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Lumazine synthases have been observed in the form of pentamers, dimers
of pentamers, icosahedral capsids consisting of 60 subunits and larger
capsids with unknown molecular structure. Here we describe the analysis
of the assembly of native and mutant forms of lumazine synthases from
Bacillus subtilis and Aquifex aeolicus at various pH values and in the presence
of different buffers using small angle X-ray scattering and electron
microscopy. Both wild-type lumazine synthases are able to form capsids
with a diameter of roughly 160 A and larger capsids with diameters of
around 300 A. The relative abundance of smaller and larger capsids is
strongly dependent on buffer and pH. Both forms can co-exist and are in
some cases accompanied by other incomplete or deformed capsids. Several
mutants of the B. subtilis lumazine synthase, in which residues in or close to
the active site were replaced, as well as an insertion mutant of A. aeolicus
lumazine synthase form partially or exclusively larger capsids with a
diameter of about 300 A. The mutations also reduce or inhibit enzymatic
activity, suggesting that the catalytic function of the enzyme is tightly
correlated with its quaternary structure. The data show that multiple
assembly forms are a general feature of lumazine synthases.
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The ability of proteins to assume different
quaternary structures is essential for many biolo-
gical processes such as signal transduction, cell-
cycle regulation and enzyme catalysis. Among
factors that trigger the change of quaternary
structure are temperature shifts, change of ionic
strength, pH and binding of ligands. In some
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cases protein engineering such as cleavage, muta-
tion and insertion leads to a change of folding or
assembly patterns in vitro."”> Macromolecular
assemblies following icosahedral symmetry share
the advantage of being constituted by a compara-
tively low number of unique building blocks
while theoretically being able to form a large
number of stable assembly types. The foundations
used to explain structural stability of icosahedral
macromolecular assemblies were laid down in the
theory of quasi-equivalence introduced by Caspar
and Klug.” Many viral assemblies are character-
ized by the optimization of inter-subunit contacts
following the geometric principles of icosahedral
quasi-equivalence. Caspar and Klug pointed out
that a quasi-equivalent icosahedral capsid can be
constructed by introducing pentamers into a
surface lattice of hexamers, thus generatmg a
bent shell with icosahedral symmetry.” The
triangulation number (T) indicates the number of
subunits in the icosahedral asymmetric unit. The
number of subunits in the whole icosahedral
particle is thus equal to 60T (for a review see
Johnson & Speir).*

Lumazine synthase (LS) (for a rev1ew see Bacher
and Ladenstein, or Ladenstein et al.)® catalyzes the
formation of 6,7-dimethyl-8-ribityllumazine in the
penultlmate step of riboflavin biosynthesis (Figure
1). In Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Magnaporthe grisea and Mycobacterium tuber-
culosis the enzyme forms pentamers, whereas in
Bacillus subtilis, Escherichia coli, Spinacia oleracea and
Agquifex aeolicus, the enzyme forms icosahedral
capsids with a diameter of about 160 A.5"> In the
crystallographic unit cell of the structures of Brucella
abortus LS and Mycobacterium tuberculosis two
pentamers are tightly attached to each other.'
Zylberman ef al. concluded from light scattering
studies that the B. abortus LS assembles to dimers
even in solution.'” Icosahedral LSs are built up by 60
subunits arranged in 12 pentamers, which constitute
a T=1 icosahedral capsid with a total molecular
mass of about 960 kDa. In icosahedral LSs the first
seven N-terminal residues form an inter-subunit -
sheet with the neighboring monomer. In B. subtilis
lumazine synthase (LSBS), the capsid encloses a
trimer of riboflavin synthase (RS), thus forming a
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bifunctional enzyme complex, whlch was formerly
named heavy riboflavin synthase.'® The comparison
of known structures of LSs shows that the subunit
folds of the pentameric and icosahedral LS are very
similar."> One monomer comprises a four-stranded
B-sheet flanked by two o-helices on one side and
three a-helices on the other side. Besides pentamers
and the T=1 icosahedral capsids, earlier experi-
ments involving a pH-induced dissociation have
revealed another assembly form of LS, whose
molecular structure, however, has so far remained
unclear.”” Heavy riboflavin synthase was observed
to reassemble to large hollow capsids with a
diameter of about 330 A in Tris hydrochloride buffer
at pH values greater than 7.5. It was further
observed that the substrate analogue, 5-nitroso-6-
ribitylamino-2,4(1H,3H)-pyrimidinedione, triggers
the reassociation of large particles to empty T=
capsids.

The active sites of LS are located at the interfaces
of two adjacent subunits within a pentamer. In
icosahedral lumazine synthases, the active site is
situated at the inner surface of the capsid close to
the icosahedral 2-fold axis, which relates two
adjacent pentamer units. The highly conserved
residue Argl27 is essential for binding of one of
the substrates, L-3,4-hydroxy-2-butanone-4-phos-
phate ((b), Figures 1 and 2, Argl27 is numbered
according to the LSBS sequence; unless stated
otherwise, the residue numbers in the following
are derived from the sequence of LSBS). This
binding site is formed by Argl27 and main chain
atoms of three other residues (Gly84, Ala85 and
Thr86) of the adjacent subunit. Two other residues,
namely Phe57 and Phell3, which belong to
different subunits, are known to be crucial for
binding of the second substrate 5-amino-6-ribityla-
mino-2,4(1H,3H)-pyrimidinedione ((a), Figures 1
and 2).* Both residues form hydrogen bonds via
main chain atoms to hydroxyl groups of the ribityl
side-chain of substrate (a) (Figure 2).8121321 1p
LSBS and A. aeolicus lumazine synthase the
aromatic rings of Phe57 and Phell3 are in offset
stacking conformation at a distance of about 3.6 A
between the two rings. The aromatic interaction of
these two stacking ring systems has thus a
stabilizing effect on the subunit interface.
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H,
(c) H?*OH Figure 1. Biosynthesis of 6,7-
HC—OH dimethyl-8-ribityllumazine. (a)
[ 5-Amino-6-ribitylamino-2,4(1H,3H)-
H?_OH pyrimidinedione; (b) 3,4-dihy-
H,C—OH droxy-2-butanone 4-phosphate; (c)

6,7-dimethyl-8-ribityllumazine.
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An electrostatic energy analysis indicated that the
capsid is stabilized upon binding of the substrate
analogue, 5-nitroso-6-ribitylamino-2,4(1H,3H)-
pyrimidinedione.” Thermal unfolding experiments
have revealed extraordinary stability of the icosahe-
dral species. The apparent melting temperature (T,
of the icosahedral LS from the hyperthermophilic
bacterium A. aeolicus (LSAQ) is 120 °C, which is one
of the highest melting temperatures for proteins
reported to date. Surprisingly, LS from the meso-
philic bacterium B. subtilis also displayed an unusual
heat tolerance as the T, reaches 93 °C, whereas the
pentameric yeast LS had an apparent melting
temperature of 74 °C."> The unusual heat tolerance
of icosahedral LS indicates a considerable contribu-
tion of capsid formation to their thermal stability.

The question what structural features would lead
to pentameric LS or icosahedral LS was investigated
and discussed in a number of studies. Braden et al.
proposed that LSs with a phenylalanine (Phe22) at
the active site and a five residue kink, i.e. GT(G)
KAG in the C-terminal helix, have potential for
capsid formation.'® Persson et al. suggested that an
extra residue Pro8 (M. grisea LS numbering) at the
N-terminal end would break the p-strand, which in
icosahedral LSs aligns with the p-sheet of the
adjacent subunit, and lead to the formation of
pentamers.'’ In icosahedral LS the loop linking
helix a4 and helix a5 is positioned at the interface
between two pentameric units of the capsid. A
sequence alignment showed that an insertion of one
to four residues after Gly133, which is positioned
between helices oy and a5 in the hitherto determined
LS structures, is unique for all pentameric LS."
Computer-modelling studies revealed that a four
residues insertion (IDEA) in the S. cerevisiaze LS
(LSSC) in the loop linking helix oy and helix os
would lead to severe clashes at the subunit interface

Figure 2. A schematic drawing
of the interactions between LSBS
and the substrate analogue 6-ribity-
lamino-5-nitro-2,4(1H,3H)-pyrimi-
dinedione and the phosphate ion.
Enzyme residues from two neigh-
boring subunits are colored black
and red, respectively.”!

in a modeled icosahedral arrangement of penta-
mers, indicating that the insertion could be respon-
sible for the inability of LSSC to assemble to an
icosahedral capsid.'” Fornasari et al. systematically
analyzed sequence similarities of lumazine
synthases from different species and correlated
them with the quaternary structures.” Eight
sequence sites, which appear to be determinants
for icosahedral assembly, were identified.

As the active site of icosahedral LS is located close
to the inner surface of the capsid, substrates and
products need to be transported to and from the
active site through a rather densely packed capsid
wall. The largest openings in icosahedral lumazine
synthases are channels with a diameter of 5-12 A
located along the icosahedral 5-fold axes. The
attempt to block the channels of heavy riboflavin
synthase (the LS and RS complex) from B. subtilis
with a Cs-symmetric tungsten compound resulted
in unperturbed enzymatic activity, implying that the
transport of substrates and products might follow
another pathway.**

Here, the particle distribution of icosahedral
capsids of LSBS and LSAQ is analyzed by synchro-
tron small angle X-ray scattering (SAXS) and
electron microscopic methods. The SAXS method
reveals the overall structure of macromolecules in
solution and also permits us to quantitatively
characterize mixtures containing particles of differ-
ent sizes.” Application of SAXS allowed us to
observe multiple assembly states of LS and selected
LS mutants and to systematically analyze pH-
induced capsid dissociation and association of the
enzyme in different buffers. The data from the
electron microscopic analysis complement and sup-
port the data obtained by SAXS. A hypothesis of the
interplay of enzymatic catalysis and different
assembly states of the capsid is proposed.
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Results and Discussion

Single-site mutations of lumazine synthase from
B. subtilis

A number of single-site mutations of LSBS have
been shown both to exhibit reduced enzyme activity
and to form large capsids (Figure 3 shows the
affected re51dues in their secondary structure
environment).”’ The residues Phe57 and Phell3
from two adjacent subunits of the same pentamer
are in offset stacking interaction with each other. A
proper interaction between these residues might be
important for the assembly of pentamers. Further-
more, both residues establish main chain hydrogen
bonds with hydroxyl groups of substrate (a),
making a proper alignment of their main chain
atoms crucial for substrate binding. The replacement
of either Phe57 or Phell3 with a serine causes

A'-Ly! A- Arg1 7

-
‘ <

reductions of the reaction rate to 36% and 5%,
respectively.”’ These two mutants assemble both
T'=1icosahedral capsids and large capsids as shown
by native gel electrophoresis and subsequent Wes-
tern blotting (I. H. et al., unpublished results). The
replacement of Phe57 or Phel13 with a much smaller
serine introduces an extra internal cavity in the
protein and thus, energetically, has a negative effect
on the stabilization of the pentamer.

Arg?1 is situated at the subunit interface between
two different pentamers and is known to be
involved in a highly conserved inter-pentamer ion-
pair network found in all icosahedral LSs. Earlier
structural studies suggested that this particular ion-
pair network is 1mp0rtant for the assembly of T=1
icosahedral capsids.'” Zhang et al. proposed that
Arg?l is important for assembly of the T=1
capsid.”® The replacement of Arg21 by a hydro-
phobic alanine would disrupt the charge-charge
interaction at the subunit interface between two

|

’ é B b-.e57
B-Arg2® |

Z{AtArgélo

A'-Phe113

Figure 3. Ribbon representation of the pentamer— pentamer interface of lumazine synthase from B. subtilis (PDB ID:
1rvv) with some residues shown in sticks representation.*® The yellow and green subunits belong to one pentamer and the
blue and magenta subunits to the other. The pentamer—pentamer interface encloses a 2-fold axis, which relates subunit A
with A’ and subunit B with B’. The residues Arg21, Phe57, Phell3, and Argl27 were mutated for the purpose of this
study. The ligand RNO2P (5-nitro-6-ribityl-amino-2,4(1h,3h)-pyrimidinedione) is shown as CPK model.
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adjacent pentamers and therefore may affect the
capsid assembly. The mutant Arg21Ala assembles
both T=1 and large capsids and has about 43%
residual catalytic activity with respect to the wild-
type LSBS.

Arg127 in the active site is known to play a crucial
role for substrate bmdlng and the catalytic activity
of the enzyme.”® This residue is responsible for
binding of the phosphorylated substrate (b) (Figure
2) before the reaction commences. In all known
structures of LS, either a phosphate anion or an
inhibitor carrying a phosphonate group is bound to
this arginine residue. Furthermore, Argl127, Glu126
and Lys131 form an ionic network, which extends to
a surface region opposite to the adjacent pentamer
unit.”’ The replacement of Argl27 by a polar,
hydrophobic or acidic residue results in more than
95% reduction of catal t1c activity with respect to
the wild-type enzyme.”™ The Argl27Thr mutant is
not catalytically active, whereas the activity of the
Argl127His mutant is reduced to 62%. Both
Argl27His and Argl27Thr form capsids of at least
two different sizes, one resembling the known T=1
capsid and the others with a diameter of at least
280 A. Whereas the native enzyme forms exclusively
small capsids (Figure 4(a)), Arg127His forms mostly
small capsids and only to a minor extent large
capsids (Figure 4(b)), and the mutant Argl27Thr
forms mostly large capsids (Figure 4(c)). Histidine
may still bind to phosphate via ionic interactions and
thus help to maintain residual catalytic activity,
whereas threonine cannot take part in an ionic
interaction. Due to its basic character histidine is also
able to mimick electrostatic interactions of arginine,
which could help to maintain subunit interactions
that are responsible for quaternary assembly.

As substrate (b) also forms hydrogen bonds with
residues Gly84, Ala85 and Thr86 from the adjacent
subunit, the removal of Argl27 not only affects the
substrate binding site for the substrate but also the
hydrogen bond contacts between the two subunits
that are formed via the bound substrate (b). These
observations suggest that substrate or phosphate

binding stabilizes the subunit contacts within
pentamers. Thus, if the binding site is disturbed or
destroyed, the pentameric blocks of the T=1 capsid
will be destabilized.

Analysis of wild-type and mutants of lumazine
synthases by cryoelectron microscopy

The inspection of various samples of native and
modified LSs by SAXS methods showed that LS
particles appear to have diameters in three different
ranges, 160—200 A (type 1), 270-300 A (type II) and
300-330 A (type II). Whereas the SAXS studies
indicate the presence of distinct type II and type III
particles, none of the samples investigated by
electron microscopy (EM) methods allows the
unambiguous distinction of type II from type III
particles. In the context of presenting data from EM
studies we therefore merge counts for type II and
type III particles.

In phosphate buffer (pH 8.0), LSBS forms exclu-
sively type I particles (Figure 5(a), Table 1). The
analysis of LSBS in phosphate buffers at pH values
between 7 and 9 indicates that the pH apparently
has no effect on capsid assembly (data not shown).
In Tris hydrochloride buffer (pH 8), 54% of all
identified particles of wild-type LSBS are capsid-
shaped; the other particles have irregular shape and
are aggregated, deformed or incomplete (Figure
5(b)). The capsid-shaped particles appear in dia-
meter ranges typical for type I (29%), type II/III
(25%). At pH 9.0, only 49% of all detected particles
have regular capsid-like shape (Figure 5(c)). The
remaining particles have non-circular shape, which
indicates deformation or an incomplete capsid shell.
The regularly formed capsids belong to the type 11/
III category. In borate buffer (pH 7), LSBS forms both
type I (80%) and type II/III capsids (20%) (Figure
5(d)). In phosphate buffer at pH 7.0, 89% of the LSBS
Argl27Thr mutant particles have circular shape
while a minor percentage of 11% have irregular
shape. 75 % of the particles have circular shape with
a diameter corresponding to type II/III capsids and

Figure 4. Electron micrographs of recombinant lumazine synthase from B. subtilis (a) and the mutants R127H (b) and
R127T (c). The proteins were absorbed on carbon and negatively stained with uranyl acetate. The scale bar represents

100 nm.
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Figure 5. Contrast enhanced Cryo-EM micrographs of (a) LSBS phosphate (pH 8.0), (b) LSBS in Tris (pH 8.0), (c) LSBS
in Tris-HCl (pH 9.0), (d) LSBS in borate (pH 7.0), (e) LSBS R127T mutant in phosphate (pH 7.0), (f) LSAQ-IDEA in Tris (pH
8.5), (g) LSAQ-IDEA in phosphate (pH 7.0). The scale bar represents 30 nm.

14 % of the particles correspond to type I capsids
(Figure 5(e)). The remaining irregularly shaped
particles have sizes comparable to either type I or
type II/IIl. The LSAQ-IDEA mutant was found to
exclusively assemble type II/1II capsids in both Tris
hydrochloride buffer (pH 8.5) (Figure 5(f)) and
phosphate buffer (pH 7.0) (Figure 5(g)).

SAXS analysis of lumazine synthase wild-type
and mutants

To systematically analyze the capsid assembly of
LSBS/LSAQ, X-ray scattering experiments were
performed with LSBS solutions in phosphate, Tris
hydrochloride and borate buffers and with LSAQ
solutions in phosphate and Tris hydrochloride
buffers. The SAXS data from protein solutions and
corresponding buffers were collected as described in
Methods over a range of pH values between 6.0 and

Table 1. Evaluation of particle populations by cryo-EM

Type I Type I1/111
capsids capsids  Irregular
(160—200 A) (270-330 A) particles
Fraction Fraction Fraction
Sample Buffer pH  size (%) size (%) size (%)
LSBS WT Phosphate 8.0 100 - -
LSBS WT Tris-HCl 8.0 29 25P 46"
LSBS WT Tris-HCl 9.0 - 49° 51
LSBSWT  Borate 7.0 80 20° -
LSBS Phosphate 7.0 14 75° 1
R127T
LSAQ Tris-HCl 8.5 - 100° -
IDEA

See Methods for a description of how particle sizes were evaluated.
# A major fraction of the irregular particles observed in this
sample are aggregates of intact capsids of different sizes.
The numbers in brackets indicate the percentages of particles
smaller and larger than 300 A.

10.0. Figure 6 presents the background corrected
and processed scattering intensities as functions of
momentum transfer s=4w sin(0)/1 (here, 28 is the
scattering angle and N=0.15 nm is the X-ray
wavelength) for LSBS and LSAQ, respectively. The
overall parameters of the solutes (effective radius of
gyration Rg, molecular weight My, as well as
maximum particle size Dy,.x) are summarized in
Table 2.

The characteristic functions p(r) computed from
the experimental data by the indirect Fourier
transformation program GNOM***” are displayed
in Figure 7(a) to (c) (LSBS) and (d) (LSAQ). For
monodisperse systems (e.g. for protein solutions
containing one single species only), the overall
parameters computed from the SAXS data corre-
spond to this species. The characteristic function p(r)
is the distance distribution (averaged Patterson
function) characterizing the shape of the particle,
and this function goes to zero for v > Dp,.y. For
mixtures containing multiple species (components),
the experimental scattering curve is a linear combi-
nation of the scattering from individual components
weighted by their relative concentrations (i.e. their
volume fractions in the solution). The effective
values of Ry and My are also averages over the
ensemble weighted by the volume fractions of the
species, and the p(r) functions of mixtures are
weighted superpositions of the distance distribu-
tions of individual components, whereas Dpax
corresponds to the maximum distance of the largest
particle in the mixture.

Up to three different types of capsids are assumed
to be present in solutions of wild-type LS or their re-
spective mutants. As in the section describing the
results from EM studies we refer in the following text to
capsids with an outer diameter of 160—200 A as type
I capsids, to capsids with a diameter of 270-300 A
as type II capsids and to capsids with a diameter of
300-330 A as type III capsids. Type I capsids are
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Figure 6. Experimental scattering curves of LSBS wild-type, LSBS R127 mutant, LSAQ wild-type and LSAQ-IDEA
(circles) and fits (continuous lines) obtained from MIXTURE-M program. (a) LSBS wild-type: curve (1) corresponds to
phosphate buffer at pH 6.0, curves (2)—(5) correspond to Tris hydrochloride buffer at pH 7.0, 7.6, 8.4 and 9.0, respectively.
(b) LSBS R127 mutant: curve (1) corresponds to phosphate buffer at pH 6.0, curves (2) — (6) correspond to Tris
hydrochloride buffer at pH 7.0, 7.5, 8.0, 8.5 and 9.0, respectively. (c) LSBS wild type: curves (1) — (4) correspond to borate
buffer at pH=7.0, 8.0, 9.0 and 10.0, respectively. (d) Curve (1) corresponds to LSAQ wild-type in phosphate buffer at pH
6.0, curve (2) corresponds to LSAQ wild-type in Tris hydrochloride buffer at pH 7.0, curve (3) corresponds to LSAQ-IDEA
in phosphate buffer at pH 6.0, curve (4) corresponds to LSAQ-IDEA in Tris hydrochloride at pH 7.0.
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Table 2. Overall structural parameters of LS mixtures
computed from the data

Dmax MWax Rge

Enzyme Buffers pH (nm) (kDa) (nm)
LSBS, Phosphate, 6.0 3042 595+50 6.9+0.2
wild-type 0.1 M 6.5 302  658+50 7.1£0.2
70 30«2 607450 7.3+0.2
75 30+£2  510+50 6.9+0.2
8.0 30«2 581450 7.1+0.2
Tris-HCl, 70 32+2  856+70  12.8+0.3
0.1 M 7.6 322 962+70 12.9+0.3
8.4 32+2  936+70  12.8+0.3
9.0 322  854+70 12.7+0.3
LSBS, Borate, 70 16+x1 1637+£120 6.8+0.2
wild-type 0.1 M 80 16+1 1096+100 6.9+0.2
9.0 16+1 814+70 6.8+0.2
10.0 31+£2 1608+120 12.7+0.3
LSBS, Phosphate, 6.0 30+2  785+60  12.5+0.3
R127 0.1 M 6.5 30+2  730+60 12.4+0.3
mutant 70 302  683+50 12.6+0.3
75 30+2 805+70 12.5+0.3
8.0 30+2  752+60 12.4+0.3
Tris-HCl, 70 30+2 854+£70 12.5+0.3
0.1 M 75 312  661+£50 12.7+0.3
8.0 32+2  715+60 12.9+0.3
85 32+2  644+£50 13.1+£0.3
9.0 32+£2  623+50 13.3+0.3
LSAQ, Phosphate 6.0 32+2  806+70  10.0+0.3
wild-type 6.5 32+2  720+70 9.9+0.3
70 322  687+60 9.8+0.3
75 32+2  816+60  10.1+£0.3
8.0 32+2  855+60  10.0+0.3
Tris-HCI 70 32+2  965+80  10.2+0.3
75 32+2  732£70 10.3+£0.3
8.0 32+2  772+70 9.8+0.3
85 32+2  820+80 10.0+£0.3
9.0 32+2 678+70 8.8+0.2
LSAQ- Phosphate, 6.0 28+2  621+50 11.2+0.3
IDEA 0.1 M 70 28+2  617+£50 11.2+0.3
8.0 28+2  888+70 11.1+£0.3
Tris-HCl, 70 28+2  683+60 11.3+£0.3
0.1M 75 28+2  949+80 11.2+0.3
8.0 28+2 1182+100 11.2+0.3
85 28+2 1386+110 11.3+0.3
9.0 28+£2 1670+120 11.3+0.3

Dimax,Mwe, Rge, are the maximum size, the molecular mass and
the radius of gyration calculated from the scattering data (for
mixtures, the values My, and Rge correspond to the average over
the ensemble).

constituted by 60 subunits with perfect icosahedral
symmetry (I'=1) as has been shown by X-ray
crystallographic methods. The molecular structure
of type II and type III capsids is so far unknown,
however, our attempts to model the observed data
indicate that the respective diameters of idealized
capsids following the triangular numbers T=3 or
T=4 match the diameters of type II and type III
capsids as observed in the described SAXS experi-
ments (Figure 8). The diameters of real T=3 or T=4
capsids may be considerably different from the ones
of the models shown in Figure 8(b) and (c). The
capsid diameters could for instance further decrease,
if some subunits would be partially buried by
others. On the other hand, a cage-like assembly
could lead to a more expanded capsid. Type III
particles may therefore even correspond to an
expanded T=3 form.

For capsid shaped particles the maximum size is
equivalent to the outer capsid diameter and the
shape of the p(r) function permits qualitative
conclusions about the composition of the mixtures
in different buffers at different pH values. Thus,
wild-type LSBS consistently forms small (type I)
capsids in phosphate (Figure 7(a), curve 1) but large
(type III) capsids in Tris buffer (Figure 7(a), curves
2-5). In borate buffer, a transition is observed from
type I (pH from 7.0 to 9.0) to type III capsids at pH
10.0 (Figure 7(c)). The wild-type LSAQ solutions
(Figure 7(d), curves 1-2) contain mainly small
capsids, although the larger particles are also
present. At the same time, larger capsids are
predominant in the mutants LSBS R127T (Figure
7(b)) and LSAQ-IDEA (Figure 7(d), curves 3 and 4)
solutions at all conditions studied.

The p(r) function of LSBS in phosphate does not
significantly depend on pH. The curves indicate
cap51ds with an outer diameter of about 160 A,
which is in line with the size of the icosahedral T=1
capsid observed in the crystal, and a small amount
of larger particles (yielding a small contribution of
interparticle distances from 160 to 330 A in Figure
7(a), curve 1). In contrast, the distance distribution
curves of LSBS in Tris hydrochloride (Figure 7(a),
curves 2-5) point out the presence of large capsids
with an outer diameter of about 320 A. Interestingly,
the curves at pH 7.0 and 9.0 display pronounced
maxima suggesting rather isometric particle shapes,
whereas in those at pH 7.6 and 8.4 the maxima
appear smeared, indicating possible polydispersity
or deformation of the particles. One can conclude
that a structural transition is taking place in Tris at
around pH 8.0.

The p(r) function of the LSBS R127T mutant in
phosphate (Figure 7(b), curve 1) indicates largely
capsids with an outer diameter of about 300 A and
this mutant does not reveal dependence on pH. In
contrast, the distance distribution curves of the LSBS
R127T mutant in Tris hydrochloride buffers (Figure
7(b), curves 2—6) vary considerably with pH. At pH
7.0 the p(r) is similar to that of LSBS R127T in
phosphate buffer (corresponding to type III parti-
cles), but at higher pHs yet larger particles appear
with diameter of about 320-330 A (which corre-
sponds to larger type III particles). In borate buffer
(Figure 7(c)) LSBS displays a similar but even more
pronounced dependence of the capsid formation on
pH as in Tris hydrochloride. At pH values (7.0, 8.0
and 9.0) mainly small particles (type I) are present
(Figure 7(c), curves 1-3) whereas at pH 10.0, mostly
large particles (type IIl) are formed (Figure 7(c),
curve 4).

The scattering patterns and distance distribution
functions of LSAQ in phosphate and Tris hydro-
chloride buffers are very similar to each other and
they display practically no pH dependence (Figure
7(d), curves 1 and 2). Here, the main maximum of
the profile of p(r) corresponds to the small type I
particles although a noticeable amount of larger
particles are present. Rather different results were
obtained for the LSAQ-IDEA mutant prepared as
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Figure 7. Distance distribution functions p(r) of (a) LSBS wild-type in phosphate and Tris (curve (1) corresponds to

phosphate buffer at pH 6.0, curves (2)

— (5) correspond to Tris hydrochloride buffer at pH 7.0, 7.6, 8.4 and 9.0,

respectively); (b) LSBS R127 mutant in phosphate and Tris (curve (1) corresponds to phosphate buffer at pH 6.0, curves
(2) - (6) correspond to Tris hydrochloride buffer at pH 7.0, 7.5, 8.0, 8.5 and 9.0, respectively); (c) LSBS wild-type in borate
(curves (1) - (4) correspond to pH 7.0, 8.0, 9.0, and 10.0, respectively); (d) LSAQ wild-type (curve (1), wild-type enzyme in
phosphate buffer at pH 6.0; curve (2), wild-type enzyme in Tris hydrochloride buffer at pH 7.0; curve (3), LSAQ-IDEA
mutant in phosphate buffer at pH 6.0; curve (4), LSAQ-IDEA mutant in Tris hydrochloride at pH 7.0). All distance
distribution functions are normalized to the maximum value of unity.

described in Methods to test the hypothesis that the
four residues insert between helix oy and helix a5
prevents the formation of a capsid and instead leads
to pentameric assemblies. Kinetic studies of the
LSAQ-IDEA mutant revealed less than 0.5% activity
with respect to the wild-type enzyme. Surprisingly,
instead of pentamers, the LSAQ-IDEA mutant was
found to form rather large particles in both
phosphate and Tris hydrochloride buffer. The
scattering curves in the two buffers are similar to
each other and show little dependence on pH
(Figure 6(d), curves 3 and 4), and the calculated p

(r) functions (Figure 7(d), curves 3 and 4) point to the
presence of hollow Cap31ds with D,..x about 275 A
(type II capsids), which is larger than T1 (type I), but
smaller than the diameters of the largest particles
(300-320 A, type III) formed by the R127T mutant of
LSBS.

The above analysis of the p(r) functions indicates
that both LSBS and LSAQ-IDEA solutions are
mixtures of particles of different size. The scattering
curves displaying sharp minima suggest that the
particles are rather isometric, whereas the profiles of
the p(r) functions in the cases where one particle
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Figure 8. Surface representations of (a) the crystal structure of the T=1LSAQ-WT capsid with a diameter of 160 A (the
residues Argl27, Ala128, Gly129, and Thr130 of the pentameric blocks forming the central inter-pentamer interface are
shown as overlay and are marked in red and green color, respectively; these residues are located at the inner surface of the
capsid close to the pentamer—pentamer interface); (b) a model of a T'=3 icosahedral capsid with a diameter of ~290 A@©a
model of a T=4 icosahedral capsid with a diameter of ~320 A. The models of the T=3 and T=4 capsids were produced
based on icosahedral geometry and the crystal structure of the T=1 capsid, from which the subunit contacts were adopted
and fine adjusted in order to generate a proper curvature. The subunits were placed at the same distance to the capsid

center. All representations are on the same scale.

type is dominating (e.g. curve 1 in Figure 7(a), curves
4 in Figure 7(c) and (d)) showing a steep decrease
when p(r) approaches Dy, are typical for hollow
particles. These data suggest that the solutions
contain rather isometric hollow particles. To further
assess the particle shapes and check whether these
particles are ideally icosahedral a version of an ab
initio program DAMMIN accounting for icosahedral
symmetry (see Methods) was used to reconstruct the
shapes of LSBS particles in borate buffer at pH 7 and
pH 10, expected to predominantly contain type I and
type III capsids, respectively. The two reconstruc-
tions (Figure 9, models (a) and (c)) appear rather
similar to the type I and type III models, but the
computed patterns display systematic deviations
from the experimental data (Figure 10). The minima
in the model curves from icosahedral structures
appear sharper than those in the experimentally
observed data. This indicates that the models are
apparently too isometric. To verify this, the icosahe-
dral models in Figure 9(a) and (c) were further
refined against the experimental data by omitting the
symmetry restriction. The resulting models, also
presented in Figure 9(b) and (d), neatly fit the
experimental data (Figure 10) and appear like hollow
icosahedral particles with missing facets, which are
similar in size to a pentameric building block of a
T=1 capsid. Similar results were obtained from the
scattering data from other samples, suggesting that
the LS assemblies may contain significant propor-
tions of incomplete icosahedral particles with some
of the facets missing in the structure. Interestingly,
type I particles (model (b)) appear more isometric
(possibly, having less material missing) than type III
particles (model (d)).

Several attempts were made to fit the experi-
mental data from LS solutions by the scattering
patterns computed from the high-resolution mod-
els. The fitting by single species, either full
icosahedral capsids or those with (one or several)
missing facets did not yield reasonable agreement
to the data. It was therefore assumed that type I
and type II or III capsids may co-exist, so that the
data have to be fitted by scattering from mixtures
of several components. Taking into account the
presence of incomplete capsids revealed by ab initio
modeling, the five components were found to
adequately represent the system: (1-2) complete
and incomplete type II or type III capsid; (3—4)
complete and incomplete type I capsid; (5) smaller
capsid substructures of the type I capsid. The
incomplete type I and type II or III capsids were
lacking one and two facets, respectively. To take
possible variation in sizes and type I to type II or III
transition into account, polydispersity of the com-
plete and incomplete capsids was introduced. For
this, the scattering from the type I and type II/III
capsids was computed as “basic” form-factors. The
scattering from type I and type II/III particles with
a diameter d could then be represented by rescaling
these form-factors I(s,d)=(d/dy)® I(s*dy/d), where do
is the nominal diameter. This parameter was
dp=160 A for type I and 290 A for large capsids,
which could be either type II (for d <280 A) or type
I (for d >300 A particles). Using this approach,
Gaussian size distribution of the components
was incorporated into the program MIXTURE-M
fitting the experimental data by linear combina-
tion of the scattering from the five components
to find their volume fractions and polydispersity
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(a)

(b)

(d)

Figure 9. Typical low-resolution models of LSBS in borate buffer at pH 7 ((a) and (b)) and pH 10 ((c) and (d)) restored
ab initio by DAMMIN program. Models (a) and (c) were obtained under icosahedral symmetry restrlctlons, whereas

models (b) and (d) have P symmetry. The models were displayed using the program RASMOL*

in space filling (left

side) and slab (right side) modes. The scale bar represents 2 nm.

(see Methods). The average radii of the components
1-4 were allowed to vary around the correspond-
ing dy values, whereas their polydispersity (width
of the Gaussian distribution) was restricted not to
exceed 5 A for complete capsids, but could reach
up to 30 A for the incomplete capsids type I and
type II/1IL

It should be noted here, that the selection of
smaller capsid substructures as the additional
component was made to some extent arbitrarily

but the results were not significantly dependent on
the specific choice of the form factor representing
the small particles in solution as long as these
particles were small compared to the capsids. An
alternative approach was also tested assuming that
the deviations from the icosahedral symmetry are
not due to the lacking facets but rather due to
deformations of the capsids. It was found that
affine deformations of the ideal icosahedral parti-
cles up to 15-20% were required to smear the
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Figure 10. Experimental scattering curves of LSBS in
borate buffer (filled spheres) and the fits obtained from ab
initio DAMMIN modeling with icosahedral symmetry
restrictions (broken curves) and without symmetry
restrictions (continuous curves). (a) Corresponds to the
buffer pH of 7.0, whereas (b) to pH of 10.0.

minima in the computed data, but even these very
large deformations yielded fits that were worse
than those from the models with the missing facets.
Given also that the ab initio models pointed to
missing facets but not to deformed particles, the
latter hypothesis was found to be less compatible
with the experimental data.

The results of the fitting procedure are summar-
ized in Table 3 and the fits are presented in Figure 6.
Overall, the five-component model affords a reason-
ably good fit to the experimental data.

For wild-type LSBS in phosphate buffer, three
components were found: complete type I capsids
(varying from 85% to 90% of volume fraction), free
facets (volume fractions from 6% to 13%), and
complete type II capsids (volume fraction from 1%
to 3%). The sizes of type I and type II capsids are
close to the theoretical values of 160 A and 270 A,
correspondingly. In contrast, for wild-type LSBS in
Tris buffer there is a significant volume fraction of
large type III capsids (from 45% to 76%) with the
outer diameter in the range from 290 to 310 A. Also,
strong pH dependence is observed, whereby at pH
7.0 and 9.0 the dominating fractions are from large
capsids, while at pH 7.6 and 8.4 a significant amount
(from 30% to 45%) of small (type I) capsids is found.
The smeared maxima at pH 7.6 and 8.4 were poorly
fitted by the model, which may point e.g. to the
presence of deformed particles in solution during
this transition.

The LSBS R127T mutant forms three different
components in phosphate and Tris buffer, which
correspond to the form factors of complete type III
capsids (75-80% volume fraction), incomplete type
II capsids (16—21% volume fraction) and incom-
plete type I capsids (4% volume fraction). A
relatively high degree of polydispersity (from 10 to
20 A) is observed for the incomplete structures. It
should be stressed that for the LSBS R127T mutant
in phosphate buffer the volume fractions and the
size of the components do not depend on pH,
whereas for LSBS R127T in Tris buffer there is strong
pH dependence. The average size of type III
component is increasing with pH (from 300 A at
pH 7 to 330 A at pH 9). This can be explained by the
structural transition of type III icosahedral capsids
between pH 7 and 9.

The results for LSBS in borate buffer strongly
depend on pH. At pH values of 7, 8, and 9, mainly
type I capsids are formed (volume fraction 97%)
with diameters of about 160 A, whereas at pH 10.0
the main fraction (62% complete and 36% incom-
plete capsids) belongs to type IIl capsids with
diameters of about 320 A. These results reveal a
strong dependence of the formation of icosahedral
LSBS capsids in borate buffer on pH value. This
means that the process of capsid formation can be
tuned by pH of the buffer solution and the multiple
ensembles of different types of capsids are in
equilibrium.

For wild-type LSAQ in phosphate and Tris buffer,
three components were found: 10—-18% of free facets,
61-70% of complete type I capsids with the diameter
of 155-160 A and 20-22% of complete type II
capsids with the diameter of 260-270 A. The
insertion of four residues in the LSAQ-IDEA
construct leads to substantial changes in the scatter-
ing profile (Figure 6(d)). The type I component
practically disappears (only up to 5% of these
particles were found); instead there are mainly
type II capsids with the diameter of 270 A and a
small amount of small capsid substructures. These
results indicate that the IDEA mutation prevents
formation of type I capsids but not of type II capsids.

Conditions triggering dissociation and
association of lumazine synthase capsids

Some viral proteins can assemble capsids of
varying size and number of subunits as a conse-
quence of mutations or changes of the chemical and
physical env1ronment (for a review see Rossmann &
Erickson).?® A number of biochemical and structural
studies published previously and presented here
suggest that LS exhibits such structural variability,
as well. This variability is correlated with residues in
the active site and thus with the function of the
enzyme.

As shown by two independent methods, both
LSBS and LSAQ wild-type protein and mutants are
to different extent capable of forming type I capsids
and larger capsids with presumably icosahedral
symmetry. However, the conditions leading to
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Table 3. Structural parameters of LS mixtures

Small capsids

Large capsids

Complete Incomplete Complete Incomplete Free facets

R dR R dR R dR R dR R dR

Enzyme pH X v (nm) (m) V  (nm) (nm) v (nm) (nm) v (nm) (nm) v (nm) (nm)
LSBS 60 108 0912 783 04 00 - - 0022 1347 05 00 - - 0.065 3.0 0.2
WT 6.5 1.10 0907 785 04 0.0 - - 0.019 1342 05 0.0 - - 0.074 3.0 0.2
(Ph) 70 1.02 0887 786 03 0.0 - - 0.032 1343 05 0.0 - - 0.081 3.0 0.3
75 130 0863 78 02 00 - - 0015 1348 02 00 - - 0122 3.0 0.2
80 143 0849 790 03 0.0 - - 0.014 1384 0.1 0.0 - - 0.135 3.0 0.3
LSBS 70 151 0161 9.00 03 0.0 - - 0.762 1511 05 0.0 - - 0.077 3.0 0.3
WT 76 257 0305 9.00 05 00 - - 0633 1452 05 00 - - 0062 30 0.3
(Tris) 8.4 227 0455 9.00 04 0.0 - - 0.454 1467 05 0.0 - - 0.091 3.0 0.2
9.0 1.09 0.104 9.00 03 0.0 - - 0573 1552 05 00 - - 0323 30 0.2
LSBS 70 128 097 769 050 0.0 - - 002 1572 05 001 1477 027 0.0 - -
WT 80 247 09 772 050 0.0 - - 002 1564 05 0.01 14.65 024 0.0 - -
(Borate) 9.0 281 098 754 050 0.0 - - 001 1595 05 001 1472 015 0.0 - -
100 372 0.02 9.00 010 0.0 - - 0.62 1592 05 036 1294 099 0.0 - -
LSBS 6.0 541 00 - - 004 900 127 080 1470 05 016 1170 0.10 0.0 - -
R127 65 671 00 - - 003 900 134 079 1473 05 018 11.73 0.10 0.0 - -
Mutant 7.0 725 0.0 - - 0.03 900 119 079 1476 05 018 1175 0.10 0.0 - -
(Ph) 75 298 00 - - 003 900 152 075 1483 05 022 11.81 0.10 0.0 - -
80 278 00 - - 004 900 147 075 1492 05 021 1198 0.10 0.0 - -
LSBS 70 462 00 - - 005 900 133 075 1487 05 020 1187 010 0.0 - -
R127 75 491 00 - - 004 900 125 074 1496 05 022 1193 0.10 0.0 - -
Mutant 8.0 4.60 0.0 - - 004 900 113 070 1522 05 026 1224 010 0.0 - -
(Tris) 85 330 00 - - 003 900 123 054 1576 05 043 1277 0.10 0.0 - -
9.0 566 0.0 - - 003 900 119 047 1627 05 050 1324 0.10 0.0 - -
LSAQ 60 237 062 795 05 00 - - 021 1311 05 00 - - 017 3.0 0.1
WT 65 206 065 792 05 0.0 - - 021 1315 0.5 0.0 - - 0.14 3.0 0.1
(Ph) 70 205 062 793 05 00 - - 023 1323 05 0.0 - - 015 3.0 0.1
75 208 064 794 05 0.0 - - 022 1312 0.5 0.0 - - 0.14 3.0 0.1
80 19 061 798 05 0.0 - - 023 1334 05 0.0 - - 0.16 3.0 0.1
LSAQ 70 247 063 798 05 0.0 - - 019 1450 0.5 0.0 - - 0.18 3.0 0.1
WT 75 170 069 795 05 0.0 - - 021 1456 0.5 0.0 - - 0.10 3.0 0.1
(Tris) 80 199 069 794 05 0.0 - - 018 1458 0.5 0.0 - - 0.13 3.0 0.1
85 186 068 793 05 00 - - 020 1452 05 00 - - 012 3.0 0.1
9.0 212 067 795 05 00 - - 017 1451 05 00 - - 016 3.0 0.1
LSAQ 60 238 00 - - 001 900 01 067 1341 05 00 - - 032 3.0 0.1
IDEA 70 209 00 - - 002 900 01 081 1329 05 00 - - 017 3.0 0.1
(Ph) 80 221 00 - - 0.01 9.00 0.1 0.77 1355 0.5 0.0 - - 0.22 3.0 0.1
LSAQ 70 375 00 - - 005 900 01 095 1373 05 00 - - 0.0 - -
IDEA 75 247 00 - - 004 900 01 09 1373 05 0.0 - - 0.0 - -
(Tris) 80 261 00 - - 005 9.00 0.1 095 1374 0.5 0.0 - - 0.0 - -
85 213 00 - - 003 900 01 097 1376 05 0.0 - - 0.0 - -
9.0 217 0.0 - - 0.04 9.00 0.1 096 1382 0.5 0.0 - - 0.0 - -

X is the discrepancy between the experimental data and scattering curves calculated from the mixture composition of the high-resolution
models as provided by the program MIXTURE-M, with the given volume fractions of the components (v), their average size (R) and
degree of polydispersity (dR). For the abbreviations of the components, see the text.

multiple assembly states are different. LSBS assem-
bles mainly the type I capsids in phosphate buffers
at all pH values. In Tris hydrochloride and borate
buffers, the enzyme forms large aggregates to a
varying extent (Table 3 and Figure 5). LSAQ
associates to capsids of different sizes in both
phosphate and Tris hydrochloride buffers at all pH
values. Remarkably, at many conditions the differ-
ent forms of LS co-exist and are presumably related
via equilibrium, which is fine-tuned by pH or the
presence of specific ions. The tendency of large
capsid formation is overruled by mutation of
residues in or close to the active site as well as the
insertion of four residues in the LSAQ-IDEA
construct. Thus, the results from small angle
scattering experiments and electron micrographs
indicate that multiple assembly states are a general

feature of native and mutant icosahedral lumazine
synthases.

The LSAQ-IDEA mutant is unable to form a type I
capsid as anticipated by the fact that at the position
of the IDEA-insertion, two adjacent pentamers
within a type I model would severely clash. Instead
of pentamers the mutant forms mostly type II
capsids with a diameter of 270 A (Table 3). The
catalytic activity of this mutant is reduced to less
than 0.5%. Although the native LSSC contains the
IDEA insert at the corresponding position in the
sequence, the conformational differences in the
active site region of LSSC and the icosahedral
LSBS are only minor.'” This suggests that the
insertion of the four residues IDEA in the LSAQ
sequence does not necessarily by itself lead to local
conformational changes of active site residues. The
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loss of enzymatic activity could rather be due to the
rearrangement of interpentameric interfaces, which
would also affect the interfaces between neighbor-
ing subunits of the same pentamer.

The active sites of lumazine synthases are formed
by two adjacent subunits; the catalytic activity of
the enzyme is therefore dependent on an intact
interface of two subunits belonging to the same
pentamer unit. A relative shift of adjacent subunits
forming the active site, which is likely to take place
during the transformation to larger capsids, will
also disrupt the substrate-binding site and thus
deactivate the enzyme. There is so far no informa-
tion about the molecular structure of large LS
capsids at high resolution. However, preliminary
experimental data suggest the formation of icosa-
hedral capsids consisting of 180 subunits.'” Most
likely, at least a majority of subunit pairs would not
form interfaces between subunits that would
reconstitute proper substrate binding pockets.
Due to potential conformational changes of the
active site, the larger capsids would be unable to
carry out the catalytic functions of a functional T=1
capsid. Likewise, the formation of larger capsids
triggers a change of the capsid curvature, which
could lead to the perturbation of active sites that
are located between adjacent subunits within one
pentamer. Due to the interruption of a proper
subunit interface the substrate-binding sites in large
LS capsids would have a different conformation
compared to those in the T=1 capsids. The
observed residual activity of the mutants, which
assemble capsids of different sizes, might be due to
the presence of T=1 capsids.

Because the active site of icosahedral lumazine
synthases is located close to the inner wall of the
capsids, which implies that the free passage to the
solvent is obstructed by the capsid wall, the
substrate and product transfer has been of great
interest and discussed extensively during the past
decades.''*** From a structural point of view,
the 5-fold channels of the T=1 Caps1ds could
potentially serve as the diffusion pathway.® How-
ever, the available high-resolution structures indi-
cate that the 5-fold channels do not seem wide
enough to allow riboflavin, the product of the
reaction catalyzed by the enclosed riboflavin
synthase, to pass through Furthermore, incuba-
tion with [NaPsW30O110]"", which is known to
block the 5-fold channels of heavy riboflavin
synthase from B. subtilis, d1d not result in a
decreased enzymatic activity.”* Alternative chan-
nels close to the 2-fold and 3-fold axes might allow
the diffusion of LS substrates and products, but
might be too narrow for riboflavin. This implies that
the transfer of substrates and product could follow
another mechanism. An icosahedral LS with a larger
number of subunits will most likely be less densely
packed and allow for easier access to the binding
sites.

The exact effect of the described mutations is not
well understood, the observations can however be
interpreted such that a destabilization of both intra-

and inter-pentamer interfaces alleviates and trig-
gers the formation of large capsids. Large capsids
would thus be thermodynamically favored unless
specific interactions at the subunit interface, in
particular the active site would prevent them from
being formed.

A model relating catalysis and subunit
rearrangements

In recent studies, an expanded conformation of
the pentameric building blocks in both the wild-type
LS from B. subtilis (L. X. et al., unpublished results)
and the LSAQ-IDEA mutant (L. Nilsson et al.,
unpublished results) has been observed. Based on
observations presented earlier and here, we suggest
here a mechanism that relates catalytic function and
mode of assembly and suggest a model for the
substrate and product transfer.

As shown earlier in a comparative study, the
reaction is likely to proceed without rearrangement
of the binding site.”’ There is no experimental
evidence whether the eliminated phosphate ion
would keep being attached to Argl27 during the
reaction or at least transiently be removed from the
phosphate-binding site. However we proposed in a
previous article, that the substrate (b) is moved
away from the phosphate-binding site, whereupon a
phosphate group is eliminated from substrate (b). In
the subsequent step it might either bind back to the
phosphate-binding site or leave the active site.”' The
results and considerations presented here indicate
that the formation of proper subunit contacts
critically depends on the presence of phosphate or
a ligand in the active site and the correct alignment
of residue contacts spanning the interface. The
absence of these stabilizing contacts, for instance
the release of the inorganic phosphate ion from the
binding site, could thus destabilize the T=1 capsids.
This destabilization, which may eventually lead to
the large capsid, might be thermodynamically
driven.

Upon conclusion of the reaction the substrate-
binding site could open up or even be disrupted.
The formation of a large capsid requires a sub-
stantial extent of subunit rearrangements, which
probably do not proceed on the same time scale as
the reaction. It is therefore unlikely that the enzyme
would form larger capsids during the catalytic
cycle. However, the disruption of the active site
might be driven by similar forces as the formation of
large capsids and eventually lead to a similar local
conformation of the pentamer building block. When
the binding site is disrupted, the enzyme is not
capable of catalysis anymore. This new state might
also provide a local opening of the pentamer units,
and therefore allows for easier passage of substrates
and products through the capsid wall. Pentamer
blocks with a widened opening around the 5-fold
axis have been observed in low-resolution struc-
tures of both the wild-type LSBS capsid and the
LSAQ-IDEA mutant (L. X. et al., unpublished
results).
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As observed by Bacher et al., large capsids are
readily converted to T=1 capsids after treatment
with a substrate analogue.'® We therefore conclude
that in the process of substrate binding, the opened
and unfunctional binding site rearranges back to
the functional state and is thus available to a new
catalytic cycle. The rearrangement of LS during the
reaction cycle might have a biological and physio-
logical meaning: it has evolved to throttle the
catalytic process, in this way keeping the concen-
tration levels of lumazine and riboflavin low in the
cell.

Methods

Molecular biological and enzymological methods

The wild-type LS from B. subtilis and A. aeolicus were
prepared by published procedures.'>*° The mutants LSBS
Argl127Thr and LSAQ-IDEA were prepared as described
elsewhere (L. Nilsson, unpublished).20 In the LSAQ-IDEA
mutant the residues Ile, Asp, Glu and Ala are inserted
after residue Gly129.

Electron microscopy

The protein solutions used for electron microscopic
studies contained about 1 mg protein/ml and 20 mM
potassium phosphate (pH 7.0). Carbon-coated copper
grids were exposed to a glow discharge. They were
covered with a drop of protein solution for 2 min and
rinsed repeatedly with 2% uranyl acetate and distilled
water. They were finally soaked with 2% uranyl acetate
for 90 s and blotted dry with filter paper. Electron
micrographs were obtained with a JEOL-JEM-100CX
Microscope on Imago-EM 23 electron microscopy films.

The cryo-EM studies were performed according to the
procedure described.®! Briefly, 3 pl of LS solution was
applied on a glow discharged EM grid coated with holy
carbon film. After removal of excess solution with filter
paper blotting, the EM grid was rapidly plunged into
liquid ethane cooled by liquid nitrogen. The LS sample
was thus quickly frozen in a thin layer of vitrified ice. The
specimen was transferred into a FEI CM120 electron
microscope with Gatan 626 cryo-transferring system and
observed with desired magnification under a LaB6
filament operated at 120 kV. The focal pair images were
recorded on Kodak SO163 electron sensitive film, with
—1 pm defocus for the first exposure and —3 um defocus
for the second exposure.

The images with a clear particle profile and free of
stigmatism were selected and digitized using a Heidelberg
SCAN scanner with a step size of 7 pm, 10 pm or 14 pm.
The pixel sizes were determined from the step size and the
EM magnification. After digitization, the individual
particle projections were sorted out from the images.

In order to evaluate the size distributions of the
particles in the sample, areas on the raw images with
representative particle distributions with at least 100
particles were selected. The particles were manually
fitted into circles with diameters corresponding to 140,
200 A, 275 A, 305 A and 335 A. The circle diameter was
stepwise increased and particles, whose projected area
fitted into the respective circle area were marked.
Particles with well-defined spherical shape and relatively

clear boundary were counted as complete capsids.
Particles with non-spherical shapes were regarded as
irregular particles. In the sample of wild-type LSBS in
Tris hydrochloride (pH 8.0), most irregular particles look
like aggregates of complete capsids with different sizes.
Due to the sensitivity limit, aggregates with a size smaller
than 150 A, e.g. free facets or small fractions of capsids
observed by the SAXS experiments, could not be
unambiguously identified and were therefore excluded
from this analysis.

SAXS data collection and evaluation

Protein samples were prepared by buffer exchange
using a Heraeus Biofuge 22 R centrifuge (6000 rpm) and
Microsep membrane filters (30 kDa cutoff). The protein
stock solutions were diluted tenfold in new buffers before
centrifugation. The dilution/centrifugation procedure was
repeated for at least three times. The pH values were
measured using a standard pH meter (PHMS82, Radio-
Meter Copenhagen) at room temperature. Protein concen-
trations were determined photometrically by measuring
the absorbance at 280 nm (LSAQ: €250nm, 1 ¢m=0.855 ml/
mg, LSBS: €350nm, 1 cm =0.585 ml/mg).

The synchrotron radiation X-ray scattering data were
collected following standard procedures using the x33
camera of the EMBL on the storage ring DORIS III of the
Deutsches Elektronen Synchrotron (DESY).*? The mea-
surements were done in two experimental sessions. For
the first session a linear multiwire proportional detector
at a sample—detector distance of 2.4 m and a wavelength
N=0.15 nm, covering a momentum transfer range of
0.13 < s < 3.0 nm ' was used. The second session was
done at the same sample—detector distance and the same
wavelength, using a MAR345 two-dimensional image
plate detector (the range of momentum transfer was
0.13 < s< 42 nm ). The focusing geometry and narrow
wavelength band pass (AN/N = 0.005) resulted in
negligible smearing effects. The pre-thermostated sam-
ples were injected into a thermostated silver cell with
mica windows with a cell volume of 100 ul and an optical
path length of 1 mm. The temperature was controlled
within £0.2 °C using a water bath. To check for radiation
damage, the data were collected in 15 successive 1 min
frames; for the image plate, two 3 min exposures were
compared. These measurements indicated no changes in
the scattering patterns with time, i.e. there was no
measurable radiation damage. The data were averaged
after normalization to the intensity of the incident beam
and corrected for the detector response. The scattering of
the buffer was subtracted using the program package
PRIMUS.” Each sample was measured at two different
concentrations (1.5 + 2 mg/ml and 8 + 10 mg/ml), and
no concentration-dependent change was observed. The
low and high concentration data were merged for the
subsequent data analysis.

The forward scattering I(0) and the radius of gyration
R; were evaluated using the Guinier approximation
assuming that at very small angles (s < 1.3/R,) the
intensity is represented as I(s) = I(0) exp(f(ng)z/ 3).
These parameters were also computed from the entire
scattering patterns using the indirect transform package
GNOM,?® which also provides the distance distribution
function p(r) of the particle computed from the
transformation:

I(s) = 4n /0 o p(r) S gy (1)

sr
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where Djn.x is the maximum diameter of the largest
particle in the mixture. The maximum diameters were
estimated for each scattering data set individually by
successive computations with different D, values. The
values for Rg evaluated from the Guinier approximation
practically coincided with those computed by GNOM.
The molecular masses (Mwexp) Of the solutes were
evaluated by comparison of the forward scattering
with that from reference solutions of bovine serum
albumin (M =66 kDa).

Low-resolution model shape analysis of the SAXS data
was done using the ab initio program DAMMIN.* The
program represents the particle as a collection of M>1
densely packed beads inside a sphere with the diameter
Dinax- Each bead belongs either to the particle or to the
solvent, and the shape is described by a binary string of
length M. Starting from a random string, simulated
annealing is employed to search for a compact model that
fits the shape scattering curve I(s) to minimize discrepancy:

- IZ [ ) d”l“ Sf)r @)

where N is the number of experimental points, c is a scaling
factor and I..i(s) and o(s;) are the calculated intensity and
the experimental error at the momentum transfer s;, res-
pectively. Followmg the Porod’s law™* for homogeneous
particles, prior to shape analysis by DAMMIN a constant is
subtracted from each data point to force the s * decay of the
intensity at higher angles yielding the resulting “shape
scattering” curve. For the analysis of LS particles, DAMMIN
was further developed to enable the modelling of icosahe-
dral particles by imposing the icosahedral symmetry into
the generation of the beads defining the search volume. The
symmetry was incorporated into the model as a rigid con-
straint, so that all steps during simulated annealing were
performed according to the icosahedral symmetry rules.”

For the analysis of mixtures composed by LS aggregates
the experimental scattering intensity I(s) from a mixture of
K non-interacting components was represented as:

K
I(s) = Z v; I;(s) (3)
=1
where v; and [j(s) are the volume fraction and the scattering
intensity from the jth com ?onent, respectively (0 <v; <1).
The program MIXTURE* was modified into MIXTURE-
M in such a way that it could use not only the simple
bodies modeling (e.g.hollow spheres) but also high-
resolution models. For the mixtures consisting of high-
resolution models of LS assemblies, theoretical scattering
curves [j(s) from the components were calculated using the
program CRYSOL.* The size of the high-resolution model
component could be changed by rescaling the angular axis
to the appropriate order and the polydispersity effect
could be applied. Based on the results of ab initio modeling
and the shape of the scattering curves the model contain-
ing five components was chosen. It included complete and
incomplete icosahedral capsids corresponding to 75 Aand
150 A radii as well as pentamer components (the use of
other models for the small particles did not significantly
influence the results).

The theoretical scattering intensities from this model
were computed using the program MIXTURE-M,*” which
varies the volume fractions of the components in the
mixture as well as their radii and polydispersity to
minimize discrepancy (2). MIXTURE-M employs a non-
linear fitting procedure based on a gradient method with
simple bounds on the parameters. A variation of up to

30 A in diameters was taken into account for the
calculations and the degree of polydispersity for complete
capsids was allowed to vary from 0.1 Ato 5 A, whereas for
incomplete structures it was varying from 0.1 A to 30 A.

Computer modelling of quasi-equivalent icosahedral
capsids

In order to construct the quasi-equivalent capsids, a
hexamer model was generated by inserting an extra
subunit into the original pentamer from the T=1 capsid.
The positions of the six subunits were fine adjusted so that
the subunit interface was as similar as possible to that of
the original pentamer. A certain number of hexamers were
then inserted into the proper positions of an enlarged T=1
capsid according to the quasi-equivalent geometry. The
size and curvatures of the large capsid models were
optimized in order to, on one hand avoid severe clashes,
on the other hand maintain reasonable subunit contact
interface. The final model of the T=3 icosahedral cap-
sids consists of 180 subunits with a diameter of 275(+10) A
and the T=4 model consists of 240 subunits with a
diameter of 320(+10) A. These models were constructed
using the program 0.% The rotation matrices were gen-
erated using the program CONVROT (W. Meining)+t.
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