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ABSTRACT: Protein self-assembly relies upon the formation
of stabilizing noncovalent interactions across subunit interfaces.
Identifying the determinants of self-assembly is crucial for
understanding structure−function relationships in symmetric
protein complexes and for engineering responsive nanoscale
architectures for applications in medicine and biotechnology.
Lumazine synthases (LS’s) comprise a protein family that
forms diverse quaternary structures, including pentamers and
60-subunit dodecahedral capsids. To improve our under-
standing of the basis for this difference in assembly, we attempted to convert the capsid-forming LS from Aquifex aeolicus (AaLS)
into pentamers through a small number of rationally designed amino acid substitutions. Our mutations targeted side chains at
ionic (R40), hydrogen bonding (H41), and hydrophobic (L121 and I125) interaction sites along the interfaces between
pentamers. We found that substitutions at two or three of these positions could reliably generate pentameric variants of AaLS.
Biophysical characterization indicates that this quaternary structure change is not accompanied by substantial changes in
secondary or tertiary structure. Interestingly, previous homology-based studies of the assembly determinants in LS’s had
identified only one of these four positions. The ability to control assembly state in protein capsids such as AaLS could aid efforts
in the development of new systems for drug delivery, biocatalysis, or materials synthesis.

Many proteins form symmetrical, nanoscale architectures
from multiple copies of identical polypeptide subunits.1

These assemblies are held together by noncovalent interactions
at the protein−protein interfaces.2 However, the energetic
contributions of individual residues to the stability of protein−
protein interfaces are often unevenly distributed.3,4 Subtle
changes can sometimes convert one quaternary structure into
another. General rules for predicting quaternary assembly have
been slow to emerge.5−8

The engineering of nanostructures demands a thorough
understanding of the basis for protein self-assembly.9 In
particular, self-assembled protein capsids represent a class of
nanoscale scaffolds that holds much promise for various
applications, including drug delivery, catalysis, and materials
synthesis.10−13 Indeed, much effort has gone into repurposing
capsids to act as containers for a wide variety of non-
physiological cargo molecules, such as proteins, nucleic acids,
small molecules, and inorganic nanoparticles.14−23 The
controlled and efficient loading of these containers can be
facilitated by the ability to interconvert the capsid with lower-
order quaternary states.14,24 Viral capsids possess inherent
switches that allow the efficient disassembly and reassembly in
response to solution conditions.25,26 In principle, it should also
be possible to engineer the interconversion of quaternary
structures between capsids and lower-order assemblies.
The capsid formed by lumazine synthase from Aquifex

aeolicus (AaLS) is a promising scaffold for engineering novel
molecular encapsulation systems.27−29 AaLS self-assembles into
a 60-subunit dodecahedral capsid (Figure 1A) with a diameter

of 16 nm, enclosing an empty chamber approximately 9 nm
across.30 This capsid is extremely stable, with a reported
melting temperature of 120 °C. While the AaLS capsid
presumably assembles from 12 pentamers, lone pentamers of
AaLS have never been isolated.
Despite an inability to reversibly disassemble AaLS in vitro,

this capsid has been engineered to encapsulate guest proteins in
vivo using a charge complementarity strategy.27,28 In this
system, AaLS variants with extra negative charges at the inner
surface of the capsid act as hosts for guest proteins bearing a
positively charged decaarginine (R10) tag. Encapsulation
complexes are formed by coproduction of the AaLS variant
and guest protein in Escherichia coli cells. Loaded capsids can be
purified from these cells but are essentially dead-end complexes.
For example, a rationally designed AaLS variant (AaLS-neg) in
which four residues at the inner capsid surface have been
changed to glutamates can encapsulate R10-tagged green
fluorescent protein or HIV protease.27 Interestingly, the
addition of negatively charged residues at the inner surface of
the capsid causes a dramatic expansion of the capsid structure,
as AaLS-neg forms 180-subunit capsids with a diameter of 28
nm. Directed evolution of AaLS-neg to optimize the
encapsulation of R10-tagged HIV protease gave a variant
(AaLS-13) with increased negative charge density at the inner
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surface that formed capsids 35 nm in diameter, more than twice
the size of wild-type AaLS.28 When produced in the absence of
the HIV protease guest, AaLS-13 is isolated a mixture of intact
capsids and capsid fragments. These fragments can assemble
into capsids in the presence of positively charged guest
protein.29 These observations suggest that it should be feasible
to tip the balance between different assembly states of AaLS in
a controlled fashion.
In Nature, the lumazine synthase (LS) family of proteins is

rich in quaternary structural diversity. In addition to 60-subunit
capsids, many homologues form pentamers.31,32 Decamers that
assemble via the dimerization of pentamers have also been
observed.33 Various explanations for what determines the
extent of assembly, in particular capsid versus pentamer, have
been put forward on the basis of homology. For example,
phylogenetic and structural analysis led to the identification of
eight sequence positions that have different patterns of
conservation between capsid-forming and pentameric LS’s.34

Structural comparisons have also highlighted potential suspects
responsible for determining the extent of assembly. Persson et
al.32 purported that a proline residue near the N-terminus of

pentameric LS’s could prevent capsid formation by breaking a
β-strand that aligns with a β-sheet of an adjacent subunit in
capsid-forming LS’s. Alternatively, Braden et al.35 suggested
that the presence of a five-residue kink in the C-terminal helix is
important for capsid formation. In addition, it was also
proposed that a four-residue insertion in the loop connecting
the fourth and fifth α-helices of a pentameric LS could be
responsible for preventing further assembly.31 This latter
hypothesis was tested experimentally by making the insertion
in AaLS.36 The resulting variant still formed capsids, albeit with
an expanded structure.
Here, we aimed to identify structural determinants of capsid

formation in AaLS by targeted mutation of residues that define
the pentamer−pentamer interfaces of the capsid. Using visual
inspection of the available high-resolution crystal structure, we
identified specific noncovalent interactions between side chains
on adjacent pentamers in the AaLS capsid. These interactions
were disrupted by strategic amino acid substitutions, effectively
preventing capsid formation by halting assembly at the
pentamer stage.

Figure 1. Structure and protein−protein interactions of the AaLS capsid. (A) Surface representation of the AaLS capsid. All of the pentamers are
colored differently. In the pentamer at the front of the capsid only, each subunit is colored individually. The rest of the pentamers are colored
uniformly. (B) Side view of two adjacent pentamers extracted from the crystal structure of the AaLS capsid. The backbones of the pentamers are
colored brown and blue. Residues comprising the ionic, hydrogen bonding, and hydrophobic interaction sites are shown in space-filling
representation. (C) Ribbon diagram of a pentamer extracted from the crystal structure of the AaLS capsid. The view on the left is from the outside of
the capsid, and the view on the right is from the inside of the capsid. Amino acids that contribute to the ionic, hydrogen bonding, and hydrophobic
interaction sites are colored cyan and denoted with arrows. (D) Ionic interaction site. (E) Hydrogen bonding site. (F) Hydrophobic interaction site.
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■ MATERIALS AND METHODS

Materials. Cell culture media, salts, and chemical reagents
were purchased from Sigma-Aldrich, Fisher Scientific, Pierce
Biotechnology, or Bio-Rad (unless otherwise noted) and used
without further purification. Pfu-turbo DNA polymerase and E.
coli strains BL21 DE3 and XL1-Blue were purchased from
Stratagene. DpnI endonuclease was purchased from New
England Biolabs. The oligonucleotides used in this study were
synthesized by the DNA/peptide synthesis core facility at the
University of Utah.
Site-Directed Mutagenesis. Plasmid pMG-AaLS,27 en-

coding the wild-type AaLS gene with an eight-amino acid
extension (LEHHHHHH) at the C-terminus, was a kind gift
from D. Hilvert (ETH Zürich, Zürich, Switzerland). To avoid
potential assembly artifacts, we removed the His tag by
mutating the first two histidine codons to stop codons. Using
the pMG-AaLS plasmid as the template DNA, site-directed
mutagenesis polymerase chain reaction (PCR) was conducted
with mutagenic primers HCN61 and HCN62 (Table S1 of the
Supporting Information). The PCR mixture (50 μL) was
prepared by combining 35 μL of water, 5 μL of 10× reaction
buffer, 1 μL of Pfu-turbo DNA polymerase (2.5 units/μL),
5 μL of dNTPs (2 mM each), 1 μL of template DNA (10 ng/
μL), and 1.5 μL each of forward and reverse primers (10 μM
each). During the mutagenesis reaction, temperature cycling
was performed in a Mastercycler personal thermocycler
(Eppendorf). The Pfu-turbo DNA polymerase was activated
at 95 °C for 1 min before the temperature cycling was begun.
The mutagenesis reaction involved 20 cycles of denaturation
(95 °C for 30 s), annealing (55 °C for 30 s), and primer
extension (72 °C for 6 min). Following the last cycle, the
reaction mixture was incubated for an additional 10 min, to let
the DNA polymerase finish the final elongation, before being
cooled to 37 °C. The restriction endonuclease DpnI (20 units)
was then added to the reaction mixture, which was incubated
for an additional 60 min to remove the original DNA template.
The mutagenesis reaction product was transformed into CaCl2
competent XL1-Blue cells by heat shock (42 °C for 1 min).
The transformed cells were plated onto LB-agar containing
ampicillin (100 μg/mL) and incubated overnight at 37 °C. The
resulting colonies were used to obtain stocks of plasmid DNA
with a QIAprep Spin Miniprep Kit (Qiagen) according to the
manufacturer’s instructions. The coding portion of the resulting
plasmid (pMG-AaLSNoHis) was confirmed by DNA sequenc-
ing (University of Utah DNA sequencing core facility).
Additional mutations in the coding region of pMG-

AaLSNoHis were also generated by the procedure described
above. For these mutagenesis reactions, pMG-AaLsNoHis
served as the DNA template. The mutagenic primers used in
these reactions are listed in Table S1 of the Supporting
Information.
Protein Production and Purification. For producing

AaLS variant proteins, CaCl2 competent BL21 DE3 E. coli cells
were transformed with the pMG-AaLSNoHis plasmid contain-
ing the desired mutations. The cells were cultured in 500 mL of
LB medium with ampicillin (100 mg/L) at 37 °C and 250 rpm
until the OD600 reached 0.7. At this point, protein over-
production was induced by the addition of IPTG (final
concentration of 0.1 mM). Following incubation for an
additional 20 h at 30 °C and 250 rpm, the cells were harvested
by centrifugation (5000g for 10 min at 4 °C). The cell pellets
were resuspended in 10 mL of lysis buffer [50 mM sodium

phosphate and 300 mM NaCl (pH 8.0)]. The cells were lysed
by incubation with lysozyme (5 mg), RNase A (0.6 mg), and
DNase I (10 units) on ice for 30 min followed by sonication.
The cell lysate was cleared by centrifugation (8000g for 30 min
at 4 °C). The cleared lysate (10 mL) was then combined with a
saturated ammonium sulfate solution (5 mL), and this mixture
was incubated at room temperature for 30 min. Precipitated
impurities were removed by centrifugation (8000g for 30 min at
4 °C). The supernatant was then dialyzed at 4 °C in ion-
exchange buffer A [50 mM sodium phosphate and 20 mM
NaCl (pH 8.0)] and then loaded onto an ÄKTA FPLC system
(GE Healthcare) equipped with an anion-exchange column
(MonoQ 5/50 GL) that was equilibrated with ion-exchange
buffer A. Protein was eluted with a gradient from 0 to 100%
ion-exchange buffer B [50 mM sodium phosphate and 1 M
NaCl (pH 8.0)] over 40 mL at 4 °C. The purity of the protein
was analyzed by sodium dodecyl sulfate−polyacrylamide gel
electrophoresis. The yields of purified proteins ranged from 30
to 40 mg of protein/L of cell culture.

Size-Exclusion Chromatography (SEC). The approxi-
mate sizes of the AaLS variants were analyzed by SEC using an
ÄKTA FPLC system equipped with HiPrep 16/60 Sephacryl S-
300HR and S-400HR columns (GE Healthcare). The running
buffer contained sodium phosphate (50 mM), NaCl (200 mM),
and EDTA (5 mM) at pH 8.0. The flow rate was 0.5 mL/min,
and the running temperature was 4 °C. Assembly states of the
variants were determined on the basis of a comparison to wild-
type AaLS (a 1100 kDa, 60-subunit capsid), Saccharomyces
cerevisae LS (a 98 kDa pentamer),37 and AaLS-neg (a 3300
kDa, 180-subunit capsid).27

In all cases, the protein purified using the procedure
described above gave two peaks: one containing an AaLS
variant and one containing an impurity. The peak containing
the impurity always eluted late relative to the peak of the AaLS
variant. This impurity is not stained by Coomassie blue and
displayed a high A260/A280 ratio. Therefore, the impurity peak
probably does not contain protein but may be a nucleic acid
contaminant. To check whether this contaminant might
influence assembly, proteins were re-injected onto the S-
400HR column. The position and shape of the protein peak
were unchanged in all cases. All further analyses of the AaLS
variants used protein that had been run over the S-400HR
column to remove the nucleic acid contaminant.

Sedimentation Equilibrium. Sedimentation equilibrium
experiments were performed on a Beckman XL-A analytical
ultracentrifuge equipped with an An60Ti rotor and photo-
electric scanner. The protein samples were dialyzed into buffer
containing sodium phosphate (50 mM), NaCl (200 mM), and
EDTA (5 mM) at pH 8.0. Three 160 μL protein samples
(130−500 μg/mL) were separately loaded onto three channels
of a six-channel centerpiece, and the other channels were
loaded with buffer as a reference. Protein samples were spun at
speeds ranging from 12500 to 20000 rpm (except for wild-type
AaLS, which was spun at 4000 and 5000 rpm) at 20 °C. Once
equilibrium at a given speed had been reached, the UV
absorbance at 280 nm was measured with a step size of 0.001
cm and 10 averages. The obtained data were analyzed using
Ultrascan (University of Texas Health Science Center) and fit
to a single-ideal species model (eq 1)

ω ρ= + − ̅ − +A A M v x x RT Bexp{[ln( ) (1 )( )]/2 }0
2 2

0
2

(1)
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where A is the absorbance at radius x, A0 is the absorbance at a
reference radius x0, M is the molecular weight of a single
species, v ̅ is the partial specific volume of the protein, ρ is the
density of the buffer, ω is the angular velocity of the rotor, R is
the universal gas constant, T is the absolute temperature, and B
is the baseline correction factor. The values of v ̅ and ρ at 20 °C
were calculated using Sednterp.
Circular Dichroism (CD) Spectroscopy. The CD spec-

troscopy experiments were performed on a Jasco J-815
spectropolarimeter. The protein samples were dialyzed into
buffer containing sodium phosphate (50 mM) and NaCl (200
mM) at pH 8.0 and 4 °C. Far-UV CD spectra of AaLS variants
(4 μM) were recorded in a 1 cm path length cuvette at 25 °C
by averaging 10 wavelength scans from 200 to 260 nm in 0.1
nm steps with a signal averaging time of 1 s and a bandwidth of
1 nm. Near-UV CD spectra of AaLS variants (160 μM) were
recorded in a 1 cm path length cuvette at 25 °C by averaging 10
wavelength scans from 260 to 320 nm in 0.1 nm steps with a
signal averaging time of 1 s and a bandwidth of 1 nm. Thermal
denaturation curves of AaLS variants (5 μM) were obtained by
measuring the ellipticity at 220 nm in a 1 cm path length
cuvette from 25 to 95 °C in 0.5 °C intervals with a scan rate of
0.1 °C/min and a signal averaging time of 1 s.

■ RESULTS
Design of AaLS Variants. The AaLS capsid can be viewed

as a dodecamer of pentamers (Figure 1A). The hierarchical
assembly of the capsid from pentameric building blocks is
further supported by the observation that the assembly of some
homologues halts at the pentamer stage.31,32 To understand the
determinants of capsid formation in AaLS, we examined the
interface between pentamers in the available crystal structure
(Protein Data Bank entry 1hqk).30 Three distinct types of
interaction sites (hydrogen bonding, ionic network, and
hydrophobic cluster) that presumably hold the pentamers
together in the capsid are found (Figure 1B−F).
The hydrogen bonding interaction found at the 2-fold

symmetry axis of the capsid is formed by two histidine residues,
H41 and H41′, from two adjacent pentamers (Figure 1E). The
length of this hydrogen bond is 2.7 Å, which marks the point of
closest approach between two pentamers. The ionic network,
located next to the 2-fold symmetry axis, is highly conserved in
dodecahedral lumazine synthases and has been previously
reported to play an important role in AaLS capsid stability.36

Two arginine residues, R21 and R40′, from two different
pentamers lie at the center of this network (Figure 1D). Their
guanidino side chains are stacked on top of each other at a
distance of 3.3 Å and are surrounded by acidic residues E5,
E145, and D36′. The third pentamer interaction site involves
residues L121 and I125, which form a hydrophobic cluster at
the 3-fold symmetry axis near the inner surface of the capsids
(Figure 1F).
We hypothesized that we could change the AaLS assembly

state from a 60-subunit capsid to a pentamer by mutating a
subset of the residues listed above. To test this hypothesis, we
designed a series of AaLS variants to achieve the targeted
disruption of the noncovalent interactions at the interface
between pentamers in the wild-type AaLS capsid. Among the
amino acids listed above, we focused on five amino acids (R21,
R40, H41, L121, and I125) in particular. Substituting negatively
charged glutamates in place of these amino acids should both
abolish stabilizing interactions and introduce charge−charge
repulsion at the native pentamer−pentamer interface. Alter-

natively, introducing arginine residues at some of these
positions could achieve the same effect while also potentially
generating steric clashes.

Screening Assembly State by SEC. A series of AaLS
variants containing point mutations designed to prevent the
formation of stabilizing noncovalent interactions between
pentamers were produced in BL21 DE3 E. coli cells and
purified by ammonium sulfate precipitation followed by anion-
exchange chromatography. The assembly states of these AaLS
variants were estimated by SEC with a Sephacryl S-400HR
column (Table 1 and Table S2 of the Supporting Information).

As suggested by our AaLS capsid structure analysis, R40, H41,
L121, and I125 all contribute to capsid assembly. Indeed,
simultaneous mutation of the ionic, hydrogen bonding, and
hydrophobic interaction sites (R40E/H41E/L121E and R40E/
H41E/I125E) appeared to give stable pentamers (Figure 2).

Mutating just the ionic and hydrogen bonding sites (R40E/
H41E and R21E/R40E/H41E) has no effect on capsid
assembly. Interestingly, changing both residues at the hydro-
phobic site (L121E/I125E) causes the capsid to expand, which
may reflect partial destabilization. This expanded capsid species
could contain 180 subunits, as has been seen in other variants
of AaLS.27,36 On the other hand, simultaneous disruption of
either the ionic and hydrophobic interactions (R40E/L121E/
I125E) or the hydrogen bonding and hydrophobic sites

Table 1. Assembly States of AaLS Variants

protein no. of pentamersa

wild-type AaLS 12
wild-type ScLS 1
R40E/H41E-AaLS 12
R21E/R40E/H41E-AaLS 12
L121E/I125E-AaLS 36b

R40E/L121E/I125E-AaLS 2 or 3c

H41E/L121E/I125E-AaLS 2 or 3c

H41R/L121R-AaLS 1
R40E/H41E/L121E-AaLS 1
R40E/H41E/I125E-AaLS 1
R40S/H41S/I125S-AaLS 1
R40S/H41L/L121E-AaLS 1

aDetermined by SEC using a Sephacryl S-400HR column. The
number of pentamers is defined as the total number of protein
subunits divided by 5. bThis protein eluted like AaLS-neg, which forms
a 180-subunit capsid. Thus, this variant probably assembles from 12
pentamers and 20 hexamers, rather than from 36 pentamers. cThese
proteins eluted at volumes between those expected for a dimer of
pentamers and a trimer of pentamers.

Figure 2. SEC elution profiles of the AaLS variants. Proteins were
injected onto a Sephacryl S-400HR column. AaLS (bottom trace) and
ScLS (top trace) are standards representing the 60-subunit capsid and
pentamer, respectively.
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(H41E/L121E/I125E) is sufficient to hinder capsid formation,
but these variants still assemble beyond the pentamer stage,
perhaps forming dimers of pentamers or trimers of pentamers.
Introducing arginines instead of glutamates at the hydrogen
bonding and hydrophobic sites seems to fully prevent any
higher-order assembly of the pentamers (Figure 2). Indeed, the
H41R/L121R variant might possess the minimal set of
mutations sufficient to convert the AaLS capsid to pentamers.
To check for the role of charge repulsion in preventing

capsid assembly, we made the R40S/H41S/I125S variant. SEC
analysis showed an elution profile similar to that of the
analogous R40E/H41E/I125E variant (Figure 2), indicating
that the introduction of extra Coulombic repulsion at these
positions is not necessary to keep the pentamers from coming
together.
The AaLS variants described above were designed without

consideration of sequence homology. Nonetheless, an amino
acid sequence alignment of AaLS with its pentameric
homologue from Saccharomyces cerevisiae (ScLS) reveals
differences at positions 40, 41, and 121 (Figure S1 of the
Supporting Information). Therefore, we made the R40S/
H41L/L121E variant of AaLS in which the amino acids at these
positions correspond to those found in ScLS. This variant and
ScLS exhibit similar elution profiles as determined by SEC
(Figure 2), suggesting that these positions may have been
important in the evolution of LS quaternary structure.
The pentameric variants identified above by SEC with the S-

400HR column were also injected onto an S-300HR column,
which has an optimal size separation range for smaller proteins
versus that of the S-400HR column. The elution profiles from
the S-300HR column exhibited trends similar to those from the
S-400HR column (Table S2 of the Supporting Information).
Sedimentation Equilibrium Studies. SEC is a low-

resolution method for determining quaternary structure. While
the results described above unambiguously show a shift to a
much lower assembly state for some of the AaLS variants, our
designation of the slowest-eluting variants as pentamers was
somewhat tentative. Therefore, we turned to sedimentation
equilibrium experiments to confirm the subunit stoichiometries.
For all variants, the sedimentation equilibrium data fit well to a
single-ideal species model and gave predicted masses close to
that calculated for the pentamer (Table 2, Figure 3, and Figure
S2 of the Supporting Information).
Assessing the Folding and Stability of AaLS Variants.

To determine whether the dramatic changes in quaternary
structure were accompanied by large changes in folding and
stability, we utilized CD spectroscopy. LS is a member of the α
and β (α/β) class of protein structure. Far-UV CD spectra were
obtained to compare the secondary structure content of the
AaLS variants. All of the spectra displayed broad minima
between 222 and 208 nm, typical of an α/β protein (Figure
4A). The similar shapes of the spectra for wild-type AaLS and
all of the variants indicate that none of the mutations induced
major changes in overall secondary structure. The H41R/
L121R-AaLS and R40E/H41E/I125E-AaLS variants had the
lowest signal intensities (∼12−16% less negative θ values than
wild-type AaLS between 220 and 208 nm), but these
differences are likely within the scatter of the experiment
(Figure S3 of the Supporting Information). Thus, the
secondary structure contents of the variants are all similar to
that of wild-type AaLS.
The tertiary structures of the AaLS variants were examined

by near-UV CD spectroscopy, which reports on the environ-

ment around two tyrosines and two tryptophans in each
protein. Only minor deviations were observed between the
spectra, consistent with preservation of the overall fold (Figure
4B). These differences may stem from perturbations around
W137, which lies near the pentamer interface in the wild-type
AaLS capsid.
Wild-type AaLS is exceptionally thermostable with a reported

melting temperature of 120 °C.30 The extent to which the
pentamer interfaces contribute to the stability is not known.
Therefore, we obtained thermal unfolding curves by monitoring
the ellipticity at 220 nm with an increasing temperature (Figure
4C). Consistent with its reported stability, wild-type AaLS
showed little change in signal up to 95 °C. In contrast, the
midpoint of the unfolding transition for mesophilic ScLS
occurred around 56 °C, which is close to the reported value.37

All of the pentameric AaLS variants show signs of a partial
unfolding transition before 95 °C but remain fully folded up to
80 °C. For R40S/H41S/I125S-AaLS and R40S/H41L/L121E-
AaLS, the transitions are incomplete at 95 °C. H41R/L121R-
AaLS, R40E/H41E/L121E-AaLS, and R40E/H41E/I125E-
AaLS retained a substantial amount of CD signal following
the ends of their transitions. The structural basis of this residual
signal is not clear but may indicate a complex unfolding
mechanism. To further investigate the thermal denaturation
behavior of the proteins, we performed additional measure-
ments in 4 M urea. The far-UV spectra were similar for wild-
type AaLS and the three variants, and the partial unfolding
transitions of the variants occurred at lower temperatures
(Figure S4A,B of the Supporting Information). Although the
magnitudes of the signal changes in the melting curves are
somewhat different in 4 M urea relative to 0 M urea (Figure 4C
and Figure S4B of the Supporting Information), there is still no
evidence of a second transition for these variants up to 99 °C.
In contrast to the variants, wild-type AaLS shows very little
change in signal between 10 and 99 °C in 4 M urea. To further
destabilize the proteins, we obtained far-UV CD spectra in 8 M
urea. Under this condition, the three variants seem to be fully
unfolded at 10 °C and wild-type AaLS seems to maintain a high
degree of structure (Figure S4C of the Supporting
Information). Interestingly, wild-type AaLS in 8 M urea does
not begin to unfold until the temperature reaches ∼85 °C, at
which point the CD signal intensity slowly and continuously
decreases (Figure S4D of the Supporting Information).

Table 2. Assembly States of AaLS Variants Determined by
Sedimentation Equilibrium Analysis

protein
pentameric molecular

mass (kDa)a
observed molecular mass

(kDa)b

wild-type AaLS N/Ac 970c

wild-type ScLS 98 92
R40S/H41S/I125S-
AaLS

84 79

R40E/H41E/I125E-
AaLS

85 85

R40E/H41E/L121E-
AaLS

85 81

H41R/L121R-AaLS 85 82
aPentameric molecular masses were obtained by calculating the
monomeric molecular mass from the amino acid sequence and
multiplying by 5. bObserved molecular masses were determined by
fitting the data from sedimentation equilibrium experiments to a
single-ideal species model. cNot applicable. Wild-type AaLS forms a
60-subunit capsid with a molecular mass of 1000 kDa.
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However, this transition is still not complete at 99 °C.
Nonetheless, these data unequivocally show that the loss of the
pentamer interfaces in AaLS is accompanied by a significant
decrease in stability, but that the pentameric variants retain a
high degree of thermostability. Further study will be required to
understand the unfolding mechanisms of wild-type AaLS and
its variants.

■ DISCUSSION
The conversion of protein assemblies into independently folded
building blocks by targeted disruption of noncovalent
interactions at subunit interfaces has a long track record of
success. For example, the tetramer of rabbit fructose 1,6-

bisphosphate aldolase was converted to either dimers or
monomers by one or two point mutations at interface
residues.38,39 Similarly, a single lysine to glutamate mutation
was sufficient to convert the normally tetradecameric E. coli
chaperonin GroEL to monomers.40 In addition, human arginase
has been converted from a trimer to monomers by a glutamate
to glutamine substitution that broke an ionic interaction at the
3-fold symmetry axis.41 The dimeric tyrosyl tRNA synthetase
from Bacillus stearothermophilus provides another interesting
case in which the substitution of aspartate for phenylalanine at
the 2-fold symmetry axis generated a pH-dependent reversible
switch for dimer assembly.42 These examples demonstrate that
one or a few mutations that remove noncovalent interactions
between subunits (or that introduce new destabilizing
interactions at the subunit interface) are often sufficient to
change quaternary structure without substantially altering
secondary or tertiary structure. However, the loss of protein−
protein interfaces is accompanied by a loss of stability in these
variants. In the examples above, the symmetry axes of the wild-
type complexes proved to be rich sources for designing variants
that still fold but do not fully assemble. These principles held
true in our pentameric AaLS variants in which both the 2- and
3-fold symmetry axes of the wild-type capsid were targeted for
mutation. These variants also showed signs of lower stability
but still folded and retained a great deal of thermostability.
For many large oligomeric proteins, assembly is believed to

be a hierarchical process in which monomers first independ-
ently assemble to form a lower-order quaternary state and these

Figure 3. Plots of sedimentation equilibrium data. All samples were
spun at two different concentrations (0.50 and 0.25 mg/mL). (A)
Wild-type AaLS was spun at 4000 rpm (brown and light blue for 0.50
and 0.25 mg/mL samples, respectively) and 5000 rpm (purple and
light green for 0.50 and 0.25 mg/mL samples, respectively). (B−F)
Samples were spun at 12500 rpm (red and blue for 0.50 and 0.25 mg/
mL samples, respectively) and 15000 rpm (green and orange for 0.50
and 0.25 mg/mL samples, respectively): (B) wild-type ScLS, (C)
R40E/H41E/L121E-AaLS, (D) R40E/H41E/I125E-AaLS, (E) R40S/
H41S/I125S-AaLS, and (F) H41R/L121R-AaLS. Black curves
represent ideal curves derived from fitting the data to a single-ideal
species model in all cases. Residuals for each data set are shown above
the absorbance plots.

Figure 4. Analysis of protein structure and stability by CD
spectroscopy. (A) Far-UV CD spectra. (B) Near-UV-CD spectra.
(C) Thermal unfolding curves. Proteins analyzed in panels A−C were
wild-type AaLS (black), ScLS (purple), R40S/H41S/I125S-AaLS
(red), R40E/H41E/I125E-AaLS (blue), R40E/H41E/L121E-AaLS
(green), R40S/H41L/L121E-AaLS (brown), and H41R/L121R-
AaLS (orange).

Biochemistry Article

dx.doi.org/10.1021/bi3003555 | Biochemistry 2012, 51, 4704−47124709



partially assembled building blocks further associate to form the
final higher-order structure.43 For AaLS, the 60-subunit capsid
is believed to assemble from 12 pentameric building blocks.30

We were able to halt assembly at the pentamer stage by
introducing two or three point mutations. The trapping of
presumed assembly intermediates by rationally designed point
mutations has also been accomplished for other proteins. For
example, inorganic pyrophosphatase from E. coli was converted
from a hexamer to trimers by simultaneously mutating two
histidines to glutamines at the 2-fold symmetric interface of the
hexamer.44 In another case, two mutations (tryptophan to
alanine and methionine to alanine) were used to isolate the
hexameric form of HIV capsid protein.45 The inability of these
hexamers to further assemble was ascribed to the removal of a
hydrophobic interaction at the 2-fold symmetry axis between
hexameric building blocks of the wild-type capsid. Of particular
relevance to our study, the assembly states of both maxi- and
mini-ferritins were simplified by minimal point mutations. For
maxi-ferritin (bacterioferritin from E. coli), the 24-subunit
capsid was converted to folded dimers by several different
single-amino acid substitutions at the 2- and 3-fold symmetry
axes.46 For mini-ferritin (E. coli DNA binding protein from
starved cells), two mutations at the 3-fold symmetry axis led to
dimers rather than 12-subunit capsids.47 In these studies, wild-
type residues were replaced with alanines to remove stabilizing
electrostatic interactions at subunit interfaces. Thus, the
strategy of simplifying complex quaternary structures by
mutating residues at symmetry axes between building blocks
may be broadly applicable.
A definitive understanding of assembly state determinants in

LSs has remained elusive. Previous attempts to design
disruptions in the interactions between pentamers of capsid-
forming LSs gave rise to interesting changes in capsid structure
rather than preventing further assembly of pentamers.36 By
visual inspection of the AaLS capsid structure, we identified a
set of amino acid side chains that formed stabilizing interactions
between pentamers.
By mutating subsets of these residues, we induced quaternary

structure changes in AaLS. Simultaneous disruption of the
ionic, hydrogen bonding, and hydrophobic interaction sites
reliably yields stable pentamers. Interestingly, introduction of
negatively charged residues at the hydrophobic site alone led to
an expansion of the capsid. Presumably, the larger capsid size
helps to minimize Coulombic repulsion in the variant, perhaps
by increasing the size of the pore at the 3-fold symmetry axis.
Because the stabilizing effects of individual protein−protein
interactions are multiplied by the symmetry of the capsid,1 it is
perhaps unsurprising that the interfaces are highly plastic and
resilient to localized disruptions. Indeed, a similar capsid
expansion was found to relieve steric clashes at the pentamer−
pentamer interface in AaLS upon insertion of a four-amino acid
loop between amino acids 129 and 130 (vide infra).36 Mutation
of only two of the three interaction sites was often sufficient to
break the capsid but did not always completely abolish
associations between pentamers. Although a more detailed
characterization would be required to assign the precise
assembly states of the R40E/L121E/I125E-AaLS and H41E/
L121E/I125E-AaLS variants, SEC analysis indicates that they
form either dimers of pentamers or trimers of pentamers. The
lumazine synthase from Brucella abortus (BaLS) provides a
natural precedent for a pentamer dimer, in which 10 total
subunits assemble into a D5-symmetric complex. The
pentamer−pentamer interface of BaLS involves π-stacking

between F121 of one pentamer and H124 and F128 of the
other pentamer (using the numbering of Ainciart et al.33).
Intriguingly, these residues correspond to L121, R127, and an
insertion proximal to K131 of AaLS, respectively, based on their
amino acid sequence alignment. It is tempting to speculate that
a pentamer dimer of AaLS variants might arise from a salt
bridge between the newly introduced glutamate at position 121
and the positively charged residues at positions 127 and 131. A
D5-symmetric assembly would lead to the formation of 10 such
salt bridges (one per subunit) distributed over this new
interface, which could provide substantial stabilization. It is
difficult to envision what a trimer of pentamers might look like,
given the requirements of symmetric assembly;1 any arrange-
ment of three pentamers is likely to possess open sites for the
binding of more pentamers via interactions equivalent to those
in the initial trimer of pentamers. However, it is worth noting
that a variant of ScLS, in which three arginines were introduced
at the 5-fold symmetry axis, has been reported to undergo a
dynamic exchange between a pentamer and a trimer of
pentamers.37 Altogether, the quaternary structures of the
variants reported here implicate residues R40, H41, L121,
and I125 as important contributors to capsid assembly.
It should be noted that these sequence positions may not be

the sole determinants of AaLS capsid assembly. For example,
R21 may play a role comparable to that of R40 in stabilizing the
capsid, as part of the ionic network (Figure 1B). Additional
residues that we did not consider in our designs might also act
as determinants of capsid assembly.
A previous study by Fornsari et al.34 used sequence and

structural analysis to identify a set of eight amino acids (G6,
N23, D36, I125, E126, G129, K131, and E145) responsible for
capsid formation by LS’s. Interestingly, only one of these eight
sequence positions (I125) was changed in our pentameric
variants, and some of our pentameric variants did not have
changes at any of these eight sequence positions. While this
previous study did not include AaLS, its homology with other
capsid-forming LS’s suggests that our findings are relevant
across this family. Of the seven positions that we did not
mutate, our analysis of the noncovalent interactions between
pentamers in wild-type AaLS also identified D36 and E145 as
part of an ionic network (Figure 1E). The main chain of G6
contributes a hydrogen bond to the ionic network, which may
also be significant for capsid assembly. E126 lies next to L121′
on the neighboring pentamer, and a contact between Cγ of
E126 and Cδ of L121′ may help stabilize the hydrophobic
cluster. G129 makes a main chain−main chain hydrogen bond
with A25′; mutation of this amino acid could also potentially
hinder association of pentamers by disrupting this favorable
interaction and/or introducing unfavorable steric clashes. N23
is in the proximity of an adjacent pentamer, and its side chain
carbonyl oxygen may form a stabilizing n → π* interaction48

with the backbone carbonyl carbon of T130′. In the AaLS
crystal structure, K131 does not appear to make close contacts
with any other residue and projects to the capsid interior.
The first 10 N-terminal residues have also been proposed to

act as determinants of capsid formation,32 based on whether
this region can extend a β-sheet from an adjacent subunit
within the same pentamer. Our findings suggest an alternative
role for the N-terminus in stabilizing the ionic network through
proper positioning of E5 and G6. A kink in the C-terminal α-
helix with a sequence motif of G(T/G)K(A/H)GN at positions
129 to 134 has also been identified as a likely determinant of
capsid assembly.35,49 This motif includes G129 and K131 from
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the set of eight amino acids discussed above. Further,
pentameric LSs often have insertions of one to four amino
acids following G129 that likely hinder capsid formation by
introducing steric clashes at the pentamer−pentamer inter-
faces.31,34,36 However, insertion of four amino acids into AaLS
at this position does not prevent capsid assembly.36 The
expanded structures formed by this insertion variant underscore
the plasticity of the protein−protein interfaces in the capsid.
Our results suggest that it is not necessary to perturb the
structure of the protein in this region to prevent capsid
assembly. While these other proposed capsid determinants are
not inconsistent with our findings, identifying and verifying
additional sets of residues that can convert the capsid into
pentamers will require further study.
In addition to advancing a basic understanding of LS capsid

assembly, our results may also aid in efforts to utilize this
scaffold for bionanotechnology. AaLS has shown much promise
as a customizable molecular container.27,28 The ability to
control assembly state would potentially improve the versatility
of AaLS-based encapsulation systems. The pentameric variants
described herein might provide valuable jumping off points for
the design of reversible capsid assembly switches. Controlled
assembly and disassembly of the AaLS capsid would allow the
loading of cargo molecules in vitro, which could help make
AaLS a powerful tool for applications such as drug delivery,
catalysis, or the synthesis of nanomaterials.
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