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Reversible changes in the phosphorylation of reflectin pro-
teins have been shown to drive the tunability of color and bright-
ness of light reflected from specialized cells in the skin of squids
and related cephalopods. We show here, using dynamic light
scattering, electron microscopy, and fluorescence analyses, that
reversible titration of the excess positive charges of the reflec-
tins, comparable with that produced by phosphorylation, is suf-
ficient to drive the reversible condensation and hierarchical
assembly of these proteins. The results suggest a two-stage pro-
cess in which charge neutralization first triggers condensation,
resulting in the emergence of previously cryptic structures that
subsequently mediate reversible, hierarchical assembly. The
extent to which cyclability is seen in the in vitro formation and
disassembly of complexes estimated to contain several thousand
reflectin molecules suggests that intrinsic sequence- and struc-
ture-determined specificity governs the reversible condensa-
tion and assembly of the reflectins and that these processes are
therefore sufficient to produce the reversible changes in re-
fractive index, thickness, and spacing of the reflectin-containing
subcellular Bragg lamellae to change the brightness and color of
reflected light. This molecular mechanism points to the meta-
stability of reflectins as the centrally important design principle
governing biophotonic tunability in this system.

Cephalopods (squids, octopi, and cuttlefish) are well known
for their diversity of light-manipulating, pigment-based, and
nano-structural systems used for camouflage and underwater
communication (1, 2). Of these systems, the dynamically tuna-
ble structural color of certain squids holds great interest as
models for next-generation tunable optical materials and
devices (3, 4). Reflectins are a class of proteins originally iden-
tified in the reflective tissue of the Hawaiian bobtail squid,
Euprymna scolopes (5), and have since been found in multiple
squid species, including the pelagic Pacific and Atlantic squids
Doryteuthis opalescens and Doryteuthis pealeii, respectively

(6 – 8). In these latter two species, the reflectins constitute the
principal constituents of the dynamically controlled subcellular
Bragg reflector lamellae responsible for the tunable color and
intensity of reflected light in “iridocyte” cells (8) and the subcel-
lular vesicles responsible for switchable bright white Mie scat-
tering in specialized “leucophore” cells in females of the Pacific
species (the only example, to our knowledge, of switchable
broadband reflectance in molluscs) (6). Reflectins are also
found, although in a different molar ratio, in the static (non-
tunable) Bragg lamellae of fixed-color iridocytes in this species
(7).

Reflectance from both the tunable iridocytes and switchable
leucophores is activated by the diffusion of acetylcholine
(ACh)2 (8, 9), recently discovered to be released from fine neu-
ronal processes innervating local areas of the squid skin (10). In
the tunable iridocytes, it has been shown that the action of ACh
is mediated by a muscarinic ACh receptor (9) that, in turn,
activates a G protein-phospholipase-Ca2�-calmodulin-medi-
ated signal transduction cascade. This cascade culminates in
the activation of specific protein kinases (and phosphatases) to
dramatically change the pattern of phosphorylation of the four
different reflectins located in the Bragg lamellae (7, 8, 11). Inhi-
bition of this ACh-activated phosphorylation has been shown
to block the ACh-activated changes in iridescence, establishing
the requirement for phosphorylation (8). The four reflectins
isolated from iridocytes in the non-reflective state have been
found to be highly positively charged (computed pI values
range from 8.6 – 8.9), with addition of the negative charges
upon phosphorylation essentially neutralizing the proteins (7,
8). We hypothesized that the reflectins are therefore in a state of
Coulombic repulsion in the non-reflective state, with phosphor-
ylation overcoming this repulsion, allowing the reflectins to
condense and assemble. This explanation is consistent with the
electron micrographic images first obtained by Hanlon and co-
workers (12), showing that ACh activation of reflectance pro-
ceeds with condensation of the intralamellar proteins and sub-
sequent shrinkage of the Bragg lamellae and confirmed by our
subsequent microspectrophotometric analyses showing that
the refractive index inside the reflectin-containing Bragg lamel-
lae increases progressively, therefore activating and progres-
sively increasing the intensity of reflectance at each of the mem-
brane-bound interfaces with the extralamellar spaces (13, 14).

* This work was supported by grants from the Office of Naval Research via a
Multidisciplinary University Research Initiative award to Duke University
(N00014-09-1-1053) and the Army Research Office (W911NF-10-1-0139)
(to D. E. M.). Use of the University of California, Santa Barbara, Materials
Research Laboratory Shared Experimental Facilities, a member of the
National Science Foundation-funded Materials Research Facilities Net-
work, was supported by the Materials Research Science and Engineering
Center Program of the National Science Foundation under Materials
Research Award 1121053. The authors declare that they have no conflicts
of interest with the contents of this article.

1 To whom correspondence should be addressed: d_morse@lifesci.ucsb.edu.

2 The abbreviations used are: ACh, acetylcholine; DLS, dynamic light
scattering.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 8, pp. 4058 –4068, February 19, 2016

© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

4058 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 8 • FEBRUARY 19, 2016

http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.686014&domain=pdf&date_stamp=2015-12-30


A corollary of this condensation is the predicted masking of
surface charges on the reflectins that would drive an efflux of
small counterions across the lamellar membrane to maintain
electrostatic neutrality, with this, in turn, driving a Gibbs-Don-
nan-mediated efflux of water to maintain osmotic equilibrium,
therefore accounting for the simultaneous shrinkage of the
thickness and spacing of the Bragg lamellae. Confirming these
hypotheses, we observed the predicted efflux of water from
the ACh-activated iridocytes and its re-entry upon reversal of
the ACh effect using D2O as a tracer (11). Focused ion beam
sectioning and transmission electron microscopy imaging
revealed that the tunable Bragg lamellae are formed by a series
of accordion-like pleats of the cell membrane (11), therefore
accounting for the rapid and uniform efflux and reuptake of
water and the resulting changes in lamellar dimensions that
drive the tunable biophotonics. Our preliminary evidence so far
supports a similar molecular mechanism driving the switchable
white reflectance from the dynamic leucophores, with the
observed difference in the subcellular structures containing the
reflectins accounting for the difference in the resulting photo-
physics. Therefore, upon activation with ACh, the reflectins
within the subcellular vesicles are seen to condense and assem-
ble, with resulting Gibbs-Donnan-mediated dehydration caus-
ing the vesicles to become pycnotic, thereby increasing the
refractive index and changing the vesicle shape to activate
broadband Mie scattering (6).

Reflectins constitute a unique family of proteins, enriched in
methionine, histidine, lysine, and tyrosine and relatively defi-
cient in other residues, including the large hydrophobics isoleu-
cine, leucine, and valine (5, 8). They also are notable for their
content of one or more canonical sequence motifs that are
especially enriched in methionine residues. There are two
forms of these motifs, one that occurs near the N terminus of
the protein and another that is distributed throughout the rest
of the protein in variable numbers depending on the type of
reflectin. (Fig. 1). The structural or functional role of these
motifs is still unknown. D. opalescens iridocytes contain four

types of reflectin proteins, A1, A2, B, and C, that vary in length,
composition, and the number and locations of reflectin motifs.
Prior investigations have revealed interesting optical and pro-
ton-conducting properties of thin films of these recombinant
proteins and their peptide fragments, with consistent observa-
tions of low solubility and an absence of any significant second-
ary structure (15–19). Given their low sequence complexity and
lack of large hydrophobic residues necessary for folding, reflec-
tins can be categorized within the increasingly important class
of intrinsically disordered proteins.

Although signal-activated phosphorylation is the oldest
known and one of the most widely distributed regulatory mech-
anisms of protein structure and function (20), recent research
has focused on the central importance of structural metastabil-
ity as a key enabler of switchable control in regulated proteins
(21–24). Using pH to manipulate the charge on the proteins as
a surrogate for the phosphorylation that regulates reflectin
structure and function in vivo, we show here, with the purified
recombinant four reflectins from the tunable iridocytes of
D. opalescens, that the reversible condensation and hierarchical
assembly of these proteins are exquisitely controlled by charge
neutralization, confirming the central importance of the meta-
stability of these drivers of tunable, structural biophotonics.

Experimental Procedures

Reflectin Expression and Purification—Codon-optimized
reflectin sequences corresponding to the previously deter-
mined sequences of D. opalescens reflectins A1, A2, B, and C,
inserted into a kanamycin-resistant expression plasmid, were
obtained from DNA 2.0 Inc. (San Francisco, CA). Although the
originally obtained plasmids contained N-terminal His6 affinity
tags with tobacco etch virus protease linkers, these segments
were removed by oligonucleotide-directed mutagenesis, and
only the native-like constructs were used for all experiments
reported here. Protein expression and purification followed
methods published previously (16). Plasmids were transformed
into Rosetta 2 (DE3) cells and plated onto agarose plates con-

FIGURE 1. A, schematic of the four D. opalescens reflectin proteins, showing the number and locations of the two types of canonical reflectin motifs, the regular
reflectin motifs (Ref), and the N-terminal reflectin motifs (N-Ref). Previously identified reflectin phosphorylation sites are labeled with stars (7, 8). The GMXX motif
in reflectin C is a unique region of increased overall hydrophobicity composed of a four-amino acid repeat, where X represents less conserved locations within
the repeat (7). Additionally, the reflectin motif of reflectin C is marked with an asterisk to indicate that it contains substantial deviations in sequence not
observed in any other reflectin motifs. Sites of phosphorylation in reflectin C have not yet been identified. B, sequence logos of the N-terminal and regular
reflectin motifs. The logograms were formed from alignment of motifs from D. opalescens and the nearly identical D. pealeii reflectins (irregular motif in reflectin
C excluded) (31).
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taining 50 mg/ml kanamycin and 37 mg/ml chloramphenicol.
Selected colonies were then grown overnight in 3 ml of LB
liquid culture with kanamycin and chloramphenicol. The next
day, saturated cultures were transferred into 1 liter of LB
medium and grown until reaching an A600 of �0.6. Expression
was then induced by the addition of 1 mM isopropyl 1-thio-�-
D-galactopyranoside (final concentration). After �6 h of ex-
pression, cells were pelleted by centrifugation for 10 min at
5000 � g, resuspended in fresh medium to wash cells, and then
centrifuged again. Cell pellets containing expressed reflectin
inclusion bodies were stored at �80 °C until use.

Purification of reflectins followed a procedure published pre-
viously (16). Briefly, cell lysis and inclusion body purification
were performed using BugBuster medium (Novagen, Inc.,
Madison, WI) as recommended by the manufacturer. Purified
inclusions bodies were resolubilized at room temperature in 5%
acetic acid, 8 M urea, 6 M guanidinium-HCl solution. Guani-
dinium HCl was then removed by dialysis in 5% acetic acid, 8 M

urea before loading solubilized protein on a HiTrap XL cation
exchange column. Protein was eluted by a step gradient of
increasing guanidinium-HCl concentration (0.3– 0.6 M) and
then dialyzed once more against 5% acetic acid, 8 M urea or
diluted into this buffer and then reconcentrated using a centrif-
ugal concentrator. Protein was then loaded on a MonoS cation
exchange column and eluted with a similar step gradient of
increasing guanidinium-HCl. On both ion exchange columns,
distinct populations of reflectin eluted at different levels of
ionic strength. Only the first population that eluted at lowest
ionic strength was selected for further use. The eluted reflectin
protein was then loaded onto a reverse-phase HPLC column,
buffer-exchanged into H2O/0.1% TFA, and eluted with an
increasing gradient of acetonitrile (0 –95%) in 0.1% TFA. Col-
lected reflectin fractions were lyophilized and stored at �80 °C
until use. Purity was assessed by SDS-PAGE using 10% Tris
acetate gels (Life Sciences) run according to the instructions of
the manufacturer and stained with Coomassie Brilliant Blue.

Reflectin Solubilization, Buffer Preparation, and Protein Con-
trol Solution—Lyophilized reflectins were dissolved in MilliQ
water that had been purified by passage through 0.02-�m-pore
size filters (Waters Corp., Milford, MA) and then clarified by
centrifugation for 15 min or more at 18,000 � g. Concentra-
tions were determined using absorption extinction coefficients
calculated for each reflectin, which all contained numerous
UV-absorptive amino acids. All reflectin stocks were diluted to
81 �M. To create buffer solutions, 250 mM stocks were made at
appropriate pH values, as confirmed by measurement with a pH
meter. All buffer stocks and water were filtered through 0.02-
�m-pore size filters before use. However, because passage of
water-solubilized reflectins through 0.02- or 0.22 �m filters
resulted in the formation of larger-sized reflectin particles, the
proteins were instead clarified by centrifugation for 15 min or
more at 18,000 � g in a microcentrifuge before use.

We employed an empirically determined minimal concen-
tration of buffer (5 mM MOPS, pKa 7.28 at 25 °C) that could
adequately buffer the protein solutions with only slight pertur-
bations of ionic strength across the range of pH values tested.
Unless noted otherwise, the 81 �M individual reflectin stocks
were diluted 9-fold into premixed buffer stocks to provide final

diluted buffer concentrations of 5 �M and final reflectin con-
centrations of 9 �M. In the case of experiments using defined
mixtures of reflectins, the individual reflectins in water were
first combined, which did not result in any observable assembly
by dynamic light scattering (data not shown), and then diluted
and mixed extensively by pipetting with an appropriate amount
of buffer to yield a final buffer concentration of 5 mM. For
reversibility tests, 250 mM acetic acid (pH 4.5), was added
quickly to the test samples and mixed extensively by pipetting
and stirring to yield a final acetate concentration of 15 mM. For
all experiments, reflectin stocks and buffers were pre-equili-
brated at 25 °C before mixing and analysis. Between experi-
ments, proteins and stocks were stored overnight at 4 °C before
re-equilibration at 25 °C prior to use. Both BSA and horse skel-
etal myoglobin, used as non-aggregating protein controls, were
obtained as purified protein (Sigma-Aldrich, St. Louis, MO)
and dissolved in water or buffer at a final concentration equal to
that of the reflectins unless noted otherwise. For mixtures of
reflectins, the four reflectins were combined in ratios corre-
sponding to those observed in specific cell types (7): dorsal
A1:A2:B:C molar ratio, 1:0.9:3.1:3.6; ventral molar ratio, 1:3.3:
1.4:2.4. These were combined in water before dilution into a
buffer of the appropriate pH.

Turbidimetric and Centrifugation Assays—Reflectins were
diluted and mixed in buffers of varying pH values as described
above to yield total sample volumes of 45 �l. After 5-min incu-
bation periods, portions of each sample were analyzed for tur-
bidity with a spectrophotometer (ThermoScientific NanoDrop,
Rochester, NY) by measuring absorbance at 350 nm. The
remainder of the sample was centrifuged for 10 min at 18,000 �
g, and the supernatant was analyzed spectrophotometrically
(under UV light) to quantify the remaining reflectin by compar-
ing absorbance at 280 nm with a sample of protein dissolved in
water.

Dynamic Light Scattering—Samples were prepared as de-
scribed above to yield final sample volumes of 45 �l. 40 �l of
prepared buffer was loaded in disposable DLS cuvettes, to
which 5 �l of reflectin or control protein (or water) was added
and mixed rapidly by pipetting and stirring. Buffers, samples,
disposable cuvettes, and the DLS spectrometer cuvette holder
(Malvern Zetasizer ZS, Worcestershire, UK) were all pre-equil-
ibrated to 25 °C immediately prior to mixing. DLS measure-
ments were initialized approximately 1 min after mixing and
conducted at 25 °C. All measurements and volume fittings were
performed with Zetasizer software (version 7.11).

For the cyclability test, 90-�l samples of 9 �M reflectin A1 or
9 �M protein with a ratio of reflectin A1, A2, B, and C as found
in dorsal iridocytes was prepared initially in 5 mM acetic acid
(pH 4.5). Each sample was placed in a Slide-A-LyzerTM MINI
dialysis cup (Life Technologies) and dialyzed overnight into a
�350-fold excess of 5 mM MOPS (pH 7.5). Samples were
retained in their dialysis cups in dialysis buffer until immedi-
ately before measurement. To reverse assembly, 250 mM acetic
acid (pH 4.5) stock was added to yield a final acetate concentra-
tion of 15 mM. Cycles were repeated by dialysis into fresh MOPS
at pH 7.5 and reacidified as above. Samples were analyzed by
DLS at the start of the experiment and then after each day-long
dialysis and immediately after each reacidification.
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Transmission Electron Microscopy—Fresh reflectin A1
assemblies were generated as described above. Samples were
diluted 2- to 8-fold in 5 mM MOPS buffer of appropriate pH
immediately prior to application on glow-discharged 400-mesh
carbon film-coated grids (Electron Microscopy Sciences, Hat-
field, PA). 5 �l of diluted reflectin was applied and allowed to
rest approximately 1 min before removal of excess sample by
wicking with filter paper. Samples were stained by touching the
grids three times with 20-�l drops of freshly filtered 1.5% uranyl
acetate solution and allowing the drops to remain for 15 s each
time before removal of excess stain. Images were acquired on a
FEI Tecnai G2 Sphera microscope working at 200 kV.

Fluorescence—Fluorescence measurements were performed
with samples, buffers, and a spectrophotometer (Varian Cary
Eclipse) at 23–24 °C. Water-solubilized reflectin A1 (22 �l) was
mixed with 176 �l of buffer to give a final concentration of 9 �M.
All measurements were performed with both excitation and
emission slits set at a 5-nm width. For experiments with 1-ani-
lino-8-naphthalenesulfonate (ANS), a 10 mM stock of this indi-
cator was prepared freshly, filtered through a 0.22-�m filter,
and diluted to 50 �M in either water or 5 mM MOPS (pH 6.5).
Reflectin A1 (22 �l) was then added to 176 �l of these diluted
ANS solutions.

Results

Reflectin Purification and Characterization of Unassembled
States—The D. opalescens reflectins A1, A2, B, and C were
expressed in Escherichia coli from recombinant plasmids with
sequences corresponding exactly to those determined for the
native proteins with codons optimized for expression in the
bacterial host (7). Consistent with previous reports, the recom-
binant reflectins were recovered as insoluble inclusion bodies,
solubilized under strongly denaturing conditions, purified
chromatographically, lyophilized, and stored at �80 °C until
resolubilization in water, as described under “Experimental
Procedures.” SDS-PAGE analysis of the purified reflectins is
shown in Fig. 2A. All four reflectins showed good solubility at
the concentration ranges used here. The pH values of these
resolubilized reflectins were measured as 4 –5.

Dynamic light scattering analyses showed that each of the
reflectin preparations was monodisperse, with the radius of
hydration (RH) in water decreasing progressively with concen-
trations above �10 �M (data not shown). Accordingly, in view
of this likely effect of molecular crowding of the flexible, posi-
tively charged protein chains, all experiments began with the
reflectins at or below this initial concentration in buffer, as
noted.

Turbidimetric Analyses of Charge-dependent Assembly—
Turbidimetric analyses (Fig. 2B) revealed that each of the
reflectins showed progressive aggregation or assembly as a
function of increasing pH, with an inflection point near charge
neutrality. Centrifugation of these preparations resulted in
nearly complete removal of reflectins at higher pH values, con-
firming the larger particle sizes at higher pH values (Fig. 2C). In
contrast, neither myoglobin nor BSA, proteins that are pre-
dominantly monomeric, showed any changes in these analyses
(myoglobin data not shown).

Dynamic Light Scattering—We used DLS to further charac-
terize the size distribution of particles formed by the reflectins
as a function of charge neutralization and its reversal. Fig. 3A
shows intensity distributions of assembled reflectin A1 at vary-
ing pH values. In most samples, signals for two distinct peaks
were observed, corresponding to smaller and larger particle
assemblies of substantially different sizes. As can be observed,
intensity signals between the relevant reflectin assembly and
other larger scattering particles can be clearly resolved, allow-
ing for clear determination of RH. Because the scattering inten-
sity is related exponentially to the size of a spherical particle,
volume analysis of the data (Fig. 3B) shows these larger assem-
blies to be minor species (usually �1–5% and occasionally as
high as �15%) of the total protein population. Our assumption
of roughly spherical particles, necessary for accurate volume
analysis, is justified by electron microscopy visualization of
these assemblies (see below). DLS analysis showed the majority
reflectin assembly species to be relatively monodisperse, as
exemplified by Fig. 3B for reflectin A1. The other reflectins
exhibited similar distributions, although it is important to note
that DLS cannot resolve independent signals from particles in
this size range differing in RH by less than 2-fold. Reflectin
assemblies were observed to be stable over time, as shown for
reflectin A1 (Fig. 3C), although the largest particles formed by
reflectins B and C did begin to fall out of the light path with time
because samples were held without mixing. A strong, positive,
highly reproducible relationship between pH and particle RH
values was observed for all four reflectins, consistent with the
turbidity and centrifugation measurements presented above
(Fig. 3C). The observed values of RH were bimodal, with reflec-
tins B and C forming larger particles than those of reflectins A1
and A2 across our pH range. In the pH range of 6.5–7.5, reflec-
tins A1 and A2 formed assemblies ranging in RH value between
�10 –20 nm, whereas reflectins B and C formed assemblies of
ca. 60 –100 nm. In addition to the pH values shown in Fig. 3, we

FIGURE 2. A, SDS-PAGE of purified reflectin proteins stained with Coomassie
Brilliant Blue. B, turbidity (optical density at � � 350 nm) of the indicated
reflectins as a function of pH. Each measurement was taken 5 min after dilu-
tion of water-dissolved reflectin into buffer at the indicated pH. C, insoluble
reflectin (samples from A pelleted after centrifugation for 10 min), as deter-
mined by absorbance at 280 nm. Insets, results for the BSA control. Shown are
typical results from duplicate experiments.
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measured RH values of all reflectins at pH 8.0. However, in con-
trast to the lower pH values, we encountered significant vari-
ance in particle size between experiments for all reflectins at
this pH value, although these sizes were always larger than
those formed at pH 7.5 (data not shown). We suggest that this
increased heterogeneity may be due to the poor buffering abil-
ity of 5 mM MOPS at pH 8.0. Compounding this effect, it also is
clear that the reflectins become increasingly sensitive to small
differences in pH closer to their pIs, as seen in Figs. 2, B and C,
and 3D. As expected, the apparent sizes of the assembled com-
plexes of each of the reflectins were found to grow more rapidly
and larger when otherwise identical analyses were conducted in
progressively increasing ionic strengths of NaCl, KCl, or buffer
salts (data not shown). In contrast to the reflectin proteins, BSA
showed no substantial changes in RH, as measured by DLS,
across the pH range used in these experiments, whereas myo-
globin showed no changes in RH at pH values of more than 5.5
(myoglobin data not shown).

We also measured the pH-dependent RH values of mixtures
of reflectins corresponding to the molar ratios reported
recently from both the ACh-responsive dorsal and ACh-unre-
sponsive ventral iridocytes of the squid (7), analyzed at a total
concentration of all four reflectins equal to that of the single
reflectins analyzed individually (9 �M) (Fig. 3C). Mixtures of the
reflectins in molar ratios equal to those observed in both dorsal
and ventral iridocytes formed a single signal peak, indicating
one distinct population size, as also observed with the individ-
ual reflectins. Although the trend of progressive sizes of the
resulting assemblies with increasing pH was similar and inter-
mediate to that observed for the individual reflectins, we noted

that the largest sizes reached more closely resembled those of
reflectins A1 and A2, a point to which we return under
“Discussion.”

Electron Microscopy—We used transmission electron micros-
copy to further characterize the reflectin A1 assemblies (Fig. 4).
Samples were freshly prepared and examined by DLS before
application to grids and negative staining. The assemblies were
found to be roughly spherical and relatively monodisperse, with
pH-dependent mean diameters in excellent agreement with the
DLS measurements. The surface of the A1 assemblies appears
to be homogenous, with signs of possible regular substructures
discernable at the highest magnification. The monodispersity,
spherical shape, and size agreement of these assemblies vali-
dates our interpretation of the DLS measurements as discussed
above and further confirms the sensitivity of reflectin assembly
size to protein net charge.

Reversibility and Cyclability of Reflectin Assembly—Modifi-
cation of the forgoing DLS analyses was used to monitor the
reversibility and cyclability of reflectin assembly in efforts to
emulate the cyclability of reflectin condensation and assembly
in the tunable squid iridocytes. Addition of acetic acid to return
the neutralized and assembled reflectin A1 to a final pH of 4.5
consistently led to disassembly of almost all reflectin particles,
resulting in the formation of �10-nm particles (Figs. 3C and 5,
A and B). In contrast, the results of comparable acidification of
reflectins A2, B, and C were less consistent, frequently yielding
no disassembly (reflectin A2) or partial disassembly (reflectins
B and C) (data not shown). Because we suspected that this
observed variability was the result of the progressively in-
creased ionic strength of the medium (to which assembly of the

FIGURE 3. Dynamic light scattering of reflectins as a function of pH. A, intensity distributions of 9 �M reflectin A1 diluted in 5 mM MOPS buffer at the
indicated pH values. Representative data from multiple analyses are shown. B, DLS volume distributions of same samples as shown in A. C, time dependence
of DLS volumetrically dominant distributions from time of dilution of reflectin A1 into buffer at the indicated pH. Each individual data point is the average of the
last 2–3 min of repetitive scattering measurements. Black arrows indicate measurements immediately before acidification with 15 mM acetic acid and subse-
quent equilibration (black dotted line) prior to the next DLS measurement. D, RH of individual reflectins or indicated mixtures measured �20 min after dilution
into buffer at the indicated pH. All measurements were replicated at least three times with samples from at least two separate protein purifications and buffer
preparations. Error bars show mean � S.D. The individual time courses of particle size for all samples resembled those shown in C.
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reflectins is especially sensitive), we replaced this method with
one in which cycling between the charged and uncharged states
of the proteins was effected by dialysis without increasing ionic

strength. Under these conditions, clear evidence for cyclability
was seen for both reflectin A1 and for the “physiological mix-
ture” of all four reflectins in a molar ratio equal to that found in
the highly tunable and cyclable dorsal iridocytes of D. opal-
escens (Fig. 5C) (7). Under these conditions, both the physiolog-
ical ratio of all four reflectins and reflectin A1 reversibly cycled
through multiple cycles of assembly and disassembly, although
the extent of dissociation deteriorated progressively with each
cycle, with this effect proceeding more rapidly for the mixture
than for A1. The sizes of the assembled particles effected by
dialysis were slightly smaller than those observed under the
assembly conditions used in the previous experiments, possibly
because of small differences in pH in the two protocols.

Reflectin A1 Fluorescence—To further probe the nature of the
structural changes occurring during assembly, we investigated
changes in fluorescence from the tryptophan residues in reflec-
tin A1. Fortuitously, seven of the ten tryptophans in this protein
are located within the conserved reflectin motifs, allowing them
to serve as useful reporters of changes in the environment of
these unique structural domains.

Comparison of the fluorescence spectra shows that, upon
assembly of reflectin A1, a moderate �5-nm blue shift occurs
relative to the spectrum of the unassembled protein, indicating
a net transfer of the fluorophores to a more hydrophobic envi-
ronment, as would be expected during protein condensation
and assembly (Fig. 6). Significantly, we see that the extent of the
blue shift was essentially the same for A1 particles assembled at
different pH values. Because the DLS data show that these par-
ticles increased progressively in size with increasing pH, this
constancy in the observed blue shift indicates that the local
environment of the tryptophan probes remained constant even
as particles grew bigger. Upon reacidification driving the reflec-
tin to return to the charged state and partial disassembly (as
seen in Figs. 3C and 5), fluorescence exhibited a small red shift,
with the quantum yield slightly higher than in the fully unas-
sembled state observed in water.

We also used the fluorescent probe ANS to investigate
changes in reflectin A1 protein structure during assembly (Fig.
7). ANS is a commonly used dye that exhibits a greatly
increased fluorescent yield upon binding to exposed hydropho-
bic protein surfaces (25, 26). As seen in Fig. 7A, ANS bound to
reflectin A1 in the unassembled state in water, in the partially
condensed and assembled state at pH 6.5, and in the acid-dis-
sociated state. ANS emission exhibited both a small blue shift
and a large increase in quantum yield when bound to the reflec-
tin in the partially assembled state at pH 6.5 relative to those

FIGURE 4. TEMs of reflectin A1 assemblies. A and B, reflectin A1 assembled at pH 6.5, imaged at low and high magnification. DLS of the sample prior to grid
application showed RH � 10 nm (diameter � 20 nm). C and D, reflectin A1 assembled at pH 7.5, imaged at low and high magnification. DLS of the sample prior
to grid application showed RH � 17 nm (diameter � 34 nm).

FIGURE 5. Reflectin assembly, disassembly, and cyclability. A, dynamic light
scattering intensity distribution data of assembly and disassembly of 9 �M reflec-
tin A1 first diluted in 5 mM MOPS buffer at pH 7.0 and then immediately after
addition of acid to reach 15 mM acetic acid (pH 4.5). The experiments were
repeated multiple times. The results shown are representative of A1 at all assem-
bled pH values. pH values are as indicated. B, volume distribution of the data in A.
C, cyclability of assembly and disassembly of reflectin A1 and a mixture of the four
reflectins in a ratio corresponding to that of the tunable dorsal iridocytes. Blue
arrows indicate points of measurement of reflectin RH values followed by addi-
tion of a molar excess of acetic acid (pH 4.5). Red arrows indicate measurements of
reflectin RH values following partial disassembly. The transition from pH 4.5 to 7.5
was effected by dialysis (see details under “Experimental Procedures”). The RH
shown is for the volumetrically predominant species as determined by DLS. Error
bars indicate mean � S.D. of volumetric data within the experiment shown. The
results are representative of closely agreeing duplicate analyses.
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features exhibited when bound to the unassembled protein in
water, and both of these features were largely reversed when
bound to the acid-dissociated protein. These results are similar
in form to those exhibited by the native tryptophan fluores-
cence shown in Fig. 6.

We confirmed the proximity of ANS binding sites and native
tryptophans in reflectin A1 through a simple FRET experiment.
In the presence of ANS, tryptophan fluorescence was quenched
greatly, whereas ANS fluorescence was enhanced at pH 6.5, and
this effect was reversed by acidification to pH 4.5 (Fig. 7B).
These results indicate that the ANS molecules were moved
close to one or more tryptophans as charges on the reflectin
were neutralized and that this proximity was disrupted when
the reflectins were returned to the positively charged state.

Discussion

We investigated the effects of net charge on reflectin assem-
bly through the modulation of external solution pH and provide
support for the previous hypothesis, generated from in vivo
experimentation, that reflectin condensation and subsequent
assembly, which govern the dynamic tunability of color and
intensity of light reflected or scattered from membrane-en-
closed populations of these molecules (6, 11), are driven by
charge neutralization. We used this simple method of titration
as an in vitro surrogate for the signal-activated changes in phos-

phorylation that drive condensation and assembly of the reflec-
tins in vivo (7, 8, 11). Electron microscopy of reflectin A1 assem-
blies further support the low polydispersity of the discrete
particles formed by this method. Although the general biophys-
ical principle analyzed in this work, that proteins aggregate near
net neutrality (i.e. close to their pI), is a classic one, the reflectins
stand out in their exquisitely graduated response and reversibil-
ity of condensation and assembly as the net charge diminishes.

Reflectins A1, A2, B, and C showed relatively similar
responses to decreases in net charge when analyzed individu-
ally, although differences in particle size were seen between the
group of reflectins A1 and A2 and the group of reflectins B and
C. The latter two reflectins are nearly devoid of non-N-terminal
reflectin motifs (cf. Fig. 1), with the single motif on reflectin C
containing several mutations not observed in the other three
proteins. Therefore, it may be possible that the reflectin motifs
serve a role in limiting some modes of nonspecific reflectin
assembly. This suggestion is supported by our analysis of the
mixtures of the four different reflectins tested at two different
physiological molar ratios (found in two different classes of iri-
docytes) in which the presence of reflectins A1 and A2 may
have prevented assembly of the larger particles that otherwise
would have been formed by reflectins B and C (cf. Fig. 3D). In
support of this suggestion, although transmission electron
microscopy images of reflectin B assemblies show that they also
form roughly spherical morphologies similar to those observed
in reflectin A1 (Fig. 4), the reflectin B assemblies appear to be
notably more heterogeneous in diameter, indicating that their
assembly may be regulated less tightly because of their content

FIGURE 6. Fluorescence spectra of tryptophan residues in reflectin A1 in
the unassembled water-solubilized state, incubated at the indicated pH
values, and in the acetic acid-reversed state. Excitation � � 295 nm. A.U.,
arbitrary units.

FIGURE 7. A, fluorescence of ANS bound to reflectin A1 (excitation � � 350
nm). ANS was bound to the reflectin in the unassembled water-solubilized
state and bound independently to reflectin at pH 6.5, and that sample was
then reacidified to pH 4.5 as described under “Experimental Procedures.” B,
fluorescence resonance energy transfer from tryptophan to ANS (excitation
at � � 295 nm). The samples were those described in A. A.U., arbitrary units.
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of only a single reflectin motif (data not shown). This potential
effect of the number of canonical motifs in each of the reflectins
is discussed in greater detail below. Essentiality of all four of the
reflectins in vivo is suggested not only by the significant differ-
ences in their sequences and behaviors but also by the discovery
that they are distributed differentially within the lumens of the
tunable Bragg lamellae, with reflectin C located close to the
inner membrane walls of the lamellae and the other reflectins
located more uniformly within the lamellar lumen (7). The fact
that both mixtures of the four reflectins, in the different molar
ratios equal to those found in the tunable dorsal iridocytes and
those in the non-tunable ventral iridocytes, responded compa-
rably to pH-induced assembly and disassembly suggests that
differences in the ACh receptors, signal transducers, or the
charge-regulating enzymes governing reflectin phosphoryla-
tion may account for the lesser cholinergic responsiveness of
the ventral iridocytes observed in vivo (11).

It is clear that the reversible condensation and assembly of
the reflectins that we observe driven by titration as a function of
pH result from the reversible neutralization of the excess posi-
tive charge on the proteins. This conclusion is supported by
calculation of the net positive charge on the four reflectins
within the pH range probed in these experiments (Fig. 8, A–D).
Histidine residues, abundantly present in the reflectins (Fig. 9)
and with a pKa of 6.5 in unfolded model peptides, are likely to be
the main species undergoing neutralization near this pH (27).
Notably, these histidine residues are present almost entirely
within the reflectin linker regions, similar to previously identi-
fied in vivo phosphorylation sites (7, 8). Histidine pKas are
found to have substantial variability in folded proteins, where
local environments can cause perturbations by as much as sev-
eral pH units (28) as a consequence of changes in the activity
coefficient of the ionizable proton. In Fig. 8, we show the net

charges for the reflectins calculated with the assumption of a
uniform histidine pKa of either 5.5 (A and B) or 6.5 (C and D).
The divergence we observe between the predicted net charges
of reflectins A1/A2 and reflectins B/C at the lower histidine pKa
mimics and may help explain the bimodal distribution of
assembly sizes seen by DLS (Fig. 3D). This suggests that histi-
dine pKas may be lowered within the reflectin assemblies or
may vary across the polypeptides, enabling a broader relation-
ship between net charge and pH than possible with uniform
pKas. In either case, in correlating the sharp increase in assem-
bly of all reflectins between pH 7 and 8 with the estimated
changes in the of number of charges in this range, we see that
addition of only one or two phosphates would likely be suffi-
cient to drive structural transition and assembly in vivo, in
agreement with the small number of site-specific reflectin phos-
phorylations actually observed (7, 8).

With charge neutralization, the fluorescence of tryptophan
residues in reflectin A1 (located primarily in highly conserved
sites within the reflectin motifs, see Fig. 9) undergoes a small
but significant blue shift that remains constant as pH and par-
ticle size increase progressively, indicating that condensation of
the protein precedes its hierarchical assembly. The relatively
small magnitude of this blue shift indicates that the tryptophan
reporters have not been transferred into an entirely hydropho-
bic environment but are likely to still retain access to the aque-
ous solvent, possibly through channels of some kind. These
results are therefore consistent with the suggestion that the
reversible condensation, assembly, decondensation, and disas-
sembly require continued rapid access of kinases and phospha-
tases to specific phosphorylation sites on the reflectins. Such
channels might provide the necessary access (7, 8, 11, 16).

ANS fluorescence indicates that this molecule binds to
hydrophobic moieties of reflectin A1 from D. opalescens in the

FIGURE 8. A–D, calculated reflectin net charge versus pH, with assumed histidine pKas of 5.5 (A and B) and 6.5 (C and D). All titratable amino acid pKas other than
histidine are from Ref. 27. The data were calculated by spreadsheet with 0.01-pH unit increments.
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unassembled, partially condensed/assembled, and acid-disas-
sembled states. Significantly, this binding is enhanced even at
pH 6.5 (as evident from the changes in quantum yield and blue
shift) relative to that at pH 4.5, indicating the neutralization-
driven emergence of additional hydrophobic ANS binding sites
that precedes significant assembly (compare Figs. 2, 3, and 7).
Reflectin A1, like other reflectins, is significantly deficient in
large hydrophobic residues (with only one isoleucine, three leu-
cines, and four valines in this 350-residue protein) (7), with
other likely binding sites for ANS including the tryptophan and
tyrosine residues and/or the methionine-enriched reflectin
motifs. Consistent with this suggestion, we see very strong
quenching of tryptophan fluorescence in the presence of ANS,
indicating that the ANS is bound close to tryptophan. We note
that seven of the ten tryptophan residues in the D. opalescens
reflectin A1 are found within the canonical reflectin repeats
(Fig. 9).

Although neural network-based secondary structure predic-
tion algorithms do not predict any organized secondary struc-
ture for these reflectin motifs, previous investigations from our
laboratory have shown that salt-initiated condensation of
reflectin A1 drives the emergence of secondary structure exhib-
iting the x-ray diffraction signature of �-pleated sheets (16),
and our preliminary investigations by CD spectroscopy also
support this identification (data not shown). Therefore, it
appears to be significant that modeling of the hydrophobic
moments of the reflectin sequences suggests that the canonical
motifs and other regions have an enhanced capacity to form
either amphipathic � sheets or helices (Fig. 10A) (28). Extend-
ing this finding, simple helical modeling shows how the canon-
ical motifs could possibly form amphipathic helices with mod-
erate hydrophobic moments, as illustrated in Fig. 10B (29). It is
possible that ANS could bind to the hydrophobic surfaces of
such weakly structured, amphiphilic � sheets or helices. The
functional advantage of such structures is evident. If neutraliza-
tion-driven condensation of the reflectins were to drive the

reversible emergence of such structures, their phase-segregated
(amphiphilic) hydrophobic domains could serve as a kind of
“molecular VelcroTM,” leading to reversible, hierarchical
assembly.

Although no signature of helices was found in the wide-angle
x-ray scattering analyses that did find � sheet structure in con-
densed reflectin A1 (16), such helices might form ephemerally
as intermediates that are replaced by the final � structures.
Quantitative modeling of the energetics of such � helical to �
sheet transitions support the feasibility of this suggestion (30).
Assuming that synthesis of the reflectins in the endoplasmic
reticulum occurs at a pH near 7, then the initial stages of con-
densation and folding we described are likely to have occurred
by the time the reflectins enter the Bragg lamellae. This may
explain the punctate “beads on a string” appearance of the pre-
activation reflectins observed in electron micrographs of the
lamellae (8, 16). The ACh-activated, phosphorylation-me-
diated neutralization of the reflectins in the physiological range
of pH within the lamellae that drive the photonic tuning in vivo
would therefore be most likely to activate the final stages of
condensation and assembly.

Considering this postulated role of the canonical reflectin
motifs in mediating assembly, we suggest that the balance
between intra- and intermolecular association would govern
the size of the assembled complexes of the individual, pure
reflectins. Consistent with this suggestion, we note that reflec-
tins B and C, each containing only one canonical motif (Fig. 1A),
are driven by charge neutralization to assemble to significantly
larger sizes than reflectins A1 and A2 (which contain six and
four canonical motifs, respectively) (Fig. 3D). It is therefore
interesting to note that a mixture of the four reflectins in the
molar ratio corresponding to that found in the dynamically tun-
able Bragg lamellae reversibly and cyclably assemble to a size
comparable with that of reflectin A1 alone (Figs. 3D and 5C)
and that even a small proportion of reflectin A1 brings the
assembly of reflectins B and C under similar size control (data

FIGURE 9. Sequences of the D. opalescens reflectins with selected, experimentally identified important residues colored. Histidine residues are colored
green, and tryptophan residues are colored purple. N-terminal reflectin motifs and regular reflectin motifs are shown highlighted in bordered and unbordered
gray, respectively. In reflectin C, the GMXX repeat is highlighted in brown (7). Previously identified physiological phosphorylation sites are shown with a yellow
background (7, 8).
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not shown). The nature of these interactions is the subject of a
future communication.

The cyclability we observe shows evidence of progressively
deteriorating reversibility, particularly of disassembly (Fig. 5B),
suggesting that some additional factors or conditions present in
the reflectin-mediated system in vivo are probably lacking from
our partially reconstituted system in vitro. In this regard, it is
interesting to note the unique distribution of reflectin C,
located preferentially at or near the inner faces of the Bragg
lamellar membrane (7). This apparent anchoring of one of the
constituents of the cyclable assembly might limit nonspecific
modes of assembly. Furthermore, the physiological processes
governing the charge state of the reflectins by activation of
kinases and phosphatases could introduce kinetic and site-spe-
cific sequences of events absent from our surrogate in vitro
global control by pH. Nevertheless, the extent to which cycla-
bility is seen in the in vitro formation and disassembly of com-
plexes estimated (from the data in Fig. 5C) to contain several
thousand reflectin molecules strongly suggests some degree of
intrinsic, sequence- and structure-determined specificity of the
stages, sites, and processes governing the reversible condensa-
tion and assembly of the reflectins.

Recent studies have focused on metastability as a central
design principle enabling protein-based systems with reversible
and tunable properties. Chilkoti and co-workers (21, 22), work-
ing with elastin-like polypeptides, have successfully identified
and modeled the amino acid sequences responsible for highly
reversible temperature-induced aggregation and disaggrega-
tion, with possible medical applications. Additionally, Kaplan
and co-workers (23, 24) have shown recently that genetically
engineered silk-elastin hybrid proteins can exhibit varied
dynamically tunable structures, tensile strengths, and adhesive
properties. We suggest that the reflectin proteins that drive
tunable biophotonic systems in specialized skin cells of squids
exhibit a structural metastability that enables a reversible, tun-

able/switchable, two-state transition in which charge neutral-
ization first triggers condensation, resulting in the emergence
of previously cryptic structures that subsequently mediate
reversible, hierarchical assembly. The system we describe here
offers a tractable model for further analyses of tunable biopho-
tonics and other tunable biomolecular systems.
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