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Abstract

Apomyoglobin from sperm whale is often used for studies of ligand binding, protein folding, and protein stability. In
an effort to describe its conformational properties in solution, homonuclear and heteror{é#®and 1°>N) NMR

methods were applied to the protein in its native state. Assignments were confirmed for nuclear Overhauser effects
(NOESs involving side chain and backbone protons in the folded regions of the structure. These NOEs were used to
derive distance restraints. The shifts induced by the hydrophobic dye 8-anilino-1-naphthalenesulfa#élS¢idiere
inspected in the regions remote from its binding site and served as an indicator of conformational fleXifility;

values were obtained to assess dihedral angle averaging and to provide additional restraints. A family of structures was
calculated with X-PLOR and an ab initio simulated annealing protocol using holomyoglobin as a template. Where the
structure appeared well defined by chemical shift, line width, ANS perturbation, and density of NOEs, the low resolution
model of apomyoglobin provides a valid approximation for the structure. The new model offers an improved repre-
sentation of the folded regions of the protein, which encompass the A, B, E, helices as well as parts of the G and H
helices. Regions that are less well defined at this stage of calculations include the CD corner and the end of the H-helix.
The EF-F-FG segment remains uncharacterized.

Keywords: ANS; apomyoglobin; myoglobin; NMR; partially folded protein

Hemoproteins of thé type constitute a group of proteins includ- sperm whalgPhyseter catodonis the most studied of the three
ing, among others, cytochroniigg,, cytochromebs, and myoglo-  proteins. It contains, embedded within its 153 residugshame
bin. These three proteins each contain a single iron-porphyrin IXgroup whose function is to bind oxygen for storage in red muscles.
prosthetic group and behave as typical globular species, with &perm whale Mb folds into eight helices labeled A through H
stable, well-defined structure capable of cooperative thermal un¢Fig. 1A). The heme iron is coordinated to the protein matrix
folding (Pfeil & Bendzko, 1980; Privalov et al., 1986; Robinson through the “proximal” histidine, located in the F helix. In vitro
et al., 1998. In their apoprotein form, they display lower thermo- heme binding to the Mb apoprotein occurs in a rapid bimolecular
dynamic stability than in their holoprotein for(@riko et al., 1988;  association reactiofk,, ~ 108 M~* s71) independent of the apo-
Pfeil, 1993; Robinson et al., 1998nd an open, partially folded protein primary structuréHargrove et al., 1996aHeme loss is
heme-binding sitgqFeng et al., 1994; Eliezer & Wright, 1996; slow, depends on primary structure, and controls heme affinity.
Falzone et al., 1996; Lecomte et al., 199@yoglobin (Mb) from Sperm whale Mb loses heme with a rate constant of®1€,
yielding a dissociation constant on the order of ¥0(Hargrove
et al., 1996h

Reprint requests to: Juliette T.J. Lecomte, Chemistry Department, The The holoprotein reconstitution reaction proceeds via a unique
Pennsylvania State University, 152 Davey Laboratory, University Parkmechanism. A few seconds after heme addition, a nearly 1:1 mix-

Pennsylvania 16802; e-malil: jtil@psu.edu. ; ; —
Abbreviations: ANS, 8-anilino-1-naphthalenesulfonic acid: apoMb ture of two holoprotein forms is observed. These kinetically trapped

apomyoglobin; CD, circular dichroism; DSS, sodium 2,2-dimethyl-é- isomers Qiffer_ by a 180rotation of the porphyrin plane relative to
silapentane-5-sulfonate; HMQC, heteronuclear multiple quantum coherthe protein(Fig. 1A,B; La Mar et al., 1978, 1983 Subsequent
ence; HSQC, heteronuclear single quantum coherence; Mb, myoglobirheme rotation, apparently intramolecular, eventually produces the

Mb(ljo’ Cgrboﬁmonoxyfrfnyoglog”;Smetaq“c‘i’.Mb' meta‘?uom?"’g'oobi”? f’:‘OEvthermodynamic proportions of the two forris9:1 in the sperm
nuclear Overhauser effect; NOESY, two-dimensional nuclear Overhauser - X
spectroscopy; RMS, root-mean-square; RMSD, root-mean-square deviPX\—lhale prpteln, La Mar et al., 1984The f_eatur(_as ena_bllng the

tion; TOCSY, total correlation spectroscopy; TPPI, time proportional phase2Poprotein to select for only two heme orientations prior to prox-

incrementation. imal histidine ligation have not been described.
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In previous'H NMR work, a low resolution model of the ABGH
interface was generated using NOEs in a simulated annealing pro-
cedure of structure determinatidghecomte et al., 1996 NMR
models are comprised of structures compatible with the restraints
used to produce them. When these early apoMb structures were
superimposed locally over the segments defining the D and E
helices, it became apparent that the model also reflected some of
the helical propensity in these elements and that the structured
i nucleus is larger than the ABGH core. However, the disposition of
0L ¢ COy the D and E helices relative to the rest of the protein—the tertiary

structure—was unclear. Thus, the original model was of low res-
olution and restricted to a smaller part of the molecule than actu-
ally folded.
Fig. 1. A: Schematic representation of the three-dimensional structure of The information available from solution state NMR techniques
holomyoglobin, as determined by X-ray diffraction methods. The MOL- gppjied to partially folded and unfolded proteins is derived from

SCRIPT drawing Kraulis, 1991 is based on the coordinate file 4mbn.pdb . . . . . . .
(Takano, 1977{3 1984The eight helices of Mb are labeled A througth. chemical shift comparisons, inter-residue distances viewed by NOEs

The heme binding site is formed by the F-hefontaining the coordinat-  ©F Paramagnetic relaxation, and backbone dynaf@bsrtle, 1996;
ing or proximal histidine, His93 or B8and the E-helix(containing the  Dyson & Wright, 1998. Extending these results to complete struc-
distal histidine, His64 or B} B: The heme group is shown with sticks and  tyre calculations involves incorporating the stochastic nature of the

balls; its propionate substituents point toward solvent, whereas the viny : ; ; ; _
substituents point toward the inside of the protein. Approximately 10% Ofbonformatlonal ensembles into the modeling of macroscopic ob

the myoglobin molecules have the heme rotated by 98 respect to the ~ Servables. The problem is simplified for partly folded systems

axis that passes through theandy meso positiongLa Mar et al., 1988  Where the propensity for native contacts is large and the segmental
motions characteristic of random coils are restricted to short in-
dependent segments of the polypeptide cli&ieng et al., 1994;

Aside from issues of prosthetic group binding, there is interestFalzone et al., 1996; Riek et al., 199Tn those cases, a useful
in apoMb because it adopts distinct thermodynamic states undeepresentation of the folded core of the protein can be obtained.
different pH, salt, and temperature conditidi@iko & Privalov, The heme binding site of Mb has affinity for the hydrophobic
1994; Barrick & Baldwin, 1998 This has promoted it as a well- dye 8-anilino-1-naphthalenesulfonic adiiNS) (Stryer, 196%. It
suited protein for original physico-chemical investigations of theis shown that the ANS complex helps to determine which portions
determinants of protein folding and stabilitigallew et al., 1996a; of apoMb are amenable to standard structural calculations. The
Gilmanshin et al., 1997; Eliezer et al., 1998; Ha & Loh, 1998; ANS data, combined with heteronuclear NMR data collected on
Haliloglu & Bahar, 1998 However, the combination of low sta- uniformly *3C*>N- and '>N-labeled apoMb, allowed for an eval-
bility, structural disruption, and internal motions that defines par-uation of the conformational properties of apoMb in solution and
tially folded proteins makes native apoMb a difficult subject for a continuation of the tertiary structure determination.
detailed structural studies, and it remains insufficiently characterized.

NMR experiments have provided a wealth of information. The
secondary structure apparent in CD spetBeeslow et al., 196b
has been detected through nuclear Overhauser effdQ&S typ- Homonuclear data have been collected on sperm whale apoMb in
ical of helices and turnéLecomte et al., 1996 Protection factors its native statéLecomte et al., 1996, and references thetelhe
for backbone amide hydrogens have indicated hydrogen bondinguality of the two-dimensional proton spectra is such that rela-
in several helice§Hughson et al., 1990 Analyses of the'*Ca tively few NOE cross peaks can be unambiguously assigned. As a
chemical shift index complement these studielezer et al., 1998 result, only a limited set of restraints was used in previous mod-
Tertiary structure, manifested in a change in heat capacity upoeling efforts(Lecomte et al., 19961n this work, three-dimensional
unfolding (Griko et al., 1988, has been identified through NOEs NMR data sets were acquired dPN- and '3C >N-labeled apo-
among buried residug€occo & Lecomte, 1990; Lecomte et al., myoglobin to ascertain the origin of prominent cross peaks in the
1996 and through the ionization constants of histidif€occo = NOESY spectra. As observed by othéEiezer & Wright, 1996,
et al., 1992. the relaxation properties of théC nuclei in apoMb are unfavor-

A distinctive property of native apoMb is the juxtaposition of able, so that the improvement due to the double labeling is limited.
folded parts and regions less conformationally restrained. The laffhus, although thé3C*N data were helpful in the assignment
ter include the proximal side of the heme-binding site, where thestep, only the'>N data (*H-1*N NOESY-HSQQ were used to
polypeptide chain is endowed with motions on a time scale prederive structural restraints. Not all cross peaks could be identified
venting NMR detectior{Eliezer & Wright, 1996; Lecomte et al., and other methods were considered to complement the NOE data.
1996. Proteolysis experiments reveal enhanced susceptibility in  Proton chemical shifts can be used as a comparative indicator of
the F-helix (Fontana et al., 1997and in the CD corner and structure. Figure 2 shows sequential plots of chemical shift differ-
C-terminal end of the H-helixZhong et al., 1995 Toward the  ences between apoMb and the random @&ifj. 2A), and between
C-terminus of the protein, thtH NMR lines are broad and indic- apoMb and the carbonmonoxy complex of reduced WthCO,
ative of helix fraying. The folded secondary elements include atFig. 2B). The MbCO chemical shift§Kao & Lecomte, 1993;
least portions of the A, B, C, D, E, G, and H helices. The ABGH Osapay et al., 1994; Theriault et al., 19%4ere corrected for the
interface(Fig. 1A) constitutes a stable nucleus, most of which is heme ring current contribution as described elsewli&@o &
formed early in the refolding of the apoprotéifennings & Wright,  Lecomte, 1998 On average, the apoprotein shifts correlate better
1993. with the holoprotein shifts than with the random shifts. There are

Results
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Fig. 2. Comparison of théH chemical shift ppm) of assigned resonances 2
in apoMb andA) random coil(Bundi & Wiithrich, 1979, §(apo — &(ran- %

dom) and(B) MbCO, §(apo — §(CO), after correction for the ring current
induced by the heme group. Values for the nonrecombinant protein are used 0 20 40 60 80 100 120 140

for Vall and Leu2. i
residue number

Fig. 3. Comparison of théH chemical shift ppm) of assigned resonances
in three forms of Mb: MbCO, apoMb, and apoMb complexed with ANS.

a number of outliers in the holoprotein pldig. 2B). Where the ~ A: A subset of the data points shown in Figure 2Eapg — 5(CO). Only
those resonances identified in the three forms of the protein are included.

calculated heme ring current shift is high, the discrepancy betweep. 5(apa — 5(ANS). C: 5(ANS) — 5(CO). The shifts induced by ANS are

corrected CO shifts and apoMb shifts could be due to either et throughout the chairC compared té suggests that the deviation from
structural perturbation or an incorrect estimate of the ring currenthe holoprotein shifts is lower in the presence of the bound ANS.

shift. The latter is particularly likely if the ring current shift is
larger than an empirical 1 ppm cut off. Most outliers fall in this
category.

Overall, Figure 2 reflects the strong tendency of the apoproteirfree apo state structurally, but improved spectrally, the ANS com-
to adopt the holoprotein conformation. However, this alone is in-plex was used to resolve cross peak ambiguities.
sufficient to assess the structure and its flexibility. To investigate The line width, effect of ANS, and hydrogen exchange data can
the conformational properties of the apoprotein, the chemical shifbe explained with an ensemble of interconverting apoMb confor-
perturbations induced by ANS were inspected. ANS binds weaklymations, and caution that a structural determination should make
to the heme sitéStryer, 196% and is in dipolar contact with E allowance for enhanced fluctuations about an average. To probe
helix residues His64, Thr67, Val68, and Alaiocco & Lecomte,  this furtherJ-modulated HSQC data were collected to ob&in.nu
1994, this work. A similar set of interactions is observed in horse values(Neri et al., 1990. For « secondary structurel),.ny is
apoMb(His64, Val67, Val68, and Ala’1The ANS complex yields  generally below 5 Hz, whereas for an extended conformation, the
better resolved spectra than the free apoprotein, likely because @flue is larger than 8 Hz. Values comprised between 6 and 8 Hz
a redistribution of conformer populations into a smaller number ofsuggest possible conformational averaging.
states. In the J-modulated experiments, an 8-Hz coupling implies that

ANS, like the heme group, causes two types of shift perturbathe NH cross peak will change sign near a modulation time of
tions: direct, for the residues in contact and those within ring60 ms, and sooner .y is larger(see Equation 1 in Materials
current range, and indirect, through conformational rearrangemenand methods In apoMb, only a few NH cross peaks show a sign
Figure 3 summarizes the effect of ANS on apoMb. Panel A coneversal indicative of,.ny > 8 Hz. This is consistent with a
tains the chemical shift differenéapoMb — §(MbCO) for ref- protein expected to contain rageys pairs in theB region of the
erence. The same set of resonances is used in Figure 3B to shd®amachandran plot. Small coupling constants are difficult to de-
S8(apoMb — 8(apoMb ANS. In Figure 3B, most chemical shift termine by this method because of relaxation during the modula-
differences are small and suggest that the sharpening of the linestimn delay. 3J,4.ny values were obtained within an acceptable
not accompanied by a major structural change. A comparison ofrecision(better than 1 Hegfrom 32 NH cross peaks, giving
8(apoMb ANS — 6(MbCO) (Fig. 3C) with 5(apoMb — §(MbCO) angles as indicated in Figure 4. The majority of remainihg.nn
(Fig. 3A) displays a slight decrease in scatter where the direcvalues have a larger uncertainty, but are nevertheless below 6 Hz.
influence of ANS is expected to be negligible. This is apparent The ensemble of experimental data suggests that regions of
from residue 10 to 3@standard deviation of the shift differences apoMb are sufficiently restricted conformationally to justify the
changing from 8.3x 102 in 3A to 7.3 X 1072 in Fig. 3C) and  continuation of model building. Structural calculations were there-
from residue 122 to 13Gtandard deviation of the shift differences fore pursued with an ab initio simulated annealing protébblges
changing from 4.4x 1072 in 3A to 3.1 X 102 in Fig. 30. et al., 199]. A total of 680 NOE restraints were applied, which
Figure 3C thus hints at local refolding into a holo-like conforma- were unaffected by the addition of ANS. The restraints are con-
tion. Because ANS binding produces an apo state resembling theentrated in the regions 1 to 76 and 104 to 136 of apoMb, as shown
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slowly exchanging amides were added in these regions in a final
round of calculations. This procedure, which biases the structure
toward that of the holoprotein, is consistent with all the experi-
mental data and introduces no violation.

The simulated annealin@A) protocol yielded 80 structures out
of 100 belonging to a continuum of X-PLOR energies as defined
8 81111 : by Nilges and coworkergAbseher et al., 1998 Figure 5A con-
0 20 40 60 80 100 120 140 tains 20 @ traces chosen across this ensemble of 80 structures to
offer a representation of the sampled conformational space. Only
the regions folded by the NMR data are included in Figure 5A. The
Fig. 4. Restraints used in the structural calculations: The open bars repreSA model can be evaluated with the RMSDs of the [sitions.

sent the number of short- and medium-range NOE distaficesj | = 4); : it -
closed bars represent the number of long-range NOE distaices In Figure 6A, these deviations are shown for three separate super

restraints

residue number

i1 > 4); (0), NH participating in H-bond with the backbone COiat 4; impositions on the average of three stretches of the proteirfoC
(0) backbone dihedral angle = —130; (A) ¢ = —50°. Solid horizontal ~ residues 2 to 36, 59 to 76, and 104 to 136. The low values reflect
bars delineate the helices in the holoprotein. the formation of elements of secondary structure. If the fit is car-

ried out for the same regions simultaneously over their average, the
RMSDs increase moderately and become more scatt€igd6B,
dashed lings The small increase supports that the local elements
in Figure 4. The initial model positions several backbone CO andnd their relative disposition are now contained in the data_. The
NH moieties within H-bonding range. The H-bonds inferred from RMSDs can also be calculated with respect to the holoprotein C
the structures involve the NHs with protection factors higher thanc00rdinatesFig. 6B, solid lines. At this low resolution, the dif-
1,000. A limited set of H-bond restraints was applied in a sub_ferences are comparable to_ th(_e_dlfferences within the family of
sequent round of calculations. Only amides giving rise to signal$tructures and may not be significant.
detectable in a NOESY spectrum collected on freshly dissolved
protein in?H,0 were used at this stage. The structures so Obtaine%iscussion
do not account well for the known pattern of backbone hydrogen
exchange protection. For example, a section of the E helix, knowThe NMR parameters with and without ANS indicate that the N
to undergo slow exchangélughson et al., 1990has NHs that are  state of sperm whale apoMb consists of related conformations
accessible to solvent in many structures. The H-bonds for thexchanging on an intermediate to fast chemical shift time scale.

Fig. 5. A: Backbone model of apoMb derived from NMR simulated annealing structural calculations. Tweritgd@s are super-

imposed in a stereo triptych. The structures were chosen to sample the continuum of X-PLOR épeegiest Alignment was

carried out on the averagea@oordinates simultaneously in the regions 2 to 35, 59 to 76, and 104 to 136. Only the segments of
polypeptide 1 to 76 and 104 to 136 are shown. The orientation is similar to that of Figure 1, with the E-helix in front. The G—-H face

is behind and represented in dashed lifiesCartoon representation of apoMb, generated from the average apoMb structure. Helical
regions are represented as cylinders. Helical turns that are sampled in fewer than half the structures are marked in gray coil. This
summary diagram does not take into account the uneven degree of determination and conformational sampling throughout the structure.
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4.0 The A-helix, AB-turn, and B-helix, regions minimally affected by
5 30 — — — ANS binding, are now well defined. The C-helix appears blurrier
E 10 than the A- and B-helices because of a low restraint count due in
3 10| \ / My part to resonance overlap. However, some degree of fluctuation is
00 LT P o ‘\f\ﬂ‘fi o A supported by weak NOEs and the chemical shift data of Wright

and coworkers, which suggest 75% helicity in this redibiiezer

et al., 1998. The CD-turn displays high B-factors in the holopro-
tein (Cheng & Schoenborn, 1991; Yang & Phillips, 193%6d is
underdetermined in the apoprotein. Heteronuclda>N NOE
data were collected to assess the mobility of the backbone. The
results are essentially as reported by oth&ilgezer et al., 1998
showing a depression of the effect in the CD region and indicating
internal motions on the subnanosecond time scale. The chemical
shift scatter in Figure 3 also supports a greater conformational
variability in this region. Short-range side-chain interactions, as
Fig. 6. RMSDs for Gv coordinates in the structure of apoMi. A set of well as the [, of His36 and His488 and 5, respectively, in both

80 X-PLOR structures in the continuum of energy were superimposedapoMb and holoMb; Cocco et al., 19924ndicate that the local

Tg‘il"i‘igg”go?;hbe a"zraget Ofﬂ:hrﬁeIdiﬁer_e”tthseg”?e”tsé—ga_5?—76' andtructure is at least partially in place in this region. Chemical shift
—136. Solid bars denote the helices in the holoprotirDeviations . hali L o
calculated when the superimposition is performed on the average Structu%egeneracy in the D-helix and beginning of the E-helix prevents

obtained for the same three segments at the same(diasbed linesand ~ the detection of some of the backbone NOEs necessary to refine
when the superposition is carried out over the holoprotein stru¢sotil the structure. For the rest of the E-helix, the chemical shift argu-
lines). The chemical shifts suggest that the MSD shown inB for the  ment(Fig. 2B) indicates limited structural rearrangement. On av-
C-CD-D region is in part artifactual. erage, the E-helix appears positioned with respect to the ABGH
interface as in the holoprotein.
The F-helix residues belong to a region devoid of long-range
restraints, extending from residues 77 to 104 and encompassing the
This implies a potentially broad range of rates and raises the posF-turn, the F-helix, the FG-turn, and the beginning of the G-helix.
sibility that the relationship between NOE cross peak intensity andBeyond the first turn of the G-helix, structural evidence is recov-
internuclear distance is not uniform throughout the structiieu- ered as the helix docks against the AB region. The GH turn is
haus & Williamson, 1980 Where the inter-residue NOE density is maintained as well as most of the H-helix. The data at the end of
low, and large amplitude fluctuations are suspected, the structurdne H-helix point to structural alteratiorisee below. It is note-
derived from the NOEs is likely not to be accurate. Where theworthy that many globin sequences end at H&@&143 in sperm
NOE density is high and the intensities and widths are comparableshale Mb; Bashford et al., 1982and only H15 and H19 are buried
to those in the holoprotein, a calculation can provide an acceptablat a helical interface.
approximation of the gross structure. Within the limitations of the model, there is confirmation for
As expected, because of the nature of the apoMb native state aradtered packing in two regions of the protein. In the C-helix, the
the small number of restraints, several conformations are accepthemical shift scatter with respect to the holoprotein is larger than
able(Fig. 5A). Lack of data remains a limitation particularly in the in the A-B helices. This can be due to the alteration of the helix
flexible regions, which are incompletely described. To summarizetself or the nearby regions. For example, after correction for heme
the features of the apoMb model in comparison to Mb, a cartooning current shift and under an isostructural assumption for holo
was prepared with thaverageCa coordinates of the structures and apoMb, the methyl group of Thr324) would resonate ap-
(Fig. 5B). The cylinders represent elements of secondary structurgroximately at 0.9 ppm. This upfield-shifted value compared to the
that are formed in all individual structures. The EF-F-FG loop andrandom value of 1.2 ppm is caused by Tyri@G®). The observed
the end of the H helix are averaged to featureless stretches and ate85 ppm shift in the apoprotein can be explained in terms of a
shown in thin lines. Figure 5B is to be viewed with the family of change in the relative orientation of the G3 and C3 side chains in
structures shown in Figure 5A as a reminder that high resolutiorthe apoprotein.
information cannot be derived uniformly from the model. For ex- In the F-helix, the methyl group of Thr95 is tentatively assigned
ample, the cartoon suggests a reorientation of the H-helix; thigt 1.1 ppm, but the heme ring current shift correction calculated on
could be the result of the current restraint distribution, which doeghe basis of a constant structure fails to reproduce the experimental
not confine the end of the helix and exaggerates small angulashift. The same holds for Ala94, whose chemical shift in the ho-
error in the ABGH interface. In addition, chemical shifts, NOEs, loprotein is strongly influenced by Tyr146 and Tyr151. No alanine
and dihedral angles provide no information on the correlation ofresonance is found at the predicted chemical shift of 0.6 ppm.
the various motions. The local folding—unfolding processes occurGiven that all 17 alanines can be detected, this provides additional
ring in adjacent segments of the protein could be independent evesvidence for the disruption of contacts between the F-helix and the
though the global unfolding of apoMb is cooperative. Such sub-end of the H-helix.13Ca chemical shift indicegEliezer et al.,
domain behavior has been observed in apocytochtmygevhere 1998 are consistent with this conclusion.
detailed hydrogen exchange studies have revealed three regions ofGlobal properties of the molecule emerge from the model. Mb,
subglobal cooperativityFuentes & Wand, 1998 a disk of dimensions-48 A x 40 A x 22 A, expands to a less
Figure 5 captures several coarse features of apoMb and extendsdered state upon heme removal. Solution X-ray scattering data
the knowledge of the structure. An earlier study, usliryNOE collected on horse apomyoglobin indicate an increase in the largest
methods, characterized the ABGH interfdtecomte etal., 1996  dimension of the protein to 63 AKataoka et al., 1995 The

Co. rmsd

residue number
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structures derived for sperm whale apoMb allow for an increase irmpoMb samples were obtained by the cold butanone méfreale,
anisotropy through the regions not included in Figure 5A; the main1959.

change in dimension would take place along the axis of the H-helix.
The NMR model also imposes restrictions on the average size Ol{l
the molecule. The radius of gyration of the 20 structures was
evaluated with the program HYDRMenable & Pastor, 1988by The solutions were approximately 1 mM in protein and 10 mM in
representing each residue by a béatlius 3.4 A centered at the acetate buffer, pH 5.7, with addé&#,O to yield a 90% HO/10%

Ca coordinates. The nonhydrated radius has an average value 8H,0 solution. The pH was adjusted using 0.1 M NaOH and 0.1 M
18.5 A. This is in comparison to 15.4 A for the holoprotein. The HCIl. The apoMb ANS complex and MbCO complex were pre-
experimental values obtained by X-ray scattering on horse myopared as previously describé8occo & Lecomte, 1994

globin are comparable: 19.7 fpoprotein and 17.5 A(holopro-
tein) (Kataoka et al., 1995

The apoprotein model is relevant to the mechanism of in vitro
heme binding Kawamura-Konishi et al., 1988At this stage, itis  Data were recorded on a Bruker AMX2-500 spectrometer operat-
possible to speculate on the earliest phase of recognition. Initiahg in the quadrature mode atll frequency of 500.13 MHz. The
positioning of the heme in its high affinity site necessitates theprobe temperature was 304 K. Proton détel-*H NOESY and
hydrophobic surface on the distal sitie-helix). All heme orien- 1H-H TOCSY) were acquired as described elsewh@recomte
tations but two are then rapidly eliminated to balance electrostatiet al., 1996.
and steric interactions between the heme group and the protein Heteronuclear spectra were collected using triple-resor@hige
matrix. Preorganized or readily recruited residues in contact with'>N/13C) z-gradient shielded probe. Solvent suppression was
the propionate and the vinyl side chains, among which the modehchieved through the WATERGATE scheii8klenar et al., 1993
suggests Thr39C4), Phe43(CD1), Arg45 (CD3), Val68 (E1)), The following three-dimensional experiments were run with their
Leu72 (E15, and 1le107(G8), could guide this rapid selection. indicated spectral widths and complex data poifisacquired for
Further protein folding and proximal histidine coordination then dimensions t1, t2, and t3, respectivef§fd-1>N TOCSY-HSQC
occur, retarding the heme rearrangement into the major isomer. (*H: 6,024 Hz, 64*;15N: 1,500 Hz, 32*;'H: 7,042 Hz, 2,048%

ApoMb and apocytochromig; (Falzone et al., 1996how that  mixing time 44 mg and *H-**N NOESY- HSQC(*H: 6,024 Hz,

a heme pocket can be constructed with two dynamically differen64*; 15N: 1,500 Hz, 32*;1H: 7,042 Hz, 2,048* mixing time
faces. In apoMb, the distal side is folded and the proximal side i80 mg (modified from Cavanagh et al., 1996'H-*C HCCH-
fluctuating. Amino acid sequence analyses and structural compaFOCSY (Kay et al., 1993 and COSY(lkura et al., 1991 (*H:
isons relate the distal face of apoMb to the unfolded face of apo4,000 Hz, 64*;*3C: 8,000 Hz, 32*;'H: 4,000 Hz, 512%; *H-*3C
cytochromebs (Runnegar, 1984 1f this relationship is valid, which  NOESY-HSQC (*H: 6,024 Hz, 64*;13C: 7,575 Hz, 32* H:
of the face is folded is not essential. Perhaps more important i15,024 Hz, 512% (Muhandiram et al., 1993 HNCA (*°N:
these cases is that the heme binding sites are made of helicels.700 Hz, 36%;*3C: 2,500 Hz, 48*H: 6,024 Hz, 512¥ (modified
Helices satisfy shape complementarity requirements but they alsistom Grzesiek & Bax, 1992¢ CBCANH (13C: 7,142 Hz, 50%,
are local elements of secondary structure whose unfolding may b&N: 1,700 Hz, 24*H: 7,042 Hz, 512% (Grzesiek & Bax, 1992b
rapid (Ballew et al., 1996b; Gilmanshin et al., 199 Helix un- and CBCACO)NH (13C: 7,142 Hz, 50*>N: 1,700 Hz, 25* H:
winding provides a mechanism for loosening the heme pocke®,042 Hz, 512% (modified from Grzesiek & Bax, 1992aQuad-
without severe tertiary structure consequences. This could errature detection in the indirect dimensions was achieved using
dow the protein with advantageous thermodynamic and dynamid@ PPI-States for all of these experimeiildarion et al., 1988
properties. A set of eightJ-modulated*H-1>N HSQC experiments were

ApoMb has so far eluded high resolution characterization. Specperformed with mixing times ranging from 52 to 116 ms for mea-
tral indicators were used here to examine the validity of applyingsuring 3J,..nn coupling constantéNeri et al., 1990. Parameters
standard structural methods to it. Although the location of secondwere *H: 7,042 Hz, 2,048* and'®N: 1,500 Hz, 200*. The'H
ary structure has been reasonably well established, the tertiamgarrier was placed on the water resonance and¥Necarrier was
structure is still not entirely contained in the current representationplaced at 118 ppmtH-15N heteronuclear NOE were collected at
A more complete description will be likely to require the interpre- pH 6.2, 304 K with WATERGATE suppression of the water signal.
tation of backbone and side-chain dynamics in an exchanging sysarameters weréH: 7,042 Hz, 2,048* and®N: 1,500 Hz, 128*.
tem. Nevertheless, the new model does begin to reveal wher8pectral width and digital resolution were as for thexperiment.
tertiary contacts are maintained or can be adopted by apoMb. AShe total recycle time was 4 s; irradiation was applied to the center
such, it is a useful structural view of a much studied system.  of the amide region fio3 s with a WALTZ-16 scheme. Quadrature
was achieved with TPPI.

Data were processed with FELIMMolecular Simulations Inc.,
San Diego, Californip Data collected in 90% D/10% 2H,O
were subjected to a 20 Hz sinebell-based convolution function to
suppress the solvent. Shifted squared sine@l to 60) were
Sperm whalgPhyseter catodonmyoglobin was either purchased applied in both dimensions. Data were zero filled once in the
from Sigma(St. Louis, Missouni and used without further puri- indirect dimensions. Linear prediction was used in the three-
fication, or produced irEscherichia colicell strain BL21(DE3)  dimensional*H->N NOESY-HSQC experiment in thé°N di-
using a pET13d plasmid containing the myoglobin géaegift mension(24 pointg. The proton chemical shifts were indirectly
from Dr. Fang Shu The *N- and *3C,*>N-labeled proteins were referenced to DSS through the water signal with temperature cor-
prepared as reported previougBhattacharya et al., 1997All rection (Wishart et al., 1996 Nitrogen shifts were referenced

MR samples

NMR experiments

Materials and methods

Protein samples
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indirectly to ammonium chloridéLive et al., 1984 and carbon to  X-ray coordinates of deoxyMtbmbn.pdb; Takano, 1977b, 1984
DSS. Chemical shifts were essentially as reported previously by uwith adjustment made for the tautomeric states of histidine resi-
and Wright and coworkerEliezer & Wright, 1996; Eliezer et al., dues(Bhattacharya et al., 1997The resulting structures are in-
1998, save for minor variations due to sample conditions. Assign-dependent of the myoglobin template coordinates. The initial SA
ments in the ANS complex were obtained by homonuclear method¢emperature was 1,000 K. The duration of the high temperature

In the -modulated experiment, the intensity of the cross peaksstage was 120 ps and that of cooling stage was 60 ps, with time
was measured and plotted as a function of the mixing time, steps of 0.005 ps.

Nonlinear least-squares fitting was performed to Equation 1 A total of 100 structures were sorted by X-PLOR energy; 80 of
these defined an energy continuum and contained a low number of
1(7) = lg X oS3 ypnnt) X exp(—1/T) 1) small violations(smaller than 0.2 A none systematic. The 20

structures represented in Figure 5A were selected from the energy
sorted set of 8Qone every four without consideration for the
number of violations. The average violation for this random set is
maller than 0.1 A. Four structures had a long-range violation
stween 0.2 and 0.5 A. The equivalent resolution of the set, as
evaluated by AQUA and PROCHECK-NMR_.askowski et al.,
1996, is 2.8 A for the folded segments, corresponding to 71% of
the ¢,y pairs in the allowed regions of the Ramachandran plot,
25% in the additional allowed regions, and 3% in the generously
Ring current shift calculations allowed region. At this resolution, the differences between the

apoprotein structuréwhere folded and the holoprotein structure
The ring current shift exerted by aromatic side chains and hemenay not be significant. Time-averaged distance restraint calcula-
group was calculated with the program previously ugiédo &  tions (Torda et al., 1990were performed for residues 37 to 58 to
Lecomte, 1998 Holoprotein coordinates were those of sperm whalegptain a view of the range of geometries allowed by the data
MbCO (Protein Data BankPDB) file 2mb5; Cheng & Schoen-  (Nanzer et al., 1994 A 10 ps trajectory was generated from the
born, 199} and metaquoMh(PDB file 4mbn; Takano, 1977a, |owest X-PLOR energy structure of the set over 10,000 frames. A
1984 to account for variations in the solid state coordinates.  total of 250 frames were extracted at regular interval for RMSD
calculations. The values compare well with those obtained by in-
cluding higher energy structures in the ensemble.

wherel (7) is the intensity of the cross peak of interest at time
lois the amplitude at = 0 andT a relaxation parameter. A Karplus
equation translated these measurements into estimates of the ba%
bone dihedral angle. 3.\ restraints were considered only for
those residues with a small err¢<+1 Hz) even if the upper
bound of the value was below 6 Hz. This yielded 32 restraints.

Structural calculations

The structures were calculated with X-PLOR 3(84linger, 1992
with a protocol similar to that described previouslecomte et al.,
1996. The proton NOESY data igH,0 and HO, the *H-°N The National Institute_s of Health supported t_his work with grant GM-
NOESY-HSQC data, and th&H-13C NOESY-HSQC data were 54217. Thg au_thors w!s_h to tha_mk Drs. Melanle Cocco _and Yung-Hsiang
analyzed to yield interproton restraints, applying to residues 1 tQP:<ao for their initial participation in the project and the reviewers for useful
' omments.
76 and 104 to 136. The distance restraints were classified into
weak, medium, and strong categories after calibration with Trp
C2H-CnH and Tyr GH-CeH cross peak volumes. The cross References
peaks were compared to the corresponding cross peaks in the AN seher R, Horstink L, Hilbers C, Nilges M. 1998. Essential spaces defined by
complex to ascertain that the distance was not affected by the NMR structure ensembles and molecular dynamics simulation show signif-
binding. A change in distance would denote a flexible part of theBalI:;:\;avnFt%I?Avestfg)éﬁ)lzgt?Irgrl?::rt?eclte':l\;ljn%g;;eéig:?gggezzr.vation of fast protectin
structure and an unrellaple constraint. The respective distance ranges foldmg:’The initial ’collapse of apoMtProc Natl Acad Sci USA 98759—
for these three categories were 1.8 t0 2.7 A, 1.8t0 3.3 A, and 1.8 5764.
to 5.0 A. Methyl groups and ortho and meta protons of Phe and TyBallew RM, Sabelko J, Grugbele M. 1996b. Observatiqn of distinct nanosecond
were treated as X-PLOR pseudoatoms v(/'rths) averaging; 0.5 A 5 a_nd mmrosecpnd protein folding evenisat Strupt Biol 3923-926.
. arrick D, Baldwin RL. 1993. Three-state analysis of sperm whale apomyo-

was added to the upper bound and the allowable lower limit was  giobin folding. Biochemistry 323790—3796.
unchanged. Stereospecific assignments were made arbitrarily dashford D, Chothia C, Lesk AM. 1987. Determinants of a protein fold. Unique
the basis of chemical shift then adjusted on the basis of resulting features of the globin amino acic sequencbblol Biol 196199216, ,

. . . . . - hattacharya S, Sukits S, MacLaughlin KL, Lecomte JTJ. 1997. The tautomeric
violations. H-bond restraints were included as described in the” " i oi histidines in myoglobirBiophys J 7332303240,
text. In addition, the hydrogen bonds presumed between the sidgreslow E, Beychok S, Hardman KD, Gurd FRN. 1965. Relative conformations
chains of His24 and His119, as well as the side-chain to main- gf gr;’eofm ;Vg;le metmyoglobin and apomyoglobin in solutibBiol Chem

; ; . 40:304-309.
Zz?cl)?cgzd rTof?:rlll helcl)?ngiIZ?lttV\ll-le%r(])n%Isbze‘tV\?gednAé I?Jé% "\’IV S rznzxgllljggBrUngerAT. 1992X-PLOR. Version 3.1. iAsystem for X-ray crystallography and
. - - - NMR New Haven, Connecticut: Yale University Press.
carboxylate was not applied. The accepted restraints weré2; Bundi A, Withrich K. 1979.1H NMR parameters of the common amino acid
short-range distance@ame residue 247; medium-range dis- EISid;iSATegi"”%d, in T‘queouié‘gg“ggi of the linear tetrapeptides H-Gly-
S ) . R y-X-L-Ala-OH. Biopolymers —297.
te_mces(l <_ L . il= ‘.1)’ 292 and 64 from 32 H-bonds; long rang_e Cavanagh J, Fairbrother WJ, Palmer AG, Skelton NJ. 1P&gtein NMR spec-
distanceg|i — j| > 4): 141 and 2 from 1 long range H-bond. This troscopy. Principles and practicé.ondon: Academic Press.
is a total of 778 restraints, an increase of 70% compared to th€heng X,I Sbchoenb?m E?P- 1991. Neutron diffraction study of carbonmonoxy-
; ; myoglobin.J Mol Biol 220:381-399.

pr(f‘,r\ﬂous <|:a|<|:u|§1t|ons. f d with ined ab initi Cocco MJ, Kao Y-H, Phillips AT, Lecomte JTJ. 1992. Structural comparison of

_The calcu atIOﬂS were periorme with a restr_alne ab Initio 3pomyoglobin and metaquomyoglobin: pH titration of histidines by NMR
simulated annealing protoc@Nilges et al., 1991 starting from the spectroscopyBiochemistry 356481—-6491.
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