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Transient holographic diffraction is observed for the green (GPR) and blue (BPR) absorbing proteorhodopsins
(BAC31A8 and HOT75M1, respectively), as well as the GPR E108Q and BPR E110Q variants. In contrast
to bacteriorhodopsin, where the metastable-BRpair is responsible for generating diffraction, the pR and
red-shifted N-like states fulfill that role in both the green and blue wild-type proteorhodopsins. The GPR
E108Q and BPR E110Q variants, however, behave more similarly to their bacteriorhodopsin analogue, D96N,
with diffraction arising from the PR M-state (strongly enhanced in both GPR E108Q and BPR E110Q). Of
the four proteins evaluated, wild type (WT) GPR and GPR E108Q produce the highest diffraction efficiencies,
max at ~1% for a 1.7 OD sample. GPR E108Q, however, require® drders of magnitude less laser
intensity to generatg equivalent to WT GPR and BR D96N under similar conditions (as compared to literature
values). WT BPR requires lower actinic powers than GPR but diffracts only about 30% as well. BPR E110Q
performs the most poorly of the four, withnax < 0.05% for a 1.4 OD film. The KramerXronig
transformation and Koglenik’s coupled wave theory were used to predict the dispersion spectra and diffraction
efficiency for the long M-state variants. To a first approximation, the gratings formed by all samples decay
upon discontinuing the 520 nm actinic beams with a time constant characteristic of the appropriate
intermediate: the N-like state for WT GPR and BPR and the M-state for GPR 108Q and BPR E110Q.

Introduction Transition-metal or rare-earth ion doped photorefractive crystal-
based holographic three-dimensional data storage has been
studied extensivelyexamples of such materials include iron-
doped lithium niobate, strontium barium niobate, and barium
titanate, doped with iron, cesium, or mangarfeghe estimated
information density is far more than traditional platter archi-
tectures, but cost, processing, and reusability issues have
precluded commercialization. Bacteriorhodopsin has long been
considered a good candidate material for device applications
due to its unique photochemical properties, including high
sensitivity, high cyclicity, and good thermal stabil#3.1” BR-
based holography has been a subject of active interest for well
over a decad&2% with the promises of ultrahigh storage
density (5000 lines/mm), full writeread-erase capabilities, and
excellent potential for fine-tuning performance through genetic

basis of the absorption maximum at alkaline pH, proteorhodop- modification:°1%2225°3 The earliest attempts utilized the wild-

sin can be divided into two subgroups: green (GPR) and blue type protein to generate real-time holographic gratings between

(BPR). GPR can generally be found at the ocean surface andthe bR resting state and the M-state, with the lifetime of the

has an absorption maximum of 520 nm, while BPR is present latter often enhanced by the addition of various amfié$3°

at greater depths and absorbs maximally at 490 nm. The genetically engineered BR variant D96N has attracted
Holography has many promising applications, including data special attention due to its prolonged M-state and has even been

. : o : : . utilized in a commercial holographic interferometer designed
storage, real-time microscopic imaging, and optical processmg.for nondestructive testinty. ThegproFI)onged M-state lifetime (?Jp

PN . I to several minutes) gives the resulting holographic material high
orresponding author. E-mail: jeffrey.stuart@uconn.edu. o . . L ;i o
TW.M. Keck Center for Molecular Electronics and Department of S€NSitivity and acceptable diffraction efficiency (as high as 7%
Chfmistry, Syracuse University. in a 5 ODfilm19). For the sake of comparison, the diffraction
Department of Electrical & Computer Engineering, Syracuse University. i i i i i i
§ Institute of Materials Science, University of Connecticut. efficiency observed in the wild type p.rOtem IS .approxmat.ely
0 Genencor International, Inc. half of that generated by D96N (given equivalent optical

# Department of Chemistry, University of Connecticut. densities):® Permanent holography based on BR has been a

Proteorhodopsin (PR), an archaeal rhodopsin and marine
analogue of bacteriorhodopsin (BR), was first discovered in the
genome of an uncultivated member of the maiirgroteobac-
terial SAR86 group collected from Monterey BaySoon
thereafter, new PR variants were identified at various marine
locations and deptits; including the cultivated marine bacteria
SAR113% which is possibly the most abundant bacteria on the
planet. And recently, shotgun sequencing techniques applied
to marine samples from a variety of ocean locations have
revealed that this protein family has an abundance far greater
than previously thought, with PR-gene sequences numbering
in the thousand%’ Proteorhodopsin is composed of a single
249-amino acid polypeptide chain with a native molecular
weight of 27 kDa, as determined by DNA sequehd¢@n the
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Figure 2. Representative aqueous absorbance spectra of the proteins
used in this study (CAPS buffer, pH 10). The optical densities have
been adjusted as needed for clarity. Suspending the proteins in poly-
(acrylamide) gels (spectra not shown) for the experiments resulted in
no modification of the absorption profile.

- tions concerning ease of production, diversity, and relative
stability. Because all PR to date has been expressed heterolo-

Figure 1. Approximate green proteorhodopsin (BAC31A8) photocycle gously inE. coli, larger quantities of the protein can be produced
and retinallmax in NM, based upon \fa et al*® There is a minimum of more quickly and efficiently than currently possible for BR,
four intermediates, but as many as seven have been regottietike which is of obvious importance for applications with commercial
the bacteriorhodopsin photocycle, there is no L state that can be o qiia) In addition, PR has proven to be a member of an
observed either kineticaltyor at low temperatures (in-house observa- . . . .

tions). The pRintermediate was identified kinetically and is analogous €Xtremely diverse family of proteins, with nearly 3000 naturally
at least in part to the BR O state (based on FTIR stéfésHowever, occurring variants already identifi€éd;*>> and promises to
unlike the BR O state, pRs spectrally indistinguishable from the pR  be just as flexible as BR from the standpoint of genetic
resting state. Similarly, only one M state is observed spectroscopically, modification. Last, detergent-solubilized proteorhodopsin ap-
although kinetic data are better explained by including two M stétes. pears to be as stable as BR in the purple membrane. In contrast,
BR’s stability is considerably reduced once removed from the
purple membrané? use of the solubilized protein could be
important in volumetric holographic and other optical applica-
tions where purple membrane patches will potentially introduce
light scattering, thereby degrading efficiency. PR-containing
films prepared in-house consistently scatter less light than
otherwise identical films prepared with BR (data not shown).
Liang and co-workers have recently presented evidence that
solubilized PR exists as a trim&rwhich may account for the
observed difference in stability as compared to detergent-
solubilized, monomerfé-5* BR; consistent with their observa-
tions, detergent-solubilized PR samples in our laboratory have

(across the cell membrane from the cytoplasmic side to the remained_viable for at Iegstayear, dgmqnstrat_ing no signific_ant
extracellular side upon light absorption), and a photocycle changes in spectral prc_)flle or photokinetics (with the exception
composed of several spectroscopically distinct intermediates® BPR E108Q, as discussed below). At present, a formal
(PR, K, M, and a red-shifted intermediate analogous to the BR comparison of the r_elatlve stabilities of the membrane-boun_d
N and/or O states, Figure 1). The Schiff base proton acceptorpmte'”s is not poss.lble pegause none of the proteorhodopsins
and donor in green proteorhodopsin are Asp-97 and Glu-108, "as been characterized in its native organism.
respectively (Asp-99 and Glu-110 in blue proteorhodopsin), In this paper, we present the experimental demonstration of
analogous to Asp-85 and Asp-96 in BR%5indicating that these  transient volume diffractive holography in thin proteorhodop-
proteins operate with similar mechanisms. Unlike bacterio- sin-polymer gels. Four types of PR were evaluated for these
rhodopsin, however, the primary photoproduct accumulated studies, including the wild-type green and blue proteins
during the photocycle at alkaline pH in both the wild type GPR (BAC31A8, accession no. Q9F7P4, and HOT75M1, accession
and BPR proteins is a red-shifted intermediate (similar to the no. AF349979), and their long M-state variants, GPR E108Q
BR N-state), while the M-state does not accumulate due to fastand BPR E110Q.
thermal decay%41-45If the proton donor to the Schiff base is
mutated to glutamine in either protein (GPR E108Q or BPR Materials and Methods
E110Q, both analogous to BR D96N), the yield and lifetime of
M-state is significantly improved. In these variants, nearly all ~ Purified proteorhodopsin was produced and purified as
the resting state can be photoconverted to M upon illumination. reported previousl§’:5! Representative spectra of the four
On the basis of the remarkable similarity of these proteins, it proteins are shown in Figure 2. A Millipore Centriplus
follows that the proteorhodopsins may have similar potential centrifugal filter tube (10000 MW cutoff) was used to
to bacteriorhodopin in device architectures, including holo- concentrate the protein at 3043 g for® h, to a final volume
graphic memory storage. Proteorhodopsin may have moreof about 20QuL. The concentrated protein was resuspended in
potential than bacteriorhodopsin based on several key observa2.5 mL of 100 mM 3-(cyclohexylamino)-1-propanesulfonic acid

more elusive goal, although approaches have included utilization
of the branched photocy&*” or irreversible photoconversion
into a permanent red-shifted state (F62Mlowever, high light
intensities and/or prolonged exposures are required for sufficient
photoconversion into a permanent st&teshich mandates the
use of large lasers in the optical layout. This requirement alone
precludes BR for commercial device applications, in the absence
of a suitably optimized variant. Although progress along these
lines is good??38:39exploration of other systems is warranted.
Proteorhodopsin has been shown to have photochemical
properties similar to bacteriorhodopgiff—2 including a com-
mon chromophore and structural motif, proton-pump activity
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Figure 3. Optical layout for the holographic interferometer. The green 520 nm shutter-controlled (SH) writing beam is split by the beam splitter
(BS) into two coherent beams of equal path length, which intersect at the sample film. The beams initiate photochemistry and interfere cpnstructivel
and destructively within the filrrthe resulting bright and dark fringes are recorded temporarily as a diffraction pattern. The 647 nm reading beam
intersects the film at the Bragg anglgx}. The intensities of the transmitted writing, reading, and diffracted beams are detected and registered by
a detector board made in-house. Diffraction efficiency is defined as the ratio of the diffracted beam intgntityhat of the transmitted read
beam,|r. The sample (inset) consists of the protein suspended in a poly(acrylamide) film, sandwiched between two BK7 glass discs with a 200
path length donut-shaped Teflon spacer.

TABLE 1: Compiled Diffraction Efficiency Data for GPR, BPR, and PR E108Q Variants

proteorhodopsin OD élna? C (mg/mLy 7 (MSy lw (MW/cn¥)d 74(MsF Nma (%0)
GPR (BAC31A8) 1.2 0.74 30 30 45 0.6
1.7 1.1 33 40 47 1.0
BPR (HOT75M1) 1.1 0.68 76 10 255 0.23
1.7 1.1 78 15 223 0.27
GPR E108Q 1.3 0.81 450 0.3 660 0.5
2.0 1.2 700 0.4 688 0.7
BPR E110Q 1.4 0.87 <100 1.5 1818 0.04

2 Retinal chromophorémax, 520 nm for GPR/GPR E108Q and 490 nm for BPR/BPR E1FR®ased ore = 43 500 cmi* M~ at Amay, MW =
27 000 g/mol.f Formation time atw. ¢ Combined writing laser intensity at 520 nm necessary to achjgye € Diffraction decay time upon removal
of 520 nm writing beams.Maximum diffraction efficiency achievable prior to grating saturation.

(CAPS) buffer, 1 mL of 40% acrylamide solution containing densities and protein concentrations for each film examined are
acrylamide andN,N'-methylenebis(acrylamide) in a ratio of 29:1  listed in Table 1).

(w/w), and 0.05 mL of tetramethylethylenediamine (TEMED) The optical layout for volume holography is shown in Figure
at a final pH at 10.0. The mixture was concentrated again as 3. A krypton-ion CW laser (Coherent, Innova 90 series, 520
described above. The pH was measured after centrifugation tonm) with an electronically controlled optical shutter (SH) was
ensure that it had remained constant. The solution was concenused to initiate writing. Shutter operation was facilitated by
trated further using a Millipore MicroCon centrifugal filter ~computer control. Following the shutter, the green laser beam
device (10 000 MW cutoff) in a Microfuge 18 centrifuge for ~Was divided into two equal coherent beams (50/50 beam splitter
an additional 30 min (13 000 g). The final volume wa420 (BS)), WhICh. were redirected through mirrors M3 and M4 to
uL. After degassing the solution 4 of 1% (w/w) ammonium an intersection plane at _the_ sample, thereby pr_qducmg an
persulfate were added to initiate polymerization, followed by Interference pattern. The incident angle of the writing beam,
rapid agitation. Before polymerization was complete, the bw, was 9.02. A second krypton-lon Iager (Coherent, !nnovg
solution was carefully transferred into a 2@én path length 300 series, 647 nm) provided the reading beam: the intensity

donut-shaped Teflon spacer (International Crystal Laboratories) of the reading beam_was set to be less than 0.1 mW‘°m
resting m a 1 in. diameter BK-7 glass disk substrate (Esco). avoid (_Jletector saturatlon.The_mmdent angle of the reading beam
The resulting film was quickly covered with another BK-7 glass ¢r satisfied the Bragg condition at 11.25

disk (Figure 3, inset); polymerization was typically completed Aw SIN@R) = Ag Sin(y) (1)

in several hours. The resulting assembly was placed into an

airtight, anodized aluminum retainer, designed and fabricated A andA are defined as the reading (647 nm) and writing (520
in-house. The final optical densities (OD) of the films were nm) wavelengths, respectively, and anglég énd ¢y) are
typically between 1.5 and 2.0, as measured for the retinal defined as in Figure 3, the incident angles of the reading and
chromophore peaks (520 nm for GPR, 490 nm for BPR); optical writing beams, respectively. The experimental diffraction ef-
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Figure 4. GPR diffraction data for 1.2 OD film at various writing  Figure 5. Dependence of diffraction efficiency upon total combined
intensities. Saturation starts to occur at writing intensities greater than writing intensity (of the two 520 nm actinic beams) for green

30 mw. proteorhodopsin (GPR, BAC31A8).
ficiency () is defined as the ratio of the intensity of diffracted  of the amount of the protein available for photoexcitation. As
beam to that of transmitted reading beam. expected, saturation effects are observed at the higher laser
powers, at which point the grating becomes nonsinusoidal as
7 =1pllg 2 the intensity of the actinic light is too bright for the resulting

photochemistry to be confined to the diffraction pattern interfer-

Automated system control and data collection was facilitated ence fringes (see the traces at 40 and 50 m\W/enFigure
by a QBasic program generated in-house. Shutter timing varied4) 19 All the proteins examined showed similar behavior (below),
as a function of the protein being evaluated. All the measure- with differences primarily in saturation level and rise and decay
ments were performed in dark and at room temperature withouttimes (see Table 1). The dependence of maximum diffraction
further temperature control. efficiency (7max) as a function of proteorhodopsin optical density

The Kramers-Kronig transformation was used to predictthe and total (combined) writing intensity is shown in Figure 5.
change in refractive index associated with phototransformation, Consistent with the observations described above, the maximum
and Kogelnik’'s coupled wave theory was then used to predict diffraction efficiency is limited by sample optical density
the resulting holographic diffraction efficiency (both as described (protein concentration), a photostationary state results at each
previously*#). Unfortunately, these techniques could only be combination of optical density and writing intensity, and the
applied to the long M-state variant proteins because a purehigher the writing intensity, the faster this state is achieved. In
spectrum of the intermediate responsible for generating diffrac- all trials, WT GPR shows the highest diffraction efficiency of
tion in the wild-type proteorhodopsins (the N-like state) could ~19% at 40 mW/crd from the 647 nm kryton ion line.
not be obtained without contributions from other states. Sup-  Unlike bacteriorhodopsin, the proteorhodopsin photocycle
porting Information on the background associated with these accumulates very little M state, even at alkaline {914

calculations is provided. However, a red-shifted intermediate comparable to the BR N
) ) and O states is produced in relative abundance late in the PR
Results and Discussion photocycle, absorbing maximally around 590 nm. Given the

Real-time, transient, diffraction was demonstrated for each Small amount of M produced in the native photocycle, this late
of the four proteins evaluated. Transmitted and diffracted beam red-shifted intermediate is likely to be responsible for the
intensities were detected by photodiodes, which recorded themajority of the observed diffraction in the GPR films. In order
full time-course of grating formation and decay. The diffraction to determine the nature of the active state, the thermal decay of
efficiency @) for each protein was calculated according to eq the observed diffraction efficiency was examined upon discon-
2 and is used herein as an indicator of holographic quality of tinuing the writing/actinic beams. In volume diffraction, when
the various PR films. n < 1, the diffracted beam intensity is proportional to the square

Green-Absorbing Proteorhodopsin (GPR, BAC31A8). of the population of the interr_nedia%é.55 If there is only one
Typical real-time diffraction data for a wild-type GPR sample active state contrlbut}ng to dlffractlon pattern formation, the
with an optical density (OD) at 520 nm of 1.2 are shown in thermal decay of the intermediates can be expressed as a first-
Figure 4 for a variety of actinic laser powers (i.e., writing beam order reaction with the lifetime.
intensities). Upon exposure of the PR film to the 520 nm actinic
beams (shutter open), the diffraction efficiency rises exponen- n(t) 0 expg(—t/) 3)
tially on a millisecond time scale, until it reaches a plateau
characteristic of the writing power. Rise time is a function of Equation 3 relates the observed signgt), the diffraction
total laser intensity and sample optical densitygher intensities efficiency at timet) to the lifetime of the photoactive state. Given
result in faster formation of diffraction patterns (i.e., more a single photodiffractive state, a single-exponential fit function
protein can be photoconverted simultaneously), while higher should be able to describe the observed decay. A double-
optical densities show the opposite trend (a larger amount of exponential fit would support the possibility of two states
photoconversion is necessary to establish the grating). Cessatiorwontributing to the diffraction pattern (i.e., the red-shifted
of the writing beams (shutter closed) results in an exponential intermediate with a contribution from the M state). Application
decay of the diffraction pattern as a function of the lifetime of of eq 3 to both the green and blue proteorhodopins investigated
the diffracting state. The diffraction efficiency, increases with resulted in first-order decays, indicating that either the red-
both total writing intensity (the sum of two writing beam shifted state is the only intermediate involved in the holographic
intensities) and protein optical densitihis is a simple reflection recording process or the contribution of M state is too small to
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writing intensities. Saturation is seen at writing intensities greater than total writing intensities. Although the diffraction efficiency is compa-
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observe a multiexponential thermal decay. The lifetime shows

no dependence on either the total writing intensity or the

concentration of the protein (Table 1), averaging 46 ms for GPR.

Interpretation of this lifetime is somewhat difficult on the basis

of literature values. It is comparable to the decays of the red-

shifted intermediates as reported by Friedrich et?ahnd
Dioumaev et af! (ranging from~40 to 45 ms in both studies,

rable to that produced by the wild-type protein, the maximum is
achieved at intensities 2 orders of magnitude lower.

protein, the green 520 nm line will photoexcite GPR better than
BPR (@max 0f 520 nm vs 490 nm, respectively), and the 647
nm line might not be a good match for the wavelength-
dependent profile of BPR diffraction efficiency. Just as observed
for GPR, very little M state accumulates in the BPR photocycle,
indicating that the later and more abundant red-shifted inter-

presented here as the sum of the individual lifetimes reported mediate (N/O-like state) is most likely responsible for generating

for the primary late-photocycle red-shifted kinetic components)
but considerably different than that reported by&/@~19 ms)*°
Both Dioumaev and W& identified long-lived time contants
of 153 and 230 ms, respectively, for re-formation of the PR
resting state (pH 9.5). \fa attributed this state to a spectrally
silent PR state (520 nm, Figure 1) similar to the BR O state.
Varo6 also identified a 43 ms lifetime for the red-shifted PR K
state, which conceivably could contribute to the diffraction in

diffraction. In fact, given that diffraction in both wild-type

proteins originates from a red-shifted state, the 520 nm write
beam might partially be absorbed or initiate unwanted photo-
chemistry, thereby degrading the grating. As for GPR, analysis
of BPR using the KramersKronig and Kogelnik equations was

not possible because no spectrum of the N-like photoproduct
could be generated; all attempts resulted in spectra that had
contributions from the M and perhaps even the K states (low-

Figure 4, although one would then expect a multiexponential temperature studies, data not shown). Applying eq 3 yields a

diffraction decay with components from all the red-shifted
intermediates (i.e., K and N/O), resulting in a longer lifetime

single-exponential decay with the lifetime of the red-shifted
diffracting state calculated to be 255 ms, roughly 6 times slower

than observed here. The K state was determined to be on ahan observed for GPR but faster than has been previously

microsecond time scale by both Friedrich and Diountdé¥.

reported. (Wang et al. reported recovery of the BPR resting state

These discrepancies might be attributed to sample preparationas a function of decay of the O-like intermediate to be a full

while the first two studies used solubilized protein (as done
here), the Ved study employed PR ifE. coli membranes.
The observation that in proteorhodopsin diffraction likely

originates from the N/O state is in contrast to bacteriorhodopsin,

where diffraction under identical conditions results from the

order of magnitude slower than GP®R Sample preparation may
account for the discrepancy, as the solubilized protein is used
herein, and the aforementioned study used BPREincoli
membranes.

GPR E108Q and BPR E110Q The GPR E108Q and the

M-state. As mentioned above, pure spectra of the red-shifted BPR E110Q variants are equivalent to bacteriorhodopsin D96N

N-like state could not be obtained for either of the wild-type
proteins without a contribution from the M state. Therefore,
theoretical prediction of diffraction efficiencies through the
Kramers-Kronig and Kogelnik equations was not possible.

and similarly exhibit strongly prolonged M-state lifetimes. Like
BR Asp-96, these residues operate as the primary proton donors
to the Schiff base in their respective proteins. Mutation of this
residue to asparagine (N) in BR greatly reduces the rate of

However, such treatments are provided for the GPR E108Q andproton transfer, thereby prolonging the lifetime of the blue-

BPR E110Q variants below.
Blue Absorbing Proteorhodopsin (BPR, HOT75M1).Blue

shifted M state. BR D96N has been evaluated extensively for
transient holographic applicatio#s8-20.22.56.57and as such, the

proteorhodopsin has a longer photocycle than GPR or BR, and.equivqlen.t mutations in blue and green proteorhodopsin bear
there is evidence to suggest that it may act in a photosensoryinvestigation.

capacity*>51 Figure 6 shows the diffraction that resulted from
a wild-type BPR film with an optical density of 1.7 (490 nm).
The traces typically exhibit similar behavior to GPR, although

Figure 7 shows the rise and decay of the diffraction efficiency
5 for a 1.3 OBy film of GPR E108Q. As compared to wild
type GPR, both formation and decay of the diffraction grating

saturation is reached at much lower laser powers. Compared tooccur about 10 times slower (see Table 1). Furthermore, the

WT-GPR, WT-BPR needs only 280% of the laser intensity
to achieve maximum diffraction efficiency at a similar optical
density. However, the resultingmax is reduced to~0.23%,
roughly one-quarter of that observed for WT-GPR (Figure 4).
A possible explanation for this difference is use of identical
writing and reading wavelengths for both proteitibe Krypton

ion 520 and 647 nm lines may not be suitable for the blue

protein is much more sensitive to light-50x), requiring
dramatically reduced writing intensitie®nly 0.5 mw/cn? or

1% of the intensity to generate thygax in GPR. Whereas the
wild-type protein required 20 mW/chto achieve an efficiency

of 0.5% (1.2 OD sample), only 0.4 mW/énwas required for
E108Q (at 1.3 OD). The M-state lifetime of GPR E108Q is
better than 20 times longer than WT-GPR (Table 1, fit data not
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Figure 8. Wavelength dependence of the holographic diffraction u‘o- =
efficiencies for (a) BR D96N and (b) GPR E108Q based on the e L e e e
Kramers-Kronig transform and the Kogelnik equations. The calcula- 300 400 500 G600 700 800 900
tions are carried out assuming an optical density of 5 at the 280 nm Wavelength (nm)

protein peak and 50% photoconversion from the resting BR/PR state Figure 10. Wavelength dependence of the holographic diffraction
to M. Plotted as a function of wavelength, data for absorbance, the efficiency for BPR E110Q based on the Kramekgonig transform
change in refractive index\, thex-axis for this data has been shifted  and the Kogelnik equations. See explanation in the caption for Figure
by +0.5 for clarity), and the diffraction efficiency;, are normalized g, The analysis is carried out by assuming that the resting state is pure
to their maximum values. The total diffraction efficiency is plotted along  BPR and the photochemically induced (blue) state is an equal mixture
with its absorption and phase contributions; note thiatalmost entirely of the M state and the resting state (BPR). Just as for GPR E108Q, the
dominated by the phase component. Although D96N is capable of gjffraction efficiency is dominated by the contribution from the phase
higher diffraction efficiency, GPR E108Q requires lower writing  component.

intensities to achieve comparable diffraction efficiencies. The analysis

is carried out by assuming that the resting state is pure bR (or PR) andy| samples tested. Using the methods described earlier, it is
tsqgtgrg’rfgctu‘:?'ecs:gg";?gée?bg’lgf)ljﬁ‘;‘te is an equal mixture of the M oqimated to be ca. 1800 ms, which is 3 times longer than
' observed for GPR E108Q (Table 1).
shown) and is well described by a single exponential (although There are a number of plausible explanations for the poor
previous studies have indicated up to three components of thediffraction reflected in the traces shown in Figure 9. A possible
M state in this variari). And just as observed for the wild-  cause is the extreme sensitivity exhibited by the sample, which
type protein, faster formation times result from higher writing might degrade the integrity of interference fringes (i.e., reduce
intensities, while increased optical density slows formation of the grating contrast). Photoexcitation at 520 nm is 30 nm off-
the diffraction pattern. Figure 8 illustrates the Kramesonig resonance from the BPR 490 nipax although this loss in
and Kogelnik transforms for both GPR E108Q and BR D96N efficiency is likely to be minimal.
(see discussion below). Given the 647 nm reading wavelength, The Kramers-Kronig and Kogelnik analyses for BPR E110Q
a diffraction efficiency of~1.3% should result for a film with shown in Figure 10 predict that the diffraction efficiency should
an optical density of 5 at 280 nm (@E ~ 1.7). The measured  be about 1.7% at 608 nm and close to 1% at 647 nm (fogs@D
value for an Ol 2 film is 0.7% (Table 1), a difference of  of 5, ODygp ~ 1.9). It is worth noting that the 647 nm reading
46% from the predicted value. wavelength is a better match for the BPR E110Q than for the
In contrast to GPR E108Q, the equivalent variant for blue- equivalent GPR mutation, which is predicted to diffract best at
absorbing proteorhodopsin shows poor holographic properties,598 nm. Although the predicted diffraction efficiency is lower
characterized by a very low diffraction efficiency and a low than that of GPR E108Q (Figure 8b vs Figure 10), the difference
signal-to-noise ratio (Figure 9). As expected, BPR E110Q between theory and experiment is striking. While the comparison
exhibits a much slower response than the wild-type blue protein for GPR E108Q detailed above revealed a 46% difference, the
and a far greater sensitivity. The observed sensitivity is about gap between theory and experiment for BPR E110Q is much
an order of magnitude greater than the wild-type protein, as larger, approximately an order of magnitude smaller than might
7max IS achieved with only about a tenth of the laser power have been expected, even when the absorbance difference at
required for BPR (Figure 6). However, the measured diffraction 280 nm is considered (Table 1, 1.4 @Bfilm, 7max= 0.04%).
is about an order of magnitude lower, never exceedifd4% The source of this discrepancy is not clear but most likely is
in a 1.4 ODgyo film, and the resulting grating is not stable. The the result of incomplete photoconversion; the Kramé¢sonig
lifetime of the E110Q BPR photoactive state is the longest of analysis assumes 50% of the protein in the M state. The lack
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of contrast between fringes in the grating could result from poor diffraction originating entirely from M (studies in progress).
photoconversion, light scattering, or problems with sample Both proteins exhibited single-exponential decays of the dif-
preparation. To confirm that the anomalous measurementfraction grating indicating that only the red-shifted N-like state
originates from the sample and not the optical layout (e.g., contributed to its formation. If the M state from either protein
problems with sample alignment, etc.), the wild-type GPR film contributes to grating formation, the effect is too small to be
was reexamined and yielded values consistent with thoseobserved. It should be noted that the 520 nm writing beam used
previously measured. In-house observations indicate that bothin these experiments, while a sound choice for photoexcitation
the wild-type blue proteorhodopsin and the E110Q variant are of both GPR and BPR may degrade diffraction efficiencies in
particularly sensitive to sample preparation. Drift in pH and these samples by driving the N-like state back to the respective
sample age can radically alter the protein’s properties green and blue pR resting states (GPR ‘“Wax = 560 nnt0
preliminary results indicate that a drop in pH from 10 to 9 can and BPR “N” Amax > 500 nm from in-house observations and
inhibit M-state formation, especially in older samples (data not Wang et al®). Dioumaev et af! and Vao et al#® both report
shown). The grating instability at all writing powers is a that formation of the N-like state is reversible, although it is
reflection of the poor signal-to-noise ratithe variation evident not specified whether this state is photoactive. The safest
in Figure 9 is of the same magnitude as the noise levels in approach to future experiments would be to select an actinic
Figures 4, 6, and 7 and might be due to simple light scattering wavelength to the blue of the PRyax
in the poly(acrylamide) matrix. Once the shutter closes and  f the four different PR samples, WT GPR produces the
blocks the writing beams, grating decay is well behaved, pighest diffraction efficiency but also requires the highest writing
reflectmg the fact that unlike grating formation, decay is not a intensity. GPR E108Q has the second highest diffraction
dynamic process (Figure 9). . . efficiency and proved to be far more sensitive, requiring a

There are several factors that might explain the gap betwee”writing intensity to reachymax of only 1/100th of that needed
the theoretically predicted and observed diffraction efficiencies o, WT GPR. Becausemax generated from GPR E108Q is
for both proteins. Incomplete photoconversion will cause a comparable to WT, but produced with far lower actinic
deviation from ideal behavior, i.e., if insufficient M state is intensities, this protein may prove to be competitive as a
formed during grating formation. As mentioned above, the ansient holographic medium. The blue absorbing wild-type
theoretical analysis in Figures 8 and 10 assumes a 50%gng E110Q proteorhodopsins did not perform nearly as nicely
photoconversion. While poly(acrylamide) is an excellent host o¢ their green analogues, with the latter performing the most
for proteins, it is not a high-quality optical matrix and might poorly in the group. WT BPR required about one-third to half
scatter sufficient light to degrade_the diffractipn grating. of the actinic intensity required for GPR but produced a
_Furthermore, thg prolonged M states in these proteins may reSU|tproportionaIIy lowymax at a given optical density. And contrary
in reduced grating contrast if stray or scat_tered light produces to the GPR pair, where E108Q was found to be superior, BPR
unwanted photoconversion to M across fringes. E110Q performed worse than the wild type withax nearly

i an order of magnitude lower (Table 1). On the basis of these

Conclusions results, it would seem that the BPR proteins are not suitable

Diffraction efficiency is a critical benchmark of the quality ~candidates for optical applications.
of a holographic material. With respect to holographic memory  The question naturally arises as to whether proteorhodopsin,
storage, a highey translates into a better signal-to-noise ratio in general, is a better candidate for device applications than
and a reduction of data loss. Diffraction efficiency is also related bacteriorhodopsin. Although it is too soon to answer this
to the maximum data capacity of a given volume of multiplexed question unambiguously, a few points are worth noting. The
holographic media (dynamic range or M¥#-storage of differences in apparent stability and ease of production between
multiple interference patterns through angular multiplexing these two proteins have been discussed above; all proteorhodop-
inevitably reduces the of previously stored data, so a higher sins evaluated in the literature thus far (with the exception of
n translates into greater storage density. that from Pelagibacterstrain HTCC1062%° and several fla-

The discovery and ongoing characterization of the marine vobacteri&®) have been produced heterologouslyincoli and
proteorhodopsins present the opportunity to evaluate theseas such can be produced much faster and in much higher yields
photoactive proteins for the same technologies targeted forthan bacteriorhodopsin frorklalobacterium salinarum(BR
bacteriorhodopsin. In this work the volume holographic dif- expressed heterologously behaves differently than wild type).
fraction efficiencies of four different proteorhodopsins are And detergent-solubilized, trimef€PR may result in higher
measured, including WT GPR and BPR, as well as their quality optical materials that scatter light less than those
respective mutations E108Q and E110Q, and it is demonstratedcontaining purple membrane (although this has not proven to
for the first time that these proteins can be used as real-time be a serious limitation for membrane-bound BR). With respect

holographic materials. to whether GPR E108Q is superior to BR D96N, several factors
The wild-type green and blue proteorhodopsins form diffrac- bear consideration. E108Q will probably never match the
tion gratings readily with maximum observed efficiencigs4) maximum possible diffraction efficiency of D96N due to the

of about 1% and 0.3%, respectively, for 1.7 OD films. In smaller difference idmax between the PR resting and M states
contrast to bacteriorhodopsin, however, diffraction from both (~120 nm vs~160 nm for BR). This assertion is supported by
GPR and BPR occurs from a late photocycle red-shifted the Kramers-Kronig and Kogelnik analyses for the two
intermediate analogous to the BR N or O state. This conclusion proteins, shown in Figure 8. However, GPR E108Q requires
is based on the low relative yield of M in these proteins approximately +2 orders of magnitude less power than D96N
(compared to BR) at moderately high pH (9B0)*0:4345as well for writing a hologram (intensities of 010> mW/cn? are

as in-house photokinetic characterizations. Although not at- typically reported for D96R$19222528 which may make it a
tempted here, elevation of the pH over 12 substantially increasesbetter candidate for some architectures. Furthermore, molecular
the yield of the PR M state at the expense of the N sthses biology techniques may be able to improve diffraction ef-
such, transient holography at that pH may well occur with ficiency.
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