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ABSTRACT. The extent to which bovine cytochrom@xidase (COX) dimerizes in nondenaturing detergent
environments was assessed by sedimentation velocity and equilibrium. In contrast to generally accepted
opinion, the COX dimer is difficult to maintain and is the major oligomeric form only when COX is
solubilized with a low concentration of dodecylmaltoside, i1, mg/mg protein. The dimer form is
intrinsically unstable and dissociates into monomers with increased detergent concentratieB, e/,

mg protein. The structure of the solubilizing detergent, however, greatly alters detergent effectiveness by
inducing either monomerization or aggregation. Triton X-100 is most effective at solubilizing COX, but

it destabilizes COX dimers, even at low concentration. Undecylmaltoside, decylmaltoside, and octaeth-
yleneglycolmonododecyl ether {§£s) are less effective at solubilizing COX. Each prevents COX
aggregation at high detergent concentration, but also destabilizes the COX dimer. Other detergents, e.g.,
Tween 20, sodium cholate, sodium deoxycholate, CHAPS, or CHAPSO, are completely ineffective COX
solubilizers and do not prevent aggregation even atdmg/mL. The transition from dimers to monomers
depends on many factors other than detergent structure and concentration, e.g., protein concentration,
phospholipid content and pH. We conclude that the intrinsic dimeric structure of COX can be maintained
only after solubilization with low concentrations of dodecylmaltoside at near neutral pH, and even then
precautions must be taken to prevent its dissociation into monomers.

Cytochromec oxidase, in vivo, is generally assumed to The hydrodynamic size of the detergent-solubilized cy-
be a dimeric complex with each monomeric unit containing tochromec oxidase, as measured by gel filtration, is often
13 nonidentical subunitsl3). Detergent extraction of the interpreted as representing a dimeric complét—14).
enzyme from the membrane, however, often disrupts the However, size measurements of detergent solubilized proteins
dimer. The nature of the solubilizing detergent, as well as are difficult to interpret in terms of protein mass due to the
the ionic strength and pH, have all been reported to affect large contribution that bound detergent makes to the hydro-
self-association of purified, detergent-solubilized cytochrome dynamic size. For example, monomeric cytochroenexi-

c oxidase, but conditions favoring monomerization or dimer- dase, solubilized by either dodecylmaltoside or Triton X-100,
ization have been controversial. Cytochromexidase is ~ has a hydrodynamic radius that one would expect for a
clearly dimeric within two- or three-dimensional crystads ( Soluble protein with twice its molecular weigk, (9).

4, 5). The solution structure of detergent solubilized cyto-  The dimeric structure of cytochronweoxidase within the
chromec oxidase is more ambiguous. Analytical ultracen- Mitochondrial membrane and within two- or three-dimen-
trifugation has consistently shown that the enzyme is sional crystals is often interpreted as evidence that bovine
homogeneous and monomeric wiM, = 200 000 after cytochromec oxidase is dimeric after solubilization by
exposure to high pH6), or with relatively high concentra- non_der_1aturing detergt_ents. However, the wide variety of
tions of detergent, e.g., Emasol 4139, (dodecylmaltoside ~ nonionic as well as ionic deterg_ents that are comrr_lonly use;d
(8), or Triton X-100 @). Dimeric enzyme has been detected tq |so!ate and solublize the pov[ne enzyme c_omphc_ates this
with low concentrations of Triton X-1001(), but these situation even furthe.r, _makmg it difficult or |mpos_3|ble to
preparations were not homogeneous and contained mixture&kNoW the self-association status of cytochromexidase

of monomers and dimer®). Homogeneous and dimeric during any experiment. We hav_e, therefore, exam'”ed the
detergent-solubilized enzyme has never been clearly dem__hydrodynamlc properties of bovine cytophromemdas_e_
onstrated by analytical ultracentrifugation. in a variety of detergents in order to clarify its self-association

behavior in detergents that are commonly used in structural
and functional studies on this enzyme. The results clearly
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tion. Dodecylmaltoside (GM),* undecylmaltoside (GM), van Holde and Weische®®) to correct for the diffusion
decylmaltoside (@M), CHAPS, and CHAPSO were pur- contribution. All data scans were obtained after the boundary
chased from Anatrace Inc. Ultrapure Triton X-100 was from cleared the meniscus, but before the plateau region began to
Boehringer-Mannheim. Tween 20 was from Calbiochem, and be depleted (usually 2220 scans). Sedimentation velocity
Ci2Es from Fluka. Sodium cholate was purchased from data were also analyzed using the Stafford g*(she
Sigma Chemical Co. and recrystallized from ethanol. Other dependent derivative metho#3) and the total area under
chemicals were analytical grade. each derivative curve normalized to unity. Time-dependent
Cytochrome ¢ OxidaseKeilin-Hartree particles were  derivatives were generated from only six to eight scans
prepared from freshly frozen beef heart by the method of starting at about 80 min with the 30 000 rpm data and at
Yonetani (L5). Cytochromec oxidase was isolated by the about 60 min with the 40 000 rpm data. The van Holde and
modified method of Fowler et al16) as previously reported ~ Weischet analysis procedure is the method of choice for
by Mahapatro and Robinsori®) with the addition of a assessing sample homogeneity, a condition that would result
second ammonium sulfate fractionation. After the final in identicalsy values at all fractional positions across the
ammonium sulfate precipitation, the oxidase pellet was boundary. However, assessing the percent monomer and
dissolved in 0.1 M NakPO,, pH 7.4, buffer containing 1.0%  dimer within mixtures is more easily visualized by the
sodium cholate and 1.0 mM EDTA and stored-at0 °C at Stafford g*(s) method. Both analyses were done using the
a concentration of approximately 30 mg/mL. The isolated UltraScan computer software developed by Borries Demeler.
complex contained 9:510 nmol of heme A/mg of protein  Use of this program has been described previouzly Z5)
[total heme A was measured usingos-630) = 16.5 mM and is available together with tutorial examples on the WWW
cm* for the fully reduced enzyme. 8); protein concentration  at http://www.cauma.uthscsa.edu.

was measured by the Biuret method using bovine serum  gedimentation equilibrium measurements were performed
albumin as a standard]. The phospholipid content of enzyme gt 10°C and 6 000 rpm. Absorbance data at either 420 or
preparations varied from 8 to 20 mol of P/COX monomer; 280 nm were collected when equilibrium was reached,
lower values were usually obtained as the number of generally after 2436 h. The absorbance ¥ values were
ammonium sulfate precipitations out of cholate solution was fitted to a model of two components, monomer and dimer,
increased. Purified oxidase had a mplecular enzyme activity using the MarquardtLevenberg algorithm in the Ultra-scan
of 340-350 umol cytochromec oxidized gimol of cyto- x| A program or SigmaPlot (Jandel Scientific) PC software
chromec oxidase)* s™* when assayed spectrophotometri- and a 486DX microcomputer. The molecular weight of the
cally at 25°C in 0.025 M, pH 7.0, phosphate buffer monomer was assumed to be 205 000. The percentage of
containing 1 mg/mL M (19, 20). Enzyme isolated in  the two components was determined by integration of each
Triton X-100 according to Soulimane and Busd)was &  component across the entire sedimentation cell. Integration
gift from Dr. M. Fabian in Dr. G. Palmer’s laboratory at \as done using the four fitting parameters, i.e., the absor-
Rice University. bance at the meniscus for monomer and dimer and the
Analytical UltracentrifugationThe molecular weightand  molecular weight of each. Two noninteracting components
sedimentation coefficient of COX solubilized in each deter- 4 two components in rapid or slow equilibrium cannot be
gent were determined by sedimentation velocity and sedi- gjstinguished by the above procedure. We have interpreted
mentation equilibrium experiments in a Beckman Optima the sedimentation equilibrium data in terms of two nonin-
XL-A Analytical Ultracentrifuge. Prior to analysis, sodium teracting components, or a very slow equilibrium, based upon
cholate in the stock enzyme was exchanged for the appropri-the following evidence: (1) the percent monomer and dimer
ate detergent, i.e.,s @, C1sM, C1M, Triton X-100, GoFs,  evaluated by sedimentation velocity and equilibrium were
Tween 20, CHAPS, or CHAPSO by the addition of +1D in good agreement even though they were done at quite
mg/mL of detergent (1840 mg/mL for bile salts) to 1 mg/  gifferent protein concentrations; (2) mixtures of monomers
mL protein. Sodium cholate was removed by extensive anq dimers yield two symmetrical Gausian distributions of
dialysis vs two changes of buffer containing 0.1 mg/mL of 3¢/t and ac/ar vsr in sedimentation velocity experiments;
the appropriate detergent (@0 mg/mL for bile salts). By  gpg (3) once dimers dissociate, the monomers do not

this procedure, sodium cholate was lowered to less than 0.03eassociate to form dimers in any of the detergents (refer to
mg/mL as quantified with'fC]cholate. Sedimentation veloc-  Results and Discussion for details).

ity experiments were done at 2@, at either 30 000 or

40 000 rpm, and absorbance scans were taken at either 8 or
12 min intervals at 422 nm (280 nm was used when the
protein concentrations was less than 1 mg/mL). Sedimenta-
tion coefficients at fractional positions across the sedimenta-
tion boundary were calculated by the method described byM

All molecular weight data were analyzed as suggested by
anford et al. 26) to correct for the altered hydrodynamic
size and effective partial specific volume due to bound
detergents and phospholipids, i.e.,

pr(l —¢'p)=

L Abbreviations: COX, bovine heart cytochroneeoxidase; EC Mpr[(l - 1_’prP) + Ogefl = Vgep) T Op (1 — Vp p)]
1.9.3.1; G.M, dodecylmaltoside; GM, undecylmaltoside; &M,
decylmaltoside; GEs, octaethyleneglycolmonododecyl ether; TX, . . s
Triton X-100; Tween 20, polyoxyethylene(20)sorbitan monolaurate; WhereM is the molecular We'gr_]t Of_the proteit, is the
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; effective partial specific volumesp,, Vger, andvp. are the
CHAPSO, 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-pro-  partial specific volumes of protein, detergent, and phospho-

panesulfonate; MOPS buffer, 8{morpholino)propanesulfonic acid . ; . I
titrated to the appropriate pH with NaOH; EDTA, ethylenediamine- IIpId, reSpeCtlvely'adEt andoe, are the mllllgrams of bound

tetraacetic acid; SDS, sodium dodecy! sulfate; PAGE, polyacrylamide detergent and phospholipid per milligram protein; qnis
gel electrophoresis; HPLC, high-performance liquid chromatography. the solvent density.
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and enzyme preparation. Specific details of the self-associa-
tion behavior in each detergent are described in the following
sections.

Table 1: Detergent Partial Specific Volumes and Binding Values

partial specific volume detergent binding

detergent (v, cmélg) (Odes 9/g COX) Effective Nonionic Det s. (i) Dodecyimaltosi
dodecylmaltoside (GM) 067 0.35 ectve Nonionic Detergents. (|)_ Dodecylma osidey-
undecylmaltoside (GM) 0.83 0.35 tochromec oxidase (1 mg/mL), solubilized with low amounts
decylmaltoside (M) 0.8% 0.35 of C;oM (~1 mg/mL), is predominantly dimeric witkg
Triton X-100 0.908 0.54 of 15.5-16 S, but always contains at least -1%0%
CizEs 0.973 0.54 . . ;
Tween 20 0.869 0.54 monomeric enzyme witlsy of 11.0-11.5 S (Figure 1A,
sodium cholate 0.771 0.16 open circles). Interpretation of this integral distribution plot
sodium deoxycholate 0.778 0.165

in terms of only two sedimenting species is more easily
understood when the same data are analyzed by the Stafford
time-dependent derivative methd2B}. The time-dependent
derivative, g*(s) (inset to Figure 1A), indicates only two
populations of COX, monomers and dimers. The reasons for
the incomplete dimerization in low concentrations of dode-
cylmaltoside are not known, but quantitative subunit analysis
of our standard enzyme preparations indicates 2% of
subunit VIb is often missing 28). Since subunit VIb
o o participates in many of the contacts between the two

The contributions of bound phospholipids{(1 — ¢’ po) monomers within crystalline dimeric COX), an incomplete
were not considered in the calculation because their partial complement of this subunit would explain the limitation upon
specific volumes are between 0.965 and 1.@1%; therefore,  dimerization in dodecylmaltoside. To prove this hypothesis,
the small amount of bound phospholipid contributes negli- we would have to reassociate purified Vib with the 12
gibly to the effective mass. Value for the partial specific sypunit COX complex. To date, we have not been able to
volume of COX (cni/g) wasve, = 0.7428 (calculated from  accomplish this reconstitution, presumably due to interference
the amino acid sequences of the 13 subunits). The partialof detergent with the reassociation process. Higher concen-
specific volumes and detergent binding values that were usedrations of dodecylmaltoside decrease the percentage of
for each detergent are given in Table 1. dimer, but do not cause further depletion of VIb, e.g., with

The effective radiusR) or Stokes'’s radius was evaluated 3 mg/mL GM only 20—25% of COX is dimeric (Figure
from the sedimentation coefficient, protein molecular weight, 1, open squares). Our interpretation of the van Holde-
the partial specific volumes of protein, detergent and \eischet integral distribution plots in terms of two species
phospholipid and reasonable values for the binding of was verified by Stafford g*(s)analysis of the same data
detergent and phospholipid according to the equation (inset Figure 1A, thick line). At a high &V concentration
(10 mg/mL), COX becomes 100% monomeric (Figure 1A,
triangles). However, decreasing the,i@ concentration to
less than 1 mg/mL with 1 mg/mL protein does not increase
the percentage of dimers, but generates significant amounts
of higher aggregates (data not shown).

The absolute @M concentration required for transition
of dimers to monomers, or for solubilization of higher
) ° - aggregates, varied with different preparations of enzyme.
ion-exchange chromatography combined witg@versed-  \vith a second preparation, for example, a significant

phase_ HPLC Z8) were gsed to confirm that _aII 13 C_OX _ proportion of COX remained aggregated at 1 mg/mu\C
subunits were present in both the monomeric and dimeric (rigyre 2, open circles, and inset, very thin line). Transition

a Experimentally determined using an Anton Paar precision den-
simeter [value is very similar to that obtained by sedimentation
equilibrium of GoM micelles in mixtures of HO and QO (8)].

b Evaluated from the excess detergent coeluting with COX from a
DEAE Sephacel column [value is similar to that obtained by sedimenta-
tion equilibrium of G2M-solubilized COX in mixtures of KO and DO

(8)]. ©Assumed to be the same as forl@. ¢ Ref 26. ¢ Ref 9. f Ref

35. 9 Assumed to be the same as for Triton X-10®ef36. ' Assumed

to be the same as for sodium deoxycholatef 10.

R, = Mp(1 — @' p)/N671750,Sr0

whereM,(1 — ¢'p) is defined above and includes the protein
molecular weight, all of the partial specific volumes and
binding terms;N is Avogadro’s number; ango . iS the
viscosity of water at 20C.

Subunit CompositionSDS-PAGE and Mono-Q FPLC

forms of enzyme.

RESULTS

Bovine heart cytochrome oxidase (COX) was isolated

from higher aggregates to dimers and then to monomers each
occurred at a higher €M concentration (compare Figure 2
with Figure 1A). As was the case with the previous enzyme
preparation, the maximum percentage of dimer wasg&&Yo.

from frozen heart tissue and purified in the presence of With other preparations of enzyme, only -180% was
sodium deoxycholate and sodium cholate (refer to methods).dimeric at 1 mg/mL @M, the remainder being monomeric
The extent of COX dimerization was subsequently deter- (data not shown). The only significant difference we could
mined by analytical ultracentrifugation after exchanging a detect between these preparations was the amount of bound
number of different nondenaturing detergents for the sodium phospholipid, which varied from a low of 6 to as much as
cholate present in the isolated enzyme. In each detergent20 phospholipids/monomer. Preparations with higher phos-
COX exhibited different self-association behavior. With low pholipid content consistently required higher concentrations
concentrations of dodecylmaltoside, it was predominantly of detergent to achieve the same ratio of monomers to dimers.
dimeric. In low concentrations of other detergents, however, The most likely reason for the different amounts of phos-
it was either a mixture of monomers and dimers, or contained pholipid was the number of ammonium sulfate precipitation
significant amounts of higher aggregates. In general, the steps that were done to purify the enzyme. Preparations in
percentage of dimers, monomers, or higher aggregateswhich purified enzyme was obtained in a single precipitation
depends on many factors, including the detergent type, step had a high phospholipid content; those involving three
detergent concentration, solution pH, protein concentration or four precipitation steps during the enzyme purification
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a 02l Ficure 2: Dependence of COX sedimentation coefficients gsMC
8 r = concentration for enzyme containing increased amounts of phos-
E’ 05l o pholipid. Distribution of COX sedimentation coefficients were
c 0.0 ke determined after solubilization of a single COX preparation+18
2 L 0glo 20 20 mol of lipid-P/mol of monomeric COX) with either 1.0 mg/mL
'g ' C;2M (O), 3.0 mg/mL G-M (O), 5.0 mg/mL G_,M (V), or 10 mg/
a 00 ' )i = mL Ci;M (a). Data were analyzed by either the van Holde-
ERKS TX-100 Weischet method (main panel) or the Stafford g*sgthod (inset
S oz panel) as described in Experimental Procedures. In the inset, line
) i =T thickness increases as the,Kd concentration increases, i.e., the
i 05 L > thinnest line is for data obtained with 1.0 mg/mkL.®, the thickest
' 00 4 line is for data with 10.0 mg/mL GM. Protein concentration across
L Oglo the sedimenting boundary was measured by absorbance at 422 nm
" as a function of radial position. Data were collected at 8 min
0.0 - e intervals during centrifugation of the sample at 40 000 rpm and 20
10 °C.
I increasing the pH from 7.2 to 8.8 converts predominantly
0.5 - dimeric enzyme into predominantly monomeric COX (Figure
| 3A). The pH effect is likely to be complex. As the pH is
raised above 8, partial dissociation of subunits Vla, VIb, and
0.0

Il occurs 28, 29). Subunits Vla and VIb form the major
contacts between the two monomers within a COX dimer

Ficure 1. Dependence of COX sedimentation coefficients on (5); therefore, their removal would clearly favor monomer
concentration of nonionic detergents. The distribution of COX format|on._ Hoyvever, this probak_)ly dqes not explain increased
sedimentation coefficients was determined after solubilization of a Monomerization as the pH is raised from 7.2 to 8.0.
single preparation of COX (810 mol of lipid-P/mol of monomeric Presumably the titration of amino acid side chains in this

COX) with either GoM (A), CuM (B), CioM (C), Triton X-100 pH range increases the negative charge on each monomer
(D), or Ci2Eg (E). Sedimentation data were analyzed by both the \uhich. in turn. destabilizes dimeric COX

van Holde-Weischet method (main panels) and the Staffordg*(s) T ' o L

method (inset panels) as described in Experimental Procedures. In nduction of monomerization by decreasing the COX
each experiment, purified cholate-solubilized enzyme was diluted concentration is also somewhat complicated. If dimeric COX

to 1.0 mg/mL protein in 10 mM MOPS, pH 7.2 containing 1.0 is diluted from 1 to 0.25 mg/mL while maintaining the A8

mgéfclé r;%), :dobm%ﬁ?é-n(s_),eog_la? @g/rgga@étdt?t?fgegéngr?‘lg:;e0 , concentration at 1 mg/mL, COX becomes almost entirely
Wi v y extensive dialysi i u ini . : : . o
mg/mL of the appropriate detergent. Data in panel A represent monomeric (data not shown). In this case, dissociation of

averages from eight experiments; all other data are representativedimers is much greater than would be expected if dimers
experiments. Only one or two sets of data are shown in the insetand monomers were in true equilibrium, but is entirely
figures for clarity; the thin lines represent data obtained at lower consistent with the detergent induced monomerization data
detergent concentrations, the thick lines at higher detergent o Figure 1A (the GoM to protein ratio increased to 4 during

concentrations. These concentrations were: 1 and 3 mg/is¥ C a PR : o -
(A), 1 and 10 mg/mL GM (B), 10 mg/mL GaM (C), 1 and 3 dilution). However, if dimeric COX is diluted with CMC

mg/mL Triton X-100 (D), and 3 and 10 mg/mL;&s (E). In each amounts_qf C_lle, the data are more consist_ent with a very
experiment, COX concentration as a function of radial position was slow equilibrium between monomers and dimers Viith—=

measured by absorbance at 422 nm. Data were collected-d2l0  (1.5-2) x 10°¢ M (Figure 3B). In the latter experiment, the
min intervals during centrifugation of the sample at 30 000 rpm ati0 of excess detergent to protein remains constant;
and 20°C. - T o
therefore, detergent induced monomerization is minimized.
typically had a lower phospholipid content and a higher  These interpretations assume that sedimentation velocity
percentage of monomers. data for G,M-solubilized COX correspond to either a
Solution pH and protein concentration also affect the noninteracting, two-component model of monomess{=
dissociation of COX dimers into monomers; higher pH or 11—-11.5 S) and dimerssfpw = 15.5-16 S), or a very slow
lower protein concentrations both induce monomerization. equilibrium between monomers and dimers. The two com-
For example, with 1 mg/mL GM and 1 mg/mL COX, ponent model was verified by sedimentation equilibrium after

Soo.w
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10 o0 20 COX. Enzyme containing-810 mol of lipid-P/mol of monomeric
ool 1 L L COX was solubilized in 10 mM MOPS buffer, pH 7.2, containing
20 24 either 1.0 mg of @M/mg of protein [line a ©)] or 9 mg of G,M/

mg protein [line b A)]. Samples were prepared as described in the
legend to Figure 1. Prior to sedimentation, the samples were diluted

Ficure 3: Effect of pH and protein concentration on sedimentation 10 0.16 mg/mL protein. Absorbance vs the radial distance data were

gg;ﬁ%%rggrﬁér%iﬂ;)snmI(J:bo”ge(%l%or%(él@%;&gi%?;%? ngmfgr\]/g_rs collected after centrifugation for 30 h at 6000 rpm at°@0 Solid

meric COX) was solubilized with 1.0 mg/mL+@ in 20 mM lines are nonlinear least-squaresd fits to an ideal model of two
MOPS buffer at pH 7.2@). pH 7.5 .P) or in 20 mM Tris-Cl noninteracting components, a monomer with, = 205 000, a

buffer pH 8.0 (), pH '84 d) and pH é8 £). After extensive d!me_r W|thMpr=4lO_OOO, aft_e_r taking into conS|de_rat|0n detergent
dialysis to remove cholate, 'self-association was determined by binding and the partial specific volumes of protein and detergent.

sedimentation velocity and analyzed by either the van Holde- gptper pagetl sho&/v?ttdigtlr_ibution of residuals, i.e., the difference
Weischet method (main panel) or the Stafford g*(s¢thod (inset etween data and fitted fine.

panel) as described in Experimental Procedures. Data were collecte . .
at 420 nm at 8 min intervals during centrifugation of the sample at Tme (1.8 mM, i.e., 0.9 mg/mL)30). With C,oM concentra-

40 000 rpm and 20C. Inset, data obtained at pH 7.2 is shown as tions far in excess of the CMC (5 mg/mLé, 1 mg/mL
a thin line, data at pH 7.5 is shown as a thick line. (B) Lower protein), COX remained aggregated with a majority having
protein concentration favors monomerization. COX was diluted to g, Sow > 20 S (data not shown). At higher,g¥ concentra-

1.0 mg/mL in 10 mM MOPS buffer, pH 7.2, containing 1.0 mg/ . . ;
mL C,M. After dialysis to remove cholate, samples were diluted tions (10 mg/mL), the enzyme was more dispersed, but still

to 0.9 mg/mL @), 0.6 mg/mL ©), or 0.3 mg/mL (J) with buffer was a mi>§ture of monomers and dimers, n_ot completely
containing CMC amounts of @M, i.e., 0.2 mM. Self-association ~ dimeric (Figure 1C). We were unsuccessful in all attempts
of each sample was determined by either the van Holde-Weischetto prepare either monodisperse monomers or dimergovi.C
analysis (main panel) or the Stafford g*(analysis (inset panel) Solubilization of COX by GiM is more similar to G,M

of sedimentation velocity data collected at 8 min intervals during . . .
centrifugation of the sample at 40 000 rpm and ZD Protein than to GoM. Slight changes in the hydrocarbon chain length

concentration across the sedimenting boundary was measured byprofoundly affect a detergent’s ability to solubilize COX.
absorbance at 280 nm as a function of radial position. At 1-3 mg/mL G;M, COX is a mixture of 6575%

monomers and 2535% dimers (Figure 1B, open circles and
correction for bound detergent. Weight average molecular squares), values that are similar to those obtained for this
weights of the monomeric and dimeric enzymes were preparation of enzyme after solubilization with similar
evaluated by nonlinear least-squares fitting of the sedimenta-amounts of @M. As was the case with &M, COX became
tion equilibrium data to a two component model (205 000 a fairly homogeneous monomeric complesg(, = 10.5—-
Da monomer, 410 000 Da dimer). The percentage of each1l S) with 10 mg/mL @M (Figure 1B, open triangles; inset,
species was then calculated by integration across the entirethick line).
sedimentation cell as described in Materials and Methods. (iii) Triton X-100. Self-association of Triton X-100 solu-
These analyses support our interpretation of the sedimenta-bilized COX is qualitatively similar to enzyme solubilized
tion coefficients. With low GM-concentrations (1.0 mg/  with C;oM, but the transition from dimeric to monomeric
mL detergent and 0-11.5 mg/mL protein across the cell), enzyme occurs at a lower detergent concentration. Therefore,
the sedimentation equilibrium data fit a model consisting of the monomeric form of the enzyme is much more prevalent,
72% dimers and 28% monomers (Figure 4, curve a). At high and significant amounts of dimeric enzyme are difficult to
Ci2M-concentrations (10 mg/mL and 0-1.5 mg/mL protein obtain. In contrast to the ;@M results, COX (1 mg/mL)
across the cell), the data fit a model consisting of 95% solubilized with low amounts of Triton X-100, e.g., 1 mg/
monomers and 5% dimers (Figure 4, curve b). mL, contained at least 50% monomess (, = 9.5-9.8 S),

(i) Decyl- and UndecylmaltosideCrystals used for  the remainder being dimerigy$,, = 12—13 S) (Figure 1D,
determination of the three-dimensional, dimeric structure of open circles; Inset thin line). As was the case withNG
COX, were grown using decylmaltoside;¢®!) solubilized the amount of dimer at these low Triton X-100 concentrations
enzyme 4, 5). In this portion of our study, sedimentation varied depending upon the phospholipid content of the
velocity analysis was done onM-solubilized COX totest  enzyme preparation and was sometimes as low as 15%.
whether this detergent is unique in its ability to stabilize the Decreasing the Triton X-100 concentration to less than 1
dimeric form. Decylmaltoside did not stabilize the dimer mg/mL did not significantly increase the percentage of
form of the enzyme and was considerably less effective thandimers, but induced only the formation of higher aggregates.
C12M in solubilizing COX, probably due to its relatively high  Predominantly dimeric enzyme was never detected after
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Ficure 5: Sedimentation equilibrium analysis of £s-solubilized 0.0
COX. Cholate-solubilized enzyme (0.16 mg/mL) containirgl® Y
mol of lipid-P/mol of monomeric COX was solubilized in 10 mM Soo.w

MOPS buffer, pH 7.2, containing 1.6 mg/mL g, i.e., 10 mg of

; ; FiIcure 6: Sedimentation coefficients of COX solubilized with
C,.Eg/mg of protein and dialyzed to remove cholate. Absorbance : : .
vs the radial distance data were collected after centrifugation for SCdium cholate or Tween 20. All sedimentation data were analyzed
30 h at 6000 rpm at 18C. Experimental data) were fitted to an by the van Holde-Weischet method after sedimentation at 30 000

ideal model of two noninteracting components, a monomer with 'PM and 20°C as described in Experimental Procedures. COX
Mpr = 205 000, and a dimer witM,, = 410 000 as described in concentrations as a function of the radial position were measured

; ; P ; t 10-12 min intervals using the absorbance at 422 nm. (A)
Experimental Procedures. The partial specific volume pEg; is a ; >, . e
cIoFs)e to unity, therefore, deter%ent bir?ding does not affect the Analysis of COX solubilized by sodium cholate. The distribution

; ; ; f sedimentation coefficients was determined after cholate-solubi-
hydrodynamic mass as much as does either Triton X-10041.C o e .
Upper panel shows distribution of residuals, i.e., the difference 128d €nzyme (9-10 mol of lipid-P/mol of monomeric COX) was
between data and fitted line. diluted to 1 mg/mL protein in 20 mM Tris-Cl, pH 8.2 containing

10 mg/mL ©), 20 mg/mL @), or 40 mg/mL @) sodium cholate.
e . . ) ) Samples were dialyzed against buffer containing the appropriate
solubilization in Triton X-100. However, increasing the concentration of cholate prior to analysis by sedimentation velocity.
Triton X-100 concentration to more than 3 mg/mL consis- (B) Analysis of COX solubilized by Tween 20. The distribution of
tently produced homogeneous monomeric enzyme (Figuresedimen_tation coefficients was determined after the same enzyme
1D, open triangles and squares; inset, thick line). ConsistentSﬁgaéat(':grr‘]t‘gi?‘isng"ftg(:ntgo/ rﬁi_?:omg/ gq'r‘ng/rr?qtf'a)'”oﬂénmgmﬁps'
with the ease by which Triton X-100 dissociates COX dimers (A) Tween 20. Cholate was removed by dialysis against buffer
into monomers, enzyme preparations prepared in the presenceontaining 0.1 mg/mL Tween 20.
of Triton X-100, i.e., by the method of Soulimane and Buse
(21), were entirely monomeric. All of these data on Triton was a heterogeneous mixture of aggregated species with
X-100 solubilized COX agree well with data previously Sow= 13-25S,12-20 S, and 815 S in 10, 20, and 40
collected with a model E analytical ultracentrifuge equipped mg/mL sodium cholate, respectively (Figure 6A). Deoxy-
with Schlierin optics 9). cholate, CHAPS, and CHAPSO gave results similar to
(iv) Octaethyleneglycol-Monododecyl Eth&:.Es was cholate and all were |neffect|ve at dlgrupt|ng the COX higher
much less effective than Triton X-100,41, or C;M in aggregates even at high concentrations of detergent (dat_a_\ not
solubilizing COX. The enzyme tended to form high molec- shown). Tween 20, a detergent commonly used to solubilize

ular weight species witpo, = 15-30 S at the lowest GEs COX during enzymatic assays, also did not produce a

concentration (1 mg/mL, data not shown) and was still fairly [got?]cén;?ﬁgra:grl] ci)(;r?i'Cmde:t(;foerﬂfslesxté';'iggrecesg))(' Irgrzc:i]rgre%sta
heterogeneous at 3 mg/mL (Figure 1E, open squares; insethetero eneous mixtures} g_ 10-22 S) éven at 10 ma/
thin line). Even with high concentrations ofi£s (10 mg/ 9 Sbw = 9

. . . .. mL Tween 20.
mL), COX remained a mixture of monomers and dimers with Apparent Irreversibility of Deteraent-Induced Monomer-
sedimentation coefficients of 10 and 14 S, similar to its bp Y g

behavior in lower concentrations of the alkylmaltosides ization. The sedimentation velocity and equilibrium data
. . ) o indi hat th nversion of dimeri monomeri X
(Figure 1E, open triangles, inset, thick line). To test whether dicated that the conversion of dimeric to monomeric CO

4 : was irreversible or in very slow equilibrium. All data could
COX had become a mixture of monomers "’F”d dimers at 10 be fitted by assuming two noninteracting species. Detergent
mg/mL C;Eg, the molecular weight distribution was deter-

. . . S e binding to monomers probably explains the apparent ir-
mined by sedimentation equilibrium. Equilibrium data could reversibility. Once a dimer dissociates into two monomers,

be fitted to a noninteracting two component model COnsisFing detergent would coat the newly exposed apolar surfaces and
of 70% monomers and 30% dimers (Figure 5), confirming pevent any subsequent proteiprotein contact. The only

that in the highest concentrations 0f-E, COX is solubi- oy that two monomers could then interact would be if
lized to a mixture of monomers and dimers. bound detergent dissociated from these surfaces. This would
Ineffectve Nonionic Detergents and Bile Salts. Sodium not occur unless the free detergent concentration was lower
Cholate Deoxycholate CHAPS CHAPSO, and Tween 20 than the CMC. The data obtained at different COX concen-
Are Ineffectie at Solubilizing Cytochrome ¢ Oxida$¢one trations support this hypothesis. When COX was diluted with
of these detergents adequately solubilized COX to produce2 mM C;;M (1 mg/mL), conditions that increase the
either COX monomers or dimers. Cholate-solubilized COX detergent-to-protein ratio, dimeric COX irreversibly dissoci-
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ated into monomers. However, the dilution of dimeric COX  Dimerization of COX in Different Detergent$he self-

with buffer containing CMC amounts of ;@ produced association behavior of detergent-solubilized COX is strongly
results consistent with a slow equilibrium between dimeric dependent upon both the type and concentration of detergent.
and monomeric COX (refer to Figure 3B). Several attempts The solubilized enzyme can be predominately dimeric, but
were made to decrease the solubilizing detergent concentrais often a mixture of monomers and dimers, monomeric, and/
tion in order to induce reformation of dimers. In one case, or highly aggregated. Some detergents, e.g., Triton X-100,
Triton X-100-induced monomers were prepared, and the dodecylmaltoside (M), or undecylmaltoside (GM), are
excess detergent was removed by either DEAE ion-exchangeeffective in minimizing the amount of higher aggregates, but
chromatography, adsorption of the detergent on Bio-Beadsthey also induce the dissociation of the dimers into monomers
SM-2, membrane ultrafiltration, or exchange of.k& for as the detergent concentration is increased. The percentage
bound Triton X-100. In a second case;.J@-induced of dimers in these detergents is difficult to predict and must
monomers were prepared, and excess detergent was removege experimentally determined for each enzyme preparation.
by ion-exchange chromatography. In each instance the finallt is strongly dependent upon many factors, including
detergent concentration was successfully lowered, or ex-phospholipid content, solution pH, type of detergent, and
changed, but specific self-association was not detected byconcentrations of detergent and protein. Only by carefully
sedimentation velocity. Enzyme treated in these ways eithertitrating the enzyme with dodecylmaltoside were we able to
remained monomeric or nonspecifically associated to form maximize the dimeric form of COX and obtain predomi-
large heterogeneous aggregates. nately dimeric enzyme.

Functional Consequences of Detergent-Induced Mono- Two other detergents, Triton X-100 and undecylmaltoside
merization.Monomeric COX is functionally competent in  (C1:M), are also effective solubilizing detergents, but COX
terms of its electron transport activity, cytochromiinding, dimers are less stable in these two detergents and thus high
and ligand binding. It is experimentally impossible to Percentages of dimer are difficult to obtain. However;Hg
compare the electron transport activity of COX monomers and decylmaltoside (V) are less effective solubilizing
and dimers since COX dimers dissociate into monomers agents than dodecylmaltoside, Triton X-100, or undecylmal-
when they are diluted into the assay buffer that typically toside, but each begins to induce dissociation of dimers at
contains 0.5-1 mg/mL detergent. Therefore, all enzymatic the high concentrations required for complete solubilization.
assays of detergent-solubilized COX are measures of theThe fact that decylmaltoside does not disrupt COX ag-
activity of COX monomers. Nevertheless, monomeric 9regates and it stabilizes proteiprotein contacts may
COX exhibits normal biphasic cytochromeekinetics when ~ €xplain why it was the detergent of choice for crystallizing
assayed polarographicallg1), has normal enzyme activity COX for structure determinations). A fourth group of

when assayed spectrophotometrical§l)( has normal ~ detergents, e.g., sodium cholate, deoxycholate, CHAPS,
high and low affinity cytochromec binding sites 32), CHAPSO, or Tween 20, is completely ineffective at prevent-

and has normal biphasic cyanide binding kineti@g)( N9 COX aggregation and cannot be used to completely
However, the proton-pumping activity of COX is probably solublize the enzyme. Upon the bagls of results obtglned with
dependent upon a dimeric comple84). We were not each _thergent, we can summarize their effectiveness at
able to compare the proton pumping activity of dimeric cox  S0lubilizing COX to be Triton X-100> CioM = CuM >

with detergent-solubilized monomeric complexes since C1oM = CizEs > Tween 20= cholate= deoxy-cholate=

the latter spontaneously dimerized when reconstituted into CHAPS= CHAPSO.

phospholipid vesicles (A.M. and N.C.R., unpublished re-  Apparent Irreversibility of Detergent-Induced Monomer-

sults). ization in Nonionic Detergent€OX monomers and dimers
almost always behave as noninteracting species in each of
DISCUSSION the nonionic detergents used in this study. This behavior

could be due to true nonequilibrium or to a very slow

The sedimentation studies reported here indicate thatequilibrium between monomers and dimers. The enzyme
detergent-solubilized COX can be dimeric after solubilization dilution results, in which COX was diluted with CMC
by detergents, but only if solubilized with low concentrations amounts of @M (Figure 3B), suggest that the two COX
of certain alkylmaltosides. However, solutions of detergent- forms are in true equilibrium; however, the process must be
solubilized dimers always contained at least some monomersyery slow since all other data can be fitted assuming two
and/or higher aggregates. The highest percentage of dimersioninteracting species. Furthermore, we could obtain no
achieved was 8690% after solubilization in low concentra-  experimental evidence that monomerization is reversible in
tions of dodecylmaltoside. In all other detergents and higher any of these single detergent environments. Irreversibility
concentrations of the dodecylmaltoside, the percentage ofof the monomerization step would seem to be thermody-
dimers is always much less and can be zero. From this study,namically improbable since monometimer protein systems
we can make several general conclusions: (1) COX dimer- are usually reversible. However, the presence of solubilizing
ization is highly dependent upon the type of solubilizing detergent perturbs the equilibrium and makes this system
detergent; (2) detergent induced dissociation of dimers to different. Once a dimer dissociates into two monomers,
monomers is irreversible in nonionic detergents; and (3) the detergent immediately coats the dimer interface of each
sedimentation coefficients of COX monomers or dimers is monomer and prevents monomer reassociation. The only way
highly dependent upon the solubilizing detergent. The basisthat the two protein surfaces could interact to form a dimer
for each of these conclusions is discussed in the following is if the surface were free of detergent which is highly
sections. unlikely at detergent concentrations-1000 times the critical
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