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ABSTRACT: The 'H (500-MHz), '13Cd (44-MHz), and 31P (81-MHz) N M R  spectra of the bovine y-car- 
boxyglutamate- (Gla-) containing protein osteocalcin and its Ca(I1) and Cd(I1) complexes in solution have 
been obtained. The 'H  N M R  spectrum of the native protein shows narrow resonances and a highly resolved 
multiplet structure suggesting rotational freedom of the side chains. In comparison to the simulated 'H 
N M R  spectrum of a random polypeptide chain of the same amino acid composition, there is moderate 
chemical shift dispersion, indicating some conformational restraints to be present. Ca(I1) binding broadens 
all 'H resonances, so severely a t  four Ca(I1) ions per molecule that few structural conclusions can be made. 
Cd(I1) substituted for Ca(I1) has the same effect, and ll3Cd N M R  shows the Cd(I1) to be in intermediate 
chemical exchange on the chemical shift time scale. Estimates of the chemical exchange rates required 
for 'H and l13Cd line broadening suggest a range of Kd values for the metal ion complexes from 10" M 
to as high as M depending on the number of metal ions bound. Alternatively, 'H line broadening could 
be explained by relatively slow conformational fluxes in the protein induced by labile metal ion binding 
to one or more sites. Cd(I1) when used to form a cadmium-phosphate mineral analogous to hydroxylapatite 
results in a crystal lattice that removes osteocalcin from solution just as effectively as hydroxylapatite. 
'13Cd(II) exchange a t  the binding sites of osteocalcin in solution is slowed dramatically by the addition of 
HP04*-. 31P N M R  shows the interaction of phosphate with the protein to require the metal ion. Much 
of the original chemical shift dispersion in the 'H N M R  spectrum is removed by decarboxylation of the 
three Gla residues. The spectrum is no longer affected by Ca(I1) and is more similar to that of a random 
coil, suggesting that the original conformational restraint may be dictated by the high negative charge density. 
These findings suggest that the extremely stable complex of this flexible protein with the hydroxylapatite 
lattice must be induced by conformational changes and chelate effects consequent to binding of the three 
Gla residues to the Ca(I1) sites in the solid lattice 

Osteocalcin is a member of the recently discovered class of 
proteins that contain y-carboxyglutamic acid residues (Gla). 
Gla residues are the product of a posttranslational vitamin K 
dependent carboxylation at the y-position of glutamate resi- 
dues. The dicarboxylate structure of the Gla residue allows 
for chelation of cations, and the Gla-containing proteins all 
exhibit a high affinity for Ca(I1). 

Osteocalcin is the most abundant noncollagenous protein 
found in bone, is the only bone protein known to contain Gla 
and is therefore also referred to as bone Gla protein or BGP.' 
There is a high degree of sequence homology between osteo- 
calcins from different species (Hauschka & Carr, 1982). 
Bovine BGP contains three Gla residues and a single disulfide 
bridge and has a M, of 5700 (Price et al., 1976a). The Kd for 
the BGP Ca(I1) has been reported from 2 X 
M depending on ionic strength and the number of Ca(I1) ions 
present (Hauschka et al., 1977). The Kd for BGP bound to 
hydroxylapatite in the solid state has been estimated to be at 
least 

The high affinity of BGP for hydroxylapatite has been the 
focal point for investigations into the function of BGP. BGP 
is known to be synthesized within osteoblasts (Nishimoto & 
Price, 1979) and probably appears initially as a high molecular 
weight precursor (Hauschka et al., 1983). Reduction of total 

to 3 X 

M in 0.15 M NaCl (Poser & Price, 1979). 
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BGP to 2% of the normal level in warfarin-treated rat wean- 
lings did not induce any detectable abnormality in bone 
mineralization or repair within 10 weeks (Price & Williamson, 
1981). After 8 months of warfarin treatment, however, there 
was some abnormal calcification of the proximal tibial growth 
plate with consequent slowing of longitudinal growth (Price 
et al., 1982). It is known that BGP inhibits hydroxylapatite 
formation in vitro (Poser & Price, 1979). While BGP might 
slow hydroxylapatite formation in vivo, the precise effect of 
BGP on the in vivo hydroxylapatite equilibrium is unknown. 
Detailed discussions of the possible function of osteocalcin can 
be found in Price et al. (1976b, 1982), Price & Williamson 
(1981), and Lian et al. (1983). 

The studies in this paper were directed toward elucidation 
of the principal structural elements of the bovine protein and 
its metal complexes in solution by NMR spectroscopy. 'H 
NMR (500 MHz) was employed to observe structural dif- 
ferences between various forms of BGP, Le., native, decar- 
boxylated, and reduced. The dynamics of BGP interactions 
with Ca(II), Cd(II), and phosphate were explored with 'H,  
'I3Cd, and 31P NMR. 

MATERIALS A N D  METHODS 

Bovine BGP was prepared according to published methods 
(Price et al., 1976b). Dialysis at pH 4 to remove calcium was 

Abbreviations: BGP, bone y-carboxyglutamic acid containing pro- 
tein; Tris-HCI, tris(hydroxymethy1)aminomethane hydrochloride. 
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monitored by atomic absorption spectroscopy on an Instru- 
mentation Laboratory 157 spectrophotometer. The calcium 
content was less than 5% of the BGP concentration. Homo- 
geneity was checked by electrophoresis on a 20% polyacryl- 
amide gel. The protein was dialyzed against 10 mM Tris-HC1, 
pH 8, lyophilized, dissolved in D20, and lyophilized again. 
When protein solutions were made for the NMR studies, 
protein concentration was determined with = 1.06 at 
280 nm (Poser & Price, 1979). Decarboxylated and reduced 
BGP were prepared according to published procedures (Poser 
& Price, 1979). All other materials were analyzed reagent 
grade. 

IH NMR spectroscopy was performed on a Bruker WM 
500-MHz spectrometer. Decoupling experiments were per- 
formed with NOE suppression. pD was 8.4 and temperature 
308 O K  unless noted otherwise. The HDO resonance was set 
at 4.7 ppm. lllCd (42.4-MHz), Il3Cd (44.37-MHz), and 31P 
(80.98-MHz) NMR spectroscopies were performed on a 
Bruker CXP-200 spectrometer with a broad-band tunable 
probe. The pulse angle was -30°, and no decoupling was 
employed. Samples were 2 mL, 10% DzO, pD 6.5, and run 
at 303 K. A vortex plug confined the sample and allowed for 
introduction of external standards in a capillary tube ("'CdC12, 
95 ppm; methyl phosphonate, 29.5 ppm). The simulation of 
the BGP IH NMR spectrum was accomplished by using the 
Bruker PANIC program. Chemical shift and coupling constants 
for individual amino acids were taken from the following 
sources: for Gla, Marki et al. (1977); for Hyp, Abraham et 
al. (1962); for the rest of the residues, Bundi & Wuthrich 
(1979). 

RESULTS AND DISCUSSION 
The 'H NMR spectrum of calcium-free BGP is highly 

resolved (Figure 1A). Most of the proton resonances are 
similar to those expected for a random polypeptide of the same 
amino acid composition (Figure 1B). However, a number of 
the side-chain protons show chemical shift dispersion, sug- 
gesting that there is some structure present in the metal-free 
protein. Complexation of BGP by Ca(II), Cd(I1) and HP0:- 
is relatively weak, and the spectra of these complexes are 
modulated by chemical-exchange processes that cause sig- 
nificant line broadening. II3Cd and 31P NMR spectra of these 
complexes are consistent with such an exchange phenomenon. 

The 'H resonance assignments of the metal-free protein are 
presented first followed by the 'H NMR spectra of the metal 
ion complexes. Il3Cd NMR is then presented as a probe of 
the formation of the complex with the metal ion, since 
Il3Cd(II) has an ionic radius similar to that of Ca(I1) and 
readily substitutes for Ca(I1). 31P NMR was also used to 
follow the formation of metal-dependent phosphate complexes 
with the protein. 

' H  N M R  (500 MHz)  of the Aromatic Residues of BGP. 
The IH spectrum of BGP in the region of the aromatic protons 
is given in Figure 1A and compared to a simulated aromatic 
' H  spectrum of a random polypeptide of the same amino acid 
composition (Figure 1 B). The proton assignments given for 
the BGP spectrum are based on decoupling and pH titration 
experiments discussed below. The most striking difference 
from the spectrum of a random polypeptide is shown by the 
tyrosyl protons. These appear to occur in roughly two groups 
of two residues each, one set with both 2,6 and 3,5 protons 
relatively unshifted (7.13 and 6.78 ppm, respectively) and a 
second set with both 2,6 and 3,5 protons shifted upfield (7.03 
and 6.75 ppm, respectively). The two Tyr in the first set do 
not have precisely identical chemical environments (note 
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FIGURE 1 :  The 500-MHz 'H spectrum of the aromatic residues of 
osteocalcin (BGP): (A) native BGP, (B) simulated spectrum (see 
Materials and Methods) and (C) decarboxylated BGP. In this and 
the following figures, the numbers refer to the ring position of the 
proton to which the resonance is assigned. 

different chemical shifts for the 2,6 protons). The second set 
of Tyr residues with upfield-shifted protons appear to be 
identical giving a single doublet for both 2,6 and 3,5 protons 
(Figure 1A). The Tyr proton spectra, especially in the 3,5- 
proton region, however, are not always divisible into two 
subsets. A spectrum consisting of two sets of doublets (each 
four protons) for the 3,5 protons is nearly achieved at 308 "C 
(Figure 2), but at lower temperature overlapping doublets 
produce at least five peaks and two minor p r l y  resolved peaks 
slightly downfield. This suggests that at room temperature 
the Tyr residues exist in several slowly interconverting con- 
formations that tend to disappear at higher temperature. Thus, 
BGP does not appear to exist in a single conformation in 
solution. 

The primary structure of bovine BGP (Price et al., 1976a) 
is as follows and shows that the aromatic residues are confined 
to the amino- and carboxy-terminal arms: 
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'Tyr-Leu-Asp-His-Trp-Leu-Gly-Ala-Hyp-Ala-Pro-Tyr-Pro-Asp-Pro- 
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16Leu- G/a-Pro - Lys-Arg- G/u -Val-Cys-G/u-Leu-Asn-Pro-Asp-Cys- Asp- 
3'Glu- Leu-Ala-  Asp-His- I l e -G ly -Phe-Gln  -Glu - Ala- Tyr -Arg-  Arg- Phe-  

46 Tyr-Gly-  Pro-Val 

Therefore, temperature-induced mobility of the aromatic side 
chains is perhaps not surprising and indicates that there is some 
structure in the terminal regions of the peptide chain to impede 
side-chain mobility. 

The chemical shift dispersion of the Tyr resonances also 
largely disappears on decarboxylation of the Gla residues 
(Figure lC), suggesting that the structure present in metal-free 
BGP may reflect electrostatic repulsions or salt bridges in this 
highly negatively charged protein. The His protons show 
moderately different chemical shifts and titrate with pK,'s (6.8 
and 7.8) different from those expected for a random poly- 
peptide chain. The His sequences are Asp-His-Trp and 
Asp-His-Ileu, so sequence alone would not suggest such dif- 
ferent pK, values (Figure 3). 

Typical examples of decoupling experiments used to assign 
the aromatic protons are shown in Figure 4. The minor most 
upfield Tyr 3,s resonance does not decouple when either group 
of 2,6 proton resonances are saturated, suggesting that part 
of the molecules have at least one Tyr in a different envi- 
ronment at 278 'C. The resonance identified as a His-4 proton 
is not coupled to any other as expected. Studies of the solution 
conformation of metal-free osteocalcin from both chicken bone 
and bovine bone by circular dichroism of the peptide chro- 
mophores indicate a conformation that is not significantly 
different from that expected for a "random" polypeptide chain 
(Hauschka & Carr, 1982; Delmas et al., 1984; Gundlsch & 
Voegeli, 1983). Circular dichroism of the preparations used 
in the present study carried out in this laboratory confirm this 
conclusion. 

' H  N M R  Spectra of the Aliphatic Protons of BGP. The 
aliphatic proton NMR spectrum of the protein shows little 
deviation from the 'H NMR spectrum expected for a random 
polypeptide chain of the amino acid composition of BGP (Parts 
A and B of Figure 5, respectively). All the aliphatic proton 
resonances are relatively narrow, and many assignments can 
be made with reasonable confidence from the simulated 
spectrum. Proceeding from high field to low field in Figure 
5, the Val, Leu, and Ile CH3 protons (0.7-1 ppm) are only 
slightly shifted from those of the simulated spectrum (Figure 
5B) and, like the Ala @-protons (1.2-1.3 ppm), show some 
chemical shift dispersion. There is also some chemical shift 
dispersion among the Leu P,y-protons. However, the envelope 
of aliphatic proton resonances between 0 and 2.3 ppm (Figure 
5A) exhibits strong homology to the simulated spectrum 
(Figure 5B). The resonances between 2.3 and 3.3 ppm (Figure 
SA), comprised mostly of @-protons, are also similar to the 
simulation. The Pro and Hyp 6-protons appear well dispersed 
between 3.5 and 3.8 ppm. The Hyp and four of the six Pro 
amino acids occur between residue 9 and residue 18 in the 
BGP primary sequence (see above). These residues preclude 
the existence of any "classical" secondary structure within that 
region of the polypeptide chain; however, they may also prevent 
the peptide backbone from assuming all the possible confor- 
mations of a random structure. Likewise, the modest chemical 
shift dispersion in the a-proton resonances (4-5 ppm, Figure 
5A) is indicative of some restriction to BGP taking on a 
completely random-coil solution structure. 

The 500-MHz ' H  N M R  Spectra of Decarboxylated and 
Reduced BGP. In order to assess the effect of the three di- 
carboxyl groups on the solution structure, the y-carboxyl- 
glutamyl residues of metal-free BGP were decarboxylated by 
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FIGURE 2: Effect of temperature on the resolution of the 500-MHz 
'H NMR spectrum of the aromatic residues of osteocalcin (BGP). 
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FIGURE 3: pH titration of the 500-MHz 'H spectrum of the two His 
residues of osteocalcin (BGP). The His 2-protons shift upfield with 
increasing pH but exhibit different acidities consistent with pK,'s of 
6.8 and 7.8. 

the previously described dry-heating method (Poser & Price, 
1979). The 'H NMR spectra of the decarboxylated protein 
are shown in Figures 1C and 5C. The most striking change 
is the loss of the chemical shift dispersion of the methyl protons 
of two of the four Ala residues at 1.15-1.3 ppm. None of the 
four Ala methyl groups are near the Gla residues in the se- 
quence, so the original chemical shift dispersion of the Ala 
methyl groups most probably relates to a restricted secondary 
or tertiary structural element. A similar change is obvious 
in the region of the a-protons of the two Val and the one Ile, 
4-4.1 ppm. 

The above changes in the spectrum are the most dramatic, 
but the fact is that sharpening of the signals and loss of some 
of the chemical shift dispersion occur throughout the aliphatic 
spectrum upon decarboxylation. For example the @'-protons 

I 
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of a high density of negative charge should be a significant 
structural feature. However, in solution, the disulfide bridge 
appears to play little role in determining BGP conformation. 

Solution Structure of Ca(II),  Cd(ZI), and Phosphate 
Complexes of BGP as Assayed by IH, I W d ,  and 31P NMR.  
Addition of two Ca(I1) ions/mol of BGP at  millimolar con- 
centrations severely broadens the aromatic and aliphatic proton 
N M R  spectra (Figure 6A). The broadening increases when 
four Ca(II)/mol BGP are added. The best explanation ap- 
pears to be that the Ca(I1) complexes are quite labile, and 
therefore, exchanges between liganded and unliganded forms 
are fast enough for the intermediate chemical exchange con- 
dition to pertain.* Some chemical shift dispersion is probably 
also present, since the change between two and four Ca(I1) 
ions (Figure 6A,B) suggests that it may be difficult to saturate 
all Ca(I1) sites. Ca(I1) could also cross-link one or more 
molecules of BGP, leading to further chemical shift dispersion 
and an increased rotational correlation time of the protein. 

The IH N M R  of the decarboxylated protein shows no 
changes upon Ca(I1) addition and confirms that the three 
dicarboxylated side chains make the major contribution to the 
formation of the Ca(I1) binding sites (Figures IC and 5C). 
Without these extra carboxyl groups, both the initial con- 
formation and the Ca(I1) binding sites are lost. The His 
residues may contribute to the Ca(I1) sites, since these reso- 
nances shift in the complex (see Figure 6C), but once the Gla 
residues are gone, no shift in these resonances is induced by 
Ca( 11). 

'I'Cd, Il3Cd, and 31P N M R  of the Cd(ZZ) Complexes of 
BGP. Cd(I1) has been shown to bind to a large number of 
Ca(I1) binding proteins and provides a useful NMR probe for 
Ca(I1) binding sites in the form of l13Cd (S = or '"Cd 
(S = isotopes (Forsgn et al., 1979, 1980). That Cd(I1) 
interaction with osteocalcin is not an unreasonable model for 
Ca(I1) binding is supported by the observation that if Cd(I1) 
is substituted for Ca(I1) in the formation of a cadmium- 
phosphate compound formed by following the standard steps 
leading to hydroxylapatite formation (Main et al., 1959), a 
solid is obtained with the same solution properties and the same 
(Cd(I1):phosphate ratio as the Ca(I1):phosphate ratio in true 
hydroxylapatite. While we have not physically characterized 
the lattice, the Cd(I1) analogue removes BGP from solution 

S A T U R A T I O N  
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FIGURE 4: Decoupling experiments showing some spin-spin-coupled 
resonances in the 500-MHz 'H NMR spectrum of the aromatic 
residues of osteocalcin (BGP). The vertical arrows indicate which 
multiplets are saturated. The saturated resonances are  connected to 
their respective J-coupled multiplets by the horizontal arrows. 

of the four Tyr and two Phe residues are now obvious at -2.9 
ppm and correspond much more to the simulated position. In 
addition, the Tyr aromatic proton resonances are now much 
more homogeneous (Figure IC). There are two changes in 
the aliphatic spectrum that can reasonably be attributed to 
the loss of Gla, Le., the loss of resonance at 2.15 (Gla @'- 
protons) and 3.45 ppm (Gla y-protons) as indicated by the 
arrows in Figure 5A and the appearance of increased signal 
intensity a t  2.2 (Glu y- and 7'-protons) and 1.95 ppm (Glu 
@- and @'-protons) as indicated by the connected arrows in 
Figure 5C. 

These results indicate that the negative charges provided 
by the dicarboxylic acid Gla residues, leading to a net 9- 
charge at  pH 8 in the region spanning residues 14-34, restrict 
BGP conformation in solution. This would account for the 
moderate chemical shift dispersion in the apoprotein, which 
is greatly reduced in the decarboxylated form. The electro- 
statically induced structural tension appears to be relaxed upon 
decarboxylation, and BGP is then capable of assuming more 
of the conformations expected of a random polypeptide chain. 

Reduction of the disulfide bridge between Cys residue 23 
and Cys residue 29 with dithiothreitol results in few changes 
in the 'H N M R  spectrum (spectra not shown). The changes 
that do occur are largely confined to coalescence of the methyl 
protons from 0.9 to 1.35 ppm and a similar coalescence of the 
Gla @'-proton and Glu @-proton a t  2.1 ppm. The aromatic 
protons also show little in the way of chemical shift change 
upon reduction. This is an interesting observation due to the 
fact that the disulfide bridge lies in the midst of a large number 
of acidic residues (see sequence). If a specific conformation 
were needed to bind cations, such as Ca(I1) in hydroxylapatite, 
a disulfide bridge that forms a seven-residue loop in the region 

The Kd and therefore kexchange for Ca(I1) that would satisfy the 
intermediate chemical exchange condition for ligand IH resonances are 
difficult to estimate precisely. The ")Cd(II) NMR signals from the 
Cd(I1) complex of BGP (to be shown) show chemical exchange broad- 
ening, reasonably explained by direct exchange of the central metal ion. 
The minimum kexchange estimated for this process is I O 3  s-l. The maxi- 
mum Au between exchanging species for the protons, however, cannot 
be over 0.2 ppm (100 Hz), and the exchange rate required to broaden 
these resonances is nearer I O 2  s-l. On the other hand at M protein, 
some metal binding sites are not saturated until at least 4 mM metal ion 
is added (Figure 6). Thus, Kd for at least one class of sites must be near 
1 mM, which implies a kcxchange of lo5 s-l, fast exchange for 'H resonances 
but still sufficient to broaden 'I3Cd resonances since Au is much larger. 
It is possible that a range of binding constants applies for the Ca(I1) and 
Cd(I1) complexes of BGP in solution. The first metal ion may be bound 
with a dissociation constant approaching M 
may apply to the third metal ion bound. For example, one might invoke 
all three Gla residues as being involved in binding the first metal ion 
followed by rearrangement on further addition of metal ions. Such a 
model may correlate with our observation that it is extremely difficult 
to remove the last mole of Ca(I1) from BGP with EDTA. It is also 
possible that general exchange broadening of all 'H resonances results 
not from direct metal ion exchange but from conformational f lux of the 
flexible BGP on a relatively slow time scale induced by more rapid 
exchange of Ca(I1) ions in several possible ligand configurations of the 
protein. 

M, while a Kd of 
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FIGURE 5: The 500-MHz 'H spectra of the aliphatic residues of osteocalcin (BGP): (A) native BGP, (B) simulated spectrum (see Materials 
and Methods), and (C) decarboxylated BGP. 

at  the same low protein concentrations as does authentic hy- 
droxylapatite. 

From pH 6 to pH 9 broad or undetectable Il3Cd or ll'Cd 
resonances are observed for Cd(I1) ions in the presence of 
BGP, u l j 2  = 500-1500 Hz, 6 = 0-40 ppm (Figure 7A). The 
best resolved l"Cd resonance ( u l p  = 192Hz) that can be 
observed is one near 0 ppm when one "'Cd(I1) ion and one 
inorganic phosphate ion are added to metal-free BGP as shown 
in Figure 7B. The narrow line at 95 ppm is a "'CdC12 
standard (100 mM) in an external capillary. The absence of 
a 'I'Cd ('I3Cd) line or at best a broad line is most likely due 
to the presence of intermediate chemical exchange between 
two or more environments. If the chemical shift difference 
between free and protein-bound "'Cd(11) is 10-100 ppm and 
the Kd is 10-5-10-3 M, then exchange rates of 103-105 s-l (T 
= 10-3-10-s s), assuming a diffusion controlled on rate ( I O s  

s-'), would result in severe exchange broadening of the I'lCd 
( 'I3Cd) resonance, depending on the precise chemical shift 
difference between free and bound Il3Cd(II). A more detailed 
analysis of l13Cd (I'ICd) exchange broadening in protein sites 
is given in Coleman et al. (1979). The relatively labile Cd(I1) 
complex of BGP in solution is in marked contrast to other 
Ca(I1) binding proteins like troponin C (ForsEn et al., 1979) 
or calmodulin (For& et al., 1980), which give sharp '13Cd 
resonances in solution when Cd(I1) is substituted for Ca(I1). 
In general, the 'H spectra of the Ca(I1) or Cd(I1) complexes 
of a protein like calmodulin show narrow resonances, although 
a few specific resonances are moderately broadened due to 
metal ion exchange (Klevit et al., 1984). While the Ca(I1) 
and Cd(I1) complexes of calmodulin show almost identical 'H 
NMR spectra, greater broadening of specific resonances 
suggests that Cd(I1) may exchange faster than Ca(I1). Such 



6296 B I O C H E M I S T R Y  

C 

P R I G O D I C H  E T  A L .  

l i l l l l t l l i l , ' L L  I , , , , ,  , ,  I l / j ~ l ~ , , , I , , , , , , ,  

8 P PM 7 4 3 PPM 2 1 

FIGURE 6: The 500-MHz 'H  NMR spectrum of BGP complexes with Ca(I1) and/or HPO?-: (A) BGP-Ca(I1) in a 1:2 complex, (B) BGPCa(I1)  
in a 1:4 complex, and (C) BGP-Ca(II)-HPOd2- in a 1:2:10 complex. 
a differential exchenge rate, were it to apply to the BGP 
complexes, might contribute to a different time scale of 
chemical exchange on the basis of the l13Cd resonances vs. the 
'H resonances of the Ca(I1) complex. The exchange rates 
accounting for the broadening in Figures 6 and 7 do seem to 
be slightly differentS2 

Phosphate must add to the Cd(I1) complex and stabilize the 
bound metal ion, since phosphate addition removes a large part 
of the exchange broadening of the 'llCd resonance (Figure 
7B). Confirming this picture is the finding that the 31P NMR 
signal from inorganic phosphate shows no change in chemical 
shift or broadening when phosphate is added to metal-free 
BGP. When Cd(I1)-BGP is added, the 31P resonance shifts 
upfield from 3 to -1 ppm and broadens (Figure 7D). Ad- 
dition of a second phosphate ion (Figure 7E) broadens the line 
even further and moves it back downfield slightly, suggesting 
that bound phosphate is in rapid exchange with free Pi. As 
additional phosphate is added, the line continues to move 
downfield, reaches a maximum width of 130 Hz at 20 mM 
Pi, and then narrows rapidly from 20 to 100 mM Pi (spectra 
not shown.) 

Formation of the ternary phosphate complex is also reflected 
in the 'H spectrum of the protein (Figure 6C). Much of the 
broadening of the proton resonances is removed by the addition 
of phosphate to the Ca(I1) protein and reveals that significant 
changes have occurred in the chemical shifts of the His C2, 

His C4, and Trp C2 protons. We first concluded that this 
simply reflected deprotonation of the His residues, since Ca(I1) 
binding could have induced deprotonation, hidden by the 
broadening. This may be a partial explanation, since the shifts 
are in the correct direction, but not expected of course at pH 
6.8 (see Figure 3). The upfield shift in Trp C2 suggests an 
additional change in conformation. We considered that the 
loss of broadening on phosphate addition could have the trivial 
explanation that phosphate removes Ca(I1) from BGP in so- 
lution. This seems unlikely because of the changes in the 
aromatic protons and the l13Cd and 31P NMR signals for the 
Cd(I1) analogue are not explained by Cd(I1) complexation 
with free phosphate. It would appear that tighter less ex- 
change-labile metal binding induced by phosphate (Figure 6) 
removes exchange broadening and probably chemical shift 
dispersion as well because of more homogeneous metal site 
occupancy. If so, the more highly resolved 'H NMR spectrum 
of the ternary complex suggests that Ca(I1) binding to BGP 
in solution has little effect on the overall structure of the protein 
(Figure 6C). 

The 'H, 'I3Cd, and 31P NMR indicate that the conformation 
of BGP in solution is flexible and the metal ion complexes are 
labile. In contrast, it seems likely that the conformation of 
BGP, bound to hydroxylapatite, will be dictated by the ge- 
ometry of the charged lattice to which it binds. What the 
solution NMR study suggests is that neither Ca(I1) nor 
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HP0:- interaction separately in solution accounts for a rigid 
protein-metal ion-ligand complex. When both calcium and 
phosphate are present at specific and separate lattice points 
as in hydroxylapatite, it is possible that energetically favorable 
"chelate" effects are possible involving Gla binding to the 
Ca(I1) lattice. The chelate could involve the extended rigid 
rings formed by the three Gla-Ca(I1) sites, the protein 
backbone, and the hydroxylapatite lattice. While additional 
interactions between the three Arg and one Lys positive 
charges and the phosphate lattice could be postulated, we have 
modified the three Arg residues with cyclobutanedione and 
phenylglyoxal (Lundblad & Noyes, 1984), and there is rela- 
tively little effect of either modification on the removal of the 
protein from solution by hydroxylapatite crystals. This is 
consistent with the lack of phosphate binding to metal-free 
osteocalcin (Figure 7C). Thus, the Gla-Ca(1I) interaction 
alone appears to account for most of the binding interaction. 

ADDED IN PROOF 
Since submission of this paper, we learned of an independent 

'H (500-MHz) NMR study of osteocalcin carried out by R. 
J. P. Williams and his colleagues of Oxford University. We 
appreciate helpful discussions with these investigators. 
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FIGURE 7: lllCd, 'I3Cd, and 31P N M R  spectra of various complexes 
of osteocalcin (BGP). v, is the line width at  peak half-height. See 
Materials and Methods /or details. (A) I13Cd N M R  spectrum of a 
1:2 complex of BGP-Cd(II), (B) "'Cd N M R  spectrum of a 1:l : l  
complex of BGP-Cd(I1)-Pi, (C) 31P N M R  spectrum of a 1:l ratio 
of BGP to Pi, (D) 31P N M R  spectrum of a 1 : 1 : 1 complex of BGP- 
Cd(I1)-Pi, and (E) 31P N M R  spectrum of a 1:1:2 complex of BGP- 
Cd(II)-Pi. 
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ABSTRACT: The temperature dependence of lipid-depleted beef heart cytochrome c oxidase activity was studied 
in a series of chemically homogeneous detergents. The detergents that were tested included C,o to C18 
maltosides, C8 to C12 glucosides, C8 to CI6 Zwittergents, and CI2 poly(oxyethy1ene) ethers. The observed 
rates of electron transport were dependent upon the structure of the polar head group and the length of 
the hydrocarbon tail. Of the detergents tested, the alkyl maltosides were the best in terms of both high 
rates of electron transport and superior enzyme stability. With the maltosides, changing the length of the 
alkyl tail affected the activity of cytochrome c oxidase in a manner quite similar to that reported with synthetic 
phosphatidylcholines and phosphatidylethanolamines [Vik, S. B., & Capaldi, R. A. (1 977)  Biochemistry 
16, 5 7 5 5 5 7 5 9 1 ,  suggesting that the alkyl maltosides can mimic some of the features of the membrane 
environment. In each of the detergents, the activation enthalpy (determined from the slope of an Arrhenius 
plot) was nearly identical, suggesting that the same electron-transfer step within cytochrome c oxidase is 
rate limiting. This result has been interpreted as evidence for the existence of two or more conformers of 
cytochrome c oxidase, one of which is significantly more active than the other(s). The enzyme turnover 
number, which changes by 2 orders of magnitude depending upon the structure of the bound detergent, 
may reflect the ability of each detergent to  alter the equilibrium between the active and nearly inactive 
conformers. 

x e  electron-transport activity of cytochrome c oxidase is 
known to be influenced by either the phospholipid or detergent 
environment that surrounds its two hydrophobic, intramem- 
brane domains. Reconstituting the purified enzyme into a 
variety of phosphatidylcholines and phosphatidylethanolamines 
has shown that the fatty acid composition of the boundary 
layer phospholipids affects the enzymatic turnover number 
more so than does the nature of the polar head group (Vik & 
Capaldi, 1977). Limited activity measurements using the 
detergent-solubilized enzyme, i.e., enzyme solubilized in either 
lysophosphatidylcholines or in Tween detergents, have shown 
a similar but less pronounced dependence of the enzymatic 
activity upon the structure of the detergent's hydrocarbon tail 
and polar head group (Vik & Capaldi, 1977; Robinson & 
Capaldi, 1977). Unfortunately, extension of this type of study 
to other classes of detergents in order to more fully understand 
the structural requirements at the protein-amphiphile interface 
has been difficult since most commercially available detergents, 
including the Tween detergents used in the studies mentioned 
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above, are heterogeneous mixtures and contain significant 
amounts of inherent impurities, especially peroxides and free 
radicals. Therefore, it is almost impossible to determine 
whether the enzymatic rate changes that are observed in each 
detergent are caused by important structural differences in 
the detergents or are the result of inactivation of cytochrome 
c oxidase by the different amounts or types of impurities that 
are present in the detergents. 

In the past several years, a variety of homogeneous, struc- 
turally defined detergents have become available that poten- 
tially could be used to assess the structure-function relation- 
ships at the hydrophobic surface of cytochrome c oxidase. 
Some of the most promising classes of highly purified deter- 
gents are the alkyl glycosides, Zwittergents,' and homogeneous 

I Abbreviations: Tris-HC1, tris(hydroxymethy1)aminomethane base 
titrated to the appropriate pH with HCI; EDTA, ethylenediaminetetra- 
acetic acid; cmc, critical micelle concentration: C12Es, octylethylene 
glycol dodecyl ether; C,,E,, nonaethylene glycol dodecyl ether; octyl 
glucoside, octyl P-D-glucopyranoside: decyl glucoside, decyl p-D-ghCO- 
pyranoside; lauryl glucoside, dodecyl 0-D-glucopyranoside; decyl malto- 
side, decyl 0-D-maltopyranoside; lauryl maltoside, dodecyl 0-D-malto- 
pyranoside; myristyl maltoside, tetradecyl 0-D-maltopyranoside; cetyl 
maltoside, hexadecyl P-D-maltopyranoside; stearyl maltoside, octadecyl 
0-D-maltopyranoside; Zwittergent 3-10, 3-(N-decyl-N,N-dimethyl- 
ammonia)- 1 -propanesulfonate: Zwittergent 3-1 2, 3-(N-dodecyl-N,N-di- 
methy1ammonio)-1-propanesulfonate; Zwittergent 3-1 4, 3-(N-tetra- 
decyl-N,N-dimethy1ammonio)-1-popanesulfonate; Zwittergent 3-1 6, 
3-(N-hexadecyl-N,N-dimethylammonio)-l-propanesulfonate; CL, car- 
diolipin. 
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