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SUMMARY 

The ~-subunits of heavy riboflavin synthase catalyze the formation of 6,7-dimethyl-8-ribityllumazine. The 
interaction of the '~C-labelled enzyme product with isolated [3-subunits was studied by transfer NOE meas- 
urements using t~j-I~C-filtered NOESY and I~C-~H-r'elayed NOESY. The advantages of these techniques are 
the removal of residual enzyme signals, the simplification of zero quantum suppression, and the improve- 
ment of water suppression which enabled the semiquantitative study of ~H-tH distances of the ligand in the 
bound state. The preferred conformation of the ribityl side chain was calculated on the basis of the measured 
distances. 

INTRODUCTION 

The lumazine synthase/riboflavin synthase complex (heavy riboflavin synthase) of Bacillus sub- 
tilis catalyzes the terminal reactions in the biosynthesis of riboflavin which is shown in Scheme l 
(Bacher et al., 1980a; Volk and Bacher, 1990). More specifically, the [3-subunits of the enzyme cat- 
alyze the condensation of L-3A-dihydroxy-2-butanone 4-phosphate (Scheme I, (1)) with 5- 
amino-6-ribitylamino-2,4(IH,3H)-pyrimidinedione (2) in a reaction yielding 6,7-dimethyl-8-ribit- 
yllumazine (3) and phosphate (Neuberger and Bacher, 1986; Volk and Bacher, 1988, 1990). The 
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Scheme I. 

subsequent dismutation of the lumazine (3) which is catalyzed by the ct-subunits yields riboflavin 
(4) and 2 (see also Scheme 2). 

The enzyme has a highly unusual structure. Sixty 13-subunits form an icosahedral capsid in 
which three ct-subunits are enclosed (Bacher et al., 1980a,b, 1986). The structure of the capsid has 
been investigated by X-ray crystallography at a resolution of 3.3 A (Ladenstein et al., 1987, 1988). 
Subsequent to the dissociation of the native enzyme under mild conditions, the ~-subunits reasso- 
ciate forming large aggregates with the shape of hollow spheres with diameters around 280 
(Bacber et al., 1986). The I~-subunit aggregates are catalytically active, albeit at a substantially 
lower rate than the native enzyme (Neuberger and Bacher, 1986). The system with the isolated 13- 
units was chosen for the current experiments, since 6,7-dimethyl-8-ribityllumazine is a substrate 
for the ct-subunit and would therefore be rapidly decomposed by the native enzyme. 

In this investigation, we have applied the so-called Dynamical or Transfer NOE experiment 
(TrNOE) (AIbrand et al., 1979; Hyde et al., 1980; Clore and Gronenborn, 1983; Landy and Rao, 
1989) to derive the conformation of the lumazine bound to the protein. Three conditions should 
be' fulfilled to enable a successful study: (i) The positive NOE of the free ligand has to be sup- 
pressed, (ii) the effects of'spin diffusion' have to be minimized, and (iii) it must be possible to iden- 
tify signals originating from protein-protein interactions or to avoid contributions of such signals 
to the intra-ligand NOEs. In order to fulfill the first and second requirements, NOESY experi- 
ments with short mixing times have to be applied. !3C-labelled lumazine derivatives were used to 
fulfill the third condition, enabling H,C-relayed-H,H-NOESY- and c01-X-filtered NOESY experi- 
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ments (Otting et al., 1986; Senn et al., 1987). The latter effect could not be obtained by increasing 
the concentration of the ligand as this would require recording of NOESY spectra with longer 
mixing times leading to an interference of the positive NOE from-the free ligand with the negative 
one 'of the bound ligand. 

Isotope labelling and the use ofc01-filtered NOESY also offers the possibility of  minimizing zero 
quantum contributions in NOESY spectra at short mixing times using a new method. This was an 
important side effect of the labelling, because some of the NOESY cross peaks showed significant 
contributions of zero quantum signals. 

MATERIALS AND METHODS 

Mater&& 

The preparation of (l'-R)-[l'-2H]6,7-dimethyl-8-ribityilumazine and [6u,7ct-13Ci]6,7-dimethyl- 
8-ribityllumazine has been described elsewhere (Sedlmaier et al., 1987; Keller et al., 1988). [l'-13C]- 
and [2'-13C]6,7-Dimethyl-8-ribityllumazine were prepared from [1-13C] - and [2-13C]ribose (Omi- 
cron Inc., South Bend, IN)v ia  5-nitro-6-ribitylamino-2,4(IH,3H)-pyrimidinedione as interme- 
diate (Bacher, 1986; Nielsen et al., 1986). 13-Subunits of heavy riboflavin synthase from B. subtilis 
were prepared as described elsewhere q Schott et al., 1990). 

N M R  measurements 

(a) Samples 
Three differently 13C-labelled lumazines and the unlabelled ligand were used for the measure- 

ments, the labels being in the 1', 2', and (6ct,7ct) positions. All distances used for the structure cal- 
culations were taken from spectra of the labelled derivatives. The characteristics of the different 
samples used are shown in Table 1. 

( b ) Pulse sequences 
Five different pulse sequences were used to study the TrNOE effect: a normal NOESY sequence 

to record spectra from the sample with the unlabelled compound (Fig. la), col-13C-filtered NOE- 
SY sequences (Figs. lb, c and d) and a H,C-relayed-H,H-NOESY (Fig. le). The sequences used 

TABLE I 
SAMPLES AND PULSE SEQUENCES USED 

No. L3C-label CLigand (mM) CEnzyme (mM) Solvent ~ pH b 

I Unlabelled 9.5 0.7 D.,O 7.0 
II [I'-J3C] 18.3 1.5 D,O 6.0 
III [2'J~C] 20.8 1.7 D20 6.0 
IV [6ct,7a-J3Cd 20.8 1.7 97%H.,O/3%D,O 6.0 

~Using 100 mM phosphate buffer. 
bUncorrected glass electrode reading. 
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Fig. I. NMR pulse sequences used: normal NOESY (a); torX-fil~red NOESY (b,c,d) and heteronuclear relayed-H,H- 
NOESY (e). The delay A for evolution of the heteronuclear couplings is (4J)- t. For the choice of F, see text. The phase 
cycling of the normal NOESY sequence (a) was: x, - x  for the first pulse, x for the second, and 2(x), 2(y), 2 ( -x ) ,  2 ( - y )  
for the third pulse. The phase of the receiver was (x, - x ,  - x ,  x, y, - y ,  - y .  y). To achieve the filtering effect, a period for 
the evolution of the heteronuclear couplings followed by a 180 ° pulse (hatched drawing) is inserted into the sequence as 

"shown in (b). Each phase increment of the phase cycle above is executed twice with and without the application of the edit- 
ing pulse, and the receiver phase is inverted for the experiments with the editing pulse, hence the number of scans is 
doubled. The same procedure is applied involving the hatched pulse in the mixing time of sequence c to eliminate zero 
quanta. The 90 ° pulses applied to the carbon are used with the same phase settings as the corresponding pulses applied to 
the protons. The phase cycling of all 180 ° refocussing pulses (x, - x) is performed with lowest priority. 

The phase cycling of sequence (e) is simply the combination ofa  NOESY and an INEPT phase cycle. E was chosen ap- 
propriately for optimum refocusing of the CHs-carbon multiplet lines. 
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to record the corX-filtered NOESY shown in Figs. lb and c are different with respect to the 
mixing pulses applied to the carbon, and the sequence in Fig. ld yields c01-decoupled spectra. De- 
coupling in co2 was not applied as it was neither useful nor necessary in this study. 

The main characteristics of the spectra obtained with the pulse sequence lb are the disap- 
pearance of the strong parallel transitions in the diagonal multiplets. It was preferable to record 
spectra of the l'-labelled lumazine without decoupling in F2, as in th'is way the best separation of 
the expected cross peaks between the protons at C 1' from the H20 signal was obtained. The spec- 
trum can be understood as consisting of the superposition of two different molecules, i.e. one mo- 
lecule seeing the carbon spin with a-polarisation, the other molecule in the 13-state. The interpreta- 
tion of the spectrum in the simple manner applied to normal NOESY spectra is allowed when 
only resonances with the same carbon polarisation are compared, i.e. when only cross peaks with 
the same frequency in c01 are compared. This may be calculated with the usual procedures 
(Oschkinat and Bermel, 1989). If cross peaks which involve a flip of the carbon are considered, a 
more detailed interpretation (Oschkinat et al., 1989) is necessary. 

The special advantage of the sequence in Fig. lc and of its cordecoupled version (Fig. ld) lies 
in the opportunity to achieve efficient suppression of proton zero quantum coherences (Rance et 
al., 1985) by only doubling the number of scans. The zero quantum coherences which disturb the 
spectrum most are described by four terms of the type Iy,xHlIx.y H2, considering a three-spin system 
with the spins HI, H2, and C. Within a period (2JcHI+2JcH2) -1 they evolve, to terms like 
Ix.yl-IIIy.xH2Iz c whose sign can be inverted by a n-pulse applied to the carbon at that time. They can 
be eliminated by subtracting two experiments with or without n-pulse. A problem occurs insofar 
as only certain types of zero quantum signals will be suppressed completely due to the~lependency 
on the sum of the couplings, which may be strongly different in individual cases. For example, if 
H1 and H2 are both attached to the labelled carbon, the delay F has to be very short (i.e. 500 -t 
s). However, the fact that only certain zero quantum coherences are suppressed does not matter 
in our case, as selectively labelled compounds are investigated. 

The pulse sequence for the X-relayed H,H-NOESY (see. Fig. le) is particularly simple: A nor- 
mal NOESY sequence is followed by an INEPT experiment to transfer the magnetization to the 
carbon. Since in our case only a one- or two-line.carbon spectrum is observed, the refocusing pul- 
ses after the magnetization transfer were omitted. The resulting spectrum consists of the carbon 
spectrum in co2 and a lD-transient NOE spectrum in co~, with the proton attached to this carbon 
appearing as the one which was inverted. 

Semiquantitative evaluation of TrNOE experiments 

Dissociation equilibria ofenzyme-substrate complexes are usually assumed to be second-order 
reactions in the formation of the complex and first-order in the dissociation of the complex: 

kotl 
E+ L,---~EL (1) 

koff 

In TrNOE studies, it is the equilibrium of free ligand and complex which is monitored. Notably, 
only systems which show simple equilibria may lead to sensible results. Substantial cross peaks be- 
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tween enzyme protons and substrate protons are not expected with the rate constants and concen- 
trations involved, although some exceptions are known (Bothner-By and Gassend, 1973). 

With recourse to the initial rate approximation, the effect of  this equilibrium on the amplitude 
Aij of a cross peak in the NOESY spectrum of  the enzyme-substrate system is given by (Jeener et 
al., 1979; Kumar  et al., 1980; Landy and Rao, 1989): 

A a X AIj(Mz + Mz ~ Mz + M)) = pba'ax + pFO'AX (2) 

where small indices indicate the bound form and the capital ones the free form. The observed in- 
tensity of  the cross peak between two signals displays ~ax and tAX, both weighted with the molar 
fractions of the respective species, if very short mixing times are applied. Utilizing the approxima- 
tion given above, the distances within the ligand molecule can be determined provided a reference 
distance is given. 

Molecidar dynamics calculation 

NOE-restrained molecular dynamics were performed using the software package DISCOVER 
(Biosym Inc.) (Hagler, 1979). 

The NOE potential used was of  a skewed biharmonic form: 

cl (2r--rl--rlmax) (rlmax-- rl) r < rlmax 
C I ( r  - -  rl) 2 rlmax < r < r I 

E noe (r) = 0 rt < r < r2 
c2 ( r -  r2) 2 r2 < r < r2max 

c2 (2r- '  r 2 -  r2max) (r2max - r2) r2max < r 

in which r is the calculated interatomic distance, rl and r2 are the target pushing and pulling dis- 
tances, and rl•2max are given by 

rlma~=rt - forcel.m,x/2cl r2max = r2 + forCe2max/2C2 

containing the force constants cl and c2 which are temperature.dependent. They are defined as 

c I = R T S / 2 ( d + )  2 . c2=RTS/2(A_)  2 
) 

where R is the gas constant, T is the absolute temperature, S is a scale factor and A+ and A_ are 
the pulling and pushing error estimates, respectively• 

A set of  36 structures with systematic variation of  the dihedral angles between H l' and H2' (Xt) 
and between H2' and HY (Z2), respectively, was used to generate starting structures by forced dy- 
namics at 300 K followed by forced minimization• These starting structures were used in NOE- 
constrained dynamics simulations at 700 K for 8 ps during which the scale factor S was gradually 
raised to a final level of 4.0. After cooling, dynamics simulation was continued at 300 K with a 
scale factor of  I for l ps which was followed by energy minimization• The target pushing and pull- 
ing distances were kept to the same value (rl = r2), the constants force lmax and force 2max which 
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TABLE 2 

INTERATOMIC DISTANCES OBTAINED FROM NMR MEASUREMENTS AND MOLECULAR DYNAMICS 
SIMULATIONS 

Interaction Distances (,~.) Error limits (,~) 
(rl = r:) 

Average distances and their standard devia- 
tions in the 32 structures shown in Fig. 5 

Before minimization After minimization 

7ct-CH~-HI' 3.2 ov/-0.4 4.1 +0.2 4.1+0.1 
7a-CH~-H 1" 2.7 + 0.4/- 0.4 2.9 ___ 0.2 2.7 + 0.1 
H I"-H2' 3.0 +0.3/-0.3 3.1 _0.I 3.1 -I- 0.I 
HI'-H2' 2.6 +0.3/-0.3 2.7+0.2 2.6+0.1 
H I"-H4' 3.5 oo/-0.3 3.7-1-0.4 3.5+0.1 
HI'-H4' 2.6 +0.3/-0.3 2.6__+0.3 2.4+0.1 
H2'-H3' 2.5 + 0.3/- 0.3 2.5 ___ 0.1 2.5 _+ 0. I 
HI'-H3' 3.4 ~ / - 0 . 3  3.9+0.2 3.8+0.1 
HI"-H3' 3.4 co/-0.3 3.9+0.1 3.9+0.1 
H2'-H4' 3.0 +0.3/-0.3 3.1 +0.2 3.1 +0.1 

determine the cutoff were chosen to 100 kcal/mol/A z. The error limits for all distances measured 
with a mixing time of  20 ms were chosen to 0.3 .~,, the estimates of  the distances involving the 7ct- 
methyl group and the protons at CI '  were supplemented by error limits of  0.4 ~,. The individual 

target distances together with the error limits are shown in Table 2. The choice of  like pushing and 
pulling target distances in conjunction with small error limits of  0 .3/k  for distances within the 
ribityl chain seems justified by the good S/N ratio of  the col-filtered NOESY spectra and the short 
mixing times used. The effective force constants applied were 30.85 k c a l / m o l - t ~ - 2  at 700 K with 

a scaling factor o f  4 and an error estimate of  0.3, whereas ' the corresponding value at 300 K and 
a scaling factor of  I is 3.3 kca i /mol -  t ~ - : .  

RESULTS 

Distance determ&ation 
T r N O E  studies depend on the possibility of  acquiring data in an appropriate  ' t ime window' for 

accurate distance evaluation. This means that a suitable compromise between substrate/enzyme 
concentrations and mixing time - depending on the binding constant - has to be chosen, in order 
to determine distances in a sufficiently accurate manner.  In the case of  ligands with positive NOE 

the molar  fractions of  bound and free ligand must be adjusted adequately to emphasize the strong 
negative N O E  arising from the bound state. In other words, the term (Pb tSax) must dominate the 
relevant relaxation matrix elements (right side of  Eq. 2). Consequently, only a 10-fold excess con- 

centration of the ligand compared  to the concentration of  the monomeric  form of the enzyme was 
used. Also, comparat ively short mixing times (20 and 40 ms) were used for the NOESY spectra in 
order to moni tor  the build up of  the NOEs  in the linear range. As a result, the enzyme signals were 

still visible in the NOESY spectra. They may interfere with the intra-ligand cross peaks and hence 
lead to corrupt  integrals. This problem was solved by the utilization of  the t3C-labelled lumazines 

which permitted various col-X-filtered NOESY experiments (Figs. I b-d)  and a heteronuclear re- 
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Fig. 2. Part of the to~-~3C-filtered NOESY without carbon mixing pulses (Fig. I b) of sample II (Cl'-Iabelled, 100% D20) 
recorded with a mixing time of 20 ms. The I D spectrum of the unlabelled ligand without protein is shown on top. As a con- 
sequence of the editing process, the protons bound to the labelled carbon appear as doublets in to~, both components in 
anti-phase with respect to each other. This is indicated below the I D spectrum, together with the sign of the components. 
The cross-peak pattern observed proves that the effects due to migration of magnetization through several pathways is not 
severe, e.g. no cross peaks are observed between HI' and H3', but rather strong ones between HI'  and H4'. The absence 
of carbon mixing pulses allows only small cross peaks to appear in the positions of the parallel transitions; therefore it is 
possible to integrate the amplitude of the neighbouring signals due to geminal NOEs with greater certainty. 
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layed-H,H-NOESY (Fig. le). The distances were determined assuming a uniform correlation time 
for the interproton vectors. This also contains the assumption that all atoms of  the sugar chain are 
in contact with the enzyme, which is justified by the results obtained by X-ray analysis of  similar 
systems (Ladenstein et al., 1987, 1988). Furthermore,  this allows the conclusion that the amount  
of  spin diffusion observed within the ligand must be of  the same order as between ligand and pro- 
tein. 

The distances involving the protons at C l' and other sugar protons were taken from spectra re- 
corded with the pulse sequences in Figs. lb and c using the l'-labelled lumazine. The integration 
of  the cross peaks between the H I' and the H2' and H4' protons, respectively, in the col-X-filtered 
NOESY spectrum of  Fig. 2 yielded distances of  2.6 A in both cases. The NOE between the two 
protons at C l' was taken as a reference. The sequence in Fig. I b was used to record this spectrum 
in order to avoid the strong parallel transitions around the diagonal, which would hamper accur- 
ate integration of  the reference NOE. The absence of  a strong cross peak between Hi '  and H3' in- 
dicated a long distance between these two protons. The relative short distance between the H l' 
and H4' protons is not due to the migration of  magnetization via other pathways, as no cross peak 
involving the 3' proton occurs. This also proves that the lifetime of  the bound state is short 
enough to allow the application of  the initial rate approximation in general. The distance of  2.6 
,~ between H l '  and H2' indicates a perfect cis conformation. A problem occurred insofar as the 

/ 

5.0 

2' 

4'.0 
Fig. 3. Cross section along F2 through the maximum of the only occurring Frsignal in the t~-filtered NOESY of the 
2'-labelled derivative (sample III, 100% D.,O). The integrals are given to indicate the relative size of the cross peaks. 
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Fig. 4. The relevant part of the C-relayed-H,H-NOESY of sample IV (6a,7a-labelled, 97% H20) recorded with a mixing 
time of 40 ms showing the NOE between the carbon resonance of the 7ct-methyl group and the sugar protons. The 
amplitude of the two cross peaks between the methyl protons and the protons at CI' are also distinctly different in the 
spectrum recorded with 20 ms. 

cross peak between H I "  and H2' was contaminated by zero quantum coherences. Therefore, a 
spectrum with the sequence in Fig. lc, optimized for the suppression of  the relevant zero quantum 
coherences, was recorded. This also showed that the cross peak between H 1" and H2'  is o f  smaller 

amplitude than the one between H I '  and H2'. The integrals correspond to 2.6 ,& and 3.0 ~,. The 
latter is expected for a trans arrangement.  

An independent control is given by the con-filtered NOESY spectrum of  the 2'-labelled deriva- 
tive. The section through the maximum of  the 2' signal along F2 is shown in Fig. 3. The integrals 
display the cis/trans arrangement  to H I '  and H I" as well as the short distance between H2'  and 

H3'. Values for the distances between H2'  and H3 ' /H4 '  of  2.5 ,~, and 3.0 ,~,, respectively, were ob- 
tained by utilizing the distances between the protons at C 1' and C2' as references. 

A problem occurred in the evaluation of  the distances between the 7ct-CH3 group and the two 



29 

protons at C I'. As it was only possible to measure this interaction with a t3C-relayed-H,H-NOE- 
SY experiment, no useful reference was given and it was only possible to distinguish the length of 
both distances in a qualitative manner. Two spectra with different mixing times (20 and 40 ms) 
were' recorded. The spectra consisted of two carbon lines in a)2 originating from the two methyl 
groups, of  which the one at 21.2 ppm showed cross peaks to the protons at CI '  and C2' as well as 
to the H20 resonance. The relevant part of  the spectrum with a mixing time of  40 ms is shown in 
Fig. 4, and reveals some spin diffusion. The spectrum recorded with the shorter mixing time also 
showed a stronger signal to the H 1" proton, but its signal-to-noise ratio was not good enough for 
proper integration of the cross peaks. The actual values for the distances were determined on the 
graphics system by rotating the ribose side chain around the bond to the ring. The closest distance 
between the methyl group and H2" which avoids a staggered conformation is 2.7 ,~. For the other 
distance, a lower limit of 3.2 .~ was observed to be appropriate. 

Fig. 5. (a) Structure of the ligand calculated from the NOE data in Table 1 (stereo pair). (b) Structure of the ribityl chain 
before (right) and after (left) minimization. 
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Structure calculation 
The set of 6 measured distances was supplemented by 4 non-NOEs, which were used as addition- 

al constraints on the basis of negligible amplitudes of the relevant cross peaks. Due to the graph- 
ical inspection of the possible conformations around Xl, a minimum value of 3.2 ]k for the dis- 
tance between the 7u-CH3 group and HI'  was chosen. Minimum distances of 3.5/k between HI" 
and H4' and of 3.4 A for the interaction of the protons at CI' with H3', respectively, were chosen 
because of negligible cross peaks. The distances as subjected to the calculations are summarized 
in Table 2. The calculation yielded 32 very similar structures (out of 36 calculations) with well-de- 
termined conformations around Xl and X2. This is also shown in Table 2 separately for the struc- 
tures obtained before minimization and for those obtained after minimization. The superposition 
of these 32 structures is shown in Fig. 5a, the ribityl chains before and after minimization are com- 
pared in Fig. 5b. The bad definition of the end of the ribityl chain is due to the lack of data (H3' 
and H5' are too close to each other to allow a quantitative evaluation of NOE involving H4'). Fig- 
ure 5a suggests that the rotations of the 7a/6a-methyl groups were fixed during the calculations. 
This is in fact a result of the minimization, which is sensitive to the sterical hindrance of the two 
neighbouring methyl groups. The four structures which are not given showed either deviations at 
the end of the ribityl chain, which is expected because of the lack of restraints, or different confor- 
mations due to a variation of the angle X2. 

DISCUSSION 

Isotope filtering offers several advantages for the study of enzyme-ligand interactions by 
NMR. Most important, subtra.ction of the enzyme signals allows the integration of  the cross 
peaks in NOESY spectra recorded at short mixing times. An additional advantage is the im- 
proved suppression of the residual water resonance and of most of the Ti-noise. The c01-X-filtered 
NOESY experiment may be used in different manners, with or without mixing pulses at the car- 
bon frequency. Using mixing pulses for protons only has the advantage that no strong cross peaks 
due to parallel transitions along the diagonal occur, enabling in our case the integration of impor- 
tant cross peaks. However, if mixing pulses are applied to the hetero-nucleus, contributions to the 
spectrum due to zero quantum cokerences can be suppressed by a subtraction procedure. This 
technique is important in the context of TrNOE studies, because such signals are expected to be 
large, despite a considerable broadening of the iigand signals., 

The calculation of the preferred conformation of the lun~azine bound to the 13-subunit aggre- 
gates shows a bend in the ribityl side chain which leads to a rather short distance between the H l" 
proton and the H4' proton. The calculations showed that the measured values are well in agree- 
ment with an energetically favoured conformation. 

It has been shown that 6,7-dimethyl-8-ribityllumazine can form anions with an unusual struc- 
ture by covalent hydration involving the 2'- or 3'-hydroxy group of the ribityl side chain. This 
leads to structures with additional 5- or 6-membered rings which have been studied in some detail 
by NMR spectroscopy (Beach and Plaut, 1970, 1971; Pfleiderer et al., 1971; Bown et al., 1986). 
6,7-Dimethyl-8-ribityllumazine is converted to riboflavin by the tz-subunits of riboflavin synthase, 
and it has been proposed by Plaut and Beach that the mechanism of this enzyme-catalyzed reac- 
tion could proceed via the covalently hydrated state of the substrate (Plaut and Beach, 1975, 
1976). 
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The present study deals with the 13-subunits of  riboflavin synthase for which 6,7-dimethyl-8-ri- 
oityllumazine is the product and not the substrate of the enzyme-catalyzed reaction. It is obvious 
from the data that the product is bound tO this protein in the open chain form as opposed to one 
of  the possible covalent hydrate structures. 

It should be noted that the experiments were performed with an artifactual, albeit catalytically 
active, aggregate of 13-subunits. 
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