

Refinement of Equilibrium Structures. The intensities of
the reflections were integrated and scaled with the program
SAINT (Bruker, Karlsruhe, Germany). The subsequent data
reduction was performed with the CCP4 programs SCALA
and TRUNCATE (32). A compilation of the statistical
values for data reduction and structural refinement is shown
in Table 1.

For the refinement of the met form, the published low-
temperature (105 K) L29W MbCO105K structure, PDB entry
(33) 1DO1 (16), was used as a starting structure, with all
water molecules and the CO ligand removed. A rigid body
refinement was followed by 2500 K simulated annealing and
conventional positional refinement. Water molecules were
added to difference electron density features larger than 3.5σ
in a first cycle. In the last cycle, features larger than 2.5σ
were also considered. IndividualB-factors were subsequently
determined after conventional refinement of the water
positions. The resulting structure was used as a start for all
other structure refinements. Care was taken not to assign
any additional ligand of the heme during the refinement

cycles. After the last refinement cycle, theFo - Fc difference
electron density close to the heme was inspected. Once
density was found, it was interpreted either as H2O or CO
and refined conventionally, with the iron-ligand interactions
switched off. All refinement was done in CNS (34).

In the L29W MbCORT structure, we discovered some
admixture of metMb by inspecting the 2Fo - Fc andFo -
Fc difference electron density maps near the Trp29. There-
fore, we allowed two conformations (met and CO-ligated)
for His64 and Trp29 and their nearest neighbors. A final
occupancy refinement yielded 70% MbCO and 30% L29W
metMbRT.

Refinement of Photoproduct Structures. The refinement
was done using X-PLOR 3.1 (35) starting with the same
L29W MbCO105K structure as above. Amino acids Trp29 and
His64 and the CO molecule were removed from the model,
and a first set of 2Fo - Fc andFo - Fc difference maps was
calculated. Amino acids Trp29 and His64 were rebuilt
manually using the program “O” (36). Subsequently, a 2500
K simulated annealing, conventional positional refinement,
and individualB-factor refinement were performed. During
the simulated annealing run, the coordinates of the water
molecules were fixed. A new set of 2Fo - Fc andFo - Fc

difference maps and simulated annealing omit maps for the
residues of interest was calculated and inspected. The
photoproduct structure served as the starting model for the
three structures taken during the temperature-cycling pro-
tocol. For the refinement, no angle restraints were used for
His93 and the CO molecule with respect to the heme plane.
The bond restraints for the CO molecule and His93 as well
as the pyrrole nitrogen bonds to the iron atom were weakened

Table 1: Data Collection Statistics

(a) Experiments at Thermal Equilibrium
L29W metMbRT L29W MbRT L29W MbCORT L29W MbCOLT

temperature (K) 295 295 295 110
a ) b, c (Å) 92.4, 46.8 91.8, 46.2 91.9, 46.0 91.1, 45.4
total observations 81268 99657 73405 66695
unique reflections 19497 21049 16299 20767
resolution (Å) 1.77 1.70 1.80 1.70
last shell (Å) 1.85-1.77 1.78-1.70 1.88-1.80 1.78-1.70
multiplicity (%) (last shell) 4.2 (1.8) 4.7 (2.0) 4.5 (2.5) 3.2 (1.9)
completeness (%) (last shell) 89.4 (51.0) 85.3 (73.1) 80.0 (61.0) 87.4 (71.7)
I/σ(I) (last shell) 18.1 (4.2) 10.9 (2.8) 11.0 (3.0) 8.5 (4.2)
Rsym (%) (last shell) 3.0 (18.1) 5.1 (26.0) 5.3 (24.1) 5.8 (17.9)
Rcryst/Rfree(%) 18.6/20.2 18.8/20.7 19.8/22.6 24.3/26.8
no. of water molecules 129 101 110 190
averageB-factor (all atoms) (Å2) 22.3 21.0 20.5 17.6

(b) Photolysis Experiment
L29W MbLT

illumination >180 K,
CO in Xe1

L29W Mb160K

heat-cool cycle
to 160 K

L29W Mb180K

heat-cool cycle
to 180 K

L29W Mb200K

heat-cool cycle
to 200 K

temperature (K) 105 105 105 105
a ) b, c (Å) 90.41, 45.22 90.41, 45.22 90.41, 45.22 90.41, 45.22
total observations 182060 69134 73582 77376
unique reflections 29561 22242 20522 18584
resolution (Å) 1.55 1.70 1.75 1.80
last shell (Å) 1.60-1.55 1.76-1.70 1.81-1.75 1.86-1.80
multiplicity (%) (last shell) 6.2 (3.0) 3.1 (1.5) 3.6 (1.8) 4.2 (2.5)
completeness (%) (last shell) 96.2 (85.1) 95.3 (83.8) 95.8 (83.2) 94.3 (81.8)
I/σ(I) (last shell) 13.0 (5.0) 18.5 (4.9) 14.4 (6.0) 17.1 (4.7)
Rsym (%) (last shell) 4.8 3.6 4.4 5.0
Rcryst/Rfree(%) 19.4/22.3 19.6/22.4 19.4/22.3 20.2/23.6
no. of water molecules 187 184 181 181
averageB-factor (all atoms) (Å2) 10.0 12.1 11.6 12.3
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from the standard X-PLOR values to allow for an almost
unrestrained refinement in this region. After temperature
cycling to 160 and 180 K, additional electron density ap-
peared. This was accounted for by inserting those conforma-
tions of His64 and Trp29 into the electron density which
are present in the unphotolyzed L29W MbCOLT structure.
The occupancy values of these residues were determined for
each temperature by a grouped occupancy refinement. In
addition, the occupancy of the CO was determined at the
proximal Xe1 site and at the iron binding site.

RelatiVe Geometries and Electron Counts.The iron out-
of-plane distance was determined with respect to the best-
fit plane of the 20 porphyrin atoms. The normal of the heme
plane was used to determine the tilt (τ) and, if applicable,
the bend (φ) angles of the iron ligands (Figure 3). Structural
changes are given relative to the L29W metMbRT structure,
which serves as a reference. The normal on the Trp29
aromatic ring was determined with respect to a plane defined
by three atoms of the ring. For each structure, the angular
deviation of this normal was determined. In addition, the
distance deviation∆dTrp29 with respect to the L29W metMbRT

structure was calculated. For this purpose, the distances
between all equivalent ring atoms were averaged. The His64
angle of deflection with respect to the met structure was
computed with xfit (37) as the angle between the line
connecting the His64-Nε2 atom of a given structure and the
His64-Câ atom of the L29W metMbRT structure and the line
defined by His64-Nε2 and His64-Câ of L29W metMbRT. The
distance deviation∆dHis64 is equivalent to the displacement
of the His64-Nε2 atom. The number of electrons at the posi-
tion of a putative ligand was determined frommFo - DFc

difference maps (38), which were calculated before the ligand
was inserted in the density. To estimate the electron count,
the difference density was integrated with the program
“probe” (21). The result was multiplied by a factor of 2 to
compensate for the fact that the difference electron density
is represented on only half the absolute scale (39).

Structural distributions were assessed using the mean
squared deviations of atomic positions,〈x2〉, calculated from
the temperature factors and averaged over backbone atoms
using “moleman” (40). To examine structural differences,
the atomic models were superimposed by aligning corre-
sponding CR atoms with the program “lsqman” (40).

RESULTS

FTIR Spectroscopy on L29W MbCO Crystals. The FTIR
absorbance difference spectrum of the L29W MbCO crystal
calculated from the transmission spectra collected before and

after 1 s illumination at 3 K shows a dominant and a minor
CO stretch band in the spectral region of heme-bound CO,
denoted AI (1945 cm-1) and AII (1958 cm-1). They are asso-
ciated with two discrete active site conformations (Figure
4). Photodissociated CO molecules trapped in the protein
matrix give rise to a prominent IR band at∼2123 cm-1 and
a minor band at 2131 cm-1. Exposure to prolonged illumina-
tion, also performed at higher temperatures, enables ligands
to sample intermediates with higher barriers opposing recom-
bination (41, 42). After extended illumination of the L29W
MbCO crystal at temperatures below 180 K, photoproduct
bands appeared at 2127 and 2133 cm-1, whereas a band at
2130 cm-1 is observed after illumination atT > 180 K.

AI is the preferred state at low temperature. The AII state
gains at the expense of AI with increasing temperature and
accounts for essentially the total population at 300 K (Figure
5). Please note that, in Figure 5, we plot the absorbance spec-
tra of the overall heme-bound CO, whereas Figure 4 shows
only the subfraction that remains photolyzed long enough
for data collection (200 s) after 1 s illumination at 3 K.

Equilibrium Structures at 295 and 110 K. Figure 6 shows
the heme region for different oxidation and ligation states
of the iron. In the reference structure L29W metMbRT (Fig-
ure 6A), a water molecule is coordinated to the heme iron
(Fe-H2O distance of 2.2 Å). It is in optimal hydrogen bond
distance to the Nε2 of His64 (2.85 Å), whereas the distance
to Trp29 is more than 3.5 Å (Table 2). In the deoxy form,
no electron density can be detected at the position of the
distal ligand (Figure 6B), indicating complete reduction.
His64 is rotated by 25° toward the heme iron (see the L29W

FIGURE 3: CO orientation with respect to the heme plane: N, heme
normal;τ, tilt angle;φ, bend angle;R, tilt + bend. FIGURE 4: FTIR absorbance difference spectrum of a L29W MbCO

crystal in the spectral regions of heme-bound and photolyzed CO,
calculated from transmission spectra collected before and after 1 s
illumination at 3 K (black, ligands at site B). Photoproduct spectra
determined after extended illumination below (red, ligands at site
C) and above (blue, ligands at site D) 180 K are included.

FIGURE 5: FTIR absorbance spectra of a L29W MbCO crystal at
120 and 300 K (the spectra between 120 and 180 K are identical).
No cryoprotectant was added to the crystal. Corresponding X-ray
structures: AI, L29W MbCOLT; AII, L29W MbCORT.
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MbRT structure in Figure 6B and Table 2). Additionally, a
water molecule has bound to the Nδ1 of His64. Trp29 does
not move; the heme adopts a domed conformation, with an
iron out-of-plane distance of 0.37 Å.

Upon CO binding, the iron moves into the heme plane
(Figure 6C, Table 2) and adopts a position similar to the
one in L29W metMbRT. His64 shifts to the position observed
in the met structure. The distance between the oxygen of
the CO and the His64-Nε2 is 2.7 Å and thus 0.6 Å less than
in wild-type MbCO (43, 44), but roughly equivalent to the
distances between the water oxygen and His64 in both wild-
type and L29W metMbRT. CO association also causes a
conformational change of Trp29. This rearrangement was
assessed by the angular deviation of the respective normals
on the Trp29 aromatic rings and determined as 30° (Table
2). The spacing between the CO and Trp29-CH2 is 3.1 Å. It
is comparable to the CO-Val68-Cγ2 distance in wild-type
MbCO, which might be considered as the minimum dis-
placement between the ligand oxygen and an aliphatic carbon
atom. Obviously, the CO is densely packed between His64
and Trp29. The CO stretches nearly perpendicular to the
heme plane (see bend and tilt angles in Table 2). However,
unless highest resolution data are available, the CO orienta-
tion should be taken with caution (compare discussion in
refs 43 and 44). To check for the occupancy of CO, we

determined the integrated electron count at the position of
the ligand. The presence of 13 electrons (see Table 2)
corroborates full occupation of the ligand binding site. No
additional CO binding sites were found.

Upon freezing of L29W MbCO crystals, an additional,
slight structural change occurs (Figure 6D). Since the MbCO
crystals frozen in propane (L29W MbCOLT) and in the
cryogenic nitrogen gas stream (L29W MbCO105K) have
identical structures, this conformational change does not
depend on the freezing protocol. Apparently, CO-ligated
protein adopts two conformations, depending on the tem-
perature. Differences are observable close to Trp29. The
normals on the Trp29 rings in L29W metMb and L29W
MbCOLT differ by 38°. This value is about 10° larger
compared to the one obtained for L29W MbCORT. The
average displacement of the Tyr29 ring atoms toward the
met structure is about 1.7 Å at 110 K, compared to 1.0 Å at
room temperature. Notably, the geometry of the CO,
established by the tilt and bend angles, is similar to the one
observed at room temperature (Table 2). In addition, His64
moves slightly out of the distal pocket.

Photolysis Experiments. To break the bond between the
heme iron and the ligand and to visualize the subsequent
protein relaxation and ligand migration processes, the L29W
MbCO crystal was illuminated at temperatures above 180
K. The electron density maps and structure models of the
photoproduct states are shown in Figure 7. Substantial
rearrangements with rms distances larger than 0.5 Å occur
on the distal side of the heme pocket (Figure 7A, see His64
and Trp29), including the regions of the B-, C-, and E-helices
as well as the C-D turn (Figure 8). The His64 side chain
swings deeper into the heme pocket; the side chain of Trp29
rotates and matches the position observed in equilibrium
L29W MbRT. As reported previously (16), electron density
for the CO molecule appears in the Xe1 cavity (Figure 7A,
COP). An occupancy refinement yields 50% of the CO
molecules at the Xe1 site; less than 10% are bound at the
heme iron (Table 3). The iron out-of-plane distance is 0.26
Å, a typical distance found in the deoxy conformation. The
overall structure of this deligated species at 105 K is almost
identical to the equilibrium room temperature structure L29W
MbRT. Therefore, this photoproduct is called L29W MbLT.
Another electron density feature close to the Nδ1 atom of
His64 is modeled by a water molecule, which is also visible
in the room temperature L29W MbRT (Figure 7A, arrow).

Subsequently, we performed several temperature cycles
to induce stepwise ligand recombination and protein relax-
ation back to the heme-bound state. When the temperature
is increased to 160 K in the dark (Figure 7B), no significant
structural changes of the protein are observed (L29W
Mb160K). The occupancy of the CO molecule in the Xe1
cavity decreases from 50% to 33%, and the fraction of heme-
bound CO increases only slightly, from 7% to 11%.
Structural changes of the protein set in after the temperature
is increased to 180 K and, more pronounced, after the
temperature is cycled to 200 K (panels C and D of Figure 7,
respectively; see Trp29). The final structure (L29W Mb200K,
Figure 7D) is very similar to L29W MbCOLT obtained at
110 K under equilibrium conditions. The results of the
occupancy refinements for the CO molecule, Trp29, and
His64 as well as the electron density integration for the CO
molecule are summarized in Table 3.

FIGURE 6: Equilibrium structures and 2mFo - DFc electron
densities (1.2σ, orange) of the L29W Mb derivatives at the active
site. Various CO docking sites B, C, and D are associated with the
corresponding protein structure (explanation in the text). (A)
Structure of L29W metMbRT. Arrow: normal on the Trp29 aromatic
ring. In (B-D), the structure of L29W metMbRT is shown as a
reference in blue. (B) Structure of L29W MbRT. Dashed lines border
the swing angle of His64. D: proximal CO binding site (Xe1 site).
(C) Structure of L29W MbCORT. AII: heme-bound CO in L29W
MbCORT. BII: putative primary docking sites in L29W MbCORT.
(D) Structure of L29W MbCOLT. AI: heme-bound CO in L29W
MbCOLT. BI: putative primary docking site in L29W MbCOLT.
CI: secondary docking site in L29W MbCOLT (Xe4 site). This
figure was created with the program O (36).
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DISCUSSION

Conformational Substates of Mb Mutant L29W. X-ray
diffraction and FTIR experiments on Mb mutant L29W have

revealed pronounced conformational changes upon ligand
association and temperature variation. Three equilibrium
conformations can be distinguished, a deoxy state, the
structure of which is likely identical at all temperatures, and
two distinct CO-bound conformations. The transition between
the CO-ligated states involves marked conformational changes
of residues His64 and Trp29 (Figure 6C,D), resulting in two
stretching bands of heme-bound CO, AI at 1945 cm-1 and
AII at 1960 cm-1. As AII increases with temperature at the
expense of AI (Figure 5), we propose that these absorbance
bands identify the L29W MbCOLT (AI) and L29W MbCORT

(AII) structures. Compared to L29W metMbRT, the AI state
is represented by a strongly displaced and reoriented Trp29,
and the AII state can be identified by a more moderately
changed Trp29 orientation. In both substates, His64 is close
to the position found in the met structure.

Figure 9, which has been adapted from ref6, illuminates
the present results from another perspective. If wild-type
MbCO is photolyzed at low temperatures, the CO ligand
leaves the heme iron but the overall protein structure does
not change (Figure 9A, left side). The CO may populate the

Table 2: Geometries of Selected X-ray Structures

L29W Mb derivatives

L29W
metMbRT

L29W
MbRT

L29W MbLT

(CO in Xe1)
L29W

MbCORT

L29W
MbCOLT

temperature (K) 295 295 105 295 110
total structural deviation from L29W metMbRT

a (Å) 0.23 0.44 0.21 0.46
total electron count for ligand (e-)b 9.6 <0.25 13.0 11.1
ligand occupancy (%) 96 <18 102g 79
iron out of plane (Å) 0.17 0.37 0.28 0.13 0.19
distance iron-His-Nε (Å) 2.15 2.17 2.18 2.19 2.11
distance iron-ligand (Å)c 2.21 2.08 2.05
distance ligand-His64 (Å)d 2.85 2.69 2.87
distance ligand-Trp29 (Å)e 3.50 3.06 2.98
Trp29 normal relative to metMb (deg) 7.7 6.33 30.3 38.6
∆dW29, Trp29 swing distance relative to metMb (Å) 0.10 0.10 1.0 1.71
Trp29B-factor (main/side chain) (Å2) 19.1/24.0 14.4/15.2 11.1/14.7 20.5/31.8 15.2/15.5
His64 rotation relative to metMb form (deg)

positive: toward the solvent
-25.74 -27.77 -0.6 8.54

∆dH64, His64-Nε2 distance relative to metMb (Å) -1.75 -1.80 -0.32 0.60
τ (tilt) (deg) 4.08 9.3 10.4
R (τ + φ) (deg)f 7.1 6.1
a Mean CR-CR distance after least-squares fit.b Derived from integration of difference electron density.c Fe-C distance to CO in MbCO and

Fe-O distance to H2O in metMb.d Distance from the oxygen of either CO or H2O to His64-Nε2. e Distance from the oxygen of either CO or H2O
to Trp29-CH2. f R ) tilt (τ) plus bend (φ). g Assuming 30% metMb.

FIGURE 7: Structures and 2mFo - DFc electron densities (1.1σ,
orange) near the heme of the photolysis experiment on L29W
MbCO. The low temperature (110 K) structure L29W MbCOLT is
shown in blue as a reference throughout. (A) 2mFo - DFc map of
L29W MbLT (105 K) after photolysis at 200 K. COP: proximal
CO. The water molecule bound to the distal histidine is marked by
the arrow. (B, C) 2mFo - DFc maps of the rebinding structures
L29W Mb160K and L29W Mb180K after temperature cycling to 160
and 180 K. (D) 2mFo - DFc map of the rebinding structure L29W
Mb200K after temperature cycling to 200 K. Amino acids His64,
Trp29, Leu104, and His93 as well as the distal heme-bound CO
(COD) and the position of the Xe1 site (site D) are marked.

FIGURE 8: CR-CR distances of equivalent residues in superimposed
MbCO and deoxy-like structures at high and low temperatures. Solid
red line: CR-CR distances between L29W MbCORT and L29W
MbRT. Dashed blue line: CR-CR distances between L29W MbCOLT
and L29W MbLT (with CO in Xe1). Solid black line: CR-CR
distances of wt MbCO (PDB entry 1A6G) and wt Mb (PDB entry
1A6N) at cryogenic temperatures (44).
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initial docking site B, as observed in low-temperature
crystallography experiments (11-13). Docking site C (Xe4)
was found by spectroscopy (29, 41, 42) but not by X-ray
crystallography. The CO can migrate to the D (Xe1) position
already belowTc in the wild type (29), but the protein stays
rigid. AroundTc the protein relaxes toward the equilibrium
deoxy structure (Figure 9A, right side). Photolyzed CO
ligands may also escape from the molecule. Recombination
of the CO from position D or S in the relaxed Mb occurs
only aboveTc via the transiently occupied state Mb*CO.

When Leu29 is mutated to Trp, the CO-ligated protein
can adopt two structures, MbCOLT and MbCORT, where the
indices RT and LT refer to room temperature and low
temperature (T < Tc), respectively (Figure 9B). Both
structures were associated with AI and AII by IR spectros-
copy. Upon photolysis, MbLT* and MbRT* can be trapped
below Tc. Only a minority of molecules are in MbRT* and
the majority in MbLT*. Therefore, only the structure of MbLT*
could be determined (16). It does not deviate from L29W
MbCOLT, except for minor changes in the iron region and
that the CO is absent from the iron binding place. Analogi-
cally, we assume that the structure of MbRT* will likely be
similar to that of L29W MbCORT. In a forthcoming paper,
we will show structural relaxations of MbRT* at room
temperature which happen on very short time scales. In
MbLT* the photodissociated CO ligands are trapped in sites
BI at 3 K and CI well below Tc. In MbRT* site BII will be
preferentially populated because the Tyr29 side chain blocks
access to site BI. Only above the characteristic temperature
Tc do MbLT* and MbRT* molecules relax, and a single Mb

structure accumulates. The CO escapes into the solvent or
stays in site D (Xe1). This Mb structure was determined at
room temperature and at 105 K and shown to be the same.
Above Tc, recombination of the CO may occur either from
the D site or from the outside of the molecule (site S). For
the binding of CO to the iron to occur, both Trp29 and His64
have to fluctuate in order to open up the iron binding site.
Large mean squared displacements of these residues (com-
pare Figure 10) make this reasonable. There may be the
possibility that these fluctuations locally generate His64 and
Trp29 conformations also found in MbLT* and that just this
conformation is functional. As a result, the association rate
coefficient is markedly lower than that of wild-type Mb (see
below). The structure of the Mb*CO could not be deter-
mined, but it is probably deoxy-like in analogy to the wild
type. Finally, the protein relaxes back to the ground state,
which is MbCORT atT > Tc. Only a small fraction will adopt
the MbCOLT conformation.

ProximalVersus Distal Effects. Apart from the side chain
conformations, the overall structural differences between
L29W MbCO and L29W Mb are similar at high and low
temperatures (Figure 8). The largest changes upon ligand

Table 3: Results from the Occupancy Refinement Using the Photolyzed Structuresa

structure
CO in Xe1

(%)
heme-bound

CO (%)
total CO

identified (%)
His64, Trp29 Mb-like

configuration (%)
His64, Trp29 MbCO

configuration (%)

L29W MbLT (CO in Xe1) 50 (45) 7 (7) 57 (52) 77 23
L29W Mb160K 33 (30) 12 (11) 45 (41) 74 23
L29W Mb180K 26 (24) 32 (15) 58 (39) 51 45
L29W Mb200K 12 (20) 68 (48) 80 (68) 16 79
a Results from the integration of CO electron density values are in parentheses (in %).

FIGURE 9: Photolysis experiments on wild-type and L29W MbCO
(schematically). (A) Results from photolysis experiments on wild-
type MbCO (for details see the text). Left side (in blue): MbCO-
like structures. Right side (in red): deoxy-like structures. Site A:
binding site of CO to the heme. Sites B, C (Xe4), D (Xe1), S
(solvent): occupied by CO ligand after photolysis. (B) Results for
the L29W mutant (for details see the text). Left side (in blue):
MbCO-like structures populated preferentially at cryogenic tem-
peratures. Middle (in green): MbCO-like conformations populated
preferentially aboveTc. Right side (in red): deoxy-like structures
at T > Tc. Sites AI, AII: binding site of the CO to the heme in the
different MbCO structures. Sites BI, BII, CI (Xe4), D (Xe1), S
(solvent): occupied by CO ligand after photolysis.

FIGURE 10: Mean squared displacements〈x2〉 obtained from the
backbone atoms of the L29W and wild-type Mb structures. Red
(orange) lines are from deoxy-like structures, green lines from
MbCO at room temperature, and blue lines from MbCO at cryo-
genic temperatures. (A)〈x2〉 of the L29W myoglobin structures.
Solid red line: L29W MbRT. Dashed green line: L29W MbCORT.
Solid orange line: L29W MbLT (with CO in Xe1). Dashed blue
line: L29W MbCOLT. (B) 〈x2〉 of the wild-type myoglobin
structures. Solid red line: wt Mb (PDB entry 1BZP). Dashed green
line: wt MbCO (PDB entry 1BZR). Both at 287 K from ref43.
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association are observed in the B-helix in the vicinity of
Trp29, the C-D turn, and the beginning of the E-helix
including His64. The structural changes on the proximal side
are much smaller than those on the distal side. This is in
contrast to wild-type Mb (43, 44) where some of the largest
changes happen just at the F-helix on the proximal side of
the heme plane (see also Figure 8).

In wild-type Mb, large-scale structural changes are trig-
gered by the release of the ligand, including the doming of
the heme plane toward the proximal side and the iron moving
out of plane (Figure 11A) (21, 25, 45, 46). In addition, the
F-helix relocates. In the L29W mutant, however, we have
observed a significant heme displacement toward the distal
side (Figure 11B); the iron atom essentially retains its posi-
tion. Consequently, the iron to His64-Nε2 distance changes
only on the order of a few hundredth of an ångstrom (Table
2). This holds for ambient and cryogenic temperatures. The
structure is quite disordered near Trp29 in helix B and in
the entire C-D region (Figure 8), where also the largest〈x2〉
can be observed (Figure 10A). The heme group, by doming,
may push the protein matrix on the distal side of the heme
to a new conformation. This might also be the reason that
Trp29 can adopt two slightly different conformations at low
and high temperatures. In contrast, the proximal His93 has
an especially low〈x2〉, and conformational changes remain
small on the proximal side in the mutant (compare Figure
10A and Figure 8). This is not observed in wild-type Mb,
where the F-helix region actually has the largest〈x2〉 of the
entire globin (except for the loop connecting the G- and
H-helix, which is disordered at room temperature) (Figure
10B).

Is this effect a result of crystal packing contacts? The
mutant crystallizes in space groupP6. The crystals contain
about 60% water as compared with 32% in the wild-type
protein (47). Therefore, one may expect that the mutant
proteins are intrinsically more disordered in the crystal.
However, crystal contacts, which are established just around
residue 93 with the loop connecting helices G and H (around

residue 120), may not only stabilize the loop (compare the
〈x2〉 values of wild-type Mb in Figure 10B with those of
L29W shown in Figure 10A) but also prevent structural
changes. Comparing the CO and deoxy forms of sperm whale
Mb mutant D122N, which has the same structure as wild-
type Mb and which also crystallizes in space groupP6 [PDB
entries 2MGK and 2MGL, respectively (48)], may provide
the answer. Despite theP6 space group, the structural
changes on the proximal side (data not shown in Figure 8)
closely follow those observed in the wild-type protein with
space groupP21 (Figure 8A, black line). The lack of proximal
structural changes likely results from the L29 mutation.
Indeed, in triple mutant YQR (L29Y/H64Q/T67R), the most
pronounced structural changes occur on the distal side (24),
as in L29W.

Photoproducts in an AI-Type Protein.At temperatures
below 180 K, L29W MbCO molecules are preferentially in
the AI conformation (Figure 5). Brief illumination at 3 K
breaks the bond between the CO and the heme iron, and the
ligand migrates to the primary docking site B. Although no
X-ray structure has been obtained at this temperature (3 K),
the docking site B in substate AI may be close to the site
identified in wild-type Mb at cryogenic temperatures
(11-13) because the CO stretching frequencies (B2 at 2123
cm-1 and B1 at 2131 cm-1) are very similar to the ones
observed in the wild-type protein (2119 and 2131 cm-1).
These two bands represent opposite orientations of the
photolyzed ligands at site B and are caused by the so-called
Stark effect, the interaction between the CO dipole and the
local electric field at site B (49, 50). If photolysis is per-
formed at somewhat increased temperatures (16, 30), es-
sentially site C in the back of the distal pocket is populated.
Site C has been identified as the Xe4 site behind Trp29 (see
Figure 6D and ref16). In triple mutant YQR, both Tyr29
and Gln64 adopt positions equivalent to those of Trp29 and
His64 in the AI state (structure L29W MbCOLT). After
photolysis at 20 K, the CO ligands were also recovered in
the Xe4 cavity (14). Subsequent FTIR experiments revealed
that, in the YQR mutant, the thermally activated ligand mi-
gration process from B to C is already possible at temper-
atures as low as 20 K, whereas it needs∼80 K in L29W
(16), most likely due to the less voluminous Tyr29 side chain
as compared to the indole side chain of Trp29 (51, 52).
Compared to the aliphatic Leu29 in wild-type Mb, both
aromatic rings trap photolyzed ligands efficiently in the Xe4
cavity. Illumination at temperatures above 180 K (Tc) enables
the photolyzed ligands to escape to the proximal Xe1 cavity.
At the same time, however, the protein relaxes completely
toward the deoxy structure (L29W MbLT).

Photoproducts in an AII-Type Protein.At room tempera-
ture, the fraction of molecules in state AII is increased at the
expense of AI (Figure 5). The local environment of the heme-
bound CO is changed, shifting the CO stretching frequency
from 1945 to 1960 cm-1. This spectroscopic change might
indicate a tighter packing of the CO. Indeed, in L29W
MbCORT, the distances to His64 and Trp29 are slightly
shorter compared to L29W MbCOLT (see Table 2). To
identify X-ray structures of the AII photoproduct states, we
are essentially restricted to temperatures above 200 K. At
these high temperatures, recombination is too fast to measure
a photoproduct X-ray structure with conventional methods.
However, even at cryogenic temperatures, a small fraction

FIGURE 11: Proposed trigger mechanism for the structural changes
from MbCO to deoxy in wild-type and L29W myoglobin (sche-
matically). (A) wild type. After photodissociation of the CO, the
iron moves out of the heme plane (long dashed line). The heme
(thick solid line) domes to the proximal side (thin solid line).
Both His93 and the F-helix move. (f) Trigger on the proximal
side. (B) L29W mutant. The heme structure changes from the
CO-bound form (thick solid line) to the deoxy-like structure (thin
solid line) after CO is photodissociated. Although the heme is
doming and the iron is out of plane (long dashed line), the iron as
well as His93 and the F-helix do not move. (f) Trigger on the
distal side.
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of the molecules is in the AII conformation (Figure 4). With
FTIR spectroscopy, it was possible to characterize intermedi-
ate docking sites for ligands in Mb molecules adopting
conformation AII (30). As the indole side chain most likely
occludes the usual primary docking site, the location of the
photolyzed ligands may coincide with one of the two initial
positions observed in L29F Mb, between His64 and Phe29
(ref 23; see also Figure 6C). No population was detected in
the Xe4 cavity of AII molecules, most likely because the
rotation of the Trp29 side chain has reduced the open volume
in Xe4. At temperatures above 180 K, photolyzed ligands
migrate to site D and can be trapped there at cryogenic
temperatures.

Interplay between Ligand Migration and Protein Relax-
ation. Panels A and B of Figure 12 summarize the observed
structural changes of the L29W mutant with respect to
temperature. If L29W MbCO is photodissociated atT ∼ 180
K, the CO molecules leave the distal side and occupy the
Xe1 site on the proximal side of the heme. Steady-state
diffraction experiments on wild-type Mb (15) as well as time-
resolved Laue experiments on wild-type Mb (21, 25) and
mutants L29F (23, 25) and YQR (24) have also detected
photolyzed ligands in Xe1. In L29W Mb, the voluminous
indole side chain undergoes a pronounced relocation (Figure
12A, state 3 to 4), thereby efficiently occluding the primary
photoproduct site. In addition, the His64 imidazole side chain
rotates (Figure 12B, state 3 to 4) and covers the CO binding
site at the heme iron. Hence, access of the CO to the iron is
blocked by these two residues. This is the reason that
markedly reduced ligand association rates are observed in
L29W (k′CO ) 0.0039µM-1 s-1, k′O2 ) 0.29 µM-1 s-1) as
compared to wild-type Mb (k′CO ) 0.51 µM-1 s-1, k′O2 )
16 µM-1 s-1) and L29F (k′CO ) 0.20 µM-1 s-1, k′O2 ) 21
µM-1 s-1) (26, 51). The dissociation rate coefficients, by
contrast, differ only slightly. Only for L29F MbO2 is an∼10-
fold decrease seen, because of more favorable interactions
between the O2 ligand and the distal residue Phe29 (53, 54).
In addition, a recent MD simulation suggests (55) that the
dense side chain packing in the L29F mutant suppresses
His64 fluctuations, thus inhibiting motions that can break

the stabilizing hydrogen-bonding interaction of the His64-
Nε to the bound O2 ligand.

To examine the interplay between protein dynamics and
ligand migration from site D in more detail, we performed
three successive heat-cool cycles and collected low-tem-
perature data sets after each one (Figure 7). After a
temperature increase to 160 K, the occupancy of the CO
molecules in the proximal Xe1 cavity decreased slightly
(Table 3), and no significant structural changes toward the
L29W MbCOLT structure are detectable (Figure 7B) on the
time scale of several days. Since site B is blocked by Trp29
and the iron binding site by His64 in L29W MbLT, recom-
bination can only occur if these side chains transiently move
away. Only aboveTc are these fluctuations possible, and
recombination takes place. In addition, transient channels
open in the protein matrix, enabling the CO to migrate more
freely. This prompts more and more CO molecules to exit
the proximal Xe1 site or enter from the water space and to
recombine at the heme iron (Figure 12C). Around 180 K,
the onset of protein dynamics becomes evident, and the
protein becomes functional. However, the occupancy values
of the heme-bound CO and CO in the Xe1 site do not add
up to 1.0 (see Table 3). About 40% of the CO molecules
are not accounted for. Obviously, the molecules are distrib-
uted between multiple sites and also may have escaped the
solvent. Their electron densities are too low at these sites so
that their positions cannot be determined. The structure
determination yields a mixture of the L29W MbCOLT and
L29W MbLT conformations. If the temperature is increased
further to 200 K, the protein relaxes completely to the L29W
MbCO form; the structures are shown either in Figure 6C,
D or in Figure 7D depending on the temperature. The
intersection of the two solid lines in Figure 12C indicates
the characteristic temperatureTc when this functional relax-
ation happens.
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