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Abstract: The design of proteins that self-assemble into well-defined, higher order structures is an
important goal that has potential applications in synthetic biology, materials science, and medicine.
We previously designed a two-component protein system, designated A-(+) and A-(—), in which
self-assembly is mediated by complementary electrostatic interactions between two coiled-coil
sequences appended to the C-terminus of a homotrimeric enzyme with C; symmetry. The coiled-
coil sequences are attached through a short, flexible spacer sequence providing the system with a
high degree of conformational flexibility. Thus, the primary constraint guiding which structures the
system may assemble into is the symmetry of the protein building block. We have now character-
ized the properties of the self-assembling system as a whole using native gel electrophoresis and
analytical ultracentrifugation (AUC) and the properties of individual assemblies using cryo-electron
microscopy (EM). We show that upon mixing, A-(+) and A-(—) form only six different complexes in
significant concentrations. The three predominant complexes have hydrodynamic properties con-
sistent with the formation of heterodimeric, tetrahedral, and octahedral protein cages. Cryo-EM of
size-fractionated material shows that A-(+) and A-(—) form spherical particles with diameters
appropriate for tetrahedral or octahedral protein cages. The particles varied in diameter in an
almost continuous manner suggesting that their structures are extremely flexible.

Keywords: coiled-coil; self-assembly; protein cages; symmetry; analytical ultracentrifugation;
cryo-electron microscopy

Introduction

The assembly of individual protein subunits into
higher order (quaternary) structures is a ubiquitous
feature of biology and essential for the biological func-
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tion of many proteins. The remarkable diversity of
structural and functional properties exhibited by pro-
teins suggests that assembling them into new quater-
nary structures should be a promising avenue for the
construction of novel, responsive biomaterials.'?
Therefore, the design of proteins that self-assemble
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into well-defined, higher-order structures is an impor-
tant goal that has potential applications in synthetic
biology, materials science, and medicine.?°

Multimeric protein assemblies may be broadly
classified as either extended (filamentous), for exam-
ple, collagen, fibrin, actin, and tubulin,®"* or
closed, cage-like structures of which viral capsids
are the best known examples.'®'® These complex
biological structures are often built from repeating
units of only one or two proteins and are assembled
in a highly symmetrical fashion. Other types of pro-
tein cages have also been identified leading to an
increased appreciation for the essential and sophisti-
cated roles that such structures play within the cell.*”
For example, ferritin is a well-studied protein micro-
compartment that stores iron in cells.!® Enzymes also
exploit cage-like assemblies; pyruvate dehydrogenase
forms an icosahedral complex that spatially organizes
its three component enzyme activities,'® whereas the
hollow barrel-like structure adopted by the proteo-
some complex20 sequesters the protease active sites
from the cellular milieu and prevents degradation of
undamaged proteins.

More recently, several large bacterial microcom-
partments have been structurally characterized.
Encapsulin from Thermotoga maritima forms a shell
that encloses enzymes involved in oxidative stress
response.?! The carboxysome is found in many photo-
synthetic bacteria and enhances carbon dioxide fixa-
tion by encapsulating the key carbon-fixing enzymes
rubisco and carbonic anhydrase.?? Similarly, Esche-

Helix- (+)

richia coli cells growing on ethanolamine sequester
the enzymes that metabolize ethanolamine in a
microcompartment designed to prevent the diffusion
of acetaldehyde (a toxic intermediate) into the cell.23
It is clear that symmetry plays an important role
in specifying the quaternary structures of protein
cages. Intrigued by this, we speculated that the
application of symmetrical constraints alone, that is,
without additional explicit constraints on protein ori-
entation or structure, may be sufficient to direct the
assembly of proteins into cage-like structures. If true,
this could lead to a general strategy for assembling
proteins into new supramolecular structures that is
independent of the structural details of the protein.
To test this idea, we recently constructed a self-
assembling protein system?* based on a trimeric pro-
tein, 2-keto-3-deoxy-6-phosphogluconate (KDPG)-
aldolase from T maritima,?® which possesses Cs sym-
metry. We engineered two aldolase constructs, A-(+)
and A-(—), in which complementary de novo designed
coiled-coil sequences were fused to their C-termini.
The coiled-coil sequences, Helix-(+) and Helix-(—),
were designed to form an antiparallel heterodimeric
coiled-coil through complementary electrostatic inter-
actions based on designs published previously?%2°
and principles that are now well established. Simi-
larly, we created a system that, when the proteins
were mixed together, could self-assemble into multi-
meric protein complexes, as illustrated in Figure 1.
The Cs aldolase building block and the coiled-
coil domains in A-(+) and A-(—) were connected by a

et
QLEKE LAQLKKK LQATEKE LAQLKWK LAQALKKK LAQLKKK LQ E%'

Top View \
W} ~3.8nm

Side View

Helix-(-)

QLEKE LAQLEKE LQAIEKE LAQLEWE

Q

Patterson et al.

LAQALEKK LAQLEKE LQ \ﬁg ;;ﬂ;}"?n
a""-—.‘-

Figure 1. Overview of the design of the A-(+):A-(-) self-assembling system. The structure of KDPG aldolase is shown in red;
the yellow and blue helices represent Helix-(+) and Helix-(—), respectively, and are tethered to aldolase through a flexible
spacer (green). The three simplest and most symmetrical structures compatible with the design, a back-to-back dimer of A-(+)
and A-(-), a tetrahedral cage and an octahedral cage are illustrated on the right, although many other structures are of course
possible.
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short, flexible spacer sequence, with the intention of
allowing the system sufficient conformational free-
dom to assemble into structures compatible with the
symmetry of the system. Thus, we did not intend
with this design to produce a uniquely specified pro-
tein cage, but rather ask the question: given the
ability to self-assemble, what structures do the pro-
teins form? Our initial characterization of this sys-
tem, using techniques that included size exclusion
chromatography, light scattering, and atomic force
microscopy, indicated that, despite the inherent flex-
ibility of the assembly strategy, upon incubating
together A-(+) and A-(—) assembled into a limited
number of globular complexes. We were, however,
unable to accurately determine the number of spe-
cies formed, nor verify the structures of any of the
complexes, which has been a common problem faced
in the hierarchical assembly field.

In this report, we describe the detailed charac-
terization of this self-assembling system using three
complementary techniques: native polyacrylamide
gel electrophoresis (native PAGE), sedimentation
velocity analytical ultracentrifugation (AUC), and
cryo-electron microscopy (cryo-EM). Native gel elec-
trophoresis provides a qualitative analysis of the
assemblies formed that is very sensitive to changes
in oligomerization state, conformation, and charge.
Centrifugation data allow one to determine the
molecular weights and frictional ratios of the differ-
ent species that are formed by the A-(+) and A-(—)
complexes and quantify their relative abundances as
they exist in solution. Cryo-EM images provide com-
plementary information on the diameters of the pro-
tein cages formed and provide insight into their
flexibility. The results herein not only provide new
insights into these assemblies but also a foundation
for future investigations of such systems.

Results

Our previous initial characterization of the A-(+):A-
(-) self-assembling system established that grafting
coiled-coil domains onto the parent aldolase trimer
did not affect the activity or oligomerization state of
the individual A-(+) and A-(—) enzymes and that
the enzymes retained essentially the same specific
activity when mixed and assembled into com-
plexes.2* Size exclusion chromatography indicated
that when mixed, A-(+) and A-(—) assembled into a
mixture of species with heterotetrameric and hetero-
dimeric species predominating. (To simplify nomen-
clature, we use A-(+) and A-(-) to refer to the
trimeric proteins, thus an A-(+):A-(-) heterodimer is
understood to comprise a dimer formed between the
two A-(+) and A-(-) trimers.)

Native polyacrylamide gel electrophoresis

As a sensitive tool to examine protein heterogeneity,
we examined the electrophoretic properties of wild-type
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aldolase (A-WT), A-(—=), A(+), and the A-(+) and A-(—)
mixture under nondenaturing conditions (Fig. 2). To
examine the influence of charge on the electrophoretic
properties of the protein, samples were subjected to
electrophoresis in the presence or absence of polya-
nionic charge shift molecule, Ponceau S. A-WT
migrated as a single band with apparent M, of ~146
kDa (as estimated by standard protein markers; the
actual M, for the crystallographically characterized
trimer is 69 kDa). The addition of Ponceau S had little
effect on the electrophoretic properties of A-WT.

The addition of the charged coil-coil domains to
A-WT, unsurprisingly, substantially perturbed the
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Figure 2. Native gel electrophoresis analysis of complexes
formed by A-(—) and A-(+). A: Electrophoresis was performed
in the absence of charge neutralizing agents and (B) in the
presence of the charge-neutralizing dye Ponceau S. For dis-
cussion see the text.
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electrophoretic properties of the protein (Fig. 2). In
the absence of Ponceau S, A-(+) did not enter the
gel, presumably due to the high positive charge
associated to the helical linker. In contrast, A-(—)
migrating as diffuse band with apparent M, ~480
kDa (as estimated by standard protein markers).
When A-(+) and A-(—) were subjected to electropho-
resis in the presence of Ponceau S, A-(+) now
migrated as approximately six distinct species with
apparent M, ranging from ~200 to ~600 kDa. Addi-
tion of Ponceau S to A-(—) resulted in the protein
migrating with a lower apparent M, of ~150-350
kDa, although the bands were still quite diffuse.
These experiments are consistent with the conclu-
sions of previous size-exclusion chromatography and
AUC measurements that showed that for A-(—), the
coiled-coil linkers cause some self-association. The
change in the banding pattern observed in the pres-
ence of Ponceau S also indicates that some heteroge-
neity arises from differently charged species. This
may be expected as the coiled-coil linkers contain
multiple charged residues. Sodium dodecyl sulfate
(SDS)-PAGE (Supporting Information Fig. S1) pro-
vided further evidence that the linkers induce elec-
trophoretic heterogeneity into the proteins, as some
smearing of the bands for A-(+) and A-(—) is evident
even under denaturing conditions.

The complexes formed by a 1:1 mixture of A-(+)
and A-(—) were analyzed by native PAGE (Fig. 2). In
the absence of Ponceau S most of the sample barely
entered the gel, running as a tight band of high
apparent M, although some material is smeared
below this band. Significantly, none of the bands
observed for A-(—) were remained, supporting the
heteroassociation of the two protein building blocks.
In contrast, electrophoresis in the presence of Pon-
ceau S resulted in the sample entering the gel and,
although some smearing is evident, a number of dis-
tinct species are resolved that migrate with higher
apparent M, than either of the isolated A-(+) or
A-(—) components under similar conditions.

Native PAGE provides good evidence that A-(+)
and A-(—) associate to form a limited number of dis-
crete species, as opposed to amorphous aggregates.
However, the electrophoretic migration of the pro-
tein complexes is dependent on molecular weight,
shape, and charge (as evidenced by the change in
electrophoretic properties in the presence of Ponceau
S). Therefore, we sought a more quantitative method
that could distinguish between complexes of differ-
ent shapes, while providing information on their
molecular weight.

Analytical ultracentrifugation

We next turned to sedimentation velocity analytical
ultracentrifugation, which is uniquely suited to pro-
vide quantitative information on macromolecular
complexes in solutions.?3! A-(+), A-(—), and the
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assemblies formed by the mixture were subjected to
centrifugation at various initial concentrations and
rotor speeds and sedimentation traces recorded by
monitoring absorbance at 280 nm, as described in
the Materials and Methods section. We analyzed the
sedimentation velocity experiments with the
enhanced van-Holde Weischet method followed by
two-dimensional sedimentation spectrum analysis
(2-DSA), both of which are well suited to character-
ize heterogeneous mixtures.>2 The latter is a model-
independent analysis approach to fit sedimentation
boundaries and permits a reliable determination of
the shape and molecular mass distribution of macro-
molecular mixtures. The sedimentation coefficient
(s) is a measure of the velocity at which a particle
travels under centrifugal force and is a function of
both the molecular mass and shape of the particle.
The frictional ratio (f/fy) is a function of the shape of
the particle and is obtained by comparing the experi-
mentally measured translational frictional coeffi-
cient, f, with that calculated for a sphere with the
same mass and density, fo. A frictional ratio of close
1 is therefore generally interpreted to imply that the
particle is roughly spherical particle, whereas f/
fo>1 indicates an elongated shape, with globular
proteins typically being characterized by f/fo<5.
From the sedimentation coefficient and frictional
ratio, the molecular mass of the sedimenting species
can be calculated. The 2-DSA plots generated in
these analyses are pseudo-3D plots (contour plots)
showing the sedimentation coefficient and frictional
ratio, the x and y axes, respectively, with the inten-
sity of the spots indicating the relative concentration
of species and probabilities (provided numerically as
percentages in Table I).

Table I. Hydrodynamic Properties of A-(+), A-(—) and
the Complexes Formed by Their Assembly

Relative

Species?® So0w (S) o M, (kDa) abundance (%)
A-(+)

I 3.8 1.7 91 44

I 5.7 1.6 140 47

111 8.7 1.0 130 7

v 22.2 1.0 570 2
A-(-)

1 1.8 1.2 17 12

11 3.3 2.0 85 31

111 5.6 1.8 160 39

v 8.3 1.0 120 18
A-(+):A-(—)

I 3.7 1.2 49 10

I 6.8 1.8 220 13

111 9.2 1.1 180 25

v 12.6 1.5 410 16

A% 17.6 1.0 380 17

VI 26.9 1.0 720 10

VII 47.1 1.0 1700 7

# The numbering refers to the hydrodynamic species identi-
fied in the plots in Figure 2.
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We first analyzed the sedimentation of wild-type
KDPG aldolase. Sedimentation velocity analysis
revealed that the wild-type protein sediments as a
single species with 4.75 S = 0.07 S [Supporting Infor-
mation Fig. S2(A)]. The sedimentation coefficient
was independent of the protein concentration within
the tested concentration (15-75 pM). Using 2-DSA,
we determined a molecular mass of 70.5 kD +3.9
kDa (calculated M, = 69.9 kDa) and a frictional ratio
of 1.19 + 0.06, which is in agreement with wild-type
KDPG aldolase forming compactly folded trimers in
solution.

Next, we analyzed the individual A-(+) and A-(-)
components. The introduction of the coiled-coil
domains results in the formation of higher order
assemblies and an increase in heterogeneity of both
A-(+) and A-(—) compared with the wild-type pro-
tein, evident from both the primary sedimentation
traces and the van Holde-Weischet plots [Supporting
Information Fig. S2(A,B)]. The species distribution
did not change with changes in the protein concen-
tration (data not shown). For A-(+), 2-DSA of the
sedimentation traces [(Fig. 3(A)] indicated that the
protein exists mainly as two hydrodynamically dis-
tinct species characterized by ss0n =3.8 S and f/
fo=1.7 (44%) and s30, =5.7 S and fify =1.6 (47%).
The 3.8 S species has a molecular mass of ~90 kDa,
indicating that attachment of the coiled-coil to the
protein does not impair trimerization. The decrease
in the S and an increase in the f/f; values compared
with A-WT are in agreement with an extended state
of the trimer resulting from the attachment of the
coiled-coil structure to the protein. Two other species
with frictional ratios close to 1 and sg0,, = 8.7 S and
22 S are also present, but their total abundance is
less than 10% of the protein. The heterogeneity
identified by the 2-DSA analysis of A-(+) is in accord
with that observed by electrophoresis in the pres-
ence of Ponceau S.

2-DSA of the sedimentation traces for A-(—)
[Fig. 3(B)] also identified two major species charac-
terized by so0w =3.3 S and fi/fp=2.0 (31%) and
So0w = 5.6 S and f1/fo = 1.8 (39%). As found for A-(+),
attachment of the coiled-coil does not impair assem-
bly of the trimeric building block and again the
extension of the ~85 kDa trimer by the coiled-coil
domain is reflected by a decrease in s and increase
in f/fo. We also present two less abundant species
that are characterized by ss0 = 8.3 S and f1/fo = 1.0
(18%) and ss0, = 1.8 S and fi/fo = 1.2 (12%); this lat-
ter species is too small to represent A-(—) and most
probably arises from a proteolytic fragment as
shown in Figure 3 and summarized in Table I. Both
A-(+) and A-(—) appear to form extended ~5.7 S
particles, suggesting coiled-coiled mediated self-
association of the trimeric building units.

We next analyzed the 1:1 mixture of A-(+) and
A-(-) that had been allowed to equilibrate overnight
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Figure 3. 2-D sedimentation spectral analyses of the
complexes formed by A-(—) and A-(+). 2-DSA plots of (A)
A-(—) alone, (B) A-(+) alone, and (C) 1:1 mixture of A-(—) and
A-(+). The numbers by each species relate them to the
hydrodynamic data in Table I.
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at 4°C. In this case, the sedimentation profile
revealed, as expected, species characterized by
larger sqo, values, the majority of which have fif,
closer to 1 than either A-(+) or A-(—) [Fig. 3(C)l.
Remarkably, given both the hydrodynamic heteroge-
neity of the individual building blocks and the con-
formational flexibility of the design, only seven
species are present in the mixture in significant con-
centrations. Their hydrodynamic properties and cal-
culated molecular weights are summarized in Table 1.
It is evident that there are no residual monomers of
A-(+) or A-(—) present in the mixture, as species cor-
responding to their sy, and f/f, are not present 2-
DSA plot. Furthermore, it appears that species I, fi/
fo=3.7, is likely a degradation product or impurity
as its calculated M, is well below that of either A-(+)
or A-(-).

Of the other six species, the most abundant spe-
cies III (25%) has the expected hydrodynamic prop-
erties to comprise a heterodimer of either A-(+) and
A-(—-). This is the simplest complex that could be
formed and thus might be expected to be the most
abundant; however, other larger species are also
formed in significant quantities. In particular, two
species, V and VI, with sg,, = 18 S and 27 S, respec-
tively, are formed in significant concentrations that
both possess fi/fo=1. Although an fi/f; of 1 cannot
be regarded as definitive that these complexes are
spherically symmetric, their molecular weights and
friction ratios are consistent with the formation of
tetrahedral and octahedral assemblies. Two other
relatively abundant species, II and IV, are present
with frictional ratio characteristic of asymmetrical
structures. It is unclear what structures they repre-
sent, but from their approximate M,, they could be
misassembled dimers and tetramers, respectively.
Finally, a very large species, VII, sy, =48 S, is
present as a minor component. Whereas this might

represent an icosahedral complex formed from
10 copies each of A-(+) and A-(-), which would have
M, ~1800 kDa, its large size means that it could
equally well comprise nonspecific high-molecular-
weight protein aggregates.

Cryo-EM visualization

EM provides a complementary technique for charac-
terizing the complexes formed by A-(+) and A-(-),
allowing individual assemblies to be visualized and
their structural properties to be investigated
through collective analysis of multiple particles. To
reduce the complexity of the sample, the ensemble
of complexes formed by mixing A-(+) and A-(—) was
first subjected to fractionation on a size exclusion
column, as described in the Materials and Methods
section. Fractions with elution volumes correspond-
ing to those expected for octahedral and tetrahedral
complexes of A-(+) and A-(-) were pooled, concen-
trated and prepared for microscopy.

Initial screening of the size-fractionated com-
plexes formed by A-(+) and A-(-) using negative
stain EM revealed that most of the complexes were
“collapsed” on the carbon substrate into patches of
different size and shape (Supporting Information
Fig. S3) and therefore did not appear as cage-like
structures. Cryo-EM proved less damaging to the
protein complexes allowing them to be imaged in
their hydrated state.® However, even under the
more mild conditions used in the preparation of
cryo-EM samples, we observed dissociation of the
complexes into smaller fragments [Fig. 4(A)]l. This
fragmentation is most likely a consequence of the
high surface tension generated by blotting the sam-
ple to a thin (~100 nm) layer of buffer before vitrifi-
cation for cryo-EM. Chemically cross-linking the
protein complexes using 1-Ethyl-3-(3-dimethylamino-

propylcarbodiimide (EDC) before size-exclusion

Figure 4. A: Cryo-EM micrograph showing variably sized protein cages embedded in a thin layer of vitrified buffer with frac-
tured proteins dispersed in the background; (B) representative protein cage projections. Note that the contrast of images has
been inverted, with protein density projections appearing brighter than their surroundings.
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chromatography, as described in the Materials and
Methods section partially alleviated this problem.
Even so, fragmented material was still evident in
the samples and this limited the number of particles
that could be imaged and analyzed by single particle
averaging methods.

The complexes formed by A-(+) and A-(—) gener-
ated roughly circular projections with diameters
ranging from ~14 to ~25 nm when imaged by cryo-
EM [Fig. 4(B)], consistent with atomic force micros-
copy image measurements obtained in our previous
study.2* Their sizes are in agreement with those
expected for the formation of tetrahedral and octahe-
dral cages by the proteins, which would be expected
to predominate in the size-fractionated material. A
cage diameter of ~17 nm would be consistent with
the formation of tetrameric complexes of A-(+) and
A-(-), while diameters from 22 to 26 nm likely repre-
sent different conformations of octameric complexes
of A-(+) and A-(-). A few particles have an even
larger average diameter of ~29 nm, which is incom-
patible with an octameric complex; these may repre-
sent larger oligomeric complexes of A-(+) and A-(-).
We also note that we observe a direct correlation
between the protein concentration used for vitrifica-
tion and the number of circular projections observed
per experiment, while no particles of this type were
observed in control grids that did not contain the
proteins of interest.

To analyze the architectural features of the pro-
tein complexes further, 376 particle images were
interactively excised and subjected to reference-free
classification and averaging using EMAN®? software
(Supporting Information Fig. S4). Most of the class
averages demonstrate the spherical, closed nature of
the protein complexes. Higher densities are seen
along the outer edges of the circular projections that
are consistent with the formation of hollow, cage-like
structures. Furthermore, several two-dimensional
(2D) averages of these particles revealed systematic
surface features toward the center of the projections,
suggesting they represent defined and repetitive
architectures that are consistent with the formation
of cages (Supporting Information Fig. S4). Interest-
ingly, we observe a large variation in particle diame-
ter. Thus, within the upper and lower bounds for the
particles noted above, there appears to be an almost
continual range of sizes, rather than discrete sub-
groups of particles, suggesting that the cages are
highly flexible.

Discussion

The primary aim of these studies was to evaluate to
what extent a simple and potentially highly general-
izable design strategy, based primarily on symmetry
constraints, could be used to direct the assembly of
higher-order protein structures. The flexibility that
we deliberately introduced between the aldolase
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domain and the coiled-coiled domains of A-(+) and
A-(-), in principle allows a very large number of
self-assembled complexes to form. A “back-to-back”
dimer of A-(+) and A-(-) represents the lowest order
complex that could form, whereas tetramers,
octamers, and 20-mers (representing tetrahedral,
octahedral, and icosahedral complexes, respectively)
are the most highly symmetrical structures. How-
ever, as we have discussed previously,2* any closed
structure comprising an equal number of A-(+) and
A-(-) trimers would satisfy the valency rules
imposed by the need for each positive helix to associ-
ate with a negative helix. Extended one-dimensional
and 2D networks of aldolase trimers and nonspecific
aggregates could also potentially form.

It is important to note that although our experi-
mental evidence points to the formation of tetrahe-
drally symmetrical A-(+),A-(—); tetramers, these
could not form, as depicted in Figure 1, if the A-(+)
and A-(-) trimers remain associated as homotrimers
because the intended coiled-coil interactions could
not be satisfied. However, if the individual A-(+)
and A-(—) subunits equilibrate between trimers, so
that heterotrimers (comprising one A-(+) and two A-
(=) subunits or vice versa) are formed, then a tetra-
hedron can readily be constructed. The “shuffling” of
subunits between trimer, although hard to detect,
may reasonably be expected to occur as they are
noncovalently associated, and the monomeric form of
the enzyme has been produced by a simple point
mutation of the trimer interface.?®

Using the complementary techniques of native
gel electrophoresis, 2-DSA and cryo-EM, to analyze
the protein assemblies formed by the A-(+) and
A-(-) system, we are able to characterize both the
properties of the system as a whole and at the single
molecule level. Native gel electrophoresis provides a
rapid, simple, and qualitative method to evaluate
the heterogeneity of the component proteins and the
assemblies they form. An important caveat is that
the technique is highly sensitive to the charge state
of the protein, as evidenced by the dramatic changes
in electrophoretic mobility of A-(+), A-(-), and their
complexes when the ion-pairing dye Ponceau S was
introduced. This is unsurprising because the coiled-
coil domains contain multiple charged residues that
form the basis of the heterodimeric association.
Thus, some of the heterogeneity observed by electro-
phoresis may be attributable to polyionic effects
rather than changes in oligomerization state. Never-
theless, this technique demonstrates that introduc-
tion of the coiled-coil sequences to A-WT results in
heterogeneity that is detected by other techniques.
It also clearly shows that A-(+) and A-(—) associate
and form a discrete set of complexes of higher appa-
rent molecular weight than either of the component
proteins and that very large species, characteristic
of nonspecific aggregates, are not formed.
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2-DSA is a powerful technique that importantly
provides information on all the species present in
the sample over a wide range of molecular weights
and, furthermore, is minimally perturbing to the
sample.?132 This was necessary for our investigation
because we wished to obtain, as far as possible, an
unbiased assessment of the various protein assem-
blies formed upon mixing A-(+) and A-(-). 2-DSA
has allowed us to successfully characterize and
quantify the complete mixture of complexes formed
by A-(+) and A-(—) without the need to fractionate
the material. Interestingly, both native gel electro-
phoresis and 2-DSA also identified unexpected het-
erogeneity in the individual protein building blocks,
that was not identified by previous characterization
using size exclusion chromatography coupled with
multiangle laser light scattering detection,?* illus-
trating the ability of these technique to resolve dif-
ferent species under differing conditions.

A priori, one might reasonably suppose that
only the lowest order complex comprising the “back-
to-back” dimer (Fig. 1) of A-(+) and A-(-) would
form, or, on the other hand, given the minimal con-
straints of the design, that mixing the two proteins
would result in an extremely complex and intracta-
ble mixture of species. Our results indicate that, in
fact, neither of these two extremes prevails. Rather
centrifugation identified only six discrete complexes
of A-(+) and A-(-) to be present in significant con-
centrations. About half of the assemblies are
accounted for by the three smallest species, as would
be expected based simply on symmetry constraints.
Symmetry thus appears to play a significant role in
guiding which structures are formed.

Cryo-EM has allowed us to directly visualize
some of the complexes formed by A-(+) and A-(-).
The class averages demonstrate the protein com-
plexes are spherically symmetric and appear hollow,
consistent with their intended design. The diameters
obtained from the direct cryo-EM imaging are simi-
lar to those predicted for the octahedral and tetrahe-
dral protein cages and consistent with data obtained
by 2-DSA, discussed above, and from previous char-
acterization by light scattering techniques.?*
Although the variation in the diameter and instabil-
ity of the particles imaged by Cryo-EM prevented us
from obtaining reliable 3D reconstructions of the
cages, it is nevertheless informative. Some of the
variation may be explained by the samples contain-
ing mixtures of tetrameric, octameric and perhaps
larger oligomers of A-(+) and A-(-). We consider
that the variation in diameter is better explained by
the open and intrinsically flexible structures of the
protein cages. The flexibility between the aldolase
and coiled-coil connecting domains potentially allows
for a hinging motion so that the formed cage can
expand and contract, as illustrated in Figure 5.
Whereas this was not an intentional feature of the
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Figure 5. Cartoon illustrating how, for the octahedral protein
cage, hinging and rotation of the trimeric protein building
block (green) relative to the heterodimeric coil-coil linker
domain (blue and gold) can result in expansion and contrac-
tion of the structure.

design, such flexibility might be useful for some
applications.

In conclusion, we have designed and character-
ized a self-assembling protein system with minimal
constraints upon the mode of assembly and have
demonstrated that a limited number of discrete
structures are formed. With the design of the A-(+):
A-(-) system, we did not set out to specify a single
structure but rather determine to what extent sym-
metry constraints can be used to guide assembly. We
believe there is considerable scope for optimizing
this approach to design protein cages that adopt
only a single, well-specified structure. For example,
the flexibility between the protein building block
and the coiled-coil domain could be restricted either
by shortening the flexible spacer sequence or adopt-
ing a parallel coiled-coil orientation; this would place
the protein building blocks closer together so that
steric interactions may disfavor smaller complexes.
More generally, using simple symmetry principles, it
should be possible to assemble various combinations
of proteins and coiled-coils of different quaternary
structures into a wide variety of protein cages.

The strength of the coiled-coil interaction is
another aspect of the design that could also be fine-
tuned. We suspect that the coiled-coil interaction in
the A-(+):A-(-) system may be too strong, and that
some species identified by 2-DSA may represent
kinetically trapped complexes. By reducing the num-
ber of heptad repeats or introducing destabilizing
interactions at core positions, kinetically trapped
intermediates could equilibrate to the most thermody-
namically stable structure. Once optimized, this
design strategy should, in principle, be generalizable.

Materials and Methods

Protein expression and purification

The construction of the genes encoding the A-(+)
and A-(—) proteins has been described previously.
The proteins were expressed and purified from
recombinant E. coli strains by standard methods as
described previously.?*
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Native polyacrylamide gel electrophoresis
Proteins samples were subjected to electrophoresis
under native conditions using precast 3-12% Bis-
Tris gels (pH 7.0; Life Technologies). Electrophoresis
was conducted at 4°C and at constant voltage, 40 V,
in Bis-Tris running buffer pH 7.0. In some samples,
the charge-neutralizing agent Ponceau Red S was
included in both the loading buffer and running
buffer at a concentration of 0.02%.%°

Analytical ultracentrifugation

Sedimentation velocity analysis was performed using
a Beckman analytical ultracentrifuge equipped with
an ANSOTI rotor. Samples were dialyzed against
phosphate-buffered saline, pH 8.0, containing 5%
glycerol. Immediately before centrifugation, samples
were filtered through 0.1 micron ‘anatip’ filters
(Whatmann). The hydrodynamic behavior of A-(—)
and A-(+) was analyzed at several different protein
concentrations with initial absorptions of 0.2, 0.4,
0.6, 0.8, and 1.0 at 280 nm. Samples containing a 1:1
molar ratio of A-(—) and A-(+) were incubated over-
night at 4°C before filtering and centrifugation. Sam-
ples were loaded into sector-shaped double channel
centerpieces, and allowed to equilibrate at 25°C for
2 h in the nonspinning rotor before sedimentation.
The individual A-(—) and A-(+) proteins were sedi-
mented at 25,000 rpm, whereas the mixture was
analyzed at both 14,000 and 35,000 rpm to assist in
the analysis of multiple species formed. Absorbance
data were collected at a wavelength of 280 nm. Sedi-
mentation velocity data were initially analyzed using
the enhanced van Holde-Weischet analysis module
followed by 2-DSA using the finite element modeling
module provided with the Ultrascan software (http:/
www.ultrascan.uthscsa.edu).?’ Sedimentation profiles
were analyzed at a grid resolution of 62,500 using 25
grid repetitions. Confidence levels for statistics were
derived from 2-DSA data refinement using a genetic
algorithm followed by 30 Monte Carlo simulations.
Calculations to analyze analytical ultracentrifugation
data were performed on the UltraScan LIMS cluster
at the Bioinformatics Core Facility at the University
of Texas Health Science Center at San Antonio, the
Lonestar cluster at the Texas Advanced Computing
Center, and the National Supercomputer HLRB-II at
the Leibnitz-Rechenzentrum, Munich, Germany.

EM sample preparation

To stabilize protein cages against fracturing during
sample preparation, the subunits of A-(+) were
chemically cross-linked between Lys and Glu or Asp
residues using 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) as a coupling agent. (The crystal
structure of KDPG aldolase?® shows that there is one
salt bridge form between Lys and Glu at the trimer
interface.) A-(+), ~ 1 mg/mL, was dialyzed against 20
mM  2-(N-morpholino)ethanesulfonic acid (MES)
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buffer, pH 6.8, 150 mM NaCl, 5% glycerol. 15 mL of
dialyzed protein was diluted to ~50 mL in MES buffer
and EDC (80 mg) dissolved in 1 mL of MES buffer
then added to the diluted protein solution and mixed.
Then Sulfo-N-hydroxysuccinimide (NHS) (160 mg),
dissolved in 1 mL of MES buffer, was added to the
protein-EDC solution, mixed, and allowed to incubate
at room temperature. After 1 hour, the cross-linking
reaction was quenched by addition of solid glycine
(375 mg). SDS-PAGE analysis showed that ~ 50 % of
the protein was cross-linked as the dimer form with
minor amounts of higher order oligomers formed. The
cross-linking agents were then removed from the
sample by dialysis against the same MES buffer.

To prepare protein complexes, cross-linked A-(+)
was concentrated to ~10 mg/mL in the MES buffer
described above. A-(—) was dialyzed against 20 mM
HEPES buffer, 150 mM NaCl, 5% glycerol, pH 7.5,
and concentrated to ~ 10 mg/mL. Each protein com-
ponent of 0.9 mL was mixed together and allowed to
incubate at 4°C overnight. The sample was applied
to a column of Sephacryl S400 (2 cm diameter X 90
cm), previously calibrated with appropriate molecu-
lar weight standards, and equilibrated with 50 mM
Tris, 75 mM NaCl, pH 8.0. The column was eluted
at 0.5 mL/min and 1 mL fractions collected. Frac-
corresponding to protein complexes with
approximate size range 800-400 kDa were pooled,
concentrated to ~10 mg/mL, and immediately used
to prepare samples for EM visualization.

tions

EM imaging
Protein complex samples were first screened by neg-
ative stain EM. The concentrated samples were
diluted to ~0.02 mg/mL and fixed on a grid using
conventional negative staining procedures.>® Imag-
ing was performed at room temperature with a Mor-
gagni 268(D) transmission electron microscope (FEI
Company) equipped with a tungsten filament oper-
ated at an acceleration voltage of 100 kV and a
mounted Orius SC200W CCD camera (Gatan Inc.).
For cryo-EM, 3 upL of concentrated sample solu-
tion was adsorbed on a glow-discharged Quantifoil
grid (R2/2 200 mesh) and vitrified using a Vitrobot
(FEI Mark IV). The sample was imaged on a Tecnai
TF20 transmission electron microscope (FEI) equipped
with a field emission electron gun operated at 200kV.
Images were recorded at a magnification of 66,964 X
on a Gatan US4000 CCD camera, and binned (2 X 2
pixels) resulting in a pixel size of 4.48 A on the speci-
men level. All the images were acquired using low-
dose procedure to minimize radiation damages to the
samples, with a defocus value in the range of 24 um.

2D classifications

A total of 376 particle images representing protein
cages were manually excised using EMAN Boxer.*
The selected particles were subjected to reference-free

Highly Flexible Self-Assembling Protein System
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alignment and classification into 50 classes using the
EMAN refine2d.py routine.
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