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ABSTRACT: The engineered bacterial nanocompartment
AaLS-13 is a promising artificial encapsulation system that
exploits electrostatic interactions for cargo loading. In order to
study its ability to take up and retain guests, a pair of
fluorescent proteins was developed which allows spectroscopic
determination of the extent of encapsulation by Förster
resonance energy transfer (FRET). The encapsulation process
is generally complete within a second, suggesting low energetic
barriers for proteins to cross the capsid shell. Formation of
intermediate aggregates upon mixing host and guest in vitro
complicates capsid loading at low ionic strength, but can be
sidestepped by increasing salt concentrations or diluting the
components. Encapsulation of guests is completely reversible, and the position of the equilibrium is easily tuned by varying the
ionic strength. These results, which challenge the notion that AaLS-13 is a continuous rigid shell, provide valuable information
about cargo loading that will guide ongoing efforts to engineer functional host−guest complexes. Moreover, it should be possible
to adapt the protein FRET pair described in this report to characterize functional capsid−cargo complexes generated by other
encapsulation systems.

■ INTRODUCTION

Icosahedral capsids are a striking example of nature’s
extraordinary ability to self-organize on a molecular level.
Over the last few decades, research on their most prominent
representatives, the shells that constitute the protective coats of
viruses, has revealed the importance of precisely tuned
interactions between individual subunits. The sensitivity of
these attractive forces to pH, ionic strength, and temperature
ensures that formation of kinetically trapped off-pathway
aggregates is minimized and assembly occurs only in response
to a specific stimulus at the end of the infectious cycle.1−4 Once
formed, viral shells are remarkably resistant to a broad spectrum
of environmental conditions and often disintegrate only upon
encountering a suitable host. This resilience, together with the
ability of some capsids to assemble even in the absence of their
native nucleic acids, has sparked considerable interest in
applying virus-like particles in materials science, biotechnology,
and medicine.5−7 Their repetitive and symmetric structures
provide an ideal scaffold for spatially defined modifications that
transform them into multivalent binders8 and building blocks
for ordered nanomaterials.9 The ability to confine a wide range
of cargo molecules and release them in response to a variety of
triggers makes viral capsids attractive candidates for targeted
delivery of drugs10 and contrast agents11 or as nanoreactors for
chemical and biochemical reactions.12,13

Symmetric polyhedral architecture is not unique to viral
shells, but also a feature of bacterial microcompartments
(BMCs).14−16 Despite their morphological similarity, evolu-
tionary pressures disparate from those for viruses might have
led to a different set of structural and dynamic properties.17

BMCs are considered a poor cell’s substitute for membrane-
enclosed subcellular spaces, allowing prokaryotes to coordinate
metabolic pathways that produce cytotoxic intermediates or
channel metabolites between enzymes. In contrast to viral
capsids, they must therefore allow passage of small
molecules.14,17,18 Since they can be easily produced and self-
assembled in bacterial cells, BMC-derived protein shells are
amenable to directed evolution experiments19 and thus of
particular interest as artificial encapsulation systems.20 This
strategy is promising not only for understanding BMC function
and any associated evolutionary advantages but also for
engineering building blocks for synthetic biology that have
the potential to expand the biotechnological utility of
prokaryotes by enhancing pathway fluxes or installing
completely new pathways.21,22

Viral capsids and BMCs alike have been loaded with diverse
cargo using covalent peptide linkers,23 as well as a variety of
supramolecular interactions including coiled-coils,24 RNA
aptamers,25 peptide-binding motifs,26 and electrostatic attrac-
tion.27−29 In view of the high stability of viral capsids,30 the
resulting capsid−cargo complexes are presumed to be stable, as
convincingly demonstrated for bacteriophage P22, which
retains cargo proteins even after selective proteolytic removal
of a scaffolding protein.23

For tethering systems based on reversible interactions, it is
possible that encapsulated cargo molecules are in equilibrium
with free cargo, provided they can traverse the capsid shells.
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However, structures of viral capsids and bacterial micro-
compartments generally show closed polyhedral structures with
small if any pores. The high kinetic barriers for dissociation of
subunits from protein shells31 further suggest that escape of
cargo, once encapsulated, should be physically difficult.
Nevertheless, the substantial modifications that are sometimes
introduced to engineer capsids for particular applications might
considerably alter the structure and stability of the resulting
constructs. Moreover, proteinaceous bacterial compartments
might be significantly more flexible than viral capsids as they
require a constant influx and efflux of metabolites to function.
For example, riboflavin synthase is encapsulated by the enzyme
lumazine synthase, which assembles as a 60-subunit dodecahe-
dron.32 Since the pores found in the crystal structures of
lumazine synthases are not large enough to allow passage of
riboflavin,33 the capsid would have to temporarily adopt a
significantly altered conformation to allow exit of the product.
Our laboratory has engineered the lumazine synthase from

the thermophilic bacterium Aquifex aeolicus (AaLS) to
encapsulate positively charged cargo molecules. Four gluta-
mates were introduced on the lumenal face of each monomer
to give the variant AaLS-neg, which encapsulates GFP
molecules possessing a deca-arginine tag.27 The capsid’s ability
to retain proteins tagged with a positively charged peptide was
subsequently improved by directed evolution.34 The resulting
variant, AaLS-13, has a total of 11 mutations and forms capsids
with an increased diameter (35.4 ± 3.2 nm compared to 28.6 ±
2.6 nm for AaLS-neg and 15.4 nm for wild-type AaLS).34,35 It
can be noncovalently loaded with positively charged cargo
proteins in vivo and in vitro.29,34 For example, mixing positively
supercharged green fluorescent protein (GFP36+)36 with
capsid fragments affords capsids filled with cargo. Identical
guest−capsid complexes are obtained upon mixing guests with
already assembled capsids (Figure 1). AaLS-13 capsids are even
able to incorporate particles as large as ferritin (d = 12 nm),37

suggesting either an atypical uptake mechanism or partial
reversibility of capsid assembly. While the encapsulation of
cargo concurrent with capsid formation from fragments is
intuitive, the entry of large cargo proteins into assembled
capsids is surprising and to our knowledge without precedent.

Since the microscopic and macroscopic stabilities of capsid−
cargo complexes are decisive parameters for biotechnological
applications, we developed a positively supercharged protein
pair that allows spectroscopic investigation of the extent of
encapsulation by changes in Förster resonance energy transfer
efficiency (FRET), a phenomenon that has been exploited to
characterize other engineered guest−capsid systems.38,39 By
virtue of this technique we gained unprecedented insight into
the kinetics of the encapsulation process and the stability of the
capsid−cargo complexes. This methodology can be adapted to
other encapsulation strategies and will be a useful tool to
evaluate the suitability of individual capsids and tethers for the
construction of drug delivery vehicles or artificial organelles.

■ RESULTS
A Protein FRET Pair. Introducing four mutations, T65G,

S72A, K79R and T203Y (numbering with respect to wild-type
GFP), into GFP36+36 afforded TOP36+, named after Topaz, a
yellow fluorescent protein (YFP) obtained by introducing the
same mutations into wild-type GFP.40 The absorption
maximum of TOP36+ is red-shifted to 513 nm (ε = 69,800
M−1 cm−1) versus 488 nm (ε = 36,600 M−1 cm−1) for GFP36+.
Analogously, whereas GFP36+ displays maximum emission at
508 nm, the emission maximum of TOP36+ is red-shifted to
525 nm. The quantum yield is similar for both variants (0.52 ±
0.03 for GFP36+ and 0.55 ± 0.03 for TOP36+) and
independent of the excitation wavelength between 410 and
450 nm.
Encapsulation of GFP36+ by AaLS-13 capsids29 has only a

marginal effect (2%) on its fluorescence. In contrast, the
fluorescence of TOP36+ is increased up to 10% upon
internalization (Figure S1). It is well-known that chloride
ions decrease the fluorescence of YFPs.41 The enhanced
fluorescence upon encapsulation is thus likely attributable to a
lowered affinity for chloride, which is present in the standard
assay buffer (50 mM NaPi, 200 mM NaCl, 5 mM EDTA, pH
8.0, I = 350 mM), owing to the more negative electric potential
within the AaLS-13 capsid.
GFP and YFP have the longest Förster distance and hence

the highest FRET efficiency of characterized fluorescent protein
pairs.42 Overlaying the emission and excitation spectra of
GFP36+ and TOP36+ reveals that this property is preserved
after supercharging (Figure 2A). The emission peak of GFP36+
overlaps with the excitation peak of TOP36+, and while
TOP36+ shows little absorption at 400 nm, GFP36+ is still
considerably excited. Addition of purified AaLS-13 capsids to a
mixture of the two fluorescent proteins increases the emission
maximum from 508 to 525 nm upon selective excitation of
GFP36+, indicating that co-confinement of the two fluorescent
proteins in the AaLS-13 capsid decreases their average distance
to close to the Förster distance of around 5 Å42 and thus
drastically enhances FRET efficiency (Figure 2B). The most
pronounced change is observed for a GFP36+:TOP36+ ratio of
1:4, in accord with the finding that energy-transfer efficiency
increases upon increasing the number of acceptors per donor.43

Although the precise assembly state of the AaLS-13 capsid
has not been determined, the capsid diameter observed by
negative-staining transmission electron microscopy (TEM) is
consistent with symmetric polyhedral capsids having triangu-
lation number T = 3 or 4, corresponding to 180 or 240
subunits, respectively.34 In the absence of detailed structural
information and for the sake of simplicity, we report capsid
loading assuming a 180-meric capsid structure.29 Titrating

Figure 1. AaLS-13 encapsulation system. Rational design and directed
evolution endowed the lumenal face of the AaLS capsid with
substantial negative charge (red). Capsid fragments (largely
pentamers) spontaneously assemble to capsids in vitro in the presence
of positively supercharged GFP36+ (blue) affording cage complexes.
Analogous complexes are obtained upon mixing GFP36+ with
assembled AaLS-13 capsids.29 Since the structure of assembled
AaLS-13 is unknown, a hypothetical truncated icosahedron is used
to depict the capsid.
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AaLS-13 capsids with a 1:4 mixture of GFP36+ and TOP36+
demonstrates that the extent of FRET depends on capsid
occupancy (Figure 2C). Between 10 and 46 guests per 180-
mer, the relative emission at 525 nm/508 nm is linearly
dependent on the number of guests per capsid and thus a
suitable indicator for the extent of guest encapsulation (Figure
2D). At very low loading, donors and acceptors are far apart,
whereas at high loading additional effects such as self-
quenching become more prominent, resulting in decreased
total fluorescence emission per guest. Exceeding the loading
capacity (45 ± 2 guests per 180-mer capsid) leads to
aggregation as judged by a sharp increase in light scattering.
A decline in overall FRET efficiency and an increased total
fluorescence per guest (Figure 2D, open symbols) suggest that
the additional guests are not encapsulated.
Since FRET efficiency correlates with capsid occupancy, we

attempted to leverage its distance dependency to estimate the
number of subunits in the AaLS-13 capsid. While accurate
determination of intermolecular distances from FRET between
two fluorophores with well separated absorption and emission
peaks is fairly straightforward,44 such an analysis is semi-
quantitative at best in the case of multiple encapsulated protein
fluorophores. Assuming FRET between one donor and
multiple acceptors that are uniformly distributed on a sphere,
the data suggest that AaLS-13 capsids contain at least 240
subunits (Figure S9; see Supporting Information for a detailed
description of the analysis). The exact composition will have to

be determined by cryo-electron microscopy or native mass
spectrometry, which are routinely employed to characterize
capsid structures.45,46

Equilibrium Properties of Capsid−Guest Complexes.
A concentrated sample of AaLS-13 capsids containing a mixture
of GFP36+ and TOP36+ was diluted in buffers of different pH,
and the emission spectra were measured (Figure 3A). Between
pH 8.0 and 10.0, the ratio of emission at 525 and 508 nm
remains constant, indicating a stable guest−host complex. The
decrease in FRET observed between pH 10−11 most likely
reflects reduced affinity of the guest proteins to the capsid due
to deprotonation of lysines in the positively supercharged guest
proteins. Above pH 11.0 the fluorophores are slowly degraded.
The decrease in FRET below pH 8.0 is more likely attributable
to reduced fluorescence of TOP36+ relative to GFP36+ than
guest release from the capsid, since the increased chromophore
pKa of 6.6 for YFP versus 5.8 for GFP at 200 mM chloride is
likely mirrored in the supercharged variants (Figure S1).41

Titrating concentrated aqueous NaCl into a solution of
AaLS-13 capsids filled with a 1:4 mixture of GFP36+ and
TOP36+ results in a decrease in TOP36+ emission and an
increase in GFP36+ emission, reflecting decreasing FRET
efficiency (Figure 3B). In order to exclude halide-dependent
fluorescence quenching as the source of the decrease, the
titration experiment was repeated with Na2SO4, which gave
analogous results (Figure S4). Ionic strength-dependent release
of guest proteins from capsids was confirmed by size-exclusion
chromatography between I = 150 and 1150 mM (Figure S2).
TEM of the capsid-containing fractions shows exclusively intact
capsids (Figure S3), demonstrating that AaLS-13 releases guest
proteins without permanently compromising capsid integrity.
In order to determine whether cargo molecules are released

from AaLS-13 capsids even at low ionic strength, capsids filled
with GFP36+ and capsids filled with TOP36+ were mixed, and
the change in fluorescence emission recorded (Figure 4A).
Both the increase in emission at 525 nm and decrease at 508
nm follow an exponential time dependence, indicating rapid
scrambling of cargo proteins between capsids. The half-life of
this process is 37 ± 4 s for 32 guests/180-mer capsid at an ionic
strength of 350 mM.
Exchange of guests could occur by three distinct mecha-

nisms: (i) guests are transferred upon collision of at least two

Figure 2. Fluorescence spectra of the GFP36+/TOP36+ FRET pair.
(A) Normalized excitation (solid lines) and emission (dashed lines)
spectra of GFP36+ (green) and TOP36+ (orange). The arrow
indicates the wavelength at which GFP36+ can be selectively excitated.
(B) Emission spectrum of a 1:4 GFP36+:TOP36+ mixture before
(green) and after (orange) encapsulation in AaLS-13 capsids. (C)
Emission spectra upon titrating 1−42 equiv of guest into an AaLS-13
capsid (180-mer). After addition of each equivalent, a fluorescence
spectrum was recorded. (D) Ratio of emission at 525 and 508 nm (red
diamonds) and total fluorescence (black squares) as a function of
guest loading before (filled symbols) and after (open symbols) onset
of aggregation.

Figure 3. Relative fluorescence at 525 and 508 nm for a mixture of
GFP36+/TOP36+ free in solution (black diamonds) or encapsulated
by AaLS-13 (red squares) as a function of (A) pH and (B) ionic
strength. Open symbols denote capsid precipitation (pH ≤ 6.5) or
partial fluorophore degradation (pH ≥ 11.0). Error bars indicate the
standard deviation from three independently prepared capsid−cargo
complexes with 35 ± 3 guests per 180-mer capsid and a
TOP36+:GFP36+ ratio of 4.0 ± 0.7.
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capsids; (ii) guest molecules dissociate from one capsid and
enter another; or (iii) capsid fragments with bound cargo
detach and invade another capsid shell.
Figure 4B demonstrates that the rate of guest exchange is

independent of capsid concentration, which excludes mecha-
nisms in which the rate-determining step involves more than
one capsid. Dissociation of a capsid subunit and subsequent
incorporation into another capsid also appears unlikely based
on an experiment in which empty capsids were covalently
labeled with a fluorescent dye (Figures S5 and S6). No FRET
was observed within 24 h of mixing AaLS-13 capsids labeled
with ATTO-495 and capsids labeled with ATTO-565 (a FRET
pair). A capsid assembled from fragments that were respectively
labeled with the two fluorophores served as a positive control.
Having excluded both a bimolecular mechanism and the

exchange of capsid fragments, transient dissociation of guest
molecules from the capsid is the most likely explanation for
guest exchange. The logarithm of the rate of exchange is
linearly dependent on the square root of the ionic strength
(Figure 4C,D), and the corresponding free energy of activation
follows the same dependency. Since the free energy for
Coulombic interactions in aqueous salt solutions scales with the

square root of ionic strength,47,48 overcoming the electrostatic
attraction between positively charged guest proteins and the
negatively charged capsid shell is likely the rate-determining
step. With increasing occupancy, the electrostatic binding
energy per guest decreases as the attraction between the guest
and the lumenal capsid surface is partially offset by electrostatic
repulsion between guests, resulting in a faster guest exchange
rate for more packed capsids (Figure 4D). This effect becomes
less pronounced at higher ionic strength, which shields the
charges on the protein surfaces more effectively.

Kinetics of Guest Encapsulation. Since the release of
guest molecules from AaLS-13 capsids is clearly dominated by
the strength of Coulombic interactions, we became interested
in the rate of encapsulation. Previously, mixtures of GFP36+
and AaLS-13 capsids were incubated overnight before analysis
by size-exclusion chromatography because we had assumed that
loading would be slow.29 However, preliminary kinetic
experiments showed that the fluorescence changes attributed
to co-encapsulation of GFP36+ and TOP36+ were already
complete within a few seconds. We therefore monitored cargo
loading by stopped-flow spectroscopy.
Guest molecules (GFP36+ and TOP36+ in a 1:4 ratio) and

empty AaLS-13 capsids were mixed in a stopped-flow device at
an ionic strength of 550 mM and fluorescence upon selective
excitation of GFP36+ at 400 nm was followed. The time course
of GFP36+ fluorescence was recorded using a band-pass filter
with transmission between 495 and 505 nm; TOP36+
fluorescence was recorded using a long pass filter with
transmission above 515 nm. Consistent with results presented
in Figure 2, encapsulation increases FRET efficiency, as
apparent from a decrease in GFP36+ donor emission and an
increase in TOP36+ acceptor emission (Figure 5). To our
surprise, however, encapsulation, as indicated by intermolecular
FRET between guest molecules, was complete within 400 ms.
Given the rigidity generally attributed to capsid shells4,30 and
failure to observe exchange of subunits between AaLS-13
capsids (Figure S6), rapid uptake of proteins as large as 30 kDa
is startling. Consequently, several control experiments were
performed to exclude spectroscopic artifacts.
When supercharged guest molecules were mixed with AaLS-

13 capsids on a preparative scale, the solutions became instantly
turbid but clarified within seconds. Turbidity is a result of an
interaction between light and particles with diameters similar to
the wavelength of the observed light. It can be detected

Figure 4. Guest exchange between filled AaLS-13 capsids. (A) Time-
dependent emission at 508 nm (green) and 525 nm (orange) upon
mixing capsids containing GFP36+ with capsids containing TOP36+
(32 guests/180-mer capsid, I = 350 mM). (B) Rate of guest exchange
as a function of capsid concentration (32 guests/capsid, I = 350 mM).
To a significance level <0.05, the exchange is not dependent on AaLS-
13 concentration. (C) Traces of 525 nm emission for guest exchange
between AaLS-13 capsids containing 22 guests/capsid at ionic
strengths 425 mM (black), 400 mM (red), 375 mM (blue), 350
mM (green), and 325 mM (magenta). (D) Rate of guest exchange as a
function of the square root of ionic strength for AaLS-13 capsids
containing 22 guests/capsid (black circles), 28 guests/capsid (red
diamonds), and 32 guests/capsid (blue squares).

Figure 5. Fluorescence emission at 500 ± 5 nm (green) and >515 nm
(orange) after mixing 20 μM empty AaLS-13 capsids with 4 μM 1:4
GFP36+/TOP36+ at I = 550 mM in a stopped flow apparatus.
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spectroscopically by an increase in absorption proportional to
λ−4 or by light scattering quantified by a photomultiplier
positioned at a 90° angle relative to the incident beam. Both
techniques were employed in the stopped-flow setup to
monitor the transient formation of the strongly scattering
species generated upon mixing guests with capsids (Figure 6A).
The ionic strength at which guests and capsids are mixed has

a profound impact on the progress curves observed by stopped
flow spectroscopy (Figure 6). The decreasing amplitudes for
changes in TOP36+ and GFP36+ emission upon increasing
ionic strength reflect the reduced degree of encapsulation at
higher salt concentrations. At low ionic strength (I = 250 mM),
an immediate and pronounced increase in light scattering is
observed which relaxes within a few seconds. Simultaneously,
the TOP36+ emission reaches a local maximum within a few
hundred milliseconds and subsequently relaxes (Figure 6B). In
contrast, GFP36+ emission decreases continuously in biphasic
fashion (Figure 6C). The multiphasic fluorescence change
traces, and the transient increase in light scattering indicate the
existence of at least one intermediate during encapsulation.
This intermediate likely involves supercharged guests binding

to the capsid exterior. Calculations of the surface electric
potential of an AaLS-13 pentamer revealed a substantial
negative charge on the outer surface (Figure 7). Using the

APBS software,49 the potential on the exterior face of the
pentamer was calculated to be about two-thirds that of the
interior face (−14 kBT/e and −24 kBT/e, respectively, at I =
150 mM). Upon first encountering empty capsids, the
positively charged guest molecules would initially bind to the
negatively charged capsid exterior. Crossing the capsid shell and
entering the lumen should then be limited, at least partially, by
dissociation from the surface. In order to detach, the guests
need to overcome the electrostatic attraction to the outer
capsid wall, the strength of which is strongly dependent on the
concentration of screening ions. In accordance with this
hypothesis, the signals attributed to the aggregateTOP36+
fluorescence and light scatteringare much less pronounced at
higher ionic strength (Figure 6), indicating faster decay of the
intermediate.
Whereas decay of the intermediate is likely a unimolecular

process, its formation must be at least bimolecular and should
therefore be concentration dependent. Indeed, when AaLS-13
capsids of different concentration are mixed with guests at a
constant stoichiometric ratio, the signals associated with the
intermediate become less intense with decreasing concen-
tration, until below 7 μM AaLS-13 both signals show a
continuous approach to equilibrium rather than a transient
maximum (Figure 8A). Quantitative analysis of these progress
curves is tempting but has to be undertaken with caution. Due
to low FRET efficiency at low loading densities and

Figure 6. Progress curves after mixing 20 μM AaLS-13 capsids with 4
μM guest at different ionic strengths. Protein concentrations and
instrument parameters were kept constant, allowing quantitative
comparison. (A) Light scattering measured by absorption at 400 nm.
(B) Emission >515 nm. (C) Emission 500 ± 5 nm.

Figure 7. Electrostatic surface potential of the interior (left) and
exterior surface (right) of a AaLS-13 pentamer at I = 150 mM. The
color gradient depicts the potential within ±30 kBT/e.

Figure 8. Concentration-dependent guest encapsulation by AaLS-13
capsids. (A) Progress curves for TOP36+ emission upon mixing 1:4
mixtures of GFP36+/TOP36+ with AaLS-13 at different protein
concentrations (concentrations in legend with respect to AaLS-13
monomer). (B) Apparent rate constant for guest encapsulation as a
function of initial protein concentration at an ionic strength of 350
mM.
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precipitation induced by excess guest, only a narrow range of
capsid:guest ratios can be probed, precluding experiments
under pseudo-first-order conditions. Since pseudo-first-order
experiments are impractical, association rates were estimated
assuming second-order reactions between guests and capsids
and fitting the progress curve to the corresponding rate law.
Regression of the apparent rate constant against the initial
concentrations of guests and binding sites within the capsids
gave a bimolecular rate constant for encapsulation of GFP36+/
TOP36+ mixtures of 108 M−1 s−1 at 350 mM ionic strength, pH
8.0, 25 °C (Figure 8B). From the values of kon and koff, the
dissociation constant for the GFP36+/capsid complex is
estimated to be about 0.2 nM. The effect of salt concentration
on binding affinity can be approximated by the dependence of
the rate constant for guest exchange on ionic strength (Figure
4D), assuming that kon is not significantly affected. The
predicted stabilities agree well with the values observed by
FRET (Figure S7).
Probing the Encapsulation Mechanism with Fluo-

rescently Labeled AaLS-13 Variants. Existence of an
intermediary complex with surface-bound guests rationalizes
the transient increase in TOP36+ fluorescence, which is likely
more environmentally sensitive than GFP36+, assuming that
the trend observed for nonsupercharged GFP variants
holds.41,50 In order to obtain further evidence regarding the
nature of this intermediate, we designed two capsid variants
that were labeled with the FRET acceptor ATTO-565 on either
the interior or exterior face of the capsid shell. If the
intermediate has supercharged guests bound to the capsid
exterior, FRET between TOP36+ and the fluorophore on the
outer capsid surface should decrease simultaneously with the
decay of this intermediate. The opposite trend should apply for
capsids labeled on the lumenal face.
Since AaLS-13 contains three nucleophilic thiols per

monomer, we created a variant named AaLS-RR (AaLS-13
C52R/C127R) by reverting two surface-exposed cysteine
residues that had appeared during directed evolution to
arginine as found in wild-type AaLS. The third thiol, Cys37,
is buried, and its reactivity toward electrophilic labeling
reagents is therefore expected to be negligible, particularly
when substoichiometric amounts of fluorophore reagent are
employed. Introduction of exposed cysteines into this variant
afforded capsids that can be selectively labeled with ATTO-
565-maleimide on either the interior (A85C) or exterior
(R108C) surface.51

AaLS-RR is less negatively charged than AaLS-13 (because of
re-introduction of two cationic arginines) and forms slightly
smaller capsids with an average outer diameter of 32 ± 2 nm. In
contrast to AaLS-13, capsid formation is reversible at an ionic
strength of 350 mM. When purified AaLS-RR capsids are
analyzed by size-exclusion chromatography, an approximately
1:1 mass ratio of assembled capsid to capsid fragments is
obtained. Nevertheless, the changes in fluorescence upon
encapsulation are qualitatively similar to those observed with
AaLS-13 (Figure 9A). The lifetime of the transient intermediate
is approximately 3-fold reduced compared to AaLS-13,
presumably due to weaker Coulombic interactions between
TOP36+ and the less charged AaLS-RR capsid. The most
notable difference is the increase in both light scattering and
TOP36+ fluorescence after 0.2 s, which was not observed for
AaLS-13 (Figure 6), and probably reflects capsid formation
from free capsid fragments triggered by binding of super-
charged guest proteins. Although the AaLS-13 and AaLS-RR

capsids are less alike than expected, the similar spectroscopic
trends observed (Figures 7 and 9A) suggest that both capsid
variants have analogous loading mechanisms.
The time course of the fluorescent signals observed upon

mixing covalently labeled AaLS-RR capsids with TOP36+
indicates an initial interaction between TOP36+ and the
outside of the shell. Toward completion of the encapsulation
process by capsids with an interior label (AaLS-RR*IN), FRET
increases as the distance between Top36+ and ATTO-565
decreases, observable by a decrease in donor (TOP36+)

Figure 9. Change in GFP36+ emission (green), TOP36+ emission
(orange), ATTO-565 emission (pink), and light scattering (black)
after mixing 20 μM AaLS-RR variants with 4 μM guest proteins at I =
350 mM. (A) Encapsulation of a GFP36+/TOP36+ 1:4 mixture into
AaLS-RR. (B) Encapsulation of TOP36+ into AaLS-RR*IN labeled on
the lumenal face. (C) Encapsulation of TOP36+ into AaLS-RR*OUT

labeled on the exterior face.
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fluorescence and an increase in acceptor (ATTO-565) emission
(Figure 9B). Complementarily, when TOP36+ migrates from
the external capsid surface to the interior, the donor−acceptor
distance increases for capsids labeled on the exterior (AaLS-
RR*OUT), resulting in rising donor (TOP36+) and decreasing
acceptor (ATTO-565) emission (Figure 9C). Although mixing
AaLS-RR*OUT and TOP36+ ultimately leads to precipitation as
apparent from the persistently strong light scattering, the initial
fluorescence changes are consistent with migration of TOP36+
from the capsid exterior to the lumen.
Encapsulation into the AaLS-neg Capsid. The kinetic

experiments with AaLS-13 raise questions about the molecular
basis of rapid cargo loading. In order to identify which
mutations might confer these unusual properties, we
investigated encapsulation by AaLS-neg, the engineered capsid
that served as the starting point for directed evolution.
Stopped-flow experiments showed that the time-scales for
encapsulation of the GFP36+/Top36+ FRET pair are
comparable to those for AaLS-13 and AaLS-RR, albeit with a
diminished propensity to form intermediate aggregates (Figure
S8A). The half-life for cargo exchange between filled AaLS-neg
capsids was determined to be 13 ± 7 s, about 3-fold shorter
than for AaLS-13 (Figure S8B). These results suggest that the
key features enabling capsids to take up globular proteins are
already present in AaLS-neg and must therefore be a direct
consequence of introducing additional negative charge on the
lumenal surface of the capsid.

■ DISCUSSION

A protein FRET pair, designed to probe interactions between
positively supercharged guest proteins and AaLS-13 capsids, has
provided unique insights into the encapsulation of cargo
molecules by this engineered protein container. By virtue of the
linear dependence of the emission ratio 525/508 nm on capsid
occupancy, the GFP36+/ TOP36+ FRET pair provides
semiquantitative insight into the composition of filled capsids.
However, its true utility is in measuring encapsulation kinetics
and the stability of the resulting capsid−guest complexes.
Encapsulation of supercharged guests into assembled AaLS-

13 capsid is a robust, reversible process and is unexpectedly fast.
Mixing guest and capsid does not immediately afford loaded
capsids, but most likely proceeds through an intermediate that
exhibits pronounced light scattering. Stopped-flow experiments
with TOP36+ and inside or outside labeled AaLS-13 capsids

suggest that guest molecules transiently associate with the
exterior of the capsids in the intermediate. Based on these
observations we propose a multi-step kinetic model for the
encapsulation of supercharged guests by AaLS-13 capsids
(Figure 10).
Upon encountering the negatively charged shells, the

positively charged guests first bind weakly to the exterior
capsid surface (k1). The strength of this interaction, modulated
by the ionic strength, determines the rate at which the surface
bound guest can dissociate and enter the capsid (k2). If this
transition is slow, the surface bound guest molecules can act as
bridges between capsids and promote aggregation (k3). The
resulting colloids cause a transient increase in light scattering. If
the interactions are sufficiently weak, the supercharged guest
proteins internalize, gradually increasing the negative charge on
the capsid’s external surface until the individual particles repel
each other and the colloids disintegrate (k4). If, however, the
Coulombic interactions between guest and capsid surface are
too strong, the colloids will continue to grow and eventually
precipitate (k5). For example, mixing 20 μM empty AaLS-13
capsids with 8 μM GFP36+/TOP36+ leads to precipitation at
an ionic strength of 150 mM. A similar mechanism has been
proposed by Malyutin and Dragnea to explain intermediate
aggregation during nanoparticle-templated assembly of Brome
mosaic virus, albeit with opposite roles for capsid protein and
guest.52 In their model, individual capsid proteins act as bridges
between nanoparticles, and the dissolution of the colloid is
driven by the budding of completed capsids.
Whether mixing empty capsids with cargo results in

encapsulation or precipitation depends on the relative rates of
the two processes, which can be tuned by varying ionic
strength, protein concentration, or charge on the guest
molecules. For GFP36+, the previously established standard
conditions (50 mM NaPi, 200 mM NaCl, 5 mM EDTA, I = 350
mM)29 are a good compromise between low salt concentration,
which favors capsid−cargo complex formation thermodynami-
cally but leads to unwanted precipitation, and high salt
concentration, which diminishes precipitation but also reduces
encapsulation yields. For more positively charged oligomeric
guests, precipitation can be avoided by increasing ionic strength
during encapsulation.37 The resulting complexes can then be
stabilized by subsequently reducing the salt concentration.
By virtue of multivalent interactions between constituent

monomers, viral capsids are extremely stable structures.30 In the
absence of an appropriate trigger, dissociation of subunits

Figure 10. Kinetic model for guest encapsulation in AaLS-13 capsids.
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occurs very slowly, if at all.53 Similarly, the subunit exchange
experiments (Figure S6) indicate high kinetic stability of
assembled AaLS-13. In this light, rapid internalization of 30
kDa proteins into assembled AaLS-13 capsids is rather
surprising and highlights a fundamental difference between
this engineered system and typical viral capsids. Applying
established principles used to study protein−protein inter-
actions, a bimolecular rate constant of 108 M−1 s−1 could be
determined for guest encapsulation, which approaches the
diffusion limit. Since the internalization rate depends on protein
concentration, the rate-limiting step must involve the encounter
of guests and capsids rather than intrinsic motions of the
capsid. Consequently, the protein motions that allow passage of
a 30 kDa protein are either surprisingly fast (τ < 5 ms), or the
responsible gateways are already in place.
Rapid encapsulation goes hand in hand with facile release of

guest proteins from AaLS-13 capsids. Under standard
conditions (I = 350 mM), GFP36+ molecules exchange
between capsids with a half-life of <1 min. In contrast, under
physiological conditions (I = 160 mM) the half-life increases to
36 h. The latter result implies that on time scales relevant for in
vivo applications, the capsid−cargo complex is kinetically
stable. This property is desirable for drug delivery applications
in which the guests have to remain shielded before reaching
their designated destination.
Our experiments demonstrate that the AaLS-13 capsid shell

does not pose a physical barrier to molecules as large as GFP,
implying that engineering and evolution of AaLS-13 to
accommodate positively charged cargo must have had a
dramatic effect on its structure, dynamics, or both. Since
wild-type AaLS contains pores with a diameter of only 9 Å, the
mutations incorporated during the design and subsequent
directed evolution of AaLS might have either destabilized the
interactions between subunits or endowed the shell with voids
large enough to allow transport of sizable proteins across the
capsid wall.
Alternative explanations, for example, that the end point of

the time course for FRET acceptor emission corresponds to
guest molecules bound to the exterior surface of the capsid, can
be excluded based on internalization experiments with capsids
that were labeled with fluorophores on either the interior or
exterior surface. Preorganized voids in the capsid shell could
hint at incomplete protein shells or might be an inherent
feature of the evolved AaLS-13 capsid. Complete capsids
bearing sizable holes are not unprecedented. Bacteriophage
P22, for instance, releases a pentamer upon incubation at 70 °C
in vitro, yielding a stable capsid with a pore spanning 10 nm.54

The notion that the AaLS-13 capsid is highly flexible is
supported by the observation that reversion of two mutations,
C52R and C127R, afforded capsids that are kinetically labile at
low ionic strength (≤350 mM). Hence, subunit interactions in
AaLS-13 might be just strong enough to prevent detectable
dissociation within a few days, but sufficiently weak to generate
transient clefts that allow passage of globular proteins.
Judging from the similar rates of guest encapsulation and

cargo exchange for the engineered AaLS-neg and subsequently
evolved AaLS-13 variants, the structural features that allow
facile entry of protein cargo into assembled capsids were
already present in the original design. Electrostatic repulsion
between the additional negative charges introduced on the
lumenal face of the shell protein may have rendered the capsid
subunits less compact and reduced their Gaussian curvature.
Adaptation of the subunit structure to the increased local

charge density in this way would have facilitated formation of
larger polyhedral capsids and while simultaneously the
flexibility needed for globular proteins to cross the shell.
Since the ability to encapsulate cargo by assembled capsids is

already inherent to AaLS-neg, the improved sequestration
achieved by directed evolution presumably reflects the
increased charge density in AaLS-13, resulting in tighter
binding of positively charged guests.34 Given the unexpected
destabilization of the AaLS-13 capsid upon simple reversion of
two residues, it is unlikely that rational design would have
identified the optimal compromise required to maximize
negative surface charge and maintain capsid stability.

■ CONCLUSION

Within the spectrum of capsids that are currently available for
biotechnological applications, AaLS-13 is unique in that its
loading can be quantitatively controlled in vitro over a broad,
physiologically relevant pH range. Formation of host−guest
complexes can be precisely regulated by ionic strength and is
reversible, rendering AaLS-13 a potentially useful vehicle for
targeted delivery of biomacromolecules. Rapid encapsulation
strongly suggests that diffusion of small molecules will not be
impeded by the AaLS-13 capsid wall. This property should
facilitate the design of reaction systems that benefit from high
local catalyst concentrations and free diffusion of small
molecules.55 The spectral variants of the encapsulation tag
not only allow for simultaneous quantification of different cargo
molecules but also permit monitoring of their association under
a variety of conditions. In depth understanding of the GFP36+/
AaLS-13 encapsulation system together with the spectroscopic
tools developed in this work establish a solid foundation for
engineering and characterizing multicomponent enzyme nano-
reactors.

■ EXPERIMENTAL SECTION
Molecular Cloning. Escherichia coli XL1blue was used as a host for

all cloning steps. Plasmids containing confirmed gene sequences were
transformed into BL21 gold (DE3) for protein production. Phusion
high-fidelity DNA polymerase, restriction enzymes, antarctic phos-
phatase, and T4 ligase were purchased from New England BioLabs
(Ipswich, U.S.A.). Oligonucleotides were synthesized by Microsynth
AG (Balgach, Switzerland). Sequences of all modified genes were
confirmed by DNA sequencing performed at Microsynth AG (Balgach,
Switzerland).

pACYC_His6-TOP(36+) was constructed from pACYC_His6-
GFP(36+)55 by overlap extension PCR using pACYC_fw and
pACYC_rv as flanking primers and Top1_fw, Top1_rv, Top2_fw,
Top2_rv, Top3_fw, and Top3_rv (Table 1) for iterative introduction
of site-directed mutations. The resulting gene product was digested
with BamHI and XhoI and subsequently ligated into digested and
dephosphorylated pACYC_His6-GFP(36+) to afford pACYC_His6-
TOP(36+).

pMG2 1 1 _A a L S 1 3 _ A 8 5C w a s c o n s t r u c t e d f r om
pMG211_AaLS1334 by overlap extension PCR using AaLS13_fw
and AaLS13_rv as flanking primers and A85C_fw and A85C_rv to
introduce mutation A85C. The gene product was digested with NdeI
and XhoI and subsequently ligated into digested and dephosphory-
lated pMG21156 to afford pMG211_AaLS13_A85C.

pMG211_AaLS13_C52R_C127R was constructed from
pMG211_AaLS13 by overlap extension PCR using AaLS13_fw and
T7term as flanking primers and C52R_fw, C52R_rv, C127R_fw, and
C127R_rv to introduce mutations C52R and C127R. The gene
product was digested with NdeI and XhoI and subsequently ligated
into digested and dephosphorylated pMG211 to afford
pMG 2 1 1 _ A a L S 1 3 _ C 5 2 R _ C 1 2 7 R . p MG 2 1 1 _ A a L -
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S13_C52R_A85C_C127R was constructed analogously using
pMG211_AaLS13_A85C as template.
pMG211_AaLS13_C52R_R108C_C127R was constructed from

pMG211_AaLS13_C52R_C127R using AaLS_fw and AaLS_rv as
flanking primers and R108C_fw and R108C_rv to introduce mutation
R108C. The gene product was digested with NdeI and XhoI and
subsequently ligated into digested and dephosphorylated pMG211 to
afford pMG211_AaLS13_C52R_C127R_R108C.
Protein Production and Purification. GFP36+ and TOP36+. A

dense overnight culture of BL21 gold (DE3) carrying either plasmid
pACYC_His6-GFP36+ or pACYC_His6-TOP36+ was used to
inoculate 400 mL of LB medium supplemented with 36 μg/mL
chloramphenicol and incubated at 37 °C and 230 rpm until OD600
reached 0.6−0.7. Following addition of 100 μM IPTG, the
temperature was reduced to 25 °C, and incubation continued for 20
h. Cultures were centrifuged at 4 °C and 4000 g for 20 min, and the
resulting cell pellet stored at −20 °C. The cell pellet was thawed and
suspended in lysis buffer (50 mM NaPi, 2 M NaCl, pH 7.4)
supplemented with 1 mg/mL lysozyme, protease inhibitor cocktail,
and a spatula tip of both DNase I and RNase A. Following incubation
at room temperature for 1 h, cells were lysed by sonication, and the
insoluble fraction removed by centrifugation at 4 °C and 14,000 g for
30 min. The clear lysate was loaded on 4 mL of Ni-NTA agarose resin
equilibrated with lysis buffer. Following washing with lysis buffer and
lysis buffer containing 20 mM imidazole, the protein was eluted with
lysis buffer containing 250 mM imidazole. Protein-containing fractions
were concentrated, and the buffer changed to 50 mM Tris-HCl, 500
mM NaCl, pH 7.4 using a centrifugal ultrafiltration unit (10 kDa

MWCO, Amicon Ultra, Merck Millipore). The concentrated protein
was further purified by ion exchange chromatography using a Mono S
HR 10/10 column (GE Healthcare Life Sciences, U.K.) that had been
equilibrated with 50 mM Tris-HCl, 500 mM NaCl, pH 7.4 at 4 °C
using a linear gradient to 50 mM Tris-HCl, 1.5 M NaCl, pH 7.4.
Protein-containing fractions were combined, concentrated, exchanged
to 50 mM NaPi, 600 mM NaCl, 5 mM EDTA, pH 8.0 and stored at 4
°C.

AaLS-13 and Variants Thereof. A dense overnight culture of BL21
gold (DE3) carrying plasmid pMG211_AaLS13 or a variant thereof
was used to inoculate 400 mL of LB-medium supplemented with 150
μg/mL ampicillin and incubated at 37 °C and 230 rpm until OD600
reached 0.6−0.7. Following addition of 100 μM IPTG, the
temperature was reduced to 30 °C, and incubation continued for 20
h. Cultures were centrifuged at 4 °C and 4000 g for 20 min, and the
resulting cell pellet stored at −20 °C. The cell pellet was thawed and
suspended in lysis buffer (50 mM NaPi, 300 mM NaCl, pH 8.0)
supplemented with 1 mg/mL lysozyme, protease inhibitor cocktail,
and a spatula tip of both DNase I and RNase A. Following incubation
at room temperature for 1 h, cells were lysed by sonication, and the
insoluble fraction removed by centrifugation at 25 °C and 14,000 g for
30 min. The cleared lysate was loaded on 4 mL of Ni-NTA agarose
resin equilibrated with lysis buffer. Following washing with lysis buffer
containing 20 or 40 mM imidazole, the protein was eluted with lysis
buffer containing 500 mM imidazole. Immediately after elution, 5 mM
EDTA was added to the protein solution.

In order to obtain assembled capsids, buffer was changed to 50 mM
NaPi, 600 mM NaCl, 5 mM EDTA, pH 8.0 using a centrifugal
ultrafiltration unit (30 kDa MWCO, Amicon Ultra, Merck Millipore).
The protein was incubated at a concentration of 1−2 mM for 5−7
days at room temperature before separating capsids from fragments
(mostly pentamers) by size-exclusion chromatography using a HiPrep
16/60 Sephacryl S-400 column (GE Healthcare Life Sciences, U.K.).
To obtain the capsid fragments, buffer was changed to 50 mM NaPi,
100 mM NaCl, 5 mM EDTA, and the quaternary states were separated
without delay. In the case of AaLS-13 variants containing an additional
cysteine residue intended for chemical modification, 5 mM TCEP was
added. Purified protein was stored in either 50 mM NaPi, 100 mM
NaCl, 5 mM EDTA, pH 8.0 (fragments) or 50 mM NaPi, 200 mM
NaCl, 5 mM EDTA, pH 8.0 (assembled capsids) at room temperature.

Covalent Labeling of AaLS-13 Variants. Reagents for covalent
labeling of AaLS-13 variants with fluorophores were selected such that
modification would occur selectively at cysteine residues introduced by
site-directed mutagenesis. In order to promote labeling of the strongly
negatively charged protein, positively charged ATTO-495-maleimide
and neutral ATTO-565-maleimide (ATTO-Tec, Germany) were
chosen. Between 0.2 and 0.3 equiv of reactive dye were added to a
50−300 μM solution of AaLS-13 A85C or AaLS-13 C52R/A85C/
C127R in 50 mM NaPi, 200 mM NaCl, 5 mM EDTA, pH 8.0, and the
resulting mixture incubated at room temperature in the dark for 1 h
before quenching the reaction by addition of 1 mM β-mercaptoetha-
nol. Small molecules were removed using a PD-10 column (GE
Healthcare Life Sciences, U.K.). Quarternary states were subsequently
separated by size-exclusion chromatography using a HiPrep 16/60
Sephacryl S-400 column (GE Healthcare Life Sciences, U.K.). The
extent of labeling was calculated from UV−vis spectra of the labeled
proteins using ε565 nm(ATTO-565) = 120,000 M−1 cm−1,
ε280 nm(ATTO-565) = 19,200 M−1 cm−1, ε495 nm(ATTO-495) =
80,000 M−1 cm−1, ε280 nm(ATTO-495) = 31,200 M−1 cm−1, and
ε280 nm(AaLS) = 13,980 M−1 cm−1. Typically 10−16% of the
monomers were labeled.

Labeling AaLS-13 C52R/R108C/C127R bearing an exposed thiol
on the exterior surface with ATTO-565-maleimide under identical
conditions resulted in a significantly lower labeling ratio (4%). In order
to improve labeling, the reaction was carried out under modified
conditions in 50 mM NaPi, 1 M NaCl, 5 mM EDTA, pH 8.0, using 2.0
equiv of reagent for an extended incubation time of 12 h, yielding 27−
55% labeled monomers (AaLS-RR*OUT).

Concentration Determination. Protein concentrations were
determined from UV−vis absorption spectra between 250 and 800

Table 1. Oligonucleotides Used for Molecular Biologya

aMutated codons are underlined; restriction sites are surrounded by a
box.
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nm recorded on a Lambda 20 or Lambda 35 spectrophotometer
(PerkinElmer, U.S.A.). For samples containing capsids, the contribu-
tion of particle-induced light scattering was taken into account by
fitting eq 1 to regions of the spectra devoid of absorption bands (350−
600 nm for empty, unlabeled capsids, 550−800 nm for capsid−cargo
complexes and 600−800 nm for chemically labeled capsids) using a|e -
UV−vis-IR Spectral Software 2.0 (FluorTools, www.fluortools.com).

λ
λ

= +
− ·

A A
c

( ) log
1

1scatter 0 4 (1)

By virtue of their distinctive absorption spectra, the concentrations
of the individual components in mixtures of AaLS-13, GFP36+ and
TOP36+ can be determined by solving a system of linear equations
accounting for the individual contributions of each component to the
total absorption at three different wavelengths. The extinction
coefficient for AaLS-13 was calculated with ε280 nm(AaLS-13) =
13,980 M−1 cm−1, using ProtPram (http://expasy.org/tools/
protparam.html). Extinction coefficients for GFP36+ are ε280 nm =
17,420 M−1 cm−1, ε488 nm = 36,600 M−1 cm−1, and ε513 nm = 6,010 M−1

cm−1.55 The extinction coefficients for TOP36+ were determined to
be ε280 nm = 20,610 M−1 cm−1, ε488 nm = 28,610 M−1 cm−1, and ε513 nm
= 69,800 M−1 cm−1 as previously described.55

Fluorescence Measurements. Fluorescence spectra were
recorded on a QuantaMaster 7 (Photon Technology International,
U.S.A.) at 25 °C.
Quantum Yields. Quantum yields were measured at 25 °C on a

Fluorolog 3 spectrofluorimeter (Horiba, Japan) using excitation and
emission correction. Quantum yield values for GFP36+ and TOP36+
were determined by the reference method with fluorescein (Fluka,
Switzerland) in 0.1 M NaOH and rhodamine 6G (Fluka, Switzerland)
in EtOH as reference standards with reported quantum yields of 0.91
± 0.05 and 0.94, respectively.57 Diluted solutions of the fluorescent
proteins were prepared in either 50 mM NaPi, pH 8.0 or 50 mM Tris-
H2SO4, pH 8.0 so that the optical density at the excitation wavelength
was below 0.05 au. No difference in quantum yield was observed
between these two buffers. Use of NaCl was avoided as halides are
known to quench the fluorescence of YFP variants.41 Different
dilutions of fluorescein and GFP36+ were excited between 410 and
450 nm, and the area of the emission peak (460−660 nm) was plotted
as a function of the optical density at the excitation wavelength. Similar
plots were prepared for TOP36+ (excitation 420−460 nm; emission
470−670 nm) and rhodamine 6G (excitation 450−490 nm; emission
500−700 nm). Quantum yields of GFP36+ and TOP36+ were
calculated by relating the respective slopes to fluorescein. Comparison
between fluorescein and rhodamine 6G was used to validate the
procedure.
pH and Ionic Strength Dependence. Empty AaLS-13 capsids were

mixed with a 1:4 mixture of GFP36+/TOP36+ at an ionic strength of
350 mM, pH 8.0, 25 °C and purified by size-exclusion chromatography
under the same conditions. Buffers were prepared using MES (pH 6−
6.5), HEPES (pH 7−8), CHES/HEPES (pH 8.5), CHES (8.5−9.5),
CHES/CAPS (pH 10), or CAPS (pH 10.5−11), and pH was adjusted
by addition of NaOH. Concentrated capsid−guest complexes or a
mixture of guests were diluted into a solution containing 25 mM buffer
and 200 mM NaCl.
A solution containing purified capsid−cargo complex in 50 mM

NaPi, 5 mM EDTA, pH 8.0 was titrated with 50 mM NaPi, 4 M NaCl,
5 mM EDTA, pH 8.0 containing an identical concentration of the
same complex in order to keep concentrations of proteinaceous solutes
constant when determining the effect of ionic strength on the FRET
efficiency between encapsulated GFP36+ and TOP36+.
Kinetic Measurements. Guest Exchange between Capsids.

Buffers of different ionic strength were prepared by mixing 50 mM
NaPi, 5 mM EDTA, pH 8.0 and 50 mM NaPi, 1 M NaCl, 5 mM
EDTA, pH 8.0 in appropriate ratios. After mixing AaLS-13 containing
GFP36+ and AaLS-13 containing Top36+ in a 1:4 ratio at 25 °C, the
time course of fluorescence emission was followed at 508 or 525 nm
upon irradiation at 400 nm. The rate constant for guest exchange k was
determined by fitting the trace at 525 nm to eq 2 in which the linear

term accounts for time-dependent photobleaching of the chromo-
phores.

= + Δ · + ·−F t F F G t( ) e kt
0 (2)

Stopped Flow Measurements. Guest encapsulation in AaLS-13
variants was observed by following the change in fluorescence
emission upon mixing supercharged protein guests with empty capsids
in a SX18-MV stopped-flow spectrometer (Applied Photophysics,
U.K.) equilibrated with a water bath at 25 °C. For each transient, 1000
data points were recorded using a logarithmic time base over 10 s, and
8−10 transients were averaged for each experiment. Due to the
availability of less material, only three transients were averaged for
experiments involving chemically labeled AaLS-13 variants.

For encapsulation experiments with mixtures of GFP36+ and
TOP36+, the mixing cell was irradiated at 400 nm, and fluorescence
emission detected at a 90° angle. GFP36+ emission was selectively
detected using a band-pass filter with center wavelength at 500 nm and
a full width at half-maximum (fwhm) of 10 nm (Laser Components
GmbH, Germany); a long pass filter with an edge at 515 nm (Applied
Photophysics, U.K.) was used for TOP36+ emission. For encapsulat-
ing TOP36+ in AaLS-13 variants labeled with ATTO-565, irradiation
occurred at 450 nm, and TOP36+ emission was selectively detected
using a band-pass filter with a center wavelength at 525 nm and fwhm
of 25 nm (Edmund Optics Inc., U.S.A.), while a long pass filter with an
edge at 570 nm (Applied Photophysics, U.K.) was used for ATTO-565
emission. Light scattering was detected by either absorption at 400 nm
or irradiation between 600 and 650 nm combined with a photo-
multiplier positioned at a 90° angle. Both methods were used in
conjunction to confirm that signal changes arose from light scattering
by colloidal particles and not changes in the light-transmissive or
fluorescent properties of the chromophores. The slit widths of the
monochromator used to select the wavelength for irradiation and the
photomultiplier voltage were adjusted for each experiment and signal
channel to optimize the signal-to-noise ratio. Consequently, the
amplitudes of transients cannot be compared between experiments,
unless explicitly stated.

At low protein concentrations for which intermediate aggregation
was not observed, second-order kinetics were assumed for the
association between guest proteins and binding sites within the capsid
(a binding site spans approximately five capsid monomers). If the
starting concentrations of both reactants are set equal, the time
dependence of the fluorescence emission can be described by eq 3.

= + Δ ·
+

F t F F
c k t

c k t
( )

10
0

2
1

0 1 (3)

Even if the initial concentrations of the two components are not
exactly identical, this equation serves as a good approximation in which
c0 is calculated as the average of guest and binding site concentration.

58

For different starting concentrations, c0, eq 3 is fitted to the progress
curve of TOP36+ emission to determine c0k1. Linear regression of c0k1
against c0 yields the bimolecular rate constant for association k1.

Calculation of the Electrostatic Surface Potential. The crystal
structure of wild-type AaLS, PDB code 1HQK,35 was relaxed under
symmetry constraints59 using Rosetta 3.460 before introducing
mutations for AaLS-13 by f ixbb, followed by another round of
relaxation. The resulting structure was used as input to calculate the
surface electric potential at I = 150 mM, pH 8.0 using the adaptive
Poisson−Boltzmann solver.49
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