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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 Xel 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 process involves multiple intermediate statBs Starting
diverse tasks in living systems. Their biological function is in 1994, X-ray cryocrystallography below 180 K revealed
determined by conformational changes of different magni- that the reaction intermediates arise from transient binding
tude. A quantitative understanding of protein function of ligands at well-defined docking sites within the protein
requires insight into both structural and dynamic properties matrix. The photolyzed ligands were observed not only at
of the protein. Detailed investigations have as yet only been the initial docking site B on top of the heme groud.{13)
performed on selected model systems, the most popular onébut also in other locations within the proteih4-16), the
being myoglobin (Mb). This small globular protein binds internal cavities Xet4 (17), named after their ability to
diatomic ligands such as oxygen JfQcarbon monoxide = accommodate xenon atoms. The clearest results were not
(CO), and nitric oxide (NO) reversibly at the iron in the obtained on the wild-type protein, but on mutant proteins,
center of a heme cofactoll)( Theoretical ) and experi- where the distal leucine L29 had been replaced by bulky
mental 3—5) studies supplemented by computer simulations aromatic residues such as tryptophan (L29W, Figure 1) or
have revealed an astonishing complexity in this apparently tyrosine (4, 16).
simple binding process. In recent years, the time-resolved X-ray diffraction tech-

Mossbauer experiments on the heme iron (see reviews innique has been developed into a tob8¢21) that allows
refs 6 and 7) as well as incoherent neutron scattering monitoring ligand migration through the protein matrix in
experiments §&-10) have shown that the dynamics of Mb real time @2—25). Time-resolved crystallographic studies
differs below and above a characteristic temperaflye  are experimentally challenging, and it is difficult to monitor
(around 180 K). Functionally important, slow diffusive very small subpopulations. In contrast, spectroscopic experi-
motions are activated only abovg. ments are easier to perform and are sensitive to very small

Low-temperature flash photolysis experiments by Frauen- subpopulations, provided that a suitable marker exists to
felder and co-workers have shown that the ligand binding study ligand migration. The infrared absorbance bands of
heme-bound 26—28) as well as photolyzed CQ29—31)
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FIGURE 2: Temperature ramp protocol used to monitor sequential
ligand recombination in L29W. Ellipses indicate X-ray data
collection.

and crystals were shock-frozen directly in the liquid nitrogen

Ficure 1: Ribbon representation of the overall structure of Mb cryostrgam.
mutant L29W (CO-ligated species). The helices are named accord- Fourier Transform Infrared (FT|R) Spectroscopy CO- .
ing to standard convention. The heme plane, the CO ligand, activeligated crystal (prepared as described above) was sandwiched

site residues His64 and Trp29, and the proximal His93 are included. petween two CaFwindows separated by a 10m Mylar
This figure was created with RibbonSg). spacer and mounted inside a block of oxygen-free high-
. . . . conductivity copper on the coldfinger of a closed-cycle
CO that could be used to unambiguously identify the location helium ref)r/igerg?or (model SRDK%’ZOSAW' Sumitor?l]o
of the photodissociated ligands. Tokyo, Japan). The temperature was adjusted with a digital

Here, we combine an X-ray diffraction study with infrared o perature controller (model 330; Lake Shore Cryotronics,
spectroscopy to provide direct structural information on the \y/asterville OH). A continuous-wave, frequency-doubled

interplay between ligand migration and protein dynamics \q4-vAG laser (model forte 530-300; Laser Quantum,

below and abové. characteristic for the dynamical transi-  \1anchester U.K.) was operated at 300 mW output at 532

tion. We will show that ligand dissociation and migration 1 photolyze the crystalline sample. Transmission spectra
lead to pronounced structural rearrangements at the active,ere collected in the mid-IR (1862300 cnt?, resolution

sjtg tha‘g res_ult in markedly smaller asspciation rate coef- 5 cmY) using a Fourier transform infrared (FTIR) spec-
ficients in this mutant as compared to wild-type Mb. trometer (IFS 66v/S; Bruker, Karlsruhe, Germany).
MATERIALS AND METHODS X-ray Crystallography: Data Acquisitior)(_—ray struptures
were measured on a FR-591 Enraf-Nonius rotating anode
Sample PreparationMb mutant L29W was expressed in  equipped with a HiStar multiwire gas detector (Bruker,
Escherichia coliand purified as describe8@). Crystals were  Karlsruhe, Germany). To collect data on a photolyzed L29W
grown in 2.5 M (NH,)2SOy, 20 mM Tris, and 1 mM EDTA, MbCO crystal, the temperature of the cryostream was initially
pH 8.5. X-ray structures were determined either at room set to 150 K. Using a 50/50 beam splitter and mirrors, the
temperature (RTT = 295 K) or at low temperature (LTE L29W MbCO crystal was illuminated from opposite sides
= 105 or 110 K). A crystal grown in the oxidized (Fe with 532 nm light from a continuous-wave frequency-
met) form was measured without further modification to doubled Nd:YAG laser (model forte 530-300; Laser Quan-
obtain the room temperature structure, L29W met{M@he tum, Manchester, U.K.). The size of the focus was 1 mm
reduced and unligated (deoxy) species, L29WgrMlwas (full width at 1/¢& of the peak intensity). The laser power
prepared by equilibrating the ice-cold stabilization solution was increased in steps until Deby8cherrer rings showed
[2.6 M (NH4)2.SO;, 20 mM Tris, 1 mM EDTA], including a up in the diffraction pattern at a laser power of 150 mW.
crystal for 45 min with N gas. After addition of 5L of 1 They indicate a real crystal temperature>df80 K, as similar
M degassed sodium dithionite solution (5 mM final concen- Debye-Scherrer rings started to appear at a temperature of
tration) to reduce the heme iron, the vial was stored overnight 180 K without laser illumination, arising from a phase
on ice. Then the crystal was mounted in a capillary, one end transition in the mother liquor. Subsequently, the laser power
of which was quickly sealed. To remove excess air from was slowly reduced to 100 mW (8 mW/min). With the laser
the capillary, 30 mL of N gas was purged through needles power at 100 mW, the temperature of the cryostream was
which were glued airtight into the stainless steel reinforce- decreased to 105 K (0.25 K/min). Then, the laser power was
ment supporting the base of the capillary. The needles werefurther reduced to 30 mW at a rate of 1.4 mW/min. Data of
abscised with pliers and sealed with epoxy. The capillaries the photolyzed L29W MbCO crystal were collected at 105
were stored at room temperature. To obtain the CO-ligatedK and a laser power of 30 mW. The obtained structure is
form, L29W MbCGCxkr, CO gas instead of Nwas flushed called L29W Mh+ in the following, which indicates a deoxy-
through the stabilization buffer and the capillary. For like Mb structure.
comparison, the low-temperature L29W MbGGtructure After data acquisition, the laser was switched off, and the
was determined at 110 K. Crystals were looped and im- crystal was subjected to a temperature-cycling protocol to
mediately shock-frozen in liquid propane and stored in liquid allow for sequential recombination (Figure 2). In a first step,
nitrogen. For the temperature-cycling experiments, the the crystal was warmed to 160 K over a time period of 1.5
mother liquor was exchanged stepwise over a period of 2 h and kept there for 5 h. Subsequently, the crystal was cooled
days by the same mother liquor containing 0.8 M trehalose to 105 K in 35 min, and data were collected. This moderate
in addition. The CO form was produced as described above,temperature increase is expected to allow for recombination
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Table 1: Data Collection Statistics

(a) Experiments at Thermal Equilibrium

L29W metMbxr L29W Mbgr L29W MbCOxr L29W MbCOQO.r
temperature (K) 295 295 295 110
a=bh,c(A) 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 (A) 1.77 1.70 1.80 1.70
last shell (A) 1.851.77 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/o(1) (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)
Rerysi Riree (%0) 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) (&) 22.3 21.0 20.5 17.6
(b) Photolysis Experiment
L29W Mby.t L29W Mbyeok L29W Mbygok L29W Mbygok
illumination >180 K, heat-cool cycle heat-cool cycle heat-cool cycle
COin Xel to 160 K to 180 K to 200 K
temperature (K) 105 105 105 105
a=b,c(A) 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 (A) 1.55 1.70 1.75 1.80
last shell (A) 1.66-1.55 1.76-1.70 1.8+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/o(1) (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 .0
Rerys{Riree (%) 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) (&) 10.0 12.1 11.6 12.3

of CO molecules with comparatively low rebinding barriers. cycles. After the last refinement cycle, the— F. difference
In a second cycle, the crystal temperature was increased teelectron density close to the heme was inspected. Once
180 K over 2 h, kept constant for 5 h, and again decreaseddensity was found, it was interpreted either g®©rbr CO
to 105 K for data collection. Finally, the temperature was and refined conventionally, with the irerligand interactions
raised to 200 K over 2.5 h, held therer & h to complete switched off. All refinement was done in CN34).
recombination, and then cooled for data collection. The In the L29W MbCQT Structure, we discovered some
structures generated after temperature cycling to 160, 180,3dmixture of metMb by inspecting thé=2 — F. andF, —
and 200 K are called L29W Miok, L29W Mbigox, and . difference electron density maps near the Trp29. There-
L29W Mbzook, respectively (see also Figure 2). We empha- fore, we allowed two conformations (met and CO-ligated)
size that structure determination of all three species wasfor His64 and Trp29 and their nearest neighbors. A final
performed at 105 K. occupancy refinement yielded 70% MbCO and 30% L29W
Refinement of Equilibrium Structure$he intensities of  metMbxkr.
the reflections were integrated and scaled with the program  Refinement of Photoproduct Structurde refinement
SAINT (Bruker, Karlsruhe, Germany). The subsequent data yas done using X-PLOR 3.13f) starting with the same
reduction was performed with the CCP4 programs SCALA | 29\ MbCOygs structure as above. Amino acids Trp29 and
and TRUNCATE 82). A compilation of the statistical ~ His64 and the CO molecule were removed from the model,
values for data reduction and structural refinement is shown g a first set of B, — F. andF, — F. difference maps was
in Table 1. calculated. Amino acids Trp29 and His64 were rebuilt
For the refinement of the met form, the published low- manually using the program “O'3¢). Subsequently, a 2500
temperature (105 K) L29W MbCfgs structure, PDB entry K simulated annealing, conventional positional refinement,
(33) 1DO1 (16), was used as a starting structure, with all and individualB-factor refinement were performed. During
water molecules and the CO ligand removed. A rigid body the simulated annealing run, the coordinates of the water
refinement was followed by 2500 K simulated annealing and molecules were fixed. A new set ofFg — F. andF, — F¢
conventional positional refinement. Water molecules were difference maps and simulated annealing omit maps for the
added to difference electron density features larger than 3.5 residues of interest was calculated and inspected. The
in a first cycle. In the last cycle, features larger thano2.5 photoproduct structure served as the starting model for the
were also considered. IndividuBifactors were subsequently  three structures taken during the temperature-cycling pro-
determined after conventional refinement of the water tocol. For the refinement, no angle restraints were used for
positions. The resulting structure was used as a start for allHis93 and the CO molecule with respect to the heme plane.
other structure refinements. Care was taken not to assignThe bond restraints for the CO molecule and His93 as well
any additional ligand of the heme during the refinement as the pyrrole nitrogen bonds to the iron atom were weakened
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Ficure 3: CO orientation with respect to the heme plane: N, heme Wavenumber (cm )

normal; 7, tilt angle; ¢, bend anglep, tilt + bend. Ficure 4: FTIR absorbance difference spectrum of a L29W MbCO
crystal in the spectral regions of heme-bound and photolyzed CO,
from the standard X-PLOR values to allow for an almost Ccalculated from transmission spectra collected before and after 1 s

. - . . ) illumination & 3 K (black, ligands at site B). Photoproduct spectra
unrestrained refinement in this region. After temperature determined after extended illumination below (red, ligands at site

cycling to 160 and 180 K, additional electron density ap- c) and above (blue, ligands at site D) 180 K are included.
peared. This was accounted for by inserting those conforma-
tions of His64 and Trp29 into the electron density which A
are present in the unphotolyzed L29W MbGGtructure.

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 Xel site and at the iron binding site.

Relatve Geometries and Electron Counthe iron out-
of-plane distance was determined with respect to the best- ‘
fit plane of the 20 porphyrin atoms. The normal of the heme 1920
plane was used to determine the tit) @nd, if applicable,
the bend ¢) angles of the iron ligands (Figure 3). Structural FIGURE 5: FTIR absorbance spectra of a L2OW MbCO crystal at
changes are given relative to the L29W metlbtructure, 120 and 300 K (the spectra between 120 and 180 K are |_dent|cal).

. No cryoprotectant was added to the crystal. Corresponding X-ray

which serves as a reference. The normal on the Trp29 . ciires: A L2OW MbCQ.r Ay, L29W MbCOxr.
aromatic ring was determined with respect to a plane defined

by three atoms of the ring. For each structure, the angular 4¢ter 1 s jllumination @3 K shows a dominant and a minor
deviation of this normal was determined. In addition, the ¢ stretch band in the spectral region of heme-bound CO,
distance deviatior\drze With respect to the L29W metl_\Aab denoted A(1945 cnt?) and A, (1958 cnt?). They are asso-
structure was calculated. For this purpose, the distancessjated with two discrete active site conformations (Figure
between all equivalent ring atoms were averaged. The His64,) - photodissociated CO molecules trapped in the protein
angle of deflection with respect to the met structure was atrix give rise to a prominent IR band-a2123 cnt! and
computed with xfit 87) as the angle between the line 5 minor band at 2131 crh. Exposure to prolonged illumina-
connecting the His64-N atom of a given structure and the o also performed at higher temperatures, enables ligands
His64-G; atom of the L2OW metMr structure and the line 5 sample intermediates with higher barriers opposing recom-
defined by His64-I and His64-G of L29W metMtkr. The bination @1, 42). After extended illumination of the L29W
distance deviatiordyiss4 is equivalent to the displacement  \ipco crystal at temperatures below 180 K, photoproduct
of the His64-N, atom. The number of electrons at the posi- pands appeared at 2127 and 2133 trnwhereas a band at
tion of a putative ligand was determined franf, — DF. 2130 cnil is observed after illumination &t > 180 K.
difference maps3g), which were calculated before the ligand A, is the preferred state at low temperature. Thesfate
was inserted in the dpnsity. Tp estimate the electron Coum=gains at the expense of Avith increasing temperature and
the difference density was integrated with the program ;..o nts for essentially the total population at 300 K (Figure
probe” (21). The result was multiplied by a factor of 210  g) pjease note that, in Figure 5, we plot the absorbance spec-
compensate for the fact that the difference electron density; .o ¢ the overall heme-bound CO, whereas Figure 4 shows

120 -180 K

Absorbance

1940 1960 1980
Wavenumber (cm™)

is represented on only half the absolute sca@).( only the subfraction that remains photolyzed long enough
Structural distributions were assessed using the meany, gata collection (200 s) aftel s illumination at 3 K.
squared deviations of atomic positiofi€’[ calculated from Equilibrium Structures at 295 and 110 Rigure 6 shows

the temperature factors and averaged over backbone atomg,e heme region for different oxidation and ligation states
using “moleman” 40). To examine structural differences, of the iron. In the reference structure L29W metMI§Fig-
the atpmic models were superimpos“ed by e}ligning COITe- yre 6A), a water molecule is coordinated to the heme iron
sponding ¢ atoms with the program “lsqman‘0). (Fe—H,0 distance of 2.2 A). Itis in optimal hydrogen bond
RESULTS distance to the N of His64 (2.85 A), whereas the distance
to Trp29 is more than 3.5 A (Table 2). In the deoxy form,
FTIR Spectroscopy on L29W MbCO Crystalte FTIR no electron density can be detected at the position of the
absorbance difference spectrum of the L29W MbCO crystal distal ligand (Figure 6B), indicating complete reduction.
calculated from the transmission spectra collected before andHis64 is rotated by 25toward the heme iron (see the L29W
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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 MbG@ and in the
cryogenic nitrogen gas stream (L29W MbgE) 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
MbCO.r differ by 38. This value is about IOlarger
compared to the one obtained for L29W MbgiOThe
average displacement of the Tyr29 ring atoms toward the
met structure is about 1.7 A at 110 K, compared to 1.0 A 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 Experimentd o break the bond between the
heme iron and the ligand and to visualize the subsequent
protein relaxation and ligand migration processes, the L29W
Foure 6 Eaulbrium structures. and rae OF. electron MbCO crystal was illuminated at temperatures above 180
densities (1.a?orange) of the L29W Mb deroivativescat the active K. The electron density maps and structure models of the

site. Various CO docking sites B, C, and D are associated with the PNotoproduct states are shown in Figure 7. Substantial
corresponding protein structure (explanation in the text). (A) rearrangements with rms distances larger than 0.5 A occur
Structure of L29W metMgr. Arrow: normal on the Trp29 aromatic  on the distal side of the heme pocket (Figure 7A, see His64

ﬁgg-régcgggl)’éh(% )SgtUrCtCUtrereocf)f'I-_ZZ%\\’lVV &Etmgzdspﬁ:fsﬂbgfd; and Trp29), including the regions of the B-, C-, and E-helices
in blue. uctu i : ; ; ;
the swing angle of His64. D: proximal CO binding site (Xel site). as well as the €D turn (Figure 8). The His64 side chain

(C) Structure of L29W MbC@y. Ay: heme-bound CO in L29w ~ SWings deeper into the heme pocket; the side chain of Trp29
MbCOkr. By: putative primary docking sites in L2OW MbG&Q rotates and matches the position observed in equilibrium
(D) Structure of L2OW MbCQr. A;: heme-bound CO in L2OW  L29W Mbgr. As reported previouslylg), electron density
EA?COLT- %Ii pu[;atl\li_e primary ch?zcé(\l/r\}ngtl)te '“)'(-ZA?W Mb?g for the CO molecule appears in the Xel cavity (Figure 7A,
G secondary docking site in GO (Xe4 site). This  cpy - An occupancy refinement yields 50% of the CO
gure was created with the program Q6. ;
molecules at the Xel site; less than 10% are bound at the

Mbgr structure in Figure 6B and Table 2). Additionally, a heme iron (Table 3). The iron out-of-plane distance is 0.26
water molecule has bound to theNf His64. Trp29 does A, a typical distance found in the deoxy conformation. The
not move; the heme adopts a domed conformation, with anoverall structure of this deligated species at 105 K is almost
iron out-of-plane distance of 0.37 A. identical to the equilibrium room temperature structure L29W

Upon CO binding, the iron moves into the heme plane Mbgr. Therefore, this photoproduct is called L29W Mb
(Figure 6C, Table 2) and adopts a position similar to the Another electron density feature close to thg Etom of
one in L29W metMr. His64 shifts to the position observed His64 is modeled by a water molecule, which is also visible
in the met structure. The distance between the oxygen ofin the room temperature L29W Mb (Figure 7A, arrow).
the CO and the His64-Mis 2.7 A and thus 0.6 A less than Subsequently, we performed several temperature cycles
in wild-type MbCO @3, 44), but roughly equivalent to the  to induce stepwise ligand recombination and protein relax-
distances between the water oxygen and His64 in both wild- ation back to the heme-bound state. When the temperature
type and L29W metMgr. CO association also causes a is increased to 160 K in the dark (Figure 7B), no significant
conformational change of Trp29. This rearrangement was structural changes of the protein are observed (L29W
assessed by the angular deviation of the respective normaldvib,eok). The occupancy of the CO molecule in the Xel
on the Trp29 aromatic rings and determined a% @@ble cavity decreases from 50% to 33%, and the fraction of heme-
2). The spacing between the CO and Trp29-8 3.1 A. It bound CO increases only slightly, from 7% to 11%.
is comparable to the COVal68-C,, distance in wild-type Structural changes of the protein set in after the temperature
MbCO, which might be considered as the minimum dis- is increased to 180 K and, more pronounced, after the
placement between the ligand oxygen and an aliphatic carborntemperature is cycled to 200 K (panels C and D of Figure 7,
atom. Obviously, the CO is densely packed between His64 respectively; see Trp29). The final structure (L29W Mk
and Trp29. The CO stretches nearly perpendicular to theFigure 7D) is very similar to L29W MbC@ obtained at
heme plane (see bend and tilt angles in Table 2). However,110 K under equilibrium conditions. The results of the
unless highest resolution data are available, the CO orienta-occupancy refinements for the CO molecule, Trp29, and
tion should be taken with caution (compare discussion in His64 as well as the electron density integration for the CO
refs 43 and 44). To check for the occupancy of CO, we molecule are summarized in Table 3.
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Table 2: Geometries of Selected X-ray Structures

L29W Mb derivatives
L29wW L29W L29W Mb,t L29W L29W

metMbkr Mbgr (COin Xel) MbCOrr MbCOLr
temperature (K) 295 295 105 295 110
total structural deviation from L29W metMi# (A) 0.23 0.44 0.21 0.46
total electron count for ligand (¢ 9.6 <0.25 13.0 11.1
ligand occupancy (%) 96 <18 102 79
iron out of plane (A) 0.17 0.37 0.28 0.13 0.19
distance iroa-His-N. (A) 2.15 2.17 2.18 2.19 2.11
distance iror-ligand (Af 2.21 2.08 2.05
distance ligandé-His64 (Ay 2.85 2.69 2.87
distance ligang Trp29 (Ay 3.50 3.06 2.98
Trp29 normal relative to metMb (deg) 7.7 6.33 30.3 38.6
Adwao, Trp29 swing distance relative to metMb (A) 0.10 0.10 1.0 1.71
Trp29B-factor (main/side chain) @ 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) —25.74 —27.77 -0.6 8.54

positive: toward the solvent

Adyes, His64-N distance relative to metMb (A) —-1.75 —-1.80 -0.32 0.60
7 (tilt) (deg) 4.08 9.3 10.4
o (t + ¢) (deg) 7.1 6.1

aMean G,—C, distance after least-squares fiDerived from integration of difference electron densit{fe—C distance to CO in MbCO and
Fe—O distance to kKO in metMb.¢ Distance from the oxygen of either CO op®to His64-N,. ¢ Distance from the oxygen of either CO op®i
to Trp29-Gy,. f o = tilt (7) plus bend ¢). 9 Assuming 30% metMb.

distance [A]

o
e
-

C,
=
%]

residue number

Ficure 8: C,—C, distances of equivalent residues in superimposed
MbCO and deoxy-like structures at high and low temperatures. Solid
red line: G—C, distances between L29W MbG@and L29W
MbgT. Dashed blue line: £&-C, distances between L29W MbCO

and L29W Mhr (with CO in Xel). Solid black line: ¢—-C,
distances of wt MbCO (PDB entry 1A6G) and wt Mb (PDB entry
1A6N) at cryogenic temperature4).

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 CQ,a 1945 cm? and

Aj at 1960 cm®. As A, increases with temperature at the
shown in blue as a reference throughout. (AR — DF. map of expense of A(Figure 5), we propose that these absorbance
L29W Mbyr (105 K) after photolysis at 200 K. CO proximal bands identify the L29W MbCQ (A|) and L29W MbCQ+

CO. The water molecule bound to the distal histidine is marked by (A)) structures. Compared to L29W metMbthe A state

the arrow. (B, C) .hk, — DF. maps of the rebinding structures . . .
L29W Mb16E)K anc)i L29W MQS(E)K aft%r temperature Cyg“ng to 160 IS represented by a strongly displaced and reoriented Trp29,

and 180 K. (D) 2nF, — DF. map of the rebinding structure L29w  and the A state can be identified by a more moderately

Mb.qok after temperature cycling to 200 K. Amino acids His64, changed Trp29 orientation. In both substates, His64 is close

Trp29, Leul04, and His93 as well as the distal heme-bound CO tg the position found in the met structure.

(COP) and the position of the Xel site (site D) are marked. Figure 9, which has been adapted from éefiluminates

the present results from another perspective. If wild-type

DISCUSSION MbCO is photolyzed at low temperatures, the CO ligand
Conformational Substates of Mb Mutant L29W-ray leaves the heme iron but the overall protein structure does

diffraction and FTIR experiments on Mb mutant L29W have not change (Figure 9A, left side). The CO may populate the

Ficure 7: Structures anddk, — DF electron densities (1ol
orange) near the heme of the photolysis experiment on L29W
MbCO. The low temperature (110 K) structure L29W MbG@®
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Table 3: Results from the Occupancy Refinement Using the Photolyzed Strdctures

COin Xel heme-bound total CO His64, Trp29 Mb-like His64, Trp29 MbCO
structure (%) CO (%) identified (%) configuration (%) configuration (%)
L29W Mb.r (CO in Xel) 50 (45) 7(7) 57 (52) 77 23
L29W Mbyeok 33(30) 12 (11) 45 (41) 74 23
L29W Mbygok 26 (24) 32 (15) 58 (39) 51 45
L29W Mbygok 12 (20) 68 (48) 80 (68) 16 79

@ Results from the integration of CO electron density values are in parentheses (in %).

FicurRe 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 (Xel), 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 abové,. Right side (in red): deoxy-like structures
atT > T, Sites A, Ay: binding site of the CO to the heme in the
different MbCO structures. Sites;,BB;, C; (Xe4), D (Xel), S
(solvent): occupied by CO ligand after photolysis.

initial docking site B, as observed in low-temperature
crystallography experimentd1—13). Docking site C (Xe4)
was found by spectroscopR¥, 41, 42) but not by X-ray
crystallography. The CO can migrate to the D (Xel) position
already belowr . in the wild type @9), but the protein stays
rigid. Around T, 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 aboveT, via the transiently occupied state Mb*CO.

When Leu29 is mutated to Trp, the CO-ligated protein
can adopt two structures, Mb¢Pand MbCQr, where the
indices RT and LT refer to room temperature and low
temperature T < T), respectively (Figure 9B). Both
structures were associated with @nd A, by IR spectros-
copy. Upon photolysis, Mh* and Mbrt* can be trapped
below T.. Only a minority of molecules are in Mg* and
the majority in Mlyr*. Therefore, only the structure of Mg
could be determinedlg). It does not deviate from L29W
MbCOr, 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 Mbwill likely be
similar to that of L29W MbCQ@y. In a forthcoming paper,
we will show structural relaxations of Mk* at room

1
100
residue number

1 1 1
75 125 150

FicUrRe 10: Mean squared displacementobtained 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. (ARCof the L29W myoglobin structures.
Solid red line: L29W MRar. Dashed green line: L29W MbG@.
Solid orange line: L29W Mp- (with CO in Xel). Dashed blue
line: L29W MbCQr. (B) XU 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 ref3.

structure accumulates. The CO escapes into the solvent or
stays in site D (Xel). This Mb structure was determined at
room temperature and at 105 K and shown to be the same.
Above T, 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 M 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,

temperature which happen on very short time scales. Inwhich is MbCQer atT > Te. Only a small fraction will adopt
Mb,t* the photodissociated CO ligands are trapped in sites the MbCQ+r conformation.

B, at 3 K and ¢ well below T.. In Mbgt* site B, will be

Proximal versus Distal EffectsApart from the side chain

preferentially populated because the Tyr29 side chain blocksconformations, the overall structural differences between

access to site BOnly above the characteristic temperature
T, do Mb_t* and Mbrt* molecules relax, and a single Mb

L29W MbCO and L29W Mb are similar at high and low
temperatures (Figure 8). The largest changes upon ligand
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Ficure 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—() 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-) Trigger on the
distal side.

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 Mb43, 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

Nienhaus et al.

residue 120), may not only stabilize the loop (compare the
X?Ovalues 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 gré§PDB
entries 2MGK and 2MGL, respectiveld®)], may provide

the answer. Despite th®6 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 group2; (Figure 8A, black line). The lack of proximal
structural changes likely results from the L29 mutation.
Indeed, in triple mutant YOQR (L29Y/H64Q/T67R), the most
pronounced structural changes occur on the distal ide (

as in L29w.

Photoproducts in an AType Protein.At temperatures
below 180 K, L29W MbCO molecules are preferentially in
the A 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; Anay be close to the site
identified in wild-type Mb at cryogenic temperatures
(11—-13) because the CO stretching frequenciesdB2123
cmt and B at 2131 cm?) are very similar to the ones
observed in the wild-type protein (2119 and 2131 émn
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 B49, 50). If photolysis is per-
formed at somewhat increased temperatudes 80), 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

the heme plane toward the proximal side and the iron moving Figure 6D and refl6). In triple mutant YQR, both Tyr29

out of plane (Figure 11A)21, 25, 45, 46). In addition, the
F-helix relocates. In the L29W mutant, however, we have

and GIn64 adopt positions equivalent to those of Trp29 and
His64 in the A state (structure L29W MbC@). After

observed a significant heme displacement toward the distalphotolysis at 20 K, the CO ligands were also recovered in
side (Figure 11B); the iron atom essentially retains its posi- the Xe4 cavity {4). Subsequent FTIR experiments revealed
tion. Consequently, the iron to His64-Ndistance changes  that, in the YQR mutant, the thermally activated ligand mi-
only on the order of a few hundredth of an angstrom (Table gration process from B to C is already possible at temper-
2). This holds for ambient and cryogenic temperatures. The atures as low as 20 K, whereas it needd0 K in L29W
structure is quite disordered near Trp29 in helix B and in (16), most likely due to the less voluminous Tyr29 side chain
the entire C-D region (Figure 8), where also the largé8]  as compared to the indole side chain of Trp3d, (52).
can be observed (Figure 10A). The heme group, by doming, Compared to the aliphatic Leu29 in wild-type Mb, both
may push the protein matrix on the distal side of the heme aromatic rings trap photolyzed ligands efficiently in the Xe4
to a new conformation. This might also be the reason that cavity. lllumination at temperatures above 180TK) @nables
Trp29 can adopt two slightly different conformations at low  the photolyzed ligands to escape to the proximal Xel cavity.
and high temperatures. In contrast, the proximal His93 has At the same time, however, the protein relaxes completely
an especially lowx“[) and conformational changes remain toward the deoxy structure (L2OW N§).
small on the prOXimaI side in the mutant (Compare Figure Photoproducts in an ’AType Protein At room tempera-
10A and Figure 8). This is not observed in wild-type Mb, ture, the fraction of molecules in statg 45 increased at the
where the F-helix region actually has the largastiof the expense of A(Figure 5). The local environment of the heme-
entire globin (except for the loop connecting the G- and pound CO is changed, shifting the CO stretching frequency
H-helix, which is disordered at room temperature) (Figure from 1945 to 1960 cm. This spectroscopic change might
10B). indicate a tighter packing of the CO. Indeed, in L29W
Is this effect a result of crystal packing contacts? The MbCOkr, the distances to His64 and Trp29 are slightly
mutant crystallizes in space grois. The crystals contain  shorter compared to L29W MbG® (see Table 2). To
about 60% water as compared with 32% in the wild-type identify X-ray structures of the Aphotoproduct states, we
protein @7). Therefore, one may expect that the mutant are essentially restricted to temperatures above 200 K. At
proteins are intrinsically more disordered in the crystal. these high temperatures, recombination is too fast to measure
However, crystal contacts, which are established just arounda photoproduct X-ray structure with conventional methods.
residue 93 with the loop connecting helices G and H (around However, even at cryogenic temperatures, a small fraction
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Ficure 12: Properties of L29W myoglobin at several temperatures and ligation states. Green: MbCO structures at tempeTatures

Blue: MbCO structures measured at 105/110 K. Red: deoxy-like structures. (A) Changes in the Trp29 orientation as a function of temperature
and coordination state of the heme iron. (1) L29Wgylb(2) L29W MbCCkr. (3) L29W MbCQ . The transition between (2) and (3)

occurs most likely at 180 K. (4) L29W Mb with CO in Xel. (4) can only be generated from (3) by illumination around or above 180 K.

(B) Changes in the angle of His64 rotation as a function of temperature and coordination state of the heme iron. States are the same as in
(A). (C) Occupancy values of the heme-bound CO as a function of temperature. (2) L29W g¥lb@&) L29W MbCO at 180 K (not
determined; most likely a mixture of L29W MbG® and L29W MbCQy). (4) L29W Mb.r with CO in Xel. (5), (6), (7) Rebinding
experiments of L29W Mfyok, L29W Mbygok, and L29W Mbgok, respectively. CO-like structures emerge aboveThat (6) and are fully

occupied at (7). Two solid lines intersectat~ 180 K.

of the molecules is in the Aconformation (Figure 4). With  the stabilizing hydrogen-bonding interaction of the His64-
FTIR spectroscopy, it was possible to characterize intermedi- N, to the bound @ligand.

ate docking sites for ligands in Mb molecules adopting  To examine the interplay between protein dynamics and
conformation A (30). As the indole side chain most likely ligand migration from site D in more detail, we performed
occludes the usual primary docking site, the location of the three successive heatool cycles and collected low-tem-
photolyzed ligands may coincide with one of the two initial perature data sets after each one (Figure 7). After a
positions observed in L29F Mb, between His64 and Phe29 temperature increase to 160 K, the occupancy of the CO
(ref 23; see also Figure 6C). No population was detected in molecules in the proximal Xel cavity decreased slightly
the Xe4 cavity of A molecules, most likely because the (Table 3), and no significant structural changes toward the
rotation of the Trp29 side chain has reduced the open volumeL29W MbCQ_r structure are detectable (Figure 7B) on the
in Xe4. At temperatures above 180 K, photolyzed ligands time scale of several days. Since site B is blocked by Trp29
migrate to site D and can be trapped there at cryogenicand the iron binding site by His64 in L29W M recom-
temperatures. bination can only occur if these side chains transiently move

Interplay between Ligand Migration and Protein Relax- away. Only aboveT. are these fluctuations possible, and
ation. Panels A and B of Figure 12 summarize the observed recombination takes place. In addition, transient channels
structural changes of the L29W mutant with respect to Open in the protein matrix, enabling the CO to migrate more
temperature. If L29W MbCO is photodissociated’at 180 freely. This prompts more and more CO molecules to exit
K, the CO molecules leave the distal side and occupy the the proximal Xe1 site or enter from the water space and to
Xel site on the proximal side of the heme. Steady-state 'ecombine at the heme iron (Figure 12C). Around 180 K,
diffraction experiments on wild-type M.§) as well as time-  the onset of protein dynamics becomes evident, and the
resolved Laue experiments on wild-type M®1( 25) and protein becomes functional. However, the occupancy values
mutants L29F 23, 25) and YQR @4) have also detected ©f the heme-bound CO and CO in the Xel site do not add
photolyzed ligands in Xel. In L29W Mb, the voluminous UpP to 1.0 (see Table 3). About 40% of the CO molecules
indole side chain undergoes a pronounced relocation (Figureare not accounted for. Obviously, the molecules are distrib-
12A, state 3 to 4), thereby efficiently occluding the primary uted between multiple sites and also may have escaped the
photoproduct site. In addition, the His64 imidazole side chain Solvent. Their electron densities are too low at these sites so
rotates (Figure 12B, state 3 to 4) and covers the CO bindingthat their positions cannot be determined. The structure
site at the heme iron. Hence, access of the CO to the iron isdétermination yields a mixture of the L29W Mbctand
blocked by these two residues. This is the reason thatL29W Mby.r conformations. If the temperature is increased
markedly reduced ligand association rates are observed infurther to 200 K, the protein relaxes completely to the L29W
L29W (K'co = 0.0039uM 1 s, Ko, = 0.29uM "1 s71) as MbCO form; the structures are shown either in Figure 6C,
compared to wild-type MbKco = 0.51uM1 s7%, Ko, = D or in Figure 7D depending on the temperature. The
16 uM~1 s1) and L29F Kco = 0.20uM 1 s7%, Ko, = 21 intersection of the two solid lines in Figure 12C indicates
uM~1 s7%) (26, 51). The dissociation rate coefficients, by the characteristic temperatufgwhen this functional relax-
contrast, differ only slightly. Only for L29F Mbgis an~10- ation happens.
fold decrease seen, because (_)f more_favorable interactionfy EFERENCES
between the @ligand and the distal residue PheZ3,(54). L Antonin E.. and B i M. (1978 obin and Mvodlobi

i i i . ANtonint, E., an runort, . emaogiobin an yoglobin
In add|t|pn, a repent M[.) S|mulat|0n suggestb) that the in Their Reactions with Ligand¥North-Holland, Amsterdam.
dense side chain packing in the L29F mutant suppresses 3 garpius, M., and Petsko, G. A. (1990) Molecular dynamics
His64 fluctuations, thus inhibiting motions that can break simulation in biology,Nature 347 631—639.
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