FULL PAPER

sl

Virus Capsids

www.small-journal.com

Experimental and Theoretical Determination of the pH
inside the Confinement of a Virus-Like Particle

Stan J. Maassen, Paul van der Schoot, and Jeroen J. L. M. Cornelissen*

In biology, a variety of highly ordered nanometer-size protein cages is found.
Such structures find increasing application in, for example, vaccination,
drug delivery, and catalysis. Understanding the physiochemical properties,
particularly inside the confinement of a protein cage, helps to predict the
behavior and properties of new materials based on such particles. Here,

the relation between the bulk solution pH and the local pH inside a model
protein cage, based on virus-like particles (VLPs) built from the coat proteins
of the cowpea chlorotic mottle virus, is investigated. The pH is a crucial
parameter in a variety of processes and is potentially significantly influenced
by the high concentration of charges residing on the interior of the VLPs. The
data show a systematic more acidic pH of 0.5 unit inside the VLP compared
to that of the bulk solution for pH values above pH 6, which is explained
using a theoretical model based on a Donnan equilibrium. The model agrees
with the experimental data over almost two orders of magnitude, while

encapsulating non-native cargo such as
enzymes, 1112 polymers,[111314 or metal
nanoparticles.'>1%  Virus particles are
also used for the formation of larger-scale
structures.'’”*l  Improving our under-
standing of viruses and VLPs is crucial to
further advance this field and to find new
applications for these particles.

A significant amount of data on the
structure of many viruses is already avail-
able with sub-nanometer resolution. These
data are commonly obtained by crystallog-
raphy,29-23] (cryo) electron microscopy,?%7]
and atomic force microscopy.?®3% Further-
more, the physical properties of viruses,
such as subunit interactions, assembly and
disassembly behavior, and their response

below pH 6 the experimental data point to a buffering capacity of the VLP.
These results are a first step in a better understanding of the physiochemical

conditions inside a protein cage.

1. Introduction

Over the years a variety of protein cages, in particular viruses,
have been studied for their application in nanotechnology,
which has yielded knowledge about their biological, chemical,
and physical properties.'”7) Due to their diversity, homogeneity,
and well-defined dimensional properties, there is increasing
interest in the use of viruses or virus-like particles (VLPs),
for example, in the fields of biomedicine, materials science,
and nanotechnology.®1% Some examples of this work involve
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to environmental conditions have been
extensively studied, both theoretically and
experimentally.2—#31-34]

Still, many aspects concerning their
physiochemical properties remain poorly
understood. Even for the simplest viruses,
that is, those consisting of a single type of protein forming a
capsid around the viral genetic material, the exact pathway for
subunit assembly that leads to the formation of a virus particle
is still under debate.l3* Furthermore, the effects of the protein
cage on its cargo, for example, due to crowding of the cargo,
the presence of high concentrations of charged species, or pos-
sible diffusion limitations across the capsid shell, are not fully
understood.

We aim to gain insight in the physiochemical conditions
inside a protein cage. Confinement effects may cause large dif-
ferences in the physical conditions inside a capsid compared
to those in bulk. For example, much work is done toward opti-
mizing catalytic reactions inside protein cage structures.[36-#
Such processes are often strongly affected by the conditions,
such as temperature, pH, and viscosity—under which they take
place.

In order to obtain more insight in the interior physiochem-
ical conditions of VLPs, we determine the pH on the inside of a
VLP and relate this to the pH of the bulk solution. Many viruses
rely on electrostatic interactions between a positively charged
section of the coat protein and the negatively charged viral
genetic material for capsid assembly and stability.*!4?l This
means that after assembly a large number of charged species
are concentrated on the inside of the capsid, which might influ-
ence the local proton concentration, that is, the pH. Previous
studies already showed that the isoelectric point inside the PP7
virus capsid (pH = 11.7) differs significantly from the isoelectric
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point on the outside of the capsid (pH = 3.8), yielding a differ-
ence in charge density between the inside and the outside.[*’]
To investigate the pH conditions inside a virus capsid, we
encapsulated a negatively charged pH-responsive polymer
probe in a capsid formed by cowpea chlorotic mottle virus
(CCMV) coat proteins (CPs). The pH probe is synthesized by
including fluorescein methacrylate (FMA) subunits in a poly-
styrene sulfonate (PSS) polymer chain, forming fluorescein-
containing PSS (FMA-PSS). Fluorescein and its derivatives are
commonly used for pH-sensing purposes in biological systems
due to their strong response in the near-neutral pH range.[*+0l
The absorption spectrum and fluorescence emission of the
fluorescein subunits are strongly pH-responsive, due to the dif-
ferent protonation states that the molecule can adopt.*’*8 At
high pH, the fluorescence properties are mainly determined by
the dianionic state, while upon lowering the pH the monoan-
ionic state becomes more pronounced.® This allows for a rati-
ometric pH determination, using the ratio of the fluorescence
emission intensity at an excitation wavelength corresponding to
the monoanionic maximum excitation wavelength (A = 490 nm)
divided by the emission intensity while exciting at the dianionic
excitation wavelength (A = 450 nm). The probe that we use
here has absorption maxima at A = 458 nm and A = 499 nm
with an emission maximum of A = 523 nm. We use the ratio
of fluorescence emission at A., = 458 nm compared to the fluo-
rescence emission at A, = 499 nm as a measurement for the
pH. Comparing the fluorescence response of the encapsulated
probe with the response of the unencapsulated probe at various
pHs gives an indication of the pH conditions inside the capsid.
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Figure 1. Excitation spectra at A, = 523 nm showing excitation maxima
at A =458 nm and A =499 nm at different pH. The ratio of the emission
at A =523 nm at A, = 458 nm and A, = 499 nm is used as a measure
for the pH. Emission spectra at A, = 499 nm of FMA-PSS at various pH
conditions. All spectra are normalized to the maximum intensity at pH
7.5 and point to an increased intensity at higher pH.

overlapping signal at the different detection wavelengths at an
elution volume of V = 11 mL, which is the characteristic elu-
tion volume for VLPs. The peak was isolated and analyzed
by dynamic light scattering (DLS) and transmission electron
microscopy (TEM) (Figure 2b,c). DLS showed that the isolated
peak contains particles of 19.0 £ 3.8 nm, which is confirmed
by TEM analysis showing spherical particles with an average
diameter of 19.9 £ 1.1 nm. These data are in line with the previ-
ously confirmed T = 1 icosahedral symmetry for CCMV VLPs

In order to explain the observed differences in pH inside the  formed at neutral pH on a polyanionic template.334]
CCMV-based protein cage, we assumed a
Donnan equilibrium of the charged species, H
which resulted in a model that correlates well 280 nm
in the relevant pH range. 3 - . | I 260 nm
g T O T 499 nm
E £
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size exclusion chromatography (SEC) with
a UV—vis detector, which was also used for
the purification of the VLPs (Figure 2a). The
absorbance data are normalized to show an
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Diameter (nm)

Figure 2. a) Normalized size exclusion chromatography (SEC) traces by UV-vis detection of
the product formed after mixing FMA-PSS with CCMV CP at neutral pH. b) DLS and c) TEM
analysis of the isolated particles after SEC.
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The pH response of FMA-PSS inside

——————— CP+FMA-PSS

FMARSS a VLP is different from the pH response

of FMA-PSS free in solution, as shown in
Figure 4. Between pH 6.0 and 8.0 a pro-
nounced shift is observed, corresponding to
a more acidic environment for encapsulated
FMA-PSS compared to free FMA-PSS. For
example, the response of the polymer inside
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Figure 3. Comparison of the excitation spectra at A.,, = 523 nm and emission spectra at
Aex = 499 nm of FMA-PSS in solution (blue, solid line) and encapsulated (red, broken line)

FMA-PSS at a) pH 7.0 and b) pH 6.5.

The pH response of the FMA-PSS containing particles was
measured using fluorescence spectroscopy over a range of pH
values in which the VLPs are stable (pH 4-8), as was confirmed
by DLS (see Figure S1, Supporting Information). Comparable
to the polymer free in solution, the encapsulated polymer
responded strongly to the changes in pH, becoming more
fluorescent at higher pH (Figure S2, Supporting Information).
Overlaying the excitation and emission spectra of FMA-PSS in
solution and the encapsulated FMA-PSS at the same bulk solu-
tion pH clearly shows that the polymer responds differently in
the two situations (Figure 3).

To further study the pH response of FMA-PSS in bulk solu-
tion and inside the VLPs, the ratio between the maximum
emission at A, = 458 nm and the maximum emission at
Aex = 499 nm is compared. Since the protonation state of flu-
orescein is strongly dependent on the pH of the solution, the
ratio of the emission at both excitation wavelengths is used as a
measure for the pH of the solution.[*’#8] In Figure 4, this ratio
is plotted against the pH of the solution for both samples.
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Figure 4. Ratio of maximum emission at 4., =458 nm and A, =499 nm
at varying pH for FMA-PSS free in solution (blue, solid line) and
encapsulated FMA-PSS (red, broken line). All measurements were carried
out in triplo.
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the capsid in a pH 6.5 buffer is similar to
the free polymer in a pH 6.0 buffer. This
suggests that within this range the polymer
senses a more acidic environment inside the
capsid than outside.

Between pH 5 and 6, the pH response
inside the capsid is almost stable, whereas
the free polymer still has a linear response in this range. The
lack of change in response suggests that the degree of protona-
tion of the fluorescein inside the capsid does not change in this
range, implying a much smaller pH variation is sensed by the
polymer inside the capsid than outside. This might be due to a
buffering effect caused by the carboxylic acid pairs that increase
the CP-CP interaction and stabilize the capsid.*>%

To investigate whether the observed response is caused by
the encapsulation of the polymer rather than the presence of
charged species, several control experiments were performed
(Figure 5).

First of all, the response of the FMA-PSS in combination
with CCMV CP lacking 26 amino acids on its N-terminus
(CPAN26) was measured. The N-terminus can be cleaved
from the unassembled CP upon prolonged standing. The
absence of the N-terminus was confirmed by sodium dodecyl
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Figure 5. Ratio of maximum emission at 4., = 458 nm and A, =499 nm
at varying pH for FMA-PSS free in solution (blue, solid line), FMA-PSS
with CPAN26 in solution (green, short-dashed line), FMA-PSS with the
N-terminal peptide fragment (N-term) in solution (orange, long-dashed
line), and FMA-PSS with a high concentration of salt (1.8 m NaCl) in the
solution (black, dashed-dotted line). All measurements were carried out
in triplo.
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sulfate (SDS), showing a reduction of protein mass by =2 kDa,
matching the weight of the 26 amino acids (Figure S3, Sup-
porting Information). These 26 amino acids, known as the
arginine-rich motif (ARM), form the positively charged tail
that points toward the inside of the CCMV capsid.l*l The ARM
causes the interaction with negatively charged cargo; without
that section, the protein—cargo interaction is reduced and cargo-
templated assembly is no longer possible. However, assembly
of CPAN26 can still occur at acidic pH. As can be seen from
Figure 5, in the presence of CPAN26 the FMA-PSS responds
similarly to the polymer free in solution between pH 5.5 and 8.
Below pH 5.5, a deviation from the response of the free probe
is observed. Comparable to the encapsulated probe, the probe
mixed with CPAN26 shows a stable response at low pH, pre-
sumably caused by a buffering effect of the protein. Competi-
tion between the protonation of the protein and the protonation
of the fluorescein causes a decreased pH response below pH
5.5 in comparison to the free polymer.

To specifically test the effect of the presence of the ARM, the
pH response of FMA-PSS in the presence of a 26 amino acid
peptide matching the ARM of CCMV CP (N26) was tested. The
concentration of N26 was chosen such that it matches the local
concentration inside a CCMV capsid. Similarly, to the case of
CPAN26, the response of the polymer in the presence of N26
varied little from the polymer free in solution from pH 5.5 to 8.
Below pH 5.5, a slight variation is again observed; however, it is
less pronounced compared to CPAN26.

Finally, the effect of a high concentration of sodium chloride
was studied, to test whether a high concentration of charged
species affects the protonation of fluorescein at a pH < 5.5 (FMA-
PSS HS). Under these conditions, the pH response of FMA-PSS
was comparable to that of the polymer in the presence of N26.
This suggests that the observed variations in the presence of N26
are indeed an effect of the high concentration of charged species.

In order to get an understanding of the molecular origin
of the pH shift over the protein cage barrier, we developed a
model to describe the acidity of the capsid cavity that is based
on a Donnan equilibrium across the protein shell. To do this,
we consider a virus capsid with a polyanionic cargo that inter-
acts with the polycationic RNA-binding domains on the coat pro-
teins lining the cavity of the protein shell. Complexation of the
polycationic and polyanionic species does not necessarily lead to
charge neutralization.[>-% There are strong indications for over-
charging, implying the total number of charges on the negatively
charged species is larger than that on the positively charged
species.P3>4 If indeed the case, this creates a Donnan potential
across the protein shell that draws in mobile ionic species, in
particular positively charged ones. This implies that the acidity
inside the capsid must be lower than the acidity outside it.

This is confirmed by the next model: presume there are
positively charged sodium ions, negatively charged chloride
ions, and positively charged hydronium ions in the solution
that acts as a reservoir for these species. Sodium and chloride
ions are associated with added salt and in the model in addition
act as counterions of the polyionic species present in the cap-
sid’s cavity as well as that for any acid present in the solution.
Whether the actual ions present in the solution are sodium and
chloride is irrelevant to the model, we merely take them for the
sake of assigning names to them.
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Let the mole fraction of these ions be denoted X, with
o = Na, Cl, H. The ions can freely move between the bulk
solution and the cavity of the capsid through the holes in the
shell that are known to be large enough to let ions pass.’2>0
Chemical equilibrium between the mobile ionic species across
the shell presumes equal chemical potentials. This implies
In XS +¢=InX;, where the superscripts C and S indicate
whether they refer to the capsid and solution regions, respec-
tively. Here, ¢ denotes the (dimensionless) Donnan potential,
entering the equations with a positive sign for the positively
charged species and with a negative sign for the negatively
charged species. Note that any differences in reference chem-
ical potential are tacitly absorbed in the Donnan potential.

This set of equations needs to be closed by insisting on charge
neutrality inside the capsid and charge neutrality in the bulk
solution. This gives additional equations Xg, —X§ +X5-Q=0
and X3, - X& + X7 =0. Here, Q is the net mole fraction of nega-
tive charges on the polyionic cargo. If Q < 0, then the cavity is
undercharged, if Q > 0, it is overcharged. The mole fractions of
the chlorine species and that of the hydronium species in the
bulk solution are known quantities. The quantity Q we fix by
fitting the measured acidities in the capsids and the bulk solu-
tion, pH® and pH?, to the theory. Charge neutrality sets X§, and
Xia-

All other quantities can be expressed in terms of X3 and
X&. By solving the coupled set of equations, we find that
the ratios X&/X& and X5 /Xi are inversely proportional, so
XG/X5 = X8 /XS = o . Notice that log o = pH® — pHC. Further-
more, we find that o0 = exp ¢ and that « obeys a simple quad-
ratic equation: o =1+(Q/X&)a. This already tells us that if the
concentration of salt is sufficiently high and Q/X¢ <1, we have

o = 1 and pHS = pHC. The quadratic equation can be solved
. 1 1 . .
exactly, to give a=3 (Q/Xél)+5\/(Q/X§1)Z+4. Notice that this

does not depend on the pH of the solution. This means the
same shift of the pH in the capsid compared to that in the solu-
tion for all pH values.

The experimental shift of the pH found in experi-
ments on CCMV coat proteins, encapsulating FMA-PSS in
150 x 107 m salt in T = 1 particles, equals 0.37. This corre-
sponds to o = 2.3, and implies that (Q/X&)=1.9. To verify if
this makes sense, we make use of the fact that a T =1 virus
consists of 60 proteins, where the RNA-binding domains
of each protein bear ten positive charges. In that case, we
can write Q/X& =y x(60x10)/(N, X Ve x[NaCl]x10%), where
Ve = 47R3/3 the volume of the cavity in m?, with R its radius
in m, Ny = 6 X 102 mol™ Avogadro's number, and [NaCl]
the ionic strength in m. Here, 7y is a number measuring the
degree of overcharging. Estimating R = 4 x 10~ m, we get
y = 1.9/25 = 0.076 implying an overcharging of a mere 8%.
Figure 6 shows the validity of the model between pH 6 and 8.
At pH < 6 effects of the protein buffering come into play, which
has not been accounted for in the model.

Figure 6 shows that at pH > 6 the shift caused by the encap-
sulation is independent of the pH of the bulk solution. When
shifting the response of the encapsulated probe (Figure 6a, red,
dashed line) over the average pH difference between the free
and the encapsulated probe between pH 6 and 7, it becomes

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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we were able to present a chemical mecha-
nistic explanation in terms of a Donnan
potential caused by the charge imbalance
between the cationic RNA-binding domains
of the CCMV CPs and the encapsulated
polyanions.

4. Experimental Section

T Materials: ~ All  chemicals were purchased
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Figure 6. a) Ratio of maximum emission at 4., =458 nm and A, =499 nm excitation at varying
pH for FMA-PSS free in solution (blue, solid line), encapsulated FMA-PSS (red, broken line),
and encapsulated FMA-PSS shifted over the average difference between pH 6 and 7 (black,
broken line). All measurements were carried out in triplo. b) pH measured inside the capsid
plotted against the bulk pH (blue, solid line), and the line pH inside = pH outside + the average

shift between pH 6 and 7 (red, broken line).

clear that the trend in the response is similar to the free
probe at pH above 6; the shifted encapsulated probe’s response
(Figure 6a, black, dashed line) and the free probe’s response
(Figure 6a, blue, solid line) overlap in this range. Figure 6b
shows the line of the pH measured inside the capsids plotted
against the bulk pH (Figure 6D, blue, solid line). Above pH 6
this line shows a linear trend that matches the line pH inside =
pH outside + the average shift between pH 6 and 8, which fur-
ther emphasizes that above pH 6 the encapsulation causes a
pH shift that is independent of the bulk pH. This is in line
with the outcome of the described model based on a Donnan
equilibrium.

3. Conclusion

In order to better understand the physiochemical conditions
inside a model protein cage, we measured the pH inside a
virus-like particle and compared it to the bulk solution condi-
tions. The obtained data show that the pH inside such a capsid
is =0.5 more acidic between pH 6 and 8, while at pH < 6 the
measured response inside the capsid remains constant. The
observed shift can be explained by a simple model based on
a Donnan equilibrium over the protein shell. This model sug-
gests a slight negative overcharging of the capsid of =8%, and
explains the experimental pH shift inside the capsid compared
to the bulk pH.

Insight in the physiochemical conditions inside nanometer-
size protein cages is crucial for a better understanding of the
assembly and disassembly processes of these containers, but
also their biological relevance. Furthermore, it will be of aid in
the design and synthesis of artificial, for example, virus-based,
protein cages that find application in nanoreactors, materials,
and medicine. The presented combination of experimental and
theoretical analyses yield insight that can potentially be general-
ized to other protein cages, beyond the CCMV VLP discussed
in this contribution. While the encased polymer probe gave us
insight in the increased acidity inside the CCMV VLP as a func-
tion of the bulk pH, only with the help of the theoretical model
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8 from Sigma Aldrich and used without further
purification. The wild-type CCMV virus was
obtained according to literature procedures.l”8l
Solutions were prepared using Milli-Q water
(Millipore, 18.2 mQ).

Synthesis of the FMA-PSS pH Probe: 878.4 mg
of NaSS$ (4.26 mmol), 85 mg of FMA (0.21 mmol),
and 14 L of (BIBOE),S, (20.7 mg, 0.0457 mmol)
were dissolved in 4.2 mL of Milli-Q water. This
solution was purged with N, gas for 45 min. An
excess amount of MeOH was also purged with N, gas for 45 min.
Next, 1.4 mL of purged MeOH was added to the aqueous solution
using a N,-purged syringe. The solution was purged with N, gas for
an additional 5 min before adding 13.6 mg Cu(l)Br (0.095 mmol) and
29.6 mg BPY (0.19 mmol) as a solid while maintaining a N, gas purge.
After addition of the catalyst, the reaction mixture turned brown, and
was stirred under N, atmosphere for 48 h at room temperature (RT).
After 48 h, the reaction was terminated by opening the flask, causing the
reaction mixture to turn from brown to blue indicating oxidation of the
Cu(l) catalyst to Cu(ll). The copper was removed by running the mixture
over a silica gel column (eluent 1:1 H,0:MeOH). After that, the polymer
was precipitated from tetrahydrofuran (THF). The precipitated solid
was filtered off, redissolved in 1:1 H,0:MeOH and again precipitated
from THF. The purified polymer was dried for 12 h at 60 °C before
analysis using NMR, high-performance liquid chromatography (HPLC)
(see Figure S4, Supporting Information), UV-vis spectroscopy, and
fluorescence spectroscopy.

Cowpea Chlorotic Mottle Virus Coat Protein Isolation: The CP of CCMV
was isolated according to procedures described in the literature.’”:%8
Wild-type CCMV dissolved in virus buffer (100 x 107 m NaOAg;
1 % 107 m ethylenediaminetetraacetic acid (EDTA); 1 x 103 m NaNj;
pH 5.0) with a concentration of =10 mg mL™" was dialyzed against
protein isolation buffer (50 x 107 m Tris; 500 x 1073 m CaCl,; pH 7.5)
using 12-14 kDa dialysis membranes for at least 8 h, during which the
buffer was replaced twice. Next, the precipitated RNA was removed
centrifugation at 40 000 rpm at 4 °C for 2 h using a Sorvall WX80
ultracentrifuge. The supernatant containing CP dimers were dialyzed
for 3 h against cleaning buffer (50 x 107 m Tris; 500 x 10~* m NaCl; pH
7.5), followed by dialysis to PSS encapsulation buffer (50 x 107 m Tris;
300 x 1073 m NaCl; pH 7.5) for 5 h with 1x buffer replacement. The CP
was used within 2 d after isolation, and to ensure protein purity only CP
solutions that had a 280/260 nm absorbance ratio of at least 1.5 were
used.

Removing N-Terminus from Coat Protein: For experiments involving
CP missing a part of its N-terminus (CPAN26), the N-terminus was
removed as described before.’® Here, CPAN26 was prepared by
dialyzing isolated CP against PSS encapsulation buffer (50 x 1073 wm Tris;
300 x 107 m NaCl; pH 7.5) for at least two weeks. After that, the CP
was purified using size-exclusion chromatography (SEC), and analyzed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

FMA-PSS Encapsulation in Cowpea Chlorotic Mottle Virus Virus-Like
Particles: CP (5-10 mg mL™") in PSS encapsulation buffer (50 x 1073 m
Tris; 300 x 107 m NaCl; pH 7.5) was mixed 1:1 into a solution of FMA-PSS
in Milli-Q water (weight ratio CP:FMA-PSS = 2.4:1). The mixture was

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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stirred at 4 °C for 1 h. The VLPs formed were purified using size-
exclusion chromatography using a 2x diluted PSS encapsulation buffer
(25 x 1073 m Tris; 150 x 1073 m NaCl; pH 7.5) as eluent. After SEC, the
VLPs were concentrated using spin filtration and analyzed using DLS,
TEM, UV-vis spectroscopy, and fluorescence spectroscopy.

pH Measurements inside Virus-Like Particles: For pH measurements
inside VLPs, the purified FMA-PSS containing VLPs were dialyzed to a
phosphate buffer (25 x 10 m phos; 150 x 10~ m NaCl, pH 6.0-8.0)
or acetate buffer (25 x 1073 M NaOAc; 150 x 1073 wv; 4.0-6.0) of the
desired pH, ranging from 4 to 8, using a volume ratio of sample to
buffer of at least 1000. The VLPs were concentrated to a concentration
of =1.5 mg mL™", giving a sufficiently high concentration to be able to
measure fluorescence at acidic pH. DLS and UV-vis spectroscopy
measurements were performed to check the particle size and
concentration. Fluorescence spectroscopy was used to obtain excitation
and emission spectra over a range of pH. Excitation spectra were
measured using an emission wavelength of A.,, = 523 nm and emission
spectra were measured using both A, = 458 and 499 nm excitation
wavelengths.

Control experiments involving CP missing a part of its N-terminus
(CPAN26) were performed using a similar procedure except that CP was
replaced by CPAN26.

pH Measurements in Buffer: For pH measurements in buffer
1 mg mL™' FMA-PSS in Milli-Q water was mixed 1:1 with a phosphate
buffer (50 x 1073 m phos; 300 x 1073 m NaCl; pH 6.0-8.0) or acetate
buffer (50 x 103 m NaOAc; 300 x 107 m NaCl; pH 4.0-6.0) of
the desired pH. UV-vis spectroscopy was performed to compare the
FMA concentrations in the solutions and fluorescence spectroscopy
was used to obtain excitation and emission spectra over a range of
pH. Excitation spectra were measured using an emission wavelength of
523 nm and emission spectra were measured using both 1 = 458 and
499 nm excitation wavelengths.

Control experiments involving only the last 26 amino acids of
the N-terminus of the CP (N26) or involving high ionic strength
were performed following the same procedure as used for the pH
measurements in buffer, except for the addition of N26 (0.32 x 107% m)
or the addition of NaCl (final NaCl concentration in experiment = 1.8 m),
respectively, to the solutions in these control experiments.
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Supporting Information is available from the Wiley Online Library or
from the author.
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