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Final Report 

A. Statment of Problem 

The Army requires high performance optical devices to meet diverse 
requirements in such areas as fire control, target recognition, laser eye 
protection and communications.  Present devices are limited by the 
availability of photonic materials.  To meet this need for photonic materials 
that have superior photochromic, photoelectric, or nonlinear optical (NLO) 
characteristics, we have been developing a new family of materials based on 
the protein bacteriorhodopsin (BR).  This is a unique biological material 
which has promising photonic properties needed for diverse device 
applications such as: optical holographic memorv (1), artificial photoreceptors 
(2), optical switches and frequency doublers (3). Genetic methods are used to 
produce these new BR based materials. The major objectives of this program 
are to gam insight as to how amino acid substitution affects photonic    ° 
properties and to use these insights to identify which BR mutants have the 
most useful photonic properties. 

B. Summary of the Most Important Results 

a. Development of materials with increased O lifetime 

In this endeavor I also worked with Janos Lanyi of the University of 
CaliTornia at Irvine and Akio Maeda of Kyoto University. 

A central concern was the nature of the 0 intermediate in the 
ph°S 0T bacteriorhodopsin.  This is important since two states P(490nm) 
and Q(380nm), are accessible from the 0 state; these states are of great 
interest to holography and data storage since they are very long-lived and 
convertible. The large wavelength shift between 0 and P and P and Q is also of 
great value.  Various schemes using these states for these purposes have 
appeared in the literature since these states were described by Hampp a few 
years ago.   Nevertheless, practical utilization of their properties has not been 
obtained since the conversion of 0 ->P->Q occurs with a very low quantum 
yield. Tne obvious first approach towards developing practical P and Q based 
materials for holography is to attempt to increase the lifetime of 0. 

of =II th    ♦ ♦ Ourphysicai understanding of the 0 state is perhaps the weakest 
of all the states or the photocycie.  0 is formed in the last step of the photocycle 
frnm n° red'sh,Tted state-  The recovery of the bacteriorhodopsin ground state 
rrom u requires the loss of a proton from the acceotcr of the Schiff base proton 
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D85 and the gain of this proton by a residue, X, which serve   a    he release 
group for the proton on the extracellular side in the next photo^de   F^üowng 
clue provided by the work of Ebrey and Balashov, we showed tha X was E204. 

was then logical to assume that if E204 was mutated to an amino acd that 
could not accept a proton-say E204Q~then the life >m^ 0 ^ ^ 
increased   This was indeed the case, and we published a paper detailing 
these results (Biochem. 35:4054-62, 1996). 

We have also measured proton release into the medium after 
proton transfer from the retina. Schiff base to Asp85 in the P^rc«^nd f C 

- 0 stretch bands of carboxylic acids in wild type bactenorhodopsm and the 
E204Q   nd E204D mutants. In E204Q, but not in E204D, the normaI proton 
rptase is absent Consistent with this, a negative band in the Fourier 
trtns orm infrared difference spectra at 1700 cm-1 in the wild type, which we 
now attribute to depletion of the protonated E204, is alsc-absent in, E204Q. In 
E204D this band is shifted to 1714 cm-1, as expected from the higher 
frequency for a protonated aspartic than for a glutam.c acid. Consis enwith 

er   nein from "protonated carboxyls, the depletionbands ,r.the> w d type and 
F904D shift in D20 to 1690 and 1703 cm-1, respectively. In the protein 
structurfG,u204 seems to be connected to the Schiff'base W™»£™ of 
hvdroaen-bonded water. As with other residues closer to the Schitt base, 
eYp aofmen° of Glu204 with glutamine ohanges the O-H stretoh freque oy of 
J bound water moleoule near Asp85 that undergoes ^rose^ond ng 
rhance in the photocycle. The results theretore identify Glu204 as AM. me 
earner posted residue that is the source of the released proton dunnthe 
Snspoh and suggest that its deprotonaticn is triggered by the protonation of 
Asp85 through a network that contains water dipoles. 

It was also important for us to examine the nature of the O state 
so that we could obtain additional clues about how to make long O state 

materials. 

In the bacteriorhodopsin photocycle the recovery of the initial BR 
state from the M intermediate occurs via the N and O intermechates. The 
molecular events in this process include reprotonation of the Schff base .nd 
the subsequent uptake of a proton from the cytoplasmic side, as well as 
eisomenzation of the retinal from 13-cis to all-trans. We have studied the 
SSics of the intermediates and the proton uptake. At moderatelyMow pI ttle 
of the N state accumulates, and the O state dominates in the reacts that 
lead from M to BR. The proton uptake lags behind ^e formatieri of O 
suggesting the sequence N(0)<==>O(0) + H+ (from the bulk ^^T 
(to the bulk) where the superscripts indicate the net protonation state or the 

ro!efn relalive to BR. Together with a parallel study of ours at moderate y high 
pH. these results suggest that the sequence of proton upt**™*™ tonal 
reiscmenzation depends on PH: at low pH the .^"°^N

and ° 
accumulates, but at high pH the isomerization is delayed and therefore N 
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accumulates. Although this model contains too many rate constants for 
rigorous testing, we find that it will generate most of the characteristic pH- 
dependent kinetic features of the photocycle with few assumptions other than 
pH dependency for protonation at the proton release and uptake steps 

Another approach towards understanding the nature of the 0 state 
was to use diffraction determine the structure of the preceeding state N. 

X-ray diffraction was used to determine the sturcture of the N 
intermediate. We used a mutant in which large amounts of N accumulate.  The 
difference Fourier map revealed a major change near helix F.  However the 
structure of N is essentially the same as that of the preceeding state M, despite 
the differences in the protonation state of the Schiff base. The observed 
structural chage near helix F will increase access of the Schiff base and Asp-96 
to the cytoplasmic surface and facilitate the proton transer events that begin 
with the decay of M. 

Using both our identification of the proton leaving group as E204 
and our increased understanding of 0 structure and kinetics we made several 
bacteriorhodopsin mutants in which the  0 lifetime was considerably 
increased.  This rational synthesis has been successful and we have been 
able to increase 0 lifetime from msec to 10's of seconds. 

b. Development of materials with increased M lifetime 

These results were reported in our previous Progress Report and 
are only briefly presented here. 

Previous work, by other investigators, had shown that removal of 
the proton donor Asp 96 (D96) -> Asn 96 (D96N) greatly increases the lifetime 
of M. Through a close collaboration with J.  Lanyi at UC Irvine we explored in 
more detail the mechanism by which the Schiff base is reprotonated from the 
cytoplasmic surface.  It was determined that Thr 46 and Asp 96 together 
mediate proton transfer from the cytoplasmic surface to the Schiff base.  One 
mutant, T46V, was found that accelerated the deprotonation of asp-96 while 
hindering or slowing proton uptake from the cytoplasmic surface.  We 
proposed that the T46V substitution would retard M decay when it is a second 
mutation to D96N, even though it accelerates M decay as a single mutation. 
This was indeed the case, and the M decay is about 6X slower in T46V/D96N 
than in D96N. To our knowledge this is the first time that a nontrivial property of 
a BR mutant has been successfully predicted. 

We have made other mutants of bacteriorhodopsin in which the 
yellow color is stable for more than three days.  These films are used to record 
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holograms in real time since they have high resolution (i.e., more than 5000 
lines/mm) and develop instantly (i.e.,less than 1 msec).  In collaboration with 
MetroLaser (Irvine, CA) we have used these novel materials to: 

1. Produced thick films with BR. 
2. Record and reconstruct high quality holographic images in a 
long lifetime, erasable material (lifetime of over 3 days). 
3. Made the firest demonstration of reflection mode, wavelength 
mulitplexed data storage in a volumetric bacteriorhodopsin 
material. 
4. Made the first demonstration of bacteriorhodopsin base real- 
time holographic interferometer. 
5. Demonstrated the concept of continuous, realtime double 
pulsed holographic interferometry using BR. 

c. Investigation of the suitability of halorhodopsin as a photonic 
material. 

Halorhodopsin is an inwardly directed chloride pump whose 
structure is highly homologous to that of bacteriorhodopsin.   Indeed we have 
been able to convert bacteriorhodopsin to a chloride pump with a single amino 
acid substitution.  It was therefore of interest to explore its properties as a 
possible alternative photonic material. 

The light-driven chloride pump, halorhodopsin. is a mixture 
containing all-trans and 13-cis retinal chromophores under both light and dark- 
adapted conditions and can exist in chloride-free and chloride-binding forms. 
We resolved the multiple photochemical reactions by determining flash- 
induced difference spectra and photocycle kinetics in halorhodopsin-containing 
membranes prepared from Halobacterium salinarium, with light- and dark- 
adapted samples at various chloride concentrations. Careful examination of 
the flash-induced changes at selected wavelengths allowed separating the 
spectral changes into components and assigning them to the individual 
photocycles. According to our results, a substantial revision of the photocycle 
model for H. salinarium halorhodopsin, and its dependence on chloride, is 
required. Unlike in the earlier models, no step in this photocycle was noticeably 
affected when the chloride concentration was varied between 20 mM and 2 M in 
an attempt to identify a chloride-binding reaction. 

In N. pharaonis halorhodopsin the chloride binding site also 
binds azide.  When azide is bound the Schiff base deprotonates after light 
absorption.  This azide dependent photocycle results in active proton transport 
in the cytcplasmic to extracellular direction. We conclude that azide fulfills the 
same role in this halorhodopsin as Asp-35 does in bacteriornodopsin. 
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Although halorhodopsin is normally a chloride pump, it seems to have all the 
structural requirements-except for an internal proton acceptor and donor-of a 
proton pump. This result complements our earlier finding that the replacement 
of Asp-85 in bacteriorhodopsin with Thr converts bacteriorhodopsin to an 
inwardly directed proton pump. 

N. pharaonis halorhodopsin contains a red shifted intermediate 
that may be useful for photonic applications. We are now exploring the 
properties of mutant halorhodopsin. 

C. List of All Publications and Technical Reports 

1. L. Zimanyi, Y. Cao, R. Needleman, M. Ottolenghi and J.K. Lanyi. Pathway of 
Proton Uptake in the Bacteriorhodopsin Photocycle. Biochemistry 32:7669- 
7678, 1993. 

2. Y. Cao, LS. Brown, R. Needleman, and J.K. Lanyi. Relationship of Proton 
Uptake on the Cytoplasmic Surface and the Reisomerization of Retinal in the 
Bacteriorhodopsin Photocycle: an Attempt to Understand the Complex Kinetics 
of the pH Changes and the N and 0 Intermediates. Biochemistry 32:10239- 
10248, 1993. 

3. A. Maeda, J. Sasaki, Y. Yamazaki, R. Needleman and J.K. Lanyi. Interaction 
of Aspartate 85 with a Water Molecule and the Protonated Schiff base in the L 
Intermediate of Bacteriorhodopsin; a Fourier Transform Infrared Spectroscopic 
Study.  Biochemistry 33:1713-1717, 1994. 

4. J. Sasaki, J. K. Lanyi, R. Needleman, T. Yoshizawa, and A. Maeda. 
Complete Identification of C==0 Stretching Vibrational Bands of Protonated 
Aspartic Acid Residues in the Difference Infrared Spectra of M and N 
Intermediates versus Bacteriorhodopsin.   Biochemistry 33:3178-3184, 1994. 

5. N. Friedman, S. Druckmann, J. Lanyi, R. Needleman, A. Lewis, M. Ottolenghi, 
and M. Sheves The Retinal Protein Covalent Bond in Bacteriorhodopsin is not 
Requred for Forming a Photochemically Active Pigment Analogous to the Wild 
Type.  Biochemistry 33:1971-1976, 1994. 

6. L.S. Brown, L. Zimanyi, M. Ottolenghi, R. Needleman and J.K. Lanyi. 
Photoreaction of the N Intermediate of Bacteriorhodopsin and its Relationship 
to the Decay Kinetics of the M Intermediate. Biochemistry 32:7679-7685, 1993. 

7. L. S.Brown, Y. Gat, M. Sheves, Y, Yamazaki, Y., A. Maeda, R. Needleman, and 
J. K. Lanyi The Retinal Schiff Base-Counterion Complex of Bacteriorhodopsin: 
Changed Geometry during the Photocycle is a Cause of the Proton Transfer to 
Asparatate 85. Biochemistry 33:12001-12011, 1994. 



REPORT DOCUMENTATION PAGE (SF298) 
(Continuation Sheet) 

bactenorhodopsin photocycle.  Biophys. J 69 2103-2111   1995 9 

bacteriorhodnnln R   l^"131 °"methyi group in the L intermediate of oactenorhodopsin. Biochemistry 34:577-582. 1995. 

M ' NsSedlemr'RV?ndGj' FT* T*J" Ka"d°ri' H" Maeda'A- She"ss. 

bactenorhodopsin photocycle.   Biochemistry 34:12903-12911 ^995 

Raao TTJSS' Hatf oka' M- Kand0ri' H- Sasaki' J> Jan Karstens W F 

347^88 7093 'iSSS6 L intemledia,e °f bac<e**°«°P^  Bioch« 

14. H. Kamikubi, Kataloka, M   Varo G   Okp T  Tmma«« c   M    _,, 

Bactenorhodopsin. Bio-chemistry 35: 4054-4062, 1996. 



REPORT DOCUMENTATION PAGE (SF298) 
  (Continuation Sheet) 

18. K. C. Hsu, Rayfield, G. W., and Needleman, R. Reversal of Surface Charge 
Asymmetry in Purple Membrane Due to Single Amino Acid Substitutions 
Biophys. J. 70:2358-2365, 1996. 

19. G. Varo, Needleman, R., and Lanyi, J. K. Protein structural change at the 
cytoplasmic surface as the cause of cooperativity in the bacteriorhodopsin 
photocycle.  Biophys. J. 70:461-467. 1996. 

D. List of AM Participating Scientific Personnel 

Richard Needleman Prof of Biochemistry and Molecular Biology 
George Rayfield Prof of Physics 
Li Sun Research Asst. 
Qin Liu Research Asst. 
K C. Hsu Graduate Student 
P. K. Schmidt Graduate Student 


