Biophysical Journal Volume 77 October 1999 2153-2174 2153

Crystal Structures of Myoglobin-Ligand Complexes at
Near-Atomic Resolution

Jaroslav Vojtéchovsky,* Kelvin Chu,” Joel Berendzen,” Robert M. Sweet,$ and Iime Schlichting*

*Max Planck Institut fiir Molekulare Physiologie, Abteilung Physikalische Biochemie, 44227 Dortmund, Germany; *Biophysics Group,
Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA; and SBiology Department, Brookhaven National Laboratory,
Upton, New York 11973 USA

ABSTRACT We have used x-ray crystallography to determine the structures of sperm whale myoglobin (Mb) in four different
ligation states (unligated, ferric aquomet, oxygenated, and carbonmonoxygenated) to a resolution of better than 1.2 A. Data
collection and analysis were performed in as much the same way as possible to reduce model bias in differences between
structures. The structural differences among the ligation states are much smaller than previously estimated, with differences
of <0.25 A root-mean-square deviation among all atoms. One structural parameter previously thought to vary among the
ligation states, the proximal histidine (His-93) azimuthal angle, is nearly identical in all the ferrous complexes, although the tilt
of the proximal histidine is different in the unligated form. There are significant differences, however, in the heme geometry,
in the position of the heme in the pocket, and in the distal histidine (His-64) conformations. In the CO complex the majority
conformation of ligand is at an angle of 18 = 3° with respect to the heme plane, with a geometry similar to that seen in
encumbered model compounds; this angle is significantly smaller than reported previously by crystallographic studies on
monoclinic Mb crystals, but still significantly larger than observed by photoselection. The distal histidine in unligated Mb and
in the dioxygenated complex is best described as having two conformations. Two similar conformations are observed in
MbCO, in addition to another conformation that has been seen previously in low-pH structures where His-64 is doubly
protonated. We suggest that these conformations of the distal histidine correspond to the different conformational substates
of MbCO and MbO,, seen in vibrational spectra. Full-matrix refinement provides uncertainty estimates of important structural
parameters. Anisotropic refinement yields information about correlated disorder of atoms; we find that the proximal (F) helix
and heme move approximately as rigid bodies, but that the distal (E) helix does not.

INTRODUCTION

Myoglobin (Mb) is a globular protein of 153 residues that body would be poisoned if the specific affinity for CO over
binds molecular oxygen (£ and other small ligands at a O, (Kco/Kg,) were as high in heme proteins as it is in
ferrous (F€) heme iron. Mb is involved in @storage and model compounds (e.g., protoheme). Differences between
transport in muscle tissues (Antonini and Brunori, 1971;CO and Q binding to heme proteins are thus physiologi-
Dickerson and Geis, 1983) and is an important model syseally relevant and constitute a key to understanding the
tem for studying the physics and dynamics of reactions irrelationship between structure and function.

proteins. We address four open questions about the struc- The textbook explanation of the lowered specific affinity
ture, function, and dynamics of Mb with improved struc- of heme proteins focuses on residue His-64, the distal his-
tural data on the molecule in different ligation states. tidine, which forms the side of the ligand binding pocket
closest to the bound OThe distal histidine moderates the
specific affinity for CO over Q by providing a hydrogen
bond to Q ligands, and it is said to sterically hinder binding
Although the physiological function of Mb appears to be O of CO ligands (CO prefers to bind perpendicularly to the
binding, carbon monoxide (CO) is also a biologically sig- heme plane, whereas,@refers to bind at a slight angle to
nificant ligand for Mb and other heme proteins because it ithe heme normal in unencumbered model compounds).
an endogenous poison. Most of the hemes in the humaHowever, the latter part of this explanation cannot be cor-
rect because it predicts that the effect of the protein is
mostly in the “on” rates for CO binding, when in fact the
Received for publication 30 December 1997 and in final form 15 Junelargest contribution to the lowered specific affinity is the
1999. lowered “off” rate for Q, (Springer et al., 1994). Moreover,
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TABLE 1 Determinations of the angle between the C—O
bond and the heme plane

Technique 1st author Date Angle(s) (°)
X-ray diffraction Kuriyan 1986 40
61
IR photoselection Ormos 1988 4
62+ 2
57+ 4
IR photoselection Moore 1988 203.5
35+ 35
Neutron diffraction, pD 5.7 Cheng 1991 47
47
X-ray diffraction,* pH 7 Quillin 1993 19
IR optical crystallography lvanov 1994 <10
X-ray diffraction,* pH 9 Schlichting 1994 32
IR photoselection Lim 1995 &7
X-ray diffraction, pH 6.0 Yang 1996 42
X-ray diffraction, pH 4.0 Yang 1996 30
IR optical crystallography Sage 1997 670.9
X-ray diffraction, pH 6.0 This work 1998 18 3

*This determination was on a mutant Mb in a hexagonal form; all others
were carried out in monoclinic crystals. Multiple entries indicate a claim
for multiple conformations of the ligand.

was found for multiple conformations that differed substan-

tially in orientation with respect to the heme plane (Kuriyan
et al., 1986; Cheng and Schoenborn, 1991). More recentl

mental uncertainty (Quillin et al., 1993; Schlichting et al.,
1994; Yang and Phillips, 1996).

Infrared linear dichroism studies have obtained differing
results about the bound CO geometry. MbCO has thre
strong absorbance bands in the mid-infrared due to th
carbonyl stretch that have provided a wealth of informatio
about MbCO (Alben et al., 1982). Solution measurement
of linear dichroism after photoselection can determine th

(thought to lie along the C-O axis) and the heme transitio
dipole moment in the visible (which lies in the heme plane)
(Hofrichter and Eaton, 1976). Early experiments of this typ
indicated multiple conformations of the CO, with the angle

the diffraction studies of the time (Ormos et al., 1988;
Moore et al., 1988). However, more recent work on phot

selection indicates that the CO transition dipole moment ha
a single orientation in all three bands that is close to normal
to the heme plane (Lim et al., 1995). Measurements of statiC

linear dichroism in crystals gave similar results, with the
most recent estimate of the angle between the CO transiti
dipole moment and heme plane at 6:70.9° (lvanov et al.,

1994; Sage and Jee, 1997; Sage, 1997). These findin

rtYang and Phillips, 1996). Presently,
e

between the CO and the heme plane similar to that seen ﬁifg

0_
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much more direct measurement of geometry. New, better
data on CO binding geometry, with uncertainty estimates
and preferably free from model bias and restraints, are
needed to resolve this question.

What are the structural differences among the
infrared A substates of MbCO?

The infrared absorption spectrum of CO in MbCO shows
three distinct bands that are conventionally labelgdAd,

and A; (Alben et al., 1982). Each band shows distinct
kinetics of CO rebinding after flash photolysis, thus imply-
ing different functional properties (Alben et al., 1982). The
populations of the bands at cryogenic temperatures are
sensitive to a variety of external conditions, including pH
(Fuchsman and Appleby, 1979; Mer, 1997), cooling rate
(Chu et al., 1993) and crystal form (Makinen et al., 1979;
Mourant et al., 1993). Ais favored at pH lower than 4.6,
but the ratio of A to the dominant A in solution is nearly
independent of pH above 6 (Fuchsman and Appleby, 1979;
Mdiller, 1997), with A dominant by almost a factor of 10.
The A substates interconvert reversibly at room temperature
on the microsecond time scale, but exchange is frozen out
below the glass transition temperature of the protein and
solvent near 175 K (Young et al., 1991).

i . . . ; Y. When different CO conformations were identified in
only a single orientation has been seen again, with a W|d‘ﬁ/|

range of conformations that suggest considerable experi-

bCO by diffraction studies (Kuriyan et al., 1986; Cheng

and Schoenborn, 1991) and IR photoselection/linear dichro-
ism experiments (Ormos et al., 1988; Moore et al., 1988),
the A substates were thought to be associated with different
CO orientations. Recent spectroscopic data (Lim et al.,

?l995) make this explanation appear unlikely, and a calcu-

nf’\ation of the energies required to bend the Fe—CO bond also

cast doubt on this interpretation (Ghosh and Bocian, 1996).

zl'he A, substate has been identified by diffraction at low pH

angle between the C-O stretch transition dipole momen

ith a doubly protonated conformation of the distal histi-
dine, which is swung out of the pocket toward the solvent
it is believed that A
and A; are associated with different conformers or proto-
nation states of the distal histidine (Park et al., 1991; Ray et
|., 1994; Jewsbury and Kitagawa, 1994; Jewsbury et al.,
94), which would result in different electric fields at the
bound CO. Due to the low occupancy of, And the pre-
gumably small differences between the @d A; confor-
ations, well-modeled atomic-resolution data are a prereg-

m
uisite for making structural distinctions betweepand A,

Oﬂlhat are the origins of the non-photolyzable

fraction of O,?
gs

appear to disagree with all previous determinations of theCarbon monoxide binding in Mb is easier to study than O
CO geometry made by diffraction methods, but that is notbinding for two reasons. First, the infrared C-O stretch band

clear because previous determinations do not include unce

IS a convenient spectroscopic marker. Second, the apparent

tainty estimates. The spectroscopic camp has typicallguantum yield for photolysis of MbQon the time scale of
pointed to the large scatter in the diffraction results (Ray etLlO ps or longer at low temperatures is in the range 30—70%

al., 1994) while the diffraction camp lays claim to having a

at neutral pH (Austin et al., 1975; Chance et al., 1990;
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Miller et al., 1996) as opposed to 100% for CO. Investiga-dramatically lower in crystals. In oxygenated crystals, au-
tions of the weak IR O-O stretch of MBCGshow two  tooxidation of the heme iron to forequometMb can occur
distinct bands, one is photolyzable at low temperatures (asn a time scale of hours to days. Myoglobin crystals of
measured on the time scale of microseconds) and the othappreciable size are optically thick, so it is difficult to
is not (Potter et al., 1987; Miller and Chance, 1995). It isdetermine the ligation state without first dissolving the
thought that the low apparent quantum yield of Mb®©due  crystal. We used @and CO gas at 50—100 bars of pressure
to extremely rapid barrierless rebinding on the subpicosecto rapidly and completely ligate the crystals and minimize
ond time scale of a distinct population in the sample (Millerthe opportunity for autooxidation.

et al., 1996). These populations do not exchange at cryo-

genic temperatures. Although there are differences in the

mechanism of thermal dissociation and photodissociationGryocrystallography

identification of the barrierless substates would have imp”'Maintaining the crystal at cryogenic temperatures permits

cations fpr understanding the relatively high affjnity of the collection of a complete data set from a single crystal with
myoglobin heme for @ Are there structural d|fferen_ces minimal opportunity for chemical and physical changes
between the photolyzable and non-photolyzable fractionse g autooxidation and radiation damage) during data col-

lection (Garman and Schneider, 1997). This is particularly

What are the dynamics of the molecule? important in a ligation study: crystal-to-crystal variation in
o - ligation across a data set could lead to pronounced differ-
Examination of a space-filling model of the structure of Mb g1ces in a particular region of reciprocal space correspond-

quickly demonstrates that there is no open channel fof,q {5 data collected from a bad crystal. In addition, the
ligands such as Oand CO to enter and exit the heme gjociron density corresponding to water molecules is more

pocket. Fluctuations in the conformation of the protein musi,cgjized at cryogenic temperatures due to the absence of
take place in order for ligand binding and escape to OCCUiquid-like motions.

These transient openings and closings are too fast and have
too low a population to appear in the NMR structure of the
molecule (@apay et al., 1994). However, some indicationBetter instrumentation

of the dynamics is retained in the conformational disorder of )
te%ynchrotron sources and image-plate detectors offer great

myoglobin, even at low temperature. For data of moderal p i q p )
resolution, this disorder has typically been modeled as afdvantages over rotating-anode sources and previous gen-
erations of detectors in collecting high-resolution, high-

isotropic Debye-Waller (temperature) factor for each non- g : 9 S e
hydrogen atom (Frauenfelder, 1989). High-resolution dat@recision data s_ets_. The high coII|_mat|0n and bn_lhance_ of
permit a more sophisticated analysis of conformational ﬂex_synchrptron radiation, coupled_ with the low noise, high
ibility, including refinement of anisotropic Debye-Waller dynamic range, and large working area of modern detectors

factors. These can give insight into the character of con-enable data to be collected with a higher signal-to-noise
certed thermal motions of the protein at equilibrium ratio than was previously possible. Better data that extend to

higher resolution enable the experimenter to reduce the
weight given to prior constraints on refinement (such as the
Technical improvements heme geometry). In addition, lower noise levels allow one

Over the past 30 years, many structures of Mb have beel? dete_ct minority conforma_tions _at lower 'e"?'s of oceu-
determined by different laboratories, often setting the stanPancy in th_e e_Iectron_ d?’”.s"y- Higher resolution provides
dards for their time. Examination of the differences amonfetter_ localization of '”d""d“‘?" atoms, more accurate de-
these structures led us to conclude that the true differenc gmeatlon of the effec_ts of partial occupancy and conforma-
between structures of different ligation states were bein lonal o_llsorder, and improved analy3|_s of effects_related to
swamped by variations in the way the data were collecte ynamics of the molecule such as anisotropic refinement of
and handled. This outlook has shaped our approach, WhiCIRebye-Waller factors.

is to re-determine the structures of Mb in four different

I|gat|on states as a single set. In addition to coIIectlng an%tatistical methods

analyzing the data in as much the same way as possible, we

have also sought improvements in the quality of each strucin recent years, advanced statistical techniques for data
ture through implementing recent advances in crystalloreduction, modeling, and refinement of macromolecular dif-
graphic practice. The most important of these improvementfaction data have been developed. These include better
are as follows. algorithms for integration and scaling of diffraction data,
appreciation of theR;.. value as an unbiased indicator of
model quality (Bfunger, 1992), and Bayesian methods for
weighting macromolecular data in refinement (Terwilliger
Diffusion of small molecules into crystals often requiresand Berendzen, 1996a, b). These techniques can improve
many minutes, and binding rates for CO angd €n be both the absolute quality of a structure given a set of data

Rapid ligation
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and also improve estimates of differences among closelJABLE 2 Data collection statistics

related structures. MbO, MbCO aquometMb Unligated Mb

By using the strategies described above, we re—deteréeII dimensions

mined the .structures of unligated (deoxy) Mb, and of_com- a A 63.80 63.80 63.90 63.76
plexes with water gquometMb), carbon monoxide b, A 30.81 30.63 30.73 30.66
(MbCO), and oxygen (Mbg) to a higher precision thanwas ¢, A 34.35 34.42 34.36 34.31
previously possible. The presented data sets extend to better: | A 105.8 105.8 105.7 105.7
; ; ; ; ; esolution, 1.0 1.15 1.1 1.15
than 1.2 A |r} a;:l cases, er\]/IIT)h 'S a notlcgabrlle Ilr:)nproyergengbservations 530931 413744 302654 378009
over many o t.e existing structures in the ; rotein at_ebnique reflections
Bank (Bernstein et al., 1977). We use the differences in g refl. 67676 42860 51794 45065
structure seen in the different ligation states to address | > 2o 59682 32272 46823 40009
questions about the structure, function, and dynamics ofompleteness, all reflectionst 2 o (%)
myoglobin 6.0 A 93/91 92/91 90/86 80/80
' 6.0-2.3 A 99/98 95/95 95/95 91/91
2.3-1.8A 98/97 98/97 99/99 98/97
1.8-1.5A 98/95 94/88 99/97 99/95
MATERIALS AND METHODS 15-1.3 A 96/91 87/73 99/93 99/88
. . 1.3-1.15 A 95/85 87/60 98/81 98/76
Crystal preparation and data collection 115-11 A 93/79 97/71
aquometMb crystals were grown at room temperature using the batch *1'1_1'0 A 88/62
method. Solid ammonium sulfate (AS) was added to a solution of 50 mg/mRsym (%) 5.7 5.9 4.6 5.4
sperm whale myoglobin in 50 mM potassium phosphateKBifer pH ~ 1emperature, K ~100 ~100 ~90 ~100
7.0 until the protein started to precipitate. Then, water was added until th&"ystal pH 7.0 6.0 7.0 7.0

solution st:?\rted to clarify_. Monoclinic cr)_/stals formed within a week. *Reym= 2l = (/= (1) 1y is the scaled intensity of thieéh symmetry-
To obtain ferrous unligated myoglobin crystatgjuometMb crystals  rejated observation of reflectiamand (), is the mean value.
were reduced by soaking in a nitrogenated solution containing 50 mM

sodium dithionite, 70 mM KP(pH 7.0), and 70% saturated AS. A marked

color change was observed, indicating that reduction had taken place. Tbhe anti-bumping restraints were only applied during the first few steps of
obtain MbCO crystals, crystals of unligated Mb were soaked in a solutionsHeLxL refinement and then released. The heme group was parametrized
pressurized with CO te-50 bar. In the case of MbQcrystals, reduced  using the mean values of the CSD analysis mentioned above (Frazao et al.,
unligated crystals were rinsed in a solution of 50 mM, KPpH 7.0, 70%  1995). The Q ligand was first restrained to the EXAFS values (Powers et
saturated AS, 10% glucose (w/v), and 10% sucrose (w/v), transferred intal., 1984). The restraints on the heme and ligand were gradually removed,
a pressure chamber, and exposed to 100 bar,db030 min at 4°C. For  and the final stages of refinement restrained only the bond length and bond
both gas ligations the pressure was released over a perio8®6 and the  angles of the two propionic acids. Attempts to remove more restraints in
crystals were flash-cooled in liquid nitrogen within 1 min; it is possible that the structure resulted in an unacceptably large number of significant
due to expansion cooling the crystals froze at a pressure higher thadeviations from accepted values. Diffuse solvent modeling using Babinet's
atmospheric. Data were collected at beam line X12C at the Nationaprinciple was applied. In parallel with further solvent and protein side-
Synchrotron Light Source using a MAP image plate detector and processeehain remodeling, the resolution was increased to 1.0 A. With the disorder

with the HKL suite of programs (Otwinoski and Minor, 1996). still modeled isotropically, theR-factor dropped to 19.2% anB.. to
22.3%.
At this stage, the @ligand was modeled into a peanut-shaped density
Refinement next to the iron. An anisotropic model for Debye-Waller factors was

gradually accepted for ordered solvent and the protein, except for the heme,
The MbG, data extend to the highest resolution of the four data sets (1.00, ligand, proximal, and distal histidine atoms. The differefige— F.
A) and provide the most complete and redundant data (Table 2). Refineelectron density map revealed a very strong positive ring around the iron
ment of this data set was used as a template for all other complexes aratom in the heme plane, clearly suggesting an anisotropy of the iron
formed the basis for difference refinement. The 1.5-A-resolution structurehermal motion. All atoms of the heme ,@gand, and proximal histidine
of sperm whale MbCO (Kuriyan et al., 1986) was used as a starting modelvere visible as single peaks and were therefore modeled anisotropically at
for the refinement with the programpLor (Bringer et al., 1986), with the  this stage.
CO and solvent molecules omitted. Several steps of simulated slow-cool The distal histidine is not well-ordered, exhibiting high elongation of
annealing (Brager et al., 1990) were performed, followed by model the electron density along the plane of the imidazole ring. The density is
rebuilding using the graphics program(Jones et al., 1991). The annealed not consistent with a 180° rotamer state abgut(Oldfield et al., 1991,
slow-cool protocol T = 4000 K) was used to calculate unbiased omit maps Jewsbury and Kitagawa, 1994), which would result ifygointing to the
of the heme pocket environment and other parts of the protein. We used thaside of the pocket. However, it can be modeled either by a single distal
results of a Cambridge Structural Database (CSD) search of porphyrihistidine side chain with highly anisotropic Debye-Waller factors (see Fig.
fragments (Frazao et al., 1995) to modify the param19x.heme parametefy or, alternatively, by two conformations of the side chain with isotropic
for xPLOR in @ way analogous to Engh and Huber (1991). Additionally, the Debye-Waller factors. Both cases result in identiegl, values.
Fe—N,orphyrin distance restraint was suppressed. After inclusion of 172  Double conformations were observed for the side chains of 23 residues
solvent molecules and modeling of the thermal motion by individual and 7 water molecules. The occupancies of all partial conformations were
isotropic Debye-Waller factors, thB-factor was 19.9% andR;.. was refined, as well as the occupancy of the l@and. These occupancies are
23.8% for data between 10.0 and 1.5 A. This model was further refinedGlu-4 (57/43), GIn-8 (57/43), GIn-26 (65/35), Arg-31 (58/42), Glu-41
using conjugate gradient minimizationsReLxL (Sheldrick and Schneider, (51/49), Lys-47 (68/32), Lys-56 (53/47), Leu-61 (66/34), Lys-63 (59/41),
1997). For this stage of refinement, the working set of measured intensitieslis-64 (50/50), GIn-91 (53/47), Lys-96 (55/45), Glu-109 (66/34), Leu-115
and their estimated standard deviations were used in the minimizatio52/48), His-116 (54/46), Arg-118 (52/48), Asp-126 (66/34), GIn-128
formula with the standardHeLxL weighting schemeR;, .. was calculated  (56/44), Glu-136 (57/43), Phe-138 (51/49), lle-142 (67/33), Tyr-146 (51/
from the reference reflection set after each roundsifLxL refinement.  49), Tyr-151 (50/50), and Oligand (100). One round of occupancy
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FIGURE 1 Stereo view of the finalR2

— F. electron density map of the MBO
complex (2.5¢ level) with the single-his-
tidine model 6olid line) and a previously
determined structure (1MBO; Phillips,
1980;dashed ling superimposed. For clar-
ity, the density has been drawn only
around the heme, proximal and distal his-
tidine, and the newly observed density
peaks near pocket modeled as W189 and
W190. The position of a previously re-
ported water molecule in the pocket, la-
beled WO, has no density in our structure
and is likely due to a population of unli-
gated Mb in the earlier structure.

refinement for solvent molecules was performed, then the occupanciesnces appeared at the ligand binding site and in the hydration network on
were fixed at the resulting values until the end. Protons cannot be visualthe solvent side of the distal histidine. In the case of MbCO there were also
ized from our data. The final refinement statistics are listed in Table 3. differences reflected in alternative conformations of Arg-45, Phe-46, and
For the remaining three complexesquometMb, unligated Mb, and  the distal histidine. Otherwise, the model remained qualitatively equivalent
MbCO) the solvent network and side-chain conformations were alteredor all four complexes. Fig. 2 shows electron density maps (both final and
from MbO, only where the density clearly indicated differences. Differ- omit) and models of the active site of myoglobin in the four ligation states.

TABLE 3 Final refinement statistics

MbO, MbCO aquometMb Unligated Mb
Final refinement with experimental weighting
Resolution (A) 8.0-1.0 8.0-1.15 8.0-1.1 8.0-1.15
R* (%) 11.9 12.4 12.8 11.9
(%) 15.9 16.9 16.5 15.7
r.m.s. bond distance dev. (A) 0.019 0.017 0.017 0.017
r.m.s. angle dev. (°) 0.036 0.036 0.035 0.034
Ar (A) 0.05 0.07 0.07 0.06
r.m.s. ofF, — F. map @A3) 0.07 0.06 0.07 0.06
Bayesian-weighted refinement
R* (%) 12.2 12.6 13.0 121
(%) 15.8 16.8 16.4 15.3
r.m.s. bond distance dev. (A) 0.016 0.015 0.016 0.015
r.m.s. angle dev. (°) 0.034 0.033 0.034 0.033
Ar* (A) 0.05 0.05 0.06 0.05
r.m.s. ofF, — F. map @/A3) 0.05 0.04 0.04 0.04
Bayesian-weighted difference refinement
R* (%) — 12.7 131 121
Reayes (%) — 8.9 8.7 8.2
r.m.s. bond distance dev. (A) — 0.015 0.017 0.016
r.m.s. angle dev. (°) — 0.033 0.034 0.033
Ar* (A) — 0.05 0.05 0.04
r.m.s. of F, — F. map @A3) — 0.03 0.03 0.03
mean B-factor (&)
solvent 21.8 27.5 22.6 24.6
all protein 11.0 16.2 13.4 13.3
main chain 9.4 13.1 10.6 11.8
heme 9.1 134 9.8 12.3
ligand 11.3 13.0 9.7 21.2
Fe 6.9 11.4 7.8 9.9

*R=Z|F, — Fy//Z, F,, whereF, andF are the observed and calculated structure factor amplitudes for refléctiste used all reflections and a
low-resolution limit d 8 A for this calculation.

#Ar is an average radial error of atomic position as estimated by a Luzatti plot (Luzatti, 1952).

§RBayeswas calculated aR, except the Bayesian-weighted difference structure factors were used. It is not directly comparaBlesinitle the correlated
residuals were subtracted.
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proximal
histidine

C

FIGURE 2 The final &, — F_ electron density maps in the ligand binding area atdll@&vel (eft) and the simulated annealing orfif — F. difference

electron density mapsight) for distal histidine and the ligand at thes3evel for (A) aguomeiMb, (B) unligated Mb, C) MbCO, and D) MbO,. Simulated

annealing to 3000 K was performed with the distal helix and central heme area (including a 3-A surrounding) omitted from the model. Occupancies of the
model that differ from unity are indicated in percent. The small density peak at the ligand site of the “unligated” Mb structure corresponds to a 30%
aquometMb contamination, as noted in the text.

The difference=, — F. map of unligated myoglobin revealed a residual better estimates of thdifferenceetween pairs of structures except where
positive peak at the site of tlemjuometMb ligand water (see Fig. B). An the data demand differences. To this end we used Bayesian difference
alternative conformation of the distal histidine with a geometry identical torefinement, in which an estimate of the correlated error between a “refer-
that inaguometMb was needed to fit the density. This indicates a partial ence structure” and a “variant structure” is subtracted from the data before
oxidation of the heme to the ferric estate. This effect was treated by refinement and in which information about the residuals is used in deter-
adding a fixedaquometMb structure to the unligated model. This approach mining the weighting (Terwilliger and Berendzen, 1996b). The Mbéxa
resulted in a lowerR;.. by 0.7% as compared to the model with no offered the best resolution and redundancy, so we selected this as our
aquometMb part and 0.3% compared to the case where only the distakeference structure. Bayesian difference refinement of the remaining struc-
histidine and ligand water chquometMb were modeled. Several tests tures was carried out with weights and data calculatedignvy as
varying the occupancy ratio between the two parts of the structure resultethentioned above. The correlation coefficient between reference {MbO
in an estimate of 20—40%gquomeiMb contamination. Finally, the 70% and variant structure model errors were 0.72, 0.73, and 0.76, for unligated,
unligated myoglobin and 30%&quometVb model was accepted, as it gave MbCO, andaquometMb, respectively. Bayesian difference refinement
the most favorable fit of the density peak at the ligand binding site. Theproduced similar r.m.s. deviations from ideality and markedly lower r.m.s.
aquometMb contamination of the unligated Mb structure contributes sig- differences among structures, and these were accepted as final. In order to
nificantly to the larger uncertainty estimates for this state. obtain the estimated standard deviations of all refined parameters, a cycle

At the last stage of the independent refinements, Bayesian weightingf full-matrix least-square refinement with no shift of refined parameters
was implemented. Bayesian weights based on the mean-square residweds applied to the final models.
errors were calculated on structure factors by the progremry (Terwil- The measured intensities, final coordinates, and anisotropic Debye-
liger and Berendzen, 1996a). These were transformed back to intensitie&/aller factors have been deposited at the Protein Data Bank. The entry
via first-order expansiono(F%) = 2F - o(F)) for the final step ofsHELXL names are 1A6G, 1A6M, 1A6N, and 1A6K for MbCO, MpQunligated
refinement; negative intensities were discarded from the refinerReartd Mb, andaquometMb, respectively.

Riee Were calculated from the original work and reference data sets, respec-

tively. The subsequergHeLxL refinement (Sheldrick and Schneider, 1997)

resulted in a slightly betteR; . with lower bond and angle distance root- RESULTS
mean-square (r.m.s.) deviations from the target values, as listed in Table 3.

It has been demonstrated that independent refinement of structures wiReference structure: MbO,
highly correlated errors in the atomic models (such as would be caused b L .
failure to include, e.g., a few solvent molecules) can lead to exaggeratiog/rhe crystallographic literature on M@ not as extensive
of the differences between them. We used a refinement strategy that makés that for MbCO. Of the five Mb©structures deposited at
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the Protein Data Bank (Bernstein et al., 1977), only oneexcept in xenon binding studies where these are the two
corresponds to native sperm whale with iron in the hemenost highly occupied binding sites (Tilton et al., 1984;
center. The other structures are mutant proteins or have @auer et al., 1997). Because the crystals of the MbO
cobalt ion in the heme center and represent a broad scale obmplex have been prepared at highe&ncentration (100
experimental conditions, refinement techniques, temperabar), we believe it is likely that these peaks are not due to
tures, and crystal environment (Table 4). The most directvater, but rather to molecular oxygen that was trapped
comparison that can be made is to the native Mi@ay inside the protein by freezing after the pressure was released
crystal structure determined to 1.6 A resolution by S.E.V.quickly. The electron densities at these sites are consistent
Phillips (1980). Overall, the two structures are very similar,with oxygen molecules with some amount of rotational
with an r.m.s. deviation of 0.22 A for main-chain and 0.51 disorder.
A for all protein atoms. The proximal histidine is nearly at
the same position in both structures. When the distal histi-
dine is modeled by.a s_lngle_ conformation (with highly Overall differences among ligation states
elongated thermal ellipsoids) it converges to the same con-
formation for both structures (see FigD) with only 0.14  The influence of refinement strategy on the differences
A r.m.s. deviation. The Qligand makes an angle of 58° between various Mb ligation complexes can be seen in the
with the mean heme plane in our structure. This is consistergxample of MbQ and MbCO listed in Table 5. While two
with the previous determinations that show angles in theprevious independent structure determinations of the MbCO
range 58-69°. and MbQ, complexes find 0.57 A r.m.s. deviation for all
However, there are important local differences. Theprotein atoms, we find a difference of 0.28 A after aniso-
structures differ significantly in the iron position, namely a tropic sHeLxL refinement and only 0.17 A after Bayesian
0.19-A out-of-plane deviation in the older structure versusweighted difference refinement. We observe an excellent
0.089 A in our structure. This discrepancy is much largercorrelation between data statistics and r.m.s. differences in
than would be expected from the uncertainties in the indistructure (Table 6). The smalleRf,q4c(@n estimate of the
vidual iron positions. We find no water molecules in the differences between two data sets, including errors) between
ligand-binding pocket in Mb@ unlike the previous deter- two data sets is 9.6%, which is only slightly larger than the
minations in wild-type MbQ (Phillips, 1980) and in the 8.0% r.m.sRy, value (an estimate of the errors).
Asp-122—Asn mutant MbO(Quillin et al., 1993) (see WO Consistent treatment of both samples and data and appli-
in Fig. 1). Significantly, these are also the only two of the cation of the advanced statistical methods mentioned in the
six MbO, structure determinations in the literature that find Methods section has yielded a set of complexes with ex-
the iron atom out of the heme plane, suggesting an incomeeptionally low r.m.s. differences between the final models:
plete G, occupancy and partial occupancy of unligated Mbthe largest difference is 0.19 and 0.27 A for main-chain and
in those two structures. all side atoms, respectively, for MbCO versus unligated
A distinctive difference from previous results is also myoglobin. The highest r.m.s. deviations in our study are
visible in the electron density near the heme pocket. Ther¢those of unligated myoglobin from all the other ligation
are two very well-ordered regions of density, one adjacenstates. The lowest r.m.s. deviations were observed between
to the heme on the proximal side and one on the distal sidaqguometMb and MbQ, states. A similar comparison of
near Leu-29, that can be modeled as water molecules (lanoderate- or high-resolution structures available in the Pro-
beled W189 and W190, respectively, in Fig. 1). Eventein Data Bank, from different crystals, experiments, x-ray
though the side chains close to the new density peaks hawssurces, refinement techniques, etc., resulted in r.m.s. devi-
very similar conformations in the other structures listed inations of 0.2—0.3 A for main-chain and 0.5-0.7 A for all
Table 4, neither of the two peaks has been observed beforprotein atoms. This suggests that the independently derived

TABLE 4 Some MbO, structures determined by diffraction methods

PDB Year Protein pH Sp.group Source Res., A Refinement R, % Temp., K
1MBO 1980 native MbQ 8.4 P2 X-ray 1.6 LS (Jack-Levitt) 15.9 261
XXXX* 1981 native MbO, 8.4 P2 neutron 15 LS (Jack-Levitt) 18.8 268
2SPN 1992 mutant L29F, D122N n.a. P6 X-ray 1.7 ESAfFFT) 16.6 n.a.
2MGM 1993 mutant D122N n.a. P6 X-ray 1.9 mol. dyRr:=RLOR) 15.0 n.a.
1ILTW 1996 mutant L29W, D122N 9.0 P6 X-ray 1.7 mol. dyr:-FLOR) 15.8 295
1YOl 1996 cobalt MbQ n.a. P2 X-ray 1.7 mol. dyn. X-PLOR) 16.2 295
This work 1998 native Mb® 7.0 P2 x-ray (SR} 1.0 LS GHELXL) 12.8 100

1MBO (Phillips, 1980); XXXX (Phillips and Schoenborn, 1991); 2SPN (Carver et al., 1992); 2MGM (Quillin et al., 1993); 1LTW (Carver et al., 1992);
1YOI (E. A. Brucker, J. S. Olson, G. N. Phillips, Jr., Y. Dou and M. Ikeda-Saito, High-resolution crystal structures of the deoxy-, oxy-, and agownet-f
of cobalt myoglobin, to be published).

*The data for this structure have not been deposited in the Brookhaven Protein Data Bank.

#SR: Synchrotron Radiation.
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TABLE 5 R, Ry, and r.m.s. differences between MbCO and view of the wide range of results on the ligand geometry in
MbO, in the course of the refinement MbCO.

r.m.s. The CO ligand also shows peaks for individual atoms.
differences,  However, their occupancy converged to 73% and noticeable

R, % Rieer % A extensions of the density are visible (see Fi)2The iron

Step MbO, MbCO MbQO, MbCO main all is in the plane of the heme, which would indicate it is
1IMBO X IMBC* 159  17.1 021 o057 unlikely that the missing 27% of the CO density could be
this refinement explained by the presence of unligated Mb. However, the
X-PLOR’ 199 217 238 254 014 044 data are consistent with the presence of a weakly occupied
SHEL isotr. 189 213 222 246 015 022 CQ conformation not included in our model. More hints as
SHEL anis. 119 124 159 169 012028 44 e nature of this conformation can be seen in the residual
SHEL baywght. 12.2 12.6 15.8 16.8 0.12 0.28 . .
sHEL baydiff. 129 127 158 012 o017 Peaks that show up at low level in anF, — F, difference

) — electron density map on the final anisotropically refined
*A comparison of existing structures from the PDB, 1MBO for MpbO del. Th t fth idual K Id t
(Phillips, 1980), and IMBC for MbCO (Kuriyan et al., 1988,.,wasnot ~ 'MOUE!. 1N€ geomelry of these residual peaks would Sugges

monitored for these structures. that the “missing” minority conformation is bent at a very
#Only 105 waters were included in the MbCO model during this round, Similar angle to the majority, but displaced slightly in the
versus 180 for the others. general direction of the distal histidine. Consistency of

SSeveral ?(i‘sordered rgsiduefs V\I/Iere char(]jgf(fe_d tlo Ala in this round of refiner_-e_C distances would require shifting the heme to model
ngzn;vislnt?meccrjglzgferrllscoens(t)ruituar?ns]z tr:el(;gf:.nement did not change anEhIs conformation, S|m||ar_ ,to what is seen in the, pH 4
these values are the same as for the Bayesian-weighted refinement. ~ Structures (Yang and Phillips, 1996). However, since at-
tempts to include a second conformation did not produce
stable refinements, it was not included in our final model.
We observe a deviation of only 18 3° from the normal
structures in the PDB may have overestimated the size gif the heme plane for the majority conformation of the CO
structural changes accompanying ligation for atoms fafigand. This contrasts with previous structures of MbCO
from the active site by more than a factor of two. Compar-using the monoclinic crystal form, which find angles of

ison of the four structures shows that there are few signif3g_gp° (Kuriyan et al., 1986; Cheng and Schoenborn,

icant differences outside the region of the ligand binding1g9g7: Yang and Phillips, 1996). The CO deviation from the

pocket. Significant differences are discussed in detaiheme normal in our structure is formed equally by a 9° tilt

below. of the Fe—C bond and a 9° bend of Fe—C-O. In contrast,
MbO, has a tilt angle of only 0.3°.

Ligand binding area and ligand geometry

To obtain an unbiased view of the ligand binding area Wepoximal and distal histidines
calculated simulated annealed omit maps withLor
(Bringer et al., 1990), a procedure common for medium- toThe geometry of the proximal histidine with respect to the
high-resolution data but not standard for atomic resolutiorheme is, to within experimental uncertainty, the same in the
data. Features near the ligand obtained when omitting aMbO, and MbCO structures. In the unligated structure, the
atoms of the proximal and distal histidines, the ligand,Fe—N bond distance is larger and there is 2.4° more tilt off
within a shell ¢ 3 A around the ligand, and the porphyrin axis, but the azimuthal angle is not significantly different.
nitrogens, are shown in Fig. 2. The density of the ferricAzimuthal differences in the proximal histidine between
aquometMb structure is the easiest to interpret. There areprevious ferrous Mb structures seem to have been exagger-
no multiple conformations in the ligand binding area (Fig. 2ated by independent refinement by different methods.
A). In contrast, the ferrous complexes exhibit more compli- The variability of the distal histidine position within the
cated electron densities and require a detailed description ekt of four ligation complexes is significantly higher than
possible interpretations. the mean r.m.s. deviation of the whole protein. Higher
Particular care was devoted to modeling the ligand denresolution than previous structures and clear densities asso-
sity for all ligation states. There is no doubt about a singleciated with hydration allows us to rule out 180° rotamer
binding geometry of the ©molecule, because it appears states abouy, of the distal histidine (Oldfield et al., 1991)
clearly as two separate peaks of electron density (see Fig.f2om being occupied to any significant degree. The multiple
D). The ligand occupancy was refined freely at the lastconformations of the distal histidine that we see (with the
stages and stayed at 100%. The l@and is bent signifi- exception of the swung-out conformer in MbCO associated
cantly from the heme normal. The deviation is formedwith a doubly protonated imidazolate) are all the rotamer
predominantly by the Fe—O-O bond angle and the tilt ofwith N€ on the inside of the protein (in the binding pocket)
Fe—O from the heme normal (see Table 7). The consistencgnd N’ pointing out toward the solvent and communicating
of the G, ligand conformation in our structure and all with a complex hydration network consisting of Arg-45,
previous crystallographic determinations is remarkable inrThr-67, and individual solvent molecules. There are signif-
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TABLE 6 Data and model differences upon ligation

DataR-factors,* % Model r.m.s. differencésA

aquometMb MbCO MbO, unligated Mb aquometVib MbCO MbO, unligated Mb
aquometvib — 13.2 9.6 11.7 — 0.13 0.09 0.15
MbCO 7.5 — 11.7 16.8 0.21 — 0.11 0.19
MbO, 7.3 8.2 — 14.0 0.16 0.17 — 0.15
Unligated Mb 7.1 8.0 7.8 — 0.25 0.27 0.23 —

“The r.m.s. deviations were calculated after superimposing fhat@ns of a whole protein for the two particular ligation states. The values above the
diagonal correspond to main-chain atoms, below the values diagonal to all-protein atoms.

*The values below the diagonal correspond to the geometric mean value R thef two data sets, above the diagonal to tij,4. The unligated Mb

data set is thought to be 30&guometMb-contaminated.

icant differences in the hydration on the solvent side of theesent two different possible connectivities of the hydration
distal histidine near RN network.

aquometMb is the only state that shows a distal histidine In the ferrous ligation states the density of the distal
in a single well-ordered conformation. This conformation ishistidine is significantly more disordered and the tautomer
stabilized by hydrogen bonds between the ligand water andssignments are less clear. After correction for 30%
N€ on the pocket side and betweef adhd a fully occupied aquometMb contamination, unligated myoglobin shows
sulfate molecule located on the solvent side. Since sulfate @vo well-separated conformations of the distal histidine
pH 7.0 can only serve as an electron donor to this hydrogewith equal occupancies, one at the same position as in
bond, this indicates that the distal histidinesdiguometMb  aquometMb and one protruding much further into the
is fully in the HN® tautomer. However, the sulfate ion shows pocket. In the inward conformation, the distal histidine is
a 60/40 mixture of two conformations that apparently rep-hydrogen-bonded to a water molecule (the N H,O dis-

TABLE 7 Heme, ligand, and histidine geometries

MbO, MbCO aquometMb unligated Mb

Ligand*

QOccupancy (%) 100 70 (10) 100 70 (10)

IR 2% (%) 57 (1) 18 (3)

bend 28 (°) 122 (1) 171 (3)

Tilt 27 (°) 0.3 9.0 6.8 30.6

Fe—C (A) 1.81 (1) 1.82 (2)

c—0 (A) 1.24 (2) 1.09 (2)

Fe—O (A) 2.68 (2) 2.91 (2) 2.13 (1) 3.53 (5)

C—distal His N2 (A) 3.07 (3)/3.02 (2) 3.42 (3)/3.18 (8)/6.95 (7)

O—distal His N (A) 2.96 (3)/2.67 (2) 3.16 (4)/2.74 (8)/6.58 (7) 2.67 (2) 3.89 (5)/2.76 (4)
Heme

Fe—(N, plane (&) —0.024 (6) —0.001 (9) —0.106 (7) —0.363 (11)

Fe—heme plang(A) —0.089 (3) —0.048 (5) —0.138 (4) —0.390 (6)

(Fe—N,) (A) 2.01 (2) 1.98 (2) 2.03 (2) 2.07 (3)

(N—Np) (A) 2.84 (2) 2.81 (3) 2.87 (2) 2.89 (3)

plane doming (°) 1.0 1.8 3.1 3.0
Proximal histidine

Fe—N2 (A) 2.06 (1) 2.06 (2) 2.14 (1) 2.14 (2)

Tilt 27 (%) 3.4 3.4 2.4 5.8

dihedral NA—Fe-N*-C* (°) 1.9 (1.4) 0.2 (1.7) 8.6 (1.5) 2.7 (2.0)
Distal histidine

xa (©) —174 (2)-178 (2) —157 (2)~166 (3)90 (4) —170 (2) —156 (3)~178 (3)

Xz (©) 67 (3)/61 (3) 61 (3)/58 (7)/72 (5) 64 (2) 68 (4)/64 (4)

xz (©) —178 (2)~175 (2) =179 (2)/179 (2)+179 (2) -178 (1) —179 (2)~179 (2)

Occupancy (%) 50/50 60/20/20 100 35135

Multiple entries refer to alternative distal histidine conformations. Angle brackets indicate a mean value averaged over several atoms.tgte estima
standard deviation values are listed in parentheses.

*For the MbGQ, structures, the equivalent positions for apli@and are listed. For thaquometVib and unligated Mb these entries refer to water molecules

at the active site.

“The IR angle lies between the-80 bond (or @0 bond) and the normal to the mean heme plane.

5The bend angle is between the iron, the nearer ligand atom, and the farther ligand atom.

The tilt angle lies between the line Fdigand and the normal to the mean heme plane.

IA 30% occupancy fixed distal histidine conformation has been subtracted. This conformation, correspoadimgnetvib contamination, is identical

to the first entry in the table.
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tance is 2.8 A) that sits near the “docking site” in the pocket45, and disorder of the heme propionic acid and its hydra-
where carbon monoxide has been shown to go after phototion pattern further support the identity of this substate with
ysis at low temperature (Schlichting et al., 1994). the conformer observed at full occupancy at pH 4. This

The electron density of the distal histidine in MbCO is substate is doubly protonated, based on theyafue of 4.6
strongly elongated in the plane of the imidazole. It can beof the distal histidine (Wilbur and Allerhand, 1977; Fuchs-
modeled either as one conformer with highly elongatedman and Appleby, 1979). In refinement, the occupancy of
thermal ellipsoids or as two histidine conformers. We ex-this conformation converged to 20%. The uncertainty in the
clude the single-conformer model for steric reasons, bedistal histidine occupancies is10%.
cause the carbonyl oxygen atom would be too close to the The electron density of the distal histidine in Mp@&
histidine in the middle of the required range. Refinement ofalso strongly elongated in the plane of the imidazole. In
the two-conformer model yielded conformers with distancescontrast to MbCO, in MbQthe single-conformer model is
from the ligand oxygen atom to the distal histidined 3.2  not excluded by steric interference with the ligand. Refine-
A and 2.7 A and occupancies of 60% and 20%, respectivelyment of a single-conformer model leads to extended thermal
The distance for the majority conformation is slightly longer ellipsoids in the plane of the histidine side chain, and a 2.8
than would be expected if a hydrogen bond were presenf\ distance from N to the terminal oxygen of § as has
The electron density of the hydrogen-bonding partner df N been seen in neutron diffraction studies (Phillips and
appears to be more consistent with a water molecule than &choenborn, 1981). However, we prefer the two-conformer
sulfate as imquometMb. Neutron diffraction data on deu- model because spectroscopic results on MisBow two
terated MbCO (collected from the same crystal form atdistinct O-O stretch bands at neutral pH that reflect differ-
room temperature and pD 5.7) also find a water molecule irent electrostatic interactions with the surroundings (Tsubaki
this position with a fully occupied HNtautomer (Cheng and Yu, 1981; Potter et al., 1987; Jeyarajah et al., 1994;
and Schoenborn, 1991). There is no inconsistency betweeétiller and Chance, 1995). Nothing else nearby in the struc-
the absence of the sulfate and the presence of thé HNure (including the Qitself) shows multiple conformations
tautomer, since there are significant differences in the distahat could be associated with these bands. Refinement of the
histidine position between MbCO aradjuometMb (r.m.s.  two-conformer model in Mb@leads to equal occupancies
difference 0.52 A) and around Arg-45 that may preventfor the two distal histidine conformations. The first con-
binding of sulfate. We revisit the question of tautomerformer forms a 2.7-A hydrogen bond fronf b the termi-
assignments for these conformations in the Discussiomal oxygen of Q. The second conformer is identical to the
section. single conformer seen iaqguometMb and the distance to

In the last steps of the refinement of MbCO, a third the terminal ligand atom is 3.0 A, suggesting a weaker
conformation of distal histidine was observed in the differ-interaction with the @ The precise assignment of the
ence electron density map (see Fig. 3) at a site nearlgensity at the hydrogen-bonding partner of Halnot clear.
identical to the swung-out conformation observed in a dif-The electron density peak is slightly too strong and non-
fraction study of MbCO at pH 4 (Yang and Phillips, 1996). spherical to fit a single water molecule, and a pair of
The presence of alternative conformations for Phe-43, Argdisordered water molecules does not fully match the den-

FIGURE 3 Stereo view of the
F, — F. electron density map in the
ligand binding area of MbCO at 14/
level showing the “swung-out” con-
former of the distal histidine.
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sity. We believe that there may be a combination of aand the proximal and distal histidines. There are significant
disordered sulfate and a water molecule, each correspondirttifferences in hydration on the solvent side of the distal
to one partially occupied histidine side-chain orientation,histidine near R, as mentioned in the discussion of the

although we did not include this model in our final refine- distal histidine.

ment. A neutron-diffraction structure of deuterated MbO In MbCO, the solvent network near the heme propionic
(collected from 2 crystals at 268 K at pD 8.4) indicates thatacid is disturbed in the conformation with the swung-out
the proton is on N(Phillips and Schoenborn, 1981) but the distal histidine. Two solvent molecules (W24, W149) have
likely presence of a hydrogen-bonded sulfate in our datalouble conformations in MbCO that have not been seen in
would indicate partial occupancy of the Hautomer. other neutral-pH structures, but are identical to those ob-
served in the low-pH study (Yang and Phillips, 1996).

Our MbCO and MbQ@ complexes have no water mole-
cules inside the heme pocket, with the possible exception of
When comparing the structures of the four complexes prethe W189 density at the proximal xenon binding sites in
sented here it is noticeable that the heme itself shifts. TMbO, mentioned earlier. ThaquometMb complex and the
estimate these shifts upon ligand binding, we aligned theinligated state do have water in the distal pocket that
backbone atoms of the structures to each other, then estiirectly interacts with the distal histidine via a hydrogen
mated the shifts using the 28 central atoms of the hem&ond (Takano, 1977a, b), but we do not see evidence for two
(removing from consideration the iron, propionic acids, andwater molecules in the pocket in either of the latter ligation
vinyl groups). states. Spectroscopic studies of the C-O stretch bands indi-

The shifts are relatively small, although well outside thecate there are likely to be small differences in the structure
noise. The r.m.s. deviations between the heme atoms of theear the CO between physiological temperatures and frozen
ligated states arec0.15 A, whereas the deviations betweensolution, although these seem primarily due to changes in
ligated and unligated states range from 0.25 to 0.31 A. Théhe protonation of His-97 (Mier, 1997) and may be too
relative shifts of the heme with respect to unligated Mb insmall to be visualized in structures of less than atomic
the internal molecular coordinate system are listed in Tablgesolution. There may also be changes in the hydration shell
8. The largest component of the shift is approximately in theupon crossing the water-ice transition.
direction of the “D” pyrrole ring, which lies roughly per-
pendicular to the plane of proximal histidine and (more
crudely) in the direction of the distal histidine. The compo-
nent of shift in this direction is 0.23 and 0.21 A for MpO
and MbCO from the unligated state, respectively. Shifts inResults from EXAFS experiments are characterized by con-
the direction perpendicular to the heme plane range fronsiderable precision, although it is known that EXAFS anal-
0.07 to 0.15 A from the unligated state toward the proximalyses that do not include the effects of anharmonicity can
side. show systematic errors (Crozier et al., 1988). We compared
the Fe-neighbor distances and uncertainties with those ob-
tained by EXAFS. As mentioned in Methods, we refined the
positions of the iron atom, central heme atoms, and ligands
Differences in the solvent network observed between variwithout geometric restraints. As one can see from the esti-
ous complexes in previous studies have been linked tgnated standard deviations listed in Table 9, the precision of
different data processing and refinement strategies (Phillip1e atomic resolution x-ray data matches that of EXAFS
and Pettit, 1995). To avoid this problem, we carefully ana-studies.
lyzed the hydration of the reference MpEomplex first and All values for MbO, agree within one sigma. The EXAFS
then checked for differences in the other structures; 185 offata give two alternatives for the calculated @ientation,

190 observed waters are common to all four structures. Alnd the bent structure (Powers et al., 1984) fits our data. In

observed changes are limited to the proximity of the hemdhe case ohquometMb, the distances from the distal his-
tidine and porphyrin ring nitrogens to the iron atom match

the EXAFS data to within one sigma. However, in our data
the water in theaquometstate is 0.25 A further away from
the iron, a discrepancy well outside experimental uncertainties.

Heme position

Comparison with EXAFS results

Hydration

TABLE 8 Heme shift relative to unligated Mb

Shift, A Serious disagreements were also observed in the MbCO

X y z Residual, Arm.s. complex for the Fe-C distance (five estimated standard

agquomeiVb 0.23 0.02 0.13 0.063 d_eV|at|ons) and proxmql—mstldm.e—yo—Fe d!stance (four es-
MbCO 0.21 0.09 0.07 0.066 tlma}ted §tandard dewgnon_s). It. is interesting that our data
MbO, 0.13 0.03 0.15 0.066 deviate in the opposite direction from the neutron data

The coordinate system used here has the origin at the iror;akis points ((?_heng and Schoenborn, 1991)' Those distances were SIg-
toward ND of the pyrrole ring, thej-axis approximately in the NC  Nificantly Ior_1ger than the ones pregented_ h-er.e, 212 and.2-26
direction, and the-axis out of the plane toward the proximal histidine. A for the ligand-to-Fe and proximal-histidine-to-Fe dis-
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TABLE 9 Comparison with distances from EXAFS

MbO, Structure MbCO Structure aquometMb Structure Unligated Mb
This work EXAFS This work EXAFS This work EXAFS This work EXAFS
Fe—ligand (A) 1.81(1) 1.80(2) 1.82(2) 1.93(2) 2.13(1) 1.88(2) — —
(Fe—N,) R) 2.01(2) 2.02(2) 1.98 (2) 2.01(2) 2.03(2) 2.04 (2) 2.07 (3) 2.06 (2)
Fe—N<2 (A) 2.06 (1) 2.06 (2) 2.06 (2) 2.20(2) 2.14 (1) 2.11(2) 2.14 (2) 212 (2)

EXAFS data are from Powers et al., 1984. Bold entries indicate disagreement.

tances, respectively. Analysis of mean-square displacemeagreement the three resulting tensors describe the character
amplitudes obtained in small-molecule crystallography ha®f the protein disorder.
shown that Fe-C distances in metal carbonyls can differ We performed Schomaker and Trueblood rigid-body dis-
between neutron and x-ray refinement and between isotrarder analysis for the heme, proximal (F), and distal (E)
pic and anisotropic refinement (Braga and Koetzle, 1987helix using the program packageaton (Spek, 1992) on
1988). It may be that there are systematic errors in thelata fromaguometMb. The equivalent analysis with MO
EXAFS analysis due to significant anharmonicity in the data resulted in qualitatively similar results. Only main-
Fe—CO and Fe—Nbonds in MbCO. However, the EXAFS chain atoms C, CA, and N were used to define the helices
results are an average over all conformations, while ouand only planar atoms were used for the heme.
refinements only account for 73% of the CO occupancy. It As shown in Fig. 4, the agreement of the observed aniso-
is possible that the conformations not represented in outropic disorder with the rigid-body model is good in the case
refinements have longer Fe—CO and Fé-distances, al- of the heme and the proximal F helix, which suggests that
though the very long distances this model would imply (2.2they may indeed move as approximately rigid bodies. Al-
and 2.5 A, respectively) make it unlikely that this is the only though its average disorder is smaller than that of the
effect that comes into play. proximal F helix, the anisotropic disorder of atoms in the
distal E helix is less well described by a rigid-body model.
It seems to suggest that this helix may flex and unfold rather
Rigid-body analysis of anisotropic than move as a single group. This appears to conflict with
Debye-Waller factors conclusions of an NMR study of collective helix motion in
cyanometmyoglobin (Tolman et al., 1997), in which an
The anisotropic analysis of atomic disorder which is en-gnajysis based on differences between calculated and ob-
abled by the availability of high-resolution data and by theggryed dipole couplings concluded that both the proximal
capabilities of a refinement program suchsasix. allow  ang distal helices were described within experimental un-
additional questions about the dynamics of the molecule tQertainty by a model using motion of rigid helices on a cone.
be addressed within the framework of a harmonic descripThe translation and libration tensors are listed in Table 10
tion. More or less sophisticated analyses can be made abogfq represented graphically in Fig. 5. The two largest trans-
correlations in atomic disorder (and therefore presumablystional modes of the heme are nearly in-plane, with eigen-
rigidity) among any groups of atoms in the protein. Corre-yajyes more than twice as high as the out-of-plane direction.
lations in disorder of parts of small molecules can be rig-it is interesting to note that these translation vectors lie
orously elucidated from the anisotropic displacement pagpproximately along the direction seen for heme displace-
rameters by analysis of thematrix (Dunitz et al., 1988), N ments between the deoxy and ligated states. The preference
which calculations are made of differences in the compojp, |iprational movement is not as strong, but the librations

nents of anisotropic displacement parameters of two atomground the in-plane axis are larger than the librations around
along the vector joining them. Such analyses are common ithe perpendicular axis.

small-molecule crystallography but are not yet common in
macromolecular crystallography.

As a first attempt at co_nS|der|_ng the wealth of |nfor.mat|on DISCUSSION
represented by the anisotropic disorder information, we
attempted a simpler analysis that considers the protein asMyoglobin has been and still is the focus of a vast number
collection of helices and a heme group, and asked which obf biophysical studies aimed at understanding the relation-
these groups plausibly behave as rigid bodies in their conship between protein structure and function. The structures
formational disorder at cryogenic temperature. This wasf Mb determined so far were obtained at lower resolutions
done by fitting a translation-libration-screw (TLS) model of that those obtainable today. Fine comparisons at the level of
the rigid groups to the experimentally derived Debye-detail needed to explore the physics and chemistry of ligand
Waller factors (Schomaker and Trueblood, 1968). Agreebinding are also hampered by the differing experimental
ment of the model with the data gives a measure of theonditions and refinement protocols employed in previous
applicability of the rigid-body model, and in cases of goodindependent studies of Mb. We set out to re-determine the
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TABLE 10 Results of TLS analysis of the anisotropic
disorder in aquomet-Mb
Translational Tensor Librational Tensor
Value, Value,
Eigenvector A2 Eigenvector ded
[-0.24,-0.97,0.08] 0.12 [0.01;-0.19,—0.98] 7.8
Heme [0.18,-0.12,—-0.98] 0.10 [0.58,-0.80, 0.14] 6.4
[0.96,-0.22,0.20] 0.04 $0.82,057,-0.12] 4.5
imal (F) heli [-0.20,-0.25,0.95] 0.18 [0.07:-0.16, 0.98] 27.2
0.08 | proximal (F) helix F helix [0.06,—0.97,-0.24] 0.09 [0.19-0.97,—0.17] 4.3
| : : : { [0.98, 0.01, 0.21] 0.08  [0.98, 0.26;0.04] 0.6
86 88 90 92 94
residue The coordinate system of these vectors is the one defined by the PDB

convention.

and Pillips, 1996). To the best of our knowledge, these are
first myoglobin complexes where the planar part of the
heme, the iron, and the ligands were refined as free atoms.
In the Discussion, we attempt to take the geometric infor-
mation we have obtained and make a synthesis with results

0.0871 distal (E) ! elix from other diffraction and spectroscopic studies to produce
; : : } : a coherent picture.
60 64 68 72 76
residue
0171 C Bound CO geometries
0.15 We are unable to account quantitatively for 27% of the CO
T density in MbCO. The observation of a highly planar heme
(o\':t\ 013 | makes the possibility of significant unligated Mb contami-
= nation unlikely. Instead, the marked extensions in the den-
3‘"0,11 1 sity that we observe probably indicate the presence of a
. second CO conformation that we have not modeled. The
0.09 1\ extensions of the CO density that we observe can only
belong to the minority CO conformation that is associated
0.07 : : } i : : : with the swung-out histidine conformation, because the
0 5 015 . 20 25 30 35 other minority histidine conformation would be too close to
atom

the CO. These extensions lie in the direction of the position
of the CO ligand in the pH 4 MbCO structure (Yang and
Phillips, 1996). In the 2.0 A low-pH structure, the CO is
shifted in the general direction of the distal histidine from
our majority conformation. Therefore, we identify the miss-
ing occupancy as due to a conformation associated with the
doubly protonated histidine conformation. In this conforma-
crystal structures of the ferrequometMb complex and of  tion, the CO angle is similar to that of the majority con-
the ferrous complexes of unligated, dioxygenated, and carformer and there is probably a slight shift of the heme, as
bonmonoxynated Mb at atomic resolution, using basicallyseen in the pH 4 crystal structure (Yang and Phillips, 1996).
the same experimental protocol to generate the four com¥he differences in orientation of this minority CO confor-
plexes and to collect and refine their diffraction data. Ad-mation must be fairly small to agree with the extensions that
vanced statistical approaches were used to minimize differwe see; IR linear dichroism studies report that the projection
ences not demanded by the data, thereby greatly reduciraf the CO transition dipole moment onto the {001} face of
the noise in the differences between structures. As expectethonoclinic crystals for this substate differs by only 1.9°
the structures are very similar overall, with r.m.s. differ- from the other substates (Sage, 1997). It is possible that
ences 0f<0.25 A on all atoms. However, significant local previous diffraction determinations of CO geometries have
differences are observed. The structures described in thiseen seriously affected by the presence of this conformer
paper allow one to address structural questions about Mb ifparticularly those at pH values 6), since modeling the
different ligation states with an accuracy not previouslyminority conformations without including the shifts of the
possible (Ray et al., 1994; Phillips and Pettit, 1995; Olsorheme could cause tilting of the CO in order to satisfy

FIGURE 4 Comparison of the observed equivalent isotropic thermal
factors flashed ling and the ones derived from the vibration tensor of a
rigid body motion éolid line) for C, CA, and N atoms ofA) the proximal

(F) helix, B) the distal (E) helix, andQ) the planar heme atoms.
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restraints. Our structure determination did not restrain théainty of 7° in solution (Lim et al., 1995). Measurements of
iron and CO geometry. IR linear dichroism in monoclinic crystals find the same
The angle we obtain between the C-O axis and the hemangle to be 6.7 0.9° (Sage, 1997). Our uncertainty esti-
plane, 18+ 3°, is much smaller than those reported by mates for this structure allow us to identify the differences
earlier diffraction studies on monoclinic MbCO crystals, butbetween the spectroscopic and diffraction results as @ 3.6-
it is identical to within experimental uncertainties to a discrepancy. However, a recent density-functional theory
previous determination using hexagonal crystals (Quillin esstudy has cast doubt on an underlying assumption of the IR
al., 1993) (see Table 1). Time-resolved IR photoselectiorwork, namely that the C—O stretch transition dipole moment
spectroscopy experiments report the angle between the IRes along the C-O bond axis. Taking the measured transi-
C-0 stretch transition dipole moment and the heme transition dipole angle from IR crystallographic measurements
tion dipole moment to be perpendicular within an uncer-and the oxygen displacement from the iron atom measured

A

FIGURE 5 A stereo representation of the eig-
envectors representing the translational (A) and
librational (B) tensors of the rigid-body motion.
The vectors obtained for planar heme atoms and
the proximal helix are positioned into the heme
iron and the proximal histidine CB atom, re-
spectively. The length of each eigenvector is
proportional to its eigenvalue.
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along the heme plane from x-ray crystallographic studiesConformational substates in MbCO
the density-functional theory calculations find a minimum-
energy geometry for the CO with a tilt angle) of 9.5° and

a bend angle §) of 5.8° (Spiro and Kozlowski, 1998).
Although the total IR angle of 15.3° agrees to within ex-
perimental uncertainty with the value we determined of
18 = 3°, the deviation is primarily in the well-determined
bend angle@) + 9° rather than in the less-certain tilt angle
of 9 = 3°. Results combining NMR and Msbauer mea-
surements with density-functional theory calculation reach
slightly different conclusion of f) = 4° and @) = 7°
(McMahon et al., 1998). It would appear that the large

The infrared spectrum of MbCO contains three stretch
bands of the CO bound to the heme iron, denotgd1269
cm 1), A; (1945 cm ), and A; (1927 cm %) that have been
attributed to different conformational substates (Alben et
al., 1982; Frauenfelder et al., 1991). The relative intensities
of the bands have been shown to vary with temperature
(Ansari et al., 1987), pressure (Frauenfelder et al., 1990),
H (Fuchsman and Appleby, 1979), and ionic strength
Miller, 1997), with A, favored at low pH. Each band has
a different kinetic barrier for rebinding of CO to the heme
after photolysis (Alben et al., 1982; Frauenfelder et al.,

discrepancies among results of various techniques for thf991). Therefore, understanding their structural origin is

CO binding geometry in Mb_CO are most_ly resolved. HOW' relevant to understanding the relationship between structure
ever, the accurate calculations of functional properties Ognd function in heme proteins

MbCO being attempted now by quantum chemists depend | iayy it was believed that the bands were caused by
critically on this geometrical parameters. Our MbCO COO™™ jifferent orientations the CO relative to the heme normal
dinates were refined without geometrical constraints an Ormos et al., 1988). This interpretation was supported by
they include anisotropic B factors and uncertainty eStimateSdiffraction studies that showed two orientations for the
They should enable more accurate calculations on the relg;, ,ng co (Kuriyan et al., 1986: Cheng and Schoenborn,
tionship between structure and function in heme proteing gg1). More recently, it has been suggested based on results
than was previously possible. _ from simulation (Jewsbury and Kitagawa, 1994), x-ray dif-
Structures of several heme protein model compound$ gction (Yang and Phillips, 1996), spectroscopy (Li and
(Scheidt et al., 1981, Kim et al., 1989; Kim and Ibers, 1991;Spiro, 1988; Park et al., 1991; Ray et al., 1994), and mutant
Tetreau et al., 1994; Slebodnick et al., 1996a,b) all exhibikygies (Li et al., 1994) that different distal histidine con-
proximal histidine tilt and bond (FE-NE2-CE2) angles formers, each producing a different local electric field, give
within 1.4 and 4.0°, respectively, of our structure. Exami-ijse to the three infrared CO bands. Our near-atomic reso-
nation of the structures of encumbered model compoundgtion MbCO structure allows us to test these and other
shows that upon CO binding the porphyrin ring eitherhypotheses about the origins of the A substates.
ruffles or domes, or both; the proximal ligand tilts [The  The proximal histidine shows a single well-ordered con-
most frequently cited standard for an ideal Co-bindingformation in MbCO, Suggesting that the differences be-
geometry, Fe(TPP)(Py)(CO) (Peng and Ibers, 1976) has @veen A and A, do not arise from a subtkeanseffect from
10° distortion of the proximal pyridine substituent]; or H97. Similarly, the suggestion that the substates correspond
the distal cavity expands to allow a nearly perpendiculato differently tilted CO orientations does not agree with our
geometry. Some of these model compounds have a verfata. The single bound CO geometry in our MbCO structure
similar CO binding geometry to MbCO, as shown in Tablerefined to 73% occupancy and the residuals in the electron
11. Both the Fe(C2-Cap)(CO)(1-Melm) and Fe(PocPiv-density allow only slight differences for the CO geometry of
P)(CO) (1-Melm) systems discriminate against CO (Slebodthe remainder of the population. Moreover, the observed
nick et al., 1996a,b) compared to an unencumbered systegxtensions of the CO electron density must correspond to
(Kim and Ibers, 1991). The structural and vibrational datathe swung-out substate, because they would be too close to
on the PocPiv and £Cap model complexes have been usedthe histidine in the other conformers. Oldfield et al. (1991)
to calculate steric and electronic energies from which it wagollowed by Jewsbury and Kitagawa (1994) have suggested
concluded that the affinity decrease resulted mainly fromthat Ay might be a tautomer of the singly protonated sub-
steric interactions (Ray et al., 1994). state of the distal histidine with the imidazole ring rotated

TABLE 11 CO tilt and bend angles in MbCO and model compounds

Compound Reference FeCO tilt, ° Fe—C—O bend angle, °
MbCO This work 9.0 9.0
Fe(OCOPor)(CO)(1-Melm) Slebodnick et al., 1996 7.7 6.1
Fe(C,-Cap)(CO)(1-Melm) Kim and Ibers, 1997
molecule 1 55 7.2
molecule 2 4.1 4.1
Fe(B-PocPivP)(CO)(1,2Mgm)* Kim et al., 1989 6.1 7.6

*The CO adduct of this compound has a porphyrin that is strongly ruffled.
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by 180° abouly,, resulting in N pointing into the pocketas C-O bond and strengthens the Fe—C bond, thereby down-
opposed to out toward the solvent, as in the shibstate.  shifting the C-O stretch frequency while upshifting the
However, we can rule out rotamers of the distal histidine ag~e—CO stretch frequency. Any explanation of the A sub-
an explanation of the A substates, since they would requiretates in MbCO needs to be consistent with this picture, in
changes in the position of the hydration partner of thewhich the majority A substate at neutral pH and the ma-
outward nitrogen that are not consistent with the observegbrity A, substate at low pH exhibit the same correlation as
density. the model compounds. The Fe—CO stretch frequency cor-
The only structural feature that is correlated with theresponding to A is somewhat ambiguous, but one assign-
infrared A substates is the conformation of the distal histi-ment suggests that/Anay not exhibit the same correlation
dine. The simultaneous observation of three histidine con(Ray et al., 1994).
formers in this study agrees with what had been expected There are three alternative identifications of the A sub-
from mutant studies, theory, and simulation about the unstates, each with an accompanying interpretation of our
derlying cause of the A substates. We identify with the  structures, the neutron diffraction results, and the spectro-
majority distal histidine conformation (N~ carbonyl dis-  scopic results:
tance= 3.2 A) (Sage, 1997; Nienhaus et al., 1998). The
swung-out conformation of the distal histidine is essentiallyl. As suggested by Ray et al. (1994), thesiibstate could
the same as seen in the low-pH MbCO structure (Yang and be the HN tautomer that is hydrogen-bonded to the CO,
Phillips, 1996), which leads to the identification of this resulting in a downshift of the CO stretch frequency from
conformer with the 4 substate. This leaves the identifica-  the A, state. In this model, the Asubstate is the HN
tion of the minority conformer with the N-carbonyl oxy- tautomer (which was proposed by Ray et al. to be the
gen distance of 2.7 A as the,Aubstate. This identification majority population in the crystals used for the neutron
makes sense in terms of the barriers to ligand rebinding, study), and the Nlone pair makes a donor interaction
since the increased steric hindrance of the ligand with the with the 7* orbital of CO, as suggested by Maxwell and

distal histidine in this conformation would lead to the higher
barrier seen for A The occupancies we find for the three
histidine conformers in the crystal at pH 6.0 of 60/20/20 are
similar to the relative occupancies of the IR bands in sim-
ilarly prepared monoclinic crystals at pH 7.0 of 85%,A
10% Ag, and 5% A, (Nienhaus et al., 1998). Lowering the
pH favors populating 4 and cooling rates can make minor
differences in population ratios as well (Chu et al., 1993).
This agrees to within the uncertainties in our population
estimates.

The distances from the CO oxygen to the distal histidine
Ne¢of 3.2 Ain A, and 2.7 A in A, respectively, suggest that
a hydrogen bond is present i Aut is much weaker or not

Caughey (1976). The donor interaction changes the
back-bonding and causes thg gubstate to deviate from
the inverse correlation between, ~o and v_g seen

for Ag and A;. This model can explain the spectroscopic
data, but requires thatAbe the dominant substate for
the two neutron structures (Hanson and Schoenborn,
1981; Cheng and Schoenborn, 1991). While orthorhom-
bic MbCO crystals can have angAopulation that is as
large as A (Makinen et al., 1979; Mourant et al., 1993),
this effect has not been seen in monoclinic crystals by
any high-quality IR measurements. Instead, the IR data
on similarly prepared crystals indicate that the substate
ratio is approximately the same in P2rystals and

solutions at similar pH or pD (Sage, 1997; Nienhaus et
al., 1998), with A dominant by a factor of almost 10.
Moreover, explanation of our structures by this model
requires either the donor interaction to have shorter N

present in A. A hydrogen bond would require a protonated
N€ tautomer. Despite the quality of our data and model, the
data do not allow us to assign the tautomer state. Direct data
on the protonation state for the distal histidine comes from
neutron crystallography of deuterated MbCO and shows a ligand distances than the hydrogen-bonded interaction,
fully occupied N deuterium with Debye-Waller factors or it would require our structure to havey/A; ratios of
close to the average for the structure (Cheng and Schoen- 3:1. The first is unlikely from chemical arguments, and
born, 1991). The size of the error in the occupancy of the the second has never been seen in IR studies of any
DN?® tautomer may be obtained based on IR spectroscopy of crystal form or solutions.
deuterated MbCO solutions; Hong (1989) measured gn A2. A; and A; could both be the HNtautomer, both down-
population of 25% in a pD 5.7 sample. shifted from A, through back-bonding. The difference
An inverse correlation between the majority IR C-O  between the stretch frequencies of And A in this
stretch frequency and the Raman Fe—CO stretch frequency picture would be due to a stronger interaction with ttfie N
is observed across a wide range of heme proteins and model proton in the A state, which is reflected in the shorter
compounds with imidazole as fifth ligands (Li and Spiro, O-N° distance seen in our structure. This stronger hy-
1988; Ray et al., 1994). This inverse correlation is evidence drogen bond might decrease the bond order of C-O and
for back-bonding between the iron and CO, since withdraw- enhance the occupancy of the non-bondédspitals of
ing electrons from the CO system (e.g., through interaction the oxygen atom. Presumably the difference is ascribed
with a nearby positive charge) results in transfer of more to alternative connectivity of the hydrogen-bonding net-
electron density from the iron_dorbital to the CO=* work extending from R, as seen in thequometMb
orbital, which is strongly anti-bonding. This weakens the density. This model completely disagrees with the results
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of the neutron diffraction experiments on MbCO that back-bonding in this regime and does not distinguish
locate the deuteron on?nly. A possible explanation of between steric and electrostatic contributions to back-
this apparent discrepancy would be to assume that the bonding. Detailed calculations will be needed to see if
MbCO crystals used in the neutron study were at least the agreement can be made quantitative. It is illustrated
partly oxidized, resulting in the Ntautomer. Oxidation in Fig. 6.

might have occurred even under CO atmosphere due to
the long time period (many weeks) for equilibration Recent Raman measureme_nlts of the Fe—CO stretqh fre-
against BO and data acquisition with the crystals kept atdU€ncy show a shift of-1 cm = upon H/D exchange in
relatively low pD (pD 5.7). In this interpretation, the Wild-type MbCO, but no shift in mutants that cannot hy-
progressive decrease seenuig, as additional proton drogen-bond to the CO (Unno et al., 1998). This was
donors are added to the pocket by the V68T and vegphterpreted in terms of a hydrogen bond from the CO to the

mutants causes the,Aveak to shift from 1945 to 1932 to distal histidine in the A state. However, measurements of
1916 cm'%, respectively. In the V68T and V68D mu- the IR stretch bands of bound CO upon H/D exchange show

tants, the peak increases to 1960—1970 bifDecatur thaElthe isotope shift seen in the Aubstate is smallaé_l
and Boxer, 1995; Li et al., 1994; Anderton et al., 1997).€M ) and the same for fAand the A substate, which

3. A; could be the HN tautomer with a hydrogen bond to cannot hydrogen-bond to the CO (Hong, 1989). This result
the CO, and A could be the HR tautomer with a is therefore not evidence for a hydrogen bond to the CO in

lone-pair N near the CO. This model is consistent with A,, but rather evidence of the effects of deuterium substi-
the diffraction data, but requires explanation with regardtUtion on the hydrogen-bonding network between the distal
to the spectroscopic data. One might expect that thAistidine and the heme, and therefore would have no bearing

negative environment of the lone-paif M A, in this ~ ©n model 3.
model would upshift the CO stretch frequency and that

the positive environment hydrogen bond in thg fb-
state would downshift the CO stretch frequency with
respect to the apolarfenvironment, but this contradicts
the experimental observation that And A; are both  Our data for the Mb@ complex are the highest quality of
downshifted from 4. Our data suggest that the under- any of the ligation states, and the structure was determined
lying premise—that the only significant effect of the to the highest resolution (1.0 A). The electron density for
substates is through different electrostatic environmentthe O, ligand is peanut-shaped and can be modeled with a
at the ligand—may not be true. The displacement of thesingle O, orientation. The electron density for the distal
CO and heme group in Asuggested by the extensions histidine can either be modeled by a single orientation with
on the CO electron density and by the low-pH structurehighly extended disorder in the plane of the imidazole ring,
(Yang and Phillips, 1996) imply thatAs likely to have  or by two 50%-occupied conformers. In the two-conformer
significant steric differences in the CO, proximal histi- model, the first conformer is characterized by a 2.7 A
dine, and heme from Aand As. Small differences in distance from the distal histidine“No the ligand terminal
geometry can have effects on the stretch frequencies thaixygen, a distance consistent with a hydrogen bond. The
are as large as or larger than the effects of the electrisecond conformer has a 3.0 A distance to the terminal
field at the ligand (Kushkuley and Stavrov, 1997). In this oxygen. We prefer the two-conformer model because IR
model, A and A; have the same heme-CO geometry,spectra of MbQ with various isotopes of ©show two
and the interaction of the lone-pair nitrogefi With the  bands €1150 and~1135 cm 1) that have been ascribed to
CO #* would result in upshifting of A relative to A;  conformational substates with different hydrogen bonding
where a hydrogen bond is present. Thug,would be  (Potter et al., 1987; Miller and Chance, 1995). The size of
upshifted from A not by the change in electrostatic the shift between these bands is large (15 &rwhen
interaction (the sign is incorrect for this argument) but bycompared with the shift of model compounds in hydrogen-
significantly different steric interactions that would bonding versus non-hydrogen-bonding solverts cm %)
probably involve the proximal histidine. This model (Potter et al., 1987).

provides qualitative agreement with all of the spectro- A recent FTIR study on the photolysis yield of horse
scopic and diffraction data of which we are aware. Con-oxymyoglobin finds only 50% photolyzable at neutral pH
version between the HNand HN’ tautomers would and assigns the photolyzable fraction to the 1150 thand
presumably require a large-scale fluctuation of the distabnd the non-photolyzable (or rapidly rebinding) fraction to
histidine similar in size to the change between thethe 1135 cm? band (Miller and Chance, 1995). The appar-
swung-in and swung-out conformations. This view isent photolysis yield decreases at low pH, showing a titration
consistent with results from dynamics studies that shovwbehavior that parallels the pH dependence of tigépu-

the exchange amongyAA,;, and A; is viscosity-depen- lation in MbCO (Miller et al., 1996). This strongly suggests
dent and involves rearrangement of many bonds (Younghat the doubly protonated, swung-out conformer of the
et al., 1991). The fact thatfand A, lie on the same line distal histidine (which cannot hydrogen-bond to thg Bas

of Vee_co VS. vo_g is attributable to the linearity of low photolysis yield (Miller et al., 1996). The apparent

Conformational substates in MbO,, and the
photolysis yield
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FIGURE 6 A schematic view of the conformations of the distal histidine. Shown is one possible tautomer state of the distal histidine (model 3, see text

for details and the other models), with connections to the spectroscopic conformational substates of MbCO gnedyibClively.

photolysis yield at low pH reaches an asymptotic value of
~10% photolyzable, even though the population of the
hydrogen-bonded fraction goes to zero. FTIR spectra of
MbCO at pH 4 show an glike band with an asymmetric

alternative connectivity of the hydrogen-bonding net-
work extending from R, as seen in thequometMb
density. For MbQ, this explanation agrees with the
neutron results, but it does not explain why the spectro-

feature that has been suggested to arise from a 10%-occu- scopic shift between the substates (representing a frac-

pied water in the pocket (Mier, 1997). This suggests that
the difference between the photolyzable conformation and

the non-photolyzable conformation is the presence or ab-

sence of a hydrogen bond, respectively.

tional change in hydrogen bonding) should be three
times larger than that seen between model compounds in
hydrogen-bonding and non-hydrogen-bonding solvents
(Potter et al., 1987).

The neutron structure of MbOshows a fully occupied 3. The photolyzable fraction could correspond to the“HN

HN€ tautomer (Phillips and Schoenborn, 1981). As with
MbCO, there are three alternative identifications of the
spectroscopic substates of MhO

1. The two O-O stretch bands could represent different
orientations of Fe—O-0O and the proximal histidine imi-

dazole planes, as suggested by Potter et al. (1987). This

explanation would be consistent with the neutron results,
but our findings of a single conformation of the ligand
and proximal histidine make this explanation unlikely.
To be consistent with the electron density we observe,
the possible range between conformations would be too
small to have such a large effect on the O-O stretch
frequency.

2. The two O-0 stretch bands could both arise from inter-
actions with the HN tautomer of the distal histidine,

tautomer of the distal histidine (which corresponds to the
A, substate in MbCO, see model 3) and it forms a 2.7-A
hydrogen bond to @ The non-photolyzable fraction
would correspond to the HNtautomer (which corre-
sponds structurally to the Asubstate in MbCO), as
illustrated in Fig. 6. This is the only model in which the
size of the spectroscopic shift between substates can be
accounted for (due to the differing signs of the interac-
tion for the two conformations) and because the assign-
ment of a 50%-occupied HNtautomer with a 50%-
occupied sulfate molecule bound to it from the solvent
side would explain thebserved electron density at the
water/sulfate position.

However, there are two points that need explanation in

interpretation 3). The first is the neutron data, which show

with the difference between them due to a weaker intera fully occupied HN tautomer. As with the MbCO data, a
action with the N proton in the unphotolyzable state (3.0 conformation with up to 30% occupancy would probably
A N°-O distance). As in the equivalent proposal fornot be seen because of phase noise in the map, but 50%
MbCO, presumably this difference would be ascribed toseems too high. One possible explanation of the full occu-
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pancy of the HN tautomer might be the formation of some bound oxygen molecule. This would explain the observa-
amount of alkalineaquometMb during the course of data tion that in this mutant ther._-o Raman band is displaced
collection (Austin and Drabkin, 1935). by 40 cm * from the wild-type, whileve,_o. iS changed by
The second point that needs to be addressed is whethemaly 2 cm ! (Hirota et al., 1996). Cavity analysis of a model
3.0 A distance from a lone pair onfib the bound dioxygen of the His-64—Leu Mb@ mutant shows that there is indeed
(which may be highly charged) is a very high-energy con-a small cavity between CD2 of Leu-32 and the. Boten-
formation that should not be observed. There has been @al-of-mean-force analysis of this region shows a slight
great deal of controversy over the last 30 years abouwvater peak that is not found in the CO structure, which
whether dioxygen bound in heme proteins is superoxideindicates the possibility of a water molecule at this site in
like or neutral. Seeming evidence for the former arises fronthe O, adduct (Gerhard Hummer, unpublished results).
the electronic spectrum (Weiss, 1964), the frequency of the The reasons why a hydrogen-bonded conformation
IR O-0 stretch bands (Barlow et al., 1973), the change irshould rebind with a barrier similar to that of MbCO while
the x-ray absorption spectra upon oxygenation (Bianconi ed non-hydrogen-bonded conformation rebinds without bar-
al., 1985), and the large asymmetry in the charge distriburiers is not clear. Miller and Chance (1994) suggest that the
tion on the iron as measured by 8kbauer studies (Lang difference is due to the trajectory of the photodissociated
and Marshall, 1966; Weissbluth and Maling, 1967). Evi-O,, with the hydrogen-bonded substate giving a “kick” to
dence that seems more consistent with a neutral dioxygetie photodissociated £ Another possibility is that the
model comes primarily from the diamagnetism of thehydrogen bond can affect the spin state of the photodisso-
heme-Q as seen in magnetic susceptibility (Pauling andciated Q or heme, perhaps through formation of highly
Coryell, 1936). However, as several authors have pointedeactive singlet @ species in the non-hydrogen-bonded
out, arguments over correspondence of experimentally desonformation. Spectroscopic measurements on Mb®
termined quantities with oxidation state formalism do little subpicosecond time scales are needed to discriminate be-
to advance our understanding of the problem (Momenteatween the possibilities.
and Reed, 1994). For our present purpose, the most impor-
tant question is the size of the interaction energy of the
dioxygen with the protonated or unprotonated histidine
None of the experiments directly probe the electrostati
charge on the dioxygen, and at the moment none of théligh-resolution diffraction data present an opportunity for
theoretical calculations of the charge includes the effects ofmaking models of correlated motions in proteins at a higher
the environment in a realistic way. The most recent quantevel than that taken in typical molecular dynamics simula-
tum-mechanical calculations of electrostatic charge on théions. Knowledge about correlated disorder among sets of
bound Q range from 0.34 electrons (Bertran et al., 1991), toatoms in a structure can be used to build a model more like
nearly zero (Nakatsuiji et al., 1996), to 0.26 electrons (Roan engineer's model of a bridge, where “girders” and other
vira et al., 1997). A realistic treatment of the interactionsrigid mechanical elements are identified and abstracted with
among the heme, bound dioxygen, and proximal and distgbroperties such as Young’s moduli. However, mations in
histidines with reference to the latest structural and spectrgaroteins have liquid-like properties. Anisotropic refinement
scopic data is still a matter for future work. At our presentof Debye-Waller factors (as implementedsieLxL), though
level of understanding, electrostatic interactions with thea great improvement over isotropic refinement, is rooted
bound dioxygen (which is probably only slightly negatively firmly in a harmonic description (Gaziet al., 1997). The
charged) does not rule out the possibility of a 50%-occupiedncreasing number of atomic-resolution structures (there are
HN?® tautomer. now ~40 distinct protein structures with resolution better
However, MbQ low-temperature photolysis yield-data than 1.2 A in the PDB) warrant development of analysis
on the mutant myoglobin His-64—Leu, in which the distal methods that can extract more of the information in such
histidine is replaced by a leucine that is not capable ofdata, with the goal of moving beyond structure to addressing
forming a hydrogen bond, pose a serious challenge to modekucial problems of dynamics and function. The information
3. The apparent Dlow-temperature quantum yield in the present in our high-resolution data could be re-analyzed
His-64—-Leu mutant is near unity (Miller et al., 1998), while outside a harmonic framework and compared with similarly
the x-ray structure of the CO-bound complex shows highanalyzed molecular dynamics trajectories, see, for example,
correlation between the leucine position and that of thevan Aalten et al. (1997).
histidine in the native structure and no crystallographically Our analysis of the anisotropic Debye-Waller factors that
bound water in the pocket (Quillin et al., 1993; Christian etwe obtained was crude, but produced an interesting result:
al., 1997). How do we reconcile this seemingly contradic-the proximal (F) helix and heme show disorder character-
tory evidence from model 3 and the IR and Raman data? Westic of rigid bodies, while the distal (E) helix does not.
propose that the quantum yield for the His-64—Leu MbO Evidence from rebinding kinetics of wild-type and mutant
mutant is high because there is a water in the pocket of thmyoglobins and from fluorescence quenching of internal
O, adduct of this mutant (most likely near the position 6f N residues by @ indicates there is no single pathway for
of His-64 in wild-type MbQ) which hydrogen bonds to the ligand entry and escape, but rather a multitude of them

(':Dynamics
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(Yedgar et al., 1991; Huang and Boxer, 1994; Frauenfeldexenon derivative data, George Phillips for critical discussion of the manu-
et al., 1998). Rather than thinking of Iigand diffusion script, and the reviewers for their helpful and productive comments.
through a fluctuating protein as transport through one or &his research was supported in part by the International Human Frontiers
few “gates,” one might instead put the motions that controlCrganization and the LDRD program of Los Alamos National Laboratory.
this process on a continuum that includes harmonic motion he MbG, diffraction data were collected at the Integrated Structural
L . . Biology Resource of LANL.
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