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  SUMMARY 

 

There are two contributions of this thesis.  In the first part and bulk of the thesis (the 

first six chapters) our studies are aimed at the relationship between the protein packing 

structure of bacteriorhodopsin (bR) and its function as a proton pump.  In 2002, a novel 

crystallization method published by Bowie and Farham1 resulted in an unusual 

antiparallel monomeric packing structure of bicelle bacteriorhodopsin (bcbR) crystals, the 

spectroscopic properties of which had not been studied.  In this thesis, these ‘bicelle bR 

crystals’ are investigated to better understand how the changes in the protein tertiary 

structure affect the function.  Specifically: Does the retinal Schiff base retain its ability to 

isomerize in this unusual protein packing structure of bR?  How is the hydration of its 

binding pocket affected?  Does the protein retain the ability to undergo the photocycle 

and pump protons?  If so, how are the rates of the deprotonation/reprotonation of the 

Schiff base affected by the antiparallel monomer packing structure of the protein?  Is 

Asp85 still the proton acceptor during the deprotonation process of the photocycle?  In 

this work, visible, Raman, FTIR, and single-wavelength transient absorption 

spectroscopy (flash photolysis) have been used to answer these questions. 

The first chapter of this thesis provides an introduction to the structure and function 

of the purple transmembrane protein bacteriorhodopsin (bR) of the organism 

Halobacterium salinarium, detailing the spectroscopic characterization of the photocycle.  

The protein was first characterized by Oesterhelt and Stoeckenius2 in 1971 and has been 

studied for over thirty years.  The bR packing structure resulting from the in-cubo 

crystallization method for bR, first published by Rosenbusch and Landau in 1996, is 
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introduced later in this chapter.  In their crystals, the parallel trimer protein packing motif 

of native bR is preserved, and the photocycle kinetics is practically unchanged from that 

of native.3  In contrast, the bcbR crystals studied in this thesis have an antiparallel 

monomer packing structure.  How will this affect the function of bR crystallized in this 

way? 

The second chapter of the thesis details all experiments attempted during the course 

of this work.  It begins with discussing the details of the synthetic method to duplicate the 

bcbR crystallization method in our labs, as well as the modified synthesis method which 

gave us the larger bcbR crystals that were used for further spectroscopy.  The 

experimental details of each successful experiment are provided again in the following 

chapters that address the questions at hand. 

Chapter three discusses the ability of the retinal Schiff base of the bcbR crystals to 

isomerize upon exposure to light.  It is observed that the retinal Schiff base within the 

bcbR crystals is still photo-responsive; reversible changes in the absorption maximum 

upon exposure to light illustrates that the light-dark adaptation processes are still taking 

place.  The visible absorption spectrum of hydrated, light-adapted single bcbR crystals is 

compared to that of hydrated, light-adapted native bR to better understand the hydration 

environment of the retinal Schiff base binding pocket within the bcbR crystals.  From 

these studies, it is concluded that the band broadening in single bcbR crystals relative to 

native bR is due to a difference in hydration environments among the various retinal 

binding pockets within the bcbR crystals, a characteristic shared in the cbR crystals.  

Finally, experiments are described that show that the deprotonated retinal Schiff base of 

the bcbR crystals can be formed photochemically (not thermally) and is ‘trapped’ by 
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dehydration.  In these visible and Raman spectroscopy experiments, it was shown that it 

is possible to ‘trap’ the deprotonated retinal Schiff base if the bcbR crystals are dried 

under exposure to either broad band light, or 514 nm laser excitation.  Raman and visible 

spectroscopy performed on bcbR crystals that are dehydrated in the dark do not result in 

the previously-observed deprotonated Schiff base, thereby confirming that retinal Schiff 

base deprotonation is a photochemical process, not simply the product of a thermal 

deprotonation of the parent species.  A manuscript based on the work described in this 

chapter has been accepted for publication by Photochemistry and Photobiology. 

Chapter four discusses the use of Raman microspectroscopy on single hydrated bcbR 

crystals using the 514 nm incident wavelength in an attempt to detect bands belonging to 

the M intermediate.  In Chapter three, dehydration under broadband light was used as a 

means to both create and trap the M intermediate in the bcbR crystals.  In this chapter, the 

focus is on the formation of the M intermediate in hydrated single bcbR crystals.  From 

these studies, Raman bands belonging to both the parent and the M intermediate are 

observed in the hydrated bcbR crystals.  To demonstrate that the new bands appearing are 

actually due to the photochemical formation of the M intermediate and not simply due to 

resonance enhancement of a thermally formed M analogue, Raman band intensities were 

monitored as a function of 514 nm laser power.  In these studies the intensities of the 

Raman bands increased nonlinearly with the increasing laser power, confirming that in 

the hydrated bcbR crystals the M intermediate is being formed photochemically. 

Chapter five discusses the use of single-wavelength transient absorption spectroscopy 

(flash photolysis) to monitor the rise and decay kinetics of the M intermediate in bcbR 

crystals in both H2O and D2O.  In these studies, the M intermediate rise time in bcbR 
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crystals is found to be faster compared to that of native bR and cbR crystals, with a decay 

time that is much slower than in these other two forms of bR.  Possible explanations for 

these observations are given.  Data contained within chapters four and five have been 

written in a manuscript that was published Biophysical Journal.4 

In Chapter six, FTIR difference spectroscopy is used to monitor both the changes in 

the protein and the surrounding amino acids during the proton transfer time scale.  All 

work up to this chapter had solely monitored the changes in the retinal Schiff base in the 

bcbR crystals.  FTIR difference spectroscopy permits the observation of changes not only 

in the retinal, but also in the surrounding amino acids.  Model experiments performed by 

Heberle et al.3 on cbR crystals are discussed as guide for these experiments on bcbR 

crystals.  In chapter five, it was determined that the M rise process in the hydrated bcbR 

crystals was much faster than it is in either native bR or cbR crystals; the goal of the 

experiments in Chapter six is to probe whether the faster M rise process is facilitated by a 

different amino acid residue serving as the proton acceptor in the reaction.  It is found 

that, as in the case for native bR and cbR crystals, Asp85 is the proton acceptor during the 

formation of the M intermediate in bcbR crystals.  In addition, the C=C stretch region of 

the deprotonated retinal Schiff base in the bcbR crystals in either H2O or D2O is found to 

be more broad than in native and in the previously-observed cbR crystals.  The possibility 

of our ability to resolved the C=C stretch in the two M states in bcbR crystals is 

discussed. 

The second contribution of the thesis, described in Chapter seven, describes the 

surface attachment and growth of the biofilm formed by the pathogenic bacterium 

Streptococcus pneumoniae using attenuated total reflection/Fourier transform infrared 
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spectroscopy (ATR/FTIR).  This organism was chosen for its clinical significance; it is 

one of the organisms suspected in forming biofilms in individuals who develop otitis 

media, one of the most common causes of ear infections of childhood.5  In contrast to 

previous ATR/FTIR experiments examining the formation of biofilms on surfaces, this 

method is unique in that it combines two techniques - ATR/FTIR and Epifluorescence 

microscopy – which when used together allow for the simultaneous monitoring of the IR 

spectrum of the S. pneumoniae biofilm as it develops and as provides a method for 

quantifying total and viable cell counts at various stages during the development.  The 

formation of both the protein and the polysaccharide were followed in time by 

monitoring their absorbance bands in the IR spectrum and were correlated with the total 

and viable biofilm cell counts to quantify the biofilm-associated cells.  Previous work by 

Bremer and Geesey on biofilm formation of an unidentified environmental organism 

(“CP-1”) and work by Nivens et al.7 on Burkholderia (Pseudomonas) cepacia both 

demonstrated that the protein component develops at a faster rate than the polysaccharide 

component.  In contrast, in these studies it was found that S. pneumoniae biofilm 

development has a faster rate of polysaccharide development relative to protein.  This 

increase in the ratio of polysaccharide to protein with S. pneumoniae indicates that there 

are distinct differences in biofilm structure that may be exhibited by different organisms.8  

Furthermore, the staining results provide evidence that the EPS of S. pneumoniae is at 

least partially comprised of the capsular polysaccharide N-acetylglucosamine.8  Data 

contained within this chapter were published in  2004 in Applied and Environmental 

Microbiology.9  
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CHAPTER 1 
 

THESIS INTRODUCTION: SUMMARY OF THE STUDIES OF THE 
STRUCTURE AND FUNCTION OF THE TRANSMEMBRANE PROTEIN 
BACTERIORHODOPSIN OF THE ORGANISM HALOBACTERIUM 
SALINARIUM AND ITS BICELLE CRYSTALLIZATION METHOD 

 
 

Abstract 
 

In this chapter, previous studies on the structure and function of wild type 

bacteriorhodopsin membranes are reviewed.   

 

1.1.  Bacteriorhodopsin - Structure and Function 

 

Bacteriorhodopsin ("bR”) is a 248-amino acid, 26 kDa transmembrane protein first 

discovered in the purple membrane (cell membrane) of the salt-marsh bacterium 

Halobacterium salinarium by Oesterhelt and Stoeckenius in 1971.1  The H. salinarium 

cell’s membrane contains lipids, which maintain the structural integrity of the cell.  A 

single monomer of bR consists of seven α-helices labeled A→G, looped across the lipid 

bilayer, named from its N terminus to its C terminus, which surround a single molecule 

of the chromophore retinal2 Figure 1.1 shows a single monomer of bR with the seven 

alpha helices surrounding the retinal chromphore, shown here in green.  This image was 

made with VMD and is owned by the Theoretical and Computational Biophysics Group, 

an NIH Resource for Macromolecular Modeling and Bioinformatics, at the Beckman 

Institute, University of Illinois at Urbana-Champaign, URL http://www.ks.uiuc.edu/. 
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Figure 1.1: A single monomer of bR. 
 

 

  Retinal is bound to the Lys216 residue via a positively-charged, protonated Schiff base 

(PSB).  Bound to the protein in this way the protein’s absorption maximum (λmax) is red-

shifted to 570 nm, giving it its characteristic purple color.  This is in contrast to retinal’s 

380 nm λmax in solution.1  Retinal contained within this binding pocket has the ability to 

photo-isomerize about its C13-C14 bond.  This photo-isomerization makes it possible for 

retinal to be found in either the all-trans,15-anti or the 13-cis,15-syn conformation.3-6  

When the protein is kept in the dark for several hours, the retinal isomer composition is a 

mix of these two isomers; under these conditions the protein is said to be “dark-adapted” 

and has a visible absorption spectrum centered at about 560 nm7-10  Under illumination, 

this ratio shifts to nearly 98% all-trans,15-anti; the absorption shifts to about 568 nm, and 

the protein is said to be “light-adapted”.11  In Figure 2.2a, dark adapted bR consists of a 

mixture of the 13-cis,15-syn and all-trans,15-anti retinal isomers.  Light adaptation shifts 
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this population to over 98% of the all-trans, 15-anti isomer.  In Figure 2.2b, the all-

trans,15-anti retinal isomer is converted to the high energy 13-cis,15-anti conformation 

via the absorption of a photon in the first step of the photocycle to form the K610 

intermediate.   
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Figure 1.2: The conversions of retinal isomer conversions in native bR. 

 

 

The thermal relaxation of the 13-cis,15-anti isomer will drive the photocycle that results 

in the movement of protons from the cytoplasmic to extracellular side of the cell.  

Photoexcitation of the all-trans,15-anti retinal yields the K610 intermediate of the 

photocycle, the 13-cis,15-anti isomer with a quantum efficiency12-14 of approximately 

0.6.  This 13-cis,15-anti form stores enough potential energy in the protein to allow it to 

pump a proton across the membrane and revert back thermally to the all-trans,15-anti 

form via a series of intermediate whose absorption spectra have been well 

characterized.15-20  Three bR monomers together make up the trimer unit cell.  These 

A 

B 
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trimer unit cells are arranged in a hexagonal lattice within the purple membrane.2  Figure 

1.3 shows the three bR monomers making up the trimer unit cell (left) and the hexagonal 

lattice made up of the trimer units cells (right). Lipids are shown in white.  These images 

was made with VMD and is owned by the Theoretical and Computational Biophysics 

Group, an NIH Resource for Macromolecular Modeling and Bioinformatics, at the 

Beckman Institute, University of Illinois at Urbana-Champaign, URL 

http://www.ks.uiuc.edu/. 

 

 

  

Figure 1.3: Arrangement of the three monomers within unit cell and within the lattice. 

 

 

Lipids (about 10 lipid molecules per bR) hold this hexagonal lattice together and account 

for about 20% of the membrane weight (80% by the bR).21,22  Figure 1.4 shows a side-

view arrangement of a single bR monomer inserted in the phospholipid bilayer as 

described by Nelson and Cox.23 
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Figure 1.4: A side-view arrangement of a single bR monomer in the phospholipid bilayer. 
 

 

The photocycle of bR has been studied extensively for over thirty years. It 

involves motions of the retinal chromophore and the surrounding protein that affect the 

charge density surrounding retinal.  This changing charge density around retinal during 

the photocycle results in changes in retinal’s absorption maxima during the course of the 

cycle.  The proton translocation mechanism has been characterized by a series of steps, 

each involving the rise and decay of intermediates with characteristic visible absorption 

spectra.  The intermediates of the cycle are given below with their rise times and 

absorption maxima in subscripts:11,18,24-39 
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bR568 K610 L550 M412 N550 O640
2.5ps 2 μs 80 μs 10 ms 3 ms

5 ms
 

  

The net effect of this photocycle is the pumping of a proton from the cytoplasmic to the 

extracellular side of the cell membrane.  The origin of this proton is the protonated Schiff 

base region of the retinal chromophore. Figure 1.5 shows the photocycle of bR, showing 

the proton release and proton uptake steps.  The photocycle of bR (top) and the visible 

absorption spectra for the intermediates in the cycle, adapted from the work of Cartailler 

and Luecke.40  Note the spectrally distinct M intermediate, the longest-lived intermediate 

in the photocycle.  Figure 1.5a demonstrates the proton translocation steps of the bR 

photocycle, and Figure 1.5b shows the absorption spectrum for each of the intermediates.  

Note that the absorption spectrum of the M412 intermediate is blue-shifted and thus 

spectrally well-resolved from the other intermediates. 
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Figure 1.5: The photocycle of bR, showing the proton release and proton uptake steps. 
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1.2.  Photocycle as a means of ATP production 

 

During the photocycle, protons are moved from the cytoplasmic to extracellular side of 

the cell, which establishes a proton gradient.  This proton gradient is important because it 

drives the reaction of adenosine diphosphate (ADP) plus inorganic phosphate (Pi) via the 

enzyme ATP synthase to create adenosine triphosphate (ATP).  This process is shown in 

Figure 1.6.   

 

 

 
Figure 1.6: The function of bR in relation to ATP synthesis. 
 

 

The bR protein moves protons from the cytoplasmic to the extracellular side of the 

phospholipids bilayer, in the process creating a high proton concentration on the 

extracellular side relative to the cytoplasmic side (creation of a proton gradient).  This 

proton gradient results in the movement of the protons through the enzyme ATP 
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synthase, which uses the proton movement to add adenosine diphosphate (ADP) and 

inorganic phosphate (Pi) to create adenosine triphosphate (ATP).41  

The creation of ATP is important because this molecule is the energy currency for the 

cell; its arrangement of three negatively-charged phosphate groups is an unstable energy-

storing spring that relaxes upon the enzymatic transfer of the terminal phosphate group to 

other compounds.42  The phosphorylation of compounds then primes them to undergo 

some kind of change that performs work for the cell.  In summary then, the price of most 

cellular work is the breakdown of ATP to ADP and Pi (inorganic phosphate) and the cell 

must constantly regenerate its ATP supply.   

There are two means for energy (ATP) production within the cell: oxidative 

phosphorylation and photosynthesis. 42,43  Which process takes place is dictated by the 

amount of oxygen available to the cell.  Under conditions of sufficient oxygen tension, 

aerobic cellular respiration takes place, with oxidative phosphorylation being the last step 

of this process.  During cellular respiration, the cell breaks down glucose through a series 

of energy-releasing reactions that have the net effect of transferring electrons to hydrogen 

ions and molecular oxygen to form water in the last step of the process, oxidative 

phosphorylation.42  The energy released in these reactions is stored in a form that the 

mitochondrion (the cell’s energy-producing factories) can use to make ATP.  It is 

important to note that for oxidative phosphorylation to take place there must be a 

sufficient O2 tension in the cell’s environment. 

In photosynthesis, on the other hand, ATP synthesis occurs by the light energy-

induced breakdown of carbon dioxide and water to produce organic material and oxygen 

in the “light reaction” stage of photosynthesis.43  In this stage, absorbed light drives both 
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electron transfer and hydrogen transfer reactions from water to the acceptor NADP+ 

(nicotinamide adenine dinucleotide phosphate) to create NADPH.  NADPH is now a 

source of energized electrons.  In addition, the light reactions also generate ATP by 

providing enough energy for phosphorylation of ADP, the addition of a phosphate group 

to ADP to produce ATP.  A key difference between these two processes of ATP 

generation: for oxidative phosphorylation to occur there must be a sufficient level of 

oxygen present to act as acceptor for the electrons and hydrogen ions in the energy-

releasing reactions that drive ATP synthesis.  On the other hand, for photosynthesis to 

occur there must be sufficient light energy to provide enough solar power to start the 

breakdown of CO2 and water to ultimately produce organic material and oxygen. 

Under conditions of low oxygen tension, the bacterium produces more purple membrane, 

which allows the organism to switch from oxidative phosphorylation to photosynthesis as 

a means of energy production.44 

 

1.3.  The Intermediates of the bR Photocycle 

 

As mentioned before, in the dark, bR contains a 1:1 ratio of 13-cis,15-syn and the all-

trans,15-anti retinal isomers and has an absorption maximum in the visible of 560 nm. 

Upon exposure to light (light adaptation), this isomeric ratio changes to nearly 98% all-

trans,15-anti and the absorption maxima shifts to 568 nm.  It is the all-trans,15-anti 

retinal that is capable of undergoing the photocycle upon photon absorption.  The 

motions of retinal within its binding pocket and surrounding water molecules have been 

studied by a number of groups.   In 2003 Lanyi and Schobert45 published structural 
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models describing the motions of retinal and its interaction with water molecules and 

surrounding charged amino acids that participate in the proton translocation mechanism.  

In the parent, all-trans bR568 state, retinal is in its all-trans form.  The N—H bond is 

pointing toward the oxygen atom of water 402, and a hydrogen-bonded network exists 

between the protonated Schiff base of retinal, water 402, Asp85, Asp212, and water 401 

Figure 1.7 shows the coordination of the retinal of the all-trans, bR568 species with 

surrounding water molecules and amino acids, adapted from Lanyi and Schobert.45  

Carbon atoms are shown in grey, nitrogen in blue, oxygen in white, and hydrogen in red.   

 

 

 
 
Figure 1.7:  Coordination of the retinal of the all-trans, bR568 species with surrounding 
water molecules and amino acids. 

 

 

The K intermediate was first characterized in 1974 by Stoekenius and Lozier 

using flash spectroscopy 26 as a 610-nm-absorbing species.  In native bR under ambient 
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temperature the rise time of K is 3-5 ps46,47 and it decays in 1 ms.48  In 1982 Rothschild 

and Marrero used Fourier-transform infrared (FTIR) difference spectroscopy49  to 

compare the structural changes occurring between bR568 and K610.  While the bR568 

species has a protonated Schiff base, the K intermediate has a Schiff base that is altered 

but still is associated to some degree with a proton.  The most recent crystallographic 

evidence of the structure of K was provided by Schobert et al.50 in 2002 and demonstrates 

that the retinal is in 13-cis, 15-anti form, with the C13=C14 bond rotated nearly fully cis 

from its initial trans configuration.  However, the C14-C15 and the C15=NZ bonds are 

partially counter-rotated.  In this form the N-H bond vector is roughly in the extracellular 

direction, but the angle of the hydrogen bond with water 402, which connects it to the 

anionic Asp85 and Asp96, is not optimal.  Figure 1.8 shows the region of the hydrogen-

bonded network near the retinal Schiff base and water 402 in the K610 intermediate, 

adapted from Schobert et al.50  Hydrogen bonds are shown in green.  

 

 

 
 
Figure 1.8: Region of the hydrogen-bonded network near the retinal Schiff base and 
water 402 in the K610 intermediate. 
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This weakening of the hydrogen bond may account for the deprotonation step that occurs 

later in the cycle. Figure 1.9 shows another illustration of the K610 intermediate as 

characterized by Lanyi and Schobert.45   

 

 

 
 
Figure 1.9:  Coordination of the retinal of the 13-cis, K610 species with surrounding water 
molecules and amino acids. 

 
 

The bR568 parent is shown in shadow overlay to describe the atomic changes between 

these two intermediates, and again shows how the N-H trajectory of the retinal changes in 

relation to water 402, moving away from the oxygen atom.  The K610 intermediate is a 

high-energy state,45 with about half of the excess energy gained residing in the distorted 

bond angle at C13, and the rest of the excess energy most likely residing in the bond 

torsions along the retinal between C14 and the nitrogen atom, and also the increased 

charge separation between water 402 and NHZ+ from the weakening of the hydrogen 

bond between the Schiff base and water 402.  The retinal is distorted because the 
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surrounding protein matrix resists accommodation of the changed geometry upon its 

photo-isomerization.45  Proton transfer to water 402, and then from water 402 to Asp85 

that would break the electrostatic interaction of the Schiff base with its counter-ion is 

hindered by the acute angle of the NZ-H…O atoms.45,51 

Stoekenius and Lozier were also the first to characterize the L intermediate in 1974 by 

using flash spectroscopy  as a 550 nm-absorbing species.26  In native bR, the K→ L 

transition is approximately 1 μs and it decays in 40 μs.27,52-54  Lanyi and Schobert45 have 

also characterized the L550 intermediate, the retinal takes on a less distorted 13-cis, 15-

anti configuration than its K610 precursor.55-57  Figure 1.10 details the structures of L550.  

 

 

 
 
Figure 1.10:  Coordination of the retinal of the L550 species with surrounding water 
molecules and amino acids. 
 

 

In the L550 species, rotation of the C13=C14 and the C=NZ bonds return the NZ-H…O 

hydrogen bond closer to linearity, and perhaps shorten the proton transfer path to Asp85 
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via water 402.45  Carbon atoms are shown in grey, nitrogen in blue, oxygen in white, and 

hydrogen in red.  The arrangement of atoms in the previous bR568 structure is shown in 

shadow overlay for comparison.  In the L550 species, rotation of the C13=C14 and the 

C=NZ bonds return the NZ-H…O hydrogen bond closer to linearity, and perhaps shorten 

the proton transfer path to Asp85 via water 402.45 

The M intermediate was first characterized in 1974 by Stoekenius and Lozier 

using flash spectroscopy as a 412 nm-absorbing species.26  The M412 intermediate is 

distinct for several reasons.  One, it is the only intermediate of the cycle in which the 

Schiff base is deprotonated; as a result, its visible absorption is blue-shifted relative to all 

other intermediates in the cycle.32,58-61  Two, it is the longest-lived intermediate of the 

cycle.18  The rise time is often characterized in the tens of microseconds62,63 with a decay 

time in the tens of milliseconds.64,65  Three, the M412 state is often called the ‘molecular 

switch’ in the cycle; during the lifetime of this intermediate the retinal rotates its 

orientation from the hydrophilic extracellular channel to the more hydrophobic 

cytoplasmic channel.66-71  The M412 intermediate has often been characterized as not a 

single intermediate but a series of intermediates in which the Schiff base is deprotonated.  

In 1975 Slifkin and Caplan demonstrated that there were at least two species of M412 

intermediate present with different lifetimes,72 a finding that has been repeatedly 

confirmed.73 The rise time of this intermediate has often been characterized as a 

biexponential process.62,74  Two primary models have been presented to account for the 

biexponential rise of M412.  The first model is of that of parallel photocycles; that there 

are two different ground state bR species, each going through their own photocycle with 

the same spectral intermediates.75-77  The other model assumes that there is only one 
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photocycle but that there is a transition between two M states, M1 and M2, that is 

spectrally silent in the visible region.20,65,78,79 The idea is that during the M1 → M2 

transition the Schiff base redirects its orientation from the extracellular to the cytoplasmic 

half-channel 80 when it accepts the proton from Asp96, the only ionizable residue in the 

cytoplasmic half-channel.38 

Exploring this later idea of a single pathway involving multiple M states, in 2003 

Lanyi and Schobert described three distinct M states, dubbed M1, M2, and M2’ (Figure 

1.11).   

 

 

 
 

Figure 1.11: Three M states. 
 
 

Carbon atoms are shown in grey, nitrogen in blue, oxygen in white, and hydrogen 

in red.  The parent bR568 structures are shown in shadow behind each M state to 

emphasize the changes.  The switching of the retinal nitrogen atom’s orientation from the 

extracellular to the cytoplasmic side occurs going from M1 to M2; this rotational freedom 

is allowed by the loss of the electrostatic interaction between the nitrogen and its counter-

ions and hydrogen bond present in M1.  In M2’ small changes in the cytoplasmic region 
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take place, due to F-G helix repacking and the pushing of retinal’s 13-methyl group 

against the Trp182 indole ring.45 

In the M1 state, the retinal resembles K but contains a deprotonated Schiff base 

and a less distorted C13 bond angle.45  Water 402 moves away from the unprotonated 

Schiff base, which breaks the connection between NZ, Asp85 and Asp212.45  In the M1 

state the L↔M1 equilibrium still favors the protonated Schiff base39,45,81 but further 

relaxation in M2 will shift the equilibrium toward more extensive deprotonation.45  

During the M1 to M2 reaction, the nitrogen of the Schiff base switches from facing the 

extracellular channel to the cytoplasmic channel.  This can occur since the Schiff base 

nitrogen at this point has lost its electrostatic interaction with its counter-ion51,82 as well 

as its hydrogen bond70 that were present in M1.45  The M1 to M2 reaction has been 

deduced mainly from the kinetics39,45,81 and a small absorbance shift in the maximum of 

the M state45,83,84  In the M2 state water 402 is no longer detected.45  In M2’, small 

changes in the cytoplasmic region take place, initiated by both repacking of side-chains 

between helices F and G,45,85 and the pushing of the 13-methyl group of retinal against 

the Trp182 indole ring of the F helix.45  When the Trp182 indole ring tilts, it breaks its 

connection with the carbonyl group of Ala215 via water 501, which up to this point served 

as the link between helices F and G near the retinal.45,85  A comparison between the bR568 

and M2’ state is shown in Figure 1.12.85   
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Figure 1.12:  Comparison of the cytoplasmic regions of the parent bR568 species and the 
M2’ state 

 

 

In the parent species, water 501 in the cytoplasmic region connects the Trp182 

residue on the F helix to the Ala215 residue on the G helix.  In the M2’ state the hydrogen 

bridge connecting Trp182, water 501, and Ala215 no longer exists, and a new hydrogen 

bond forms between water 502 and water 503. 

After this happens, water 501 no longer connects helices F and G, and instead forms a 

hydrogen bond between Thr178 and Trp182, which both reside on helix F.  Water 502 

remains hydrogen-bonded to Lys216, but it has moved 1.3 Å and acquired a new hydrogen 

bond to a new water molecule 503, which had not been evident in the bR568 state.85  

These steps, followed by a cascade of detailed events as described in detail by both 

Luecke et al.85 and Schobert et al.71 result in the eventual movement of a proton from the 

Asp96 residue to the deprotonated Schiff base.  Reprotonation of the Schiff base of retinal 

results in the generation of the next intermediate of the cycle, the N intermediate. 

The N intermediate was first characterized by transient absorption experiments in 

1975 by Lozier et al. as a 520 nm-absorbing species.27  The rise time of N520 is 
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approximately 1 ms and it decays in approximately 3 ms.18,86  The origin of the proton 

used to reprotonate the retinal Schiff base is Asp96.71,87-92  During the protonation step, the 

pKa of Asp96 drops71,93 from above 11 to nearly 7,71,94-96 and pathways are created for first 

transferring a proton from Asp96 to retinal, and then for reprotonating Asp96 from the 

cytoplasmic side.71  In 2003 Schobert et al.71 described the crystal structures of actually 

two N species to 1.62 Å resolution, N and N’.  In the N structure, the retinal is 

reprotonated but the Asp96 residue is not; in the N’ species, the Asp96 residue is 

reprotonated.  In both cases, the retinal is in the 13-cis, 15-anti conformation.71 Figure 

1.13 compares the bR568  to the N’ state.   

 

 

 
 
Figure 1.13:  Comparison of the cytoplasmic regions of the parent bR568 species (green) 
and the N’ state. 

 
 

In N’, a chain of hydrogen-bonded water molecules exists between Asp96 and 

retinal.  Hydrogen bonds are shown in gold, with the reported distances in angstroms.  

Note how in the bR568 species the nitrogen atom is facing downward (extracellular side) 
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and a lone water 502 molecule (shown in green) exists in the channel. In N’, the nitrogen 

atom faces upward (cytoplasmic side) and is connected to Asp96 on the cytoplasmic side 

via a hydrogen-bonded network of water molecules (shown in red).71  The conformation 

of retinal in N is 13-cis, 15-anti.24 

The O intermediate was first characterized in 1975 by Lozier et al. using low 

temperature and flash spectroscopy as a 640 nm-absorbing species.27  The rise time of 

O640 is approximately 3 ms and it decays in approximately27 5 ms back to bR568.  The 

most recent crystallographic evidence of the structure of O640 was provided by Rouhani et 

al.97  In this intermediate the retinal has isomerized back to its all-trans form from the 13-

cis, 15-anti form of N550, the retinal is protonated, Asp96 is deprotonated, and Asp85 is 

still protonated.  Large-scale changes are confined to the extracellular side, in contrast to 

the M and N intermediates, where changes occur mainly on the cytoplasmic side.97  There 

is increased hydration on the cytoplasmic side, suggesting how Asp96 might communicate 

with the bulk.97  Only during the decay of O does the Asp85 deprotonate, returning 

everything for another turn of the cycle.  Figure 1.14 illustrates the differences between 

bR568 and the O intermediate as described by Rouhani et al.97   
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Figure 1.14: Structural differences between bR568 and the D85S mutant, which is used as 
a model for the structure of the O intermediate  

 

 

In (1.14b), the side view of a representative monomer comparing bR568 (purple) to 

O (gold) demonstrates that deviations occur mostly in the extracellular region (bottom).  

The minimal deviation on the cytoplasmic side between these two forms is shown again 

in (1.14c), and the larger deviation on the extracellular side is shown in (1.14d).  The 

arrows indicate the displacement direction of each helix in the O state relative to the 

bR568  parent.  The outward tilts of the helices result in increasing the size of the 

extracellular cavity. 

In the O intermediate, there is an opening of the extracellular side of the channel caused 

by greater outward tilting of the helices on that end than on the cytoplasmic end. 

 

1.4      Crystallography of bR  

 

Most of the atomic details of bR structure from 1975-1996 have come from cryo-electron 

diffraction studies. 98-100  In 1990 the atomic resolution breakthrough occurred, allowing 
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resolution100 to 3.5 Å, later refined98 to 2.5 Å.  At the time, electron diffraction had been 

the method of choice because it can be performed on bR’s native two-dimensional crystal 

lattice at various tilting angles, a process whereby projection maps help build up atomic 

structure.  

In contrast to electron diffraction, X-ray diffraction gives better-resolved 

structural information.  However, the main disadvantage to this technique at deciphering 

atomic detail of bR was that it requires three-dimensional crystals, which had until 

recently been very hard to obtain for membrane proteins.  Crystallization of proteins in 

general requires a homogenous and monodisperse solution of the protein at relatively 

high concentration.101  Unfortunately for crystallographers studying transmembrane 

proteins in general and bR in particular, the dual nature of transmembrane proteins 

(hydrophilic surface, hydrophobic interior) makes it difficult to crystallize.  Conditions 

must be found where both extremes will be stably solubilized.  If both extremes are no 

solubilized well, the protein tends to aggregate to amorphous (non-ordered) species that 

prevents ordered crystal growth.101 

In the early 1970’s the first reports surfaced of using detergents as efficient agents 

in solubilizing membrane proteins.102,103  However, these crystals were of low quality, 

taking five years to accomplish the first high resolution structure of the membrane 

protein, a bacterial photosynthetic reaction center.104  It was clear that solubilization of 

transmembrane proteins was possible but didn’t quickly produce the best crystals for 

high-resolution work.   

It was at this point that Landau and co-workers looked toward the use of lipid 

bilayers to solubilized transmembrane proteins, publishing their novel in-cubo method for 
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making 3-D ‘cbR’ crystals in 1996, with the X-ray structure refined to 3.7 Å.105  In 1997 

this structure was refined106 to 2.5 Å, then in 1999 to 1.9 Å.107   In their in-cubo method, 

Monoolein or Monopalmitoyl (MO or MP) created aqueous and hydrophobic 

compartments into which either the protein monomers of bR or lattice fragments could 

partition.  Sφrensen salt precipitant added to this reduces the cubic cell’s unit size, 

making the cubic phase less stable by increasing the curvature of the hydrophobic bilayer.  

Planar domains are formed as the protein molecules move through the bilayer network 

laterally.  Over time, this nucleation stage leads to protein crystallization of the protein 

into lamellar, planar domains in a hexagonal arrangement of unit cells in a period of 

several months.  Addition of water demonstrates that the process is reversible, causing 

the protein to diffuse back into the curved bilayers.108  This crystallization method 

hypothesis was detailed by Nollert et al.108 and is shown in Figure 1.15.  This removes 

the native lipids and puts detergent molecules in their place.105 

 

 

Figure 1.15: A hypothesis of the steps leading to the formation of three-dimensional cbR 
crystals. 
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Figure 1.15 gives a hypothesis of the steps leading to the formation of three-

dimensional cbR crystals by the incorporation of bR into curved lipid bilayers and 

subsequent phase separation into lamellar structures as detailed by Nollert et al.108  Purple 

patches (1) or detergent-solubilized monomers (2) insert into the curved bilayer of the 

bicontinuous cubic phase (3).  The unit cell size is reduced and the membrane curvature 

is enhanced by addition of SØrensen salt (4). Separation of protein and purple membrane 

lipid from the highly curved cubic phase bilayer into growing planar domains (5) favors 

crystal nucleation.  Figure 1.15b shows the various states of the protein-membrane 

interactions during crystallization and the changes in free energy (ΔG). 

Crystallographers took advantage of this new 3-D crystallization method, 

increasing the atomic resolution of bR’s ground state structure to 1.43 Å.50  Typical cbR 

crystals produced by this method105 are shown in Figure 1.16.   
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Figure 1.16: Morphology of cbR crystals that can be grown by the in-cubo method. 

 

 

Morphology of cbR crystals that can be grown by the in-cubo method by using 

either the detergent monoolein (which produces the hexagonal crystals in (a) or 

monopalmitolein (which produces the rhomboid crystals in (b)), adapted from Landau 

and Rosenbusch.105   

After the creation of this 3-D crystallization method for bR, the cbR crystals were 

shown to be functional using Raman and FTIR,109 and the X-ray structures of photocycle 

intermediates were determined at ever higher resolution.101  Unfortunately, this 

crystallization method was not the best one to use to address these questions, primarily 

because the crystallization process itself is labor- and time-intensive, the crystals are 

small in size and number, and the resulting gel-like phase is difficult to manipulate for 

spectroscopic measurements.110 
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In 2002, Bowie and co-workers came up with an alternative 3-D crystallography 

method for bR, the bicelle method, which results in the creation of bicelle bR (bcbR) 

crystals.110  This bicelle name arises from partial bilayer/partial micelle nature of the 

bilayer disks formed by the combination of the two detergents used in the crystallization, 

1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC) and 3-[(3-Cholamidopropyl) 

dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO).  The structures of these 

two detergents, along with their arrangement around the protein, are shown in Figure 1.17 

as adapted from Bowie and Farham.110   

 

 

 
 
Figure 1.17: Structures of the two detergents used in bicelle crystallization of bR. 

 

 

Typical diamond-shaped bcbR crystals grown by Bowie and Farham are shown in 

Figure 1.18.  The average short-axis length is 50 μm and long axis is 100 μm.110 
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Figure 1.18: Typical diamond-shaped bR crystals formed by the bicelle method. 

 

 

Figure 1.19 shows the antiparallel arrangement of the monomers of the bicelle 

crystal, which diffracted to 2.0 Å.110  In (A), the top-down view of bicelle crystals reveal 

that the protein packs as antiparallel monomers (antiparallel monomers shaded 

differently).  In (B), the side view of the bicelle packing structure is shown.  In contrast, 

in (C) the packing structure of cbR crystals reveals that the protein trimers are intact in 

this form.  The trimer arrangement of the protein helices of the cbR crystals resemble the 

trimer packing structure of bR in the native form, and as mentioned earlier, FTIR and 

Raman studies have shown that cbR crystals are functional and have similar kinetics to 

that of native bR.109  However, within the bcbR crystals the protein packing is very 

different than anything that has been observed before in bR crystals.  To date,  only the 

bcbR crystal structure has been published.  No functional studies have been done on these 

bcbR crystals.  In this novel crystalline form, is the protein is still functionally relevant?  

Can the retinal inside isomerize to produce the all-trans and 13-cis retinal isomers?  How 

does the hydration environment surrounding the retinal in the bicelle crystal packing  
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Figure 1.19: Comparison of the protein packing structure of Bowie and Farham’s bicelle 
bR crystals with that of Rosenbusch and Landau’s cbR crystals. 
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differ from that of the cbR crystals or from the native?  Does bR still undergo a 

photocycle?  If so, what are the lifetimes of the intermediates as compared to bR in its 

native form?  Is Asp85 the proton acceptor during M rise, or is nearly Asp212? This thesis 

will address these questions by using a variety of spectroscopic techniques.   

In the course of this work, several experiments were attempted.  Some of these 

were successful, and some were not.  The following chapter will address the experimental 

details for all work attempted, starting with the initial bicelle synthesis attempts made in 

this lab.   
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CHAPTER 2  
 

EXPERIMENTAL DETAILS  
 

Abstract 
 

In this chapter, the steps involved in developing each experimental design are described 

for all work attempted during the course of this thesis work.  In some cases, unforeseen 

issues arose, ultimately resulting in a change of course or a discontinuation of the 

experiment.  Throughout the chapter, the reader is referred to the location in this thesis of 

the data acquired from successful experimental designs. 

 

2.1. The Bicelle Crystallization Using the Bowie and Farham Method 

 

Initial attempts are described for the bicelle crystallization of bR by the ‘hanging drop’ 

method, detailed by Bowie and Farham.1  This produced diamond-shaped crystals with 

average short axis: long axis dimensions of 50 μm x 100 μm.  The experimental details 

for this ‘hanging drop method’ crystallization replicated in our labs are given in this 

section.  The specific supplies and chemicals are also detailed below. 

In order to carry out crystallization of bR by the hanging-drop method, three 

crystallization supply components were ordered from Hampton Research (Aliso Viejo, 

CA): crystallization plates, glass circular cover slips, and vacuum grease.  The specific 

plates were the Linbro® plates, which each contain 24 removable, ungreased reservoirs, 

along with a tray cover.  The Linbro® plate with cover is made of clear, rigid polystyrene. 

These stackable plates have distortion-free flat bottom wells of fine clarity. Approximate 

plate size is 15.0 x 10.8 x 2.2 cm, and approximate well size is 1.7 x 1.6 cm (with a 
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typical fill volume of 700 to 1000 μL).  Raised, wide rings around the reservoirs 

minimize cross contamination and allow one to seal each well with 22 mm circle or 

square cover slides.   A 50-plate case of these plates is catalog number HR3-110.    In 

these experiments the 22 mm thick plain (non-siliconized) glass circle slides were used.  

The thick slides were chosen to avoid breakage.  A 3.0 oz. pack of approximately 75 

slides is catalog number HR3-243.  The cover slips were sealed over the reservoirs using 

Dow Corning vacuum grease, Hampton catalog number HR3-510 for a 150 g tube. 

Initial crystallization attempts done according to the literature1 involved the use of 

three chemicals, DMPC (1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine), Chapso (3-[(3-

Cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate) and OG (β-

octylglucoside), and one salt, NaH2PO4 · 2 H20 (Sodium phosphate monobasic, 

dihydrate). DMPC was purchased as a white solid from Avanti Polar Lipids (Alabaster, 

AL), catalog number 770345.  Chapso was also purchased as a white solid from Sigma-

Aldrich (St. Louis, MO), catalog number C3649.   OG was purchased as a white solid 

from NaH2PO4 · 2 H20 was also purchased from Fisher Scientific, catalog number 

AC27175-0010.   In preparing the detergent solution, the DMPC and Chapso were added 

together in a 3:1 molar ratio, and water was added to make a 40% (3:1) DMPC:Chapso 

solution.  Because the viscosity of this mixture was relatively high at room temperature, 

this solution was kept in a vial on ice to keep the viscosity low enough to allow pipetting.  

A 1% solution of β-octylglucoside in water was made and kept in a separate vial. 

The bR samples were obtained from a cell line of Halobacterium salinarium and 

were purified by established procedures.2  The concentration of bR in water was adjusted 

to approximately 10 mg/mL by monitoring the absorbance of the light-adapted (20 
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minutes light exposure using a 40 W bulb) bR sample at 570 nm until the absorbance 

spectrum was constant.  This 10 mg/mL bR solution was mixed in a 4:1 molar ratio with 

the 40% (3:1) DMPC:Chapso solution, making the bR/detergent solution used is 

subsequent steps. 

The following details the ‘hanging drop method’ used for the bicelle 

crystallization used here.  A solution of 3.2 M NaH2PO4 · 2 H20  in H2O was made, pH 

3.5, and a few drops of this saturated salt “well solution” were added to each of the 24 

reservoirs in the plate.  A small amount of vacuum grease was smeared on the surface of 

each cover slip, making it surface more hydrophobic and thus preventing the spreading 

out of the bR/detergent solution to be applied.  To each cover slip was added 6 μL of the 

cold bR/detergent solution, 2.5 μL of the saturated salt solution, and 1 μL of OG.  These 

components were mixed by pipetting up and down several times.  Vacuum grease was 

applied to the rim of each reservoir, and the cover slips were sealed over the reservoirs so 

that the 9.5 μL drop of mixed components was hanging over the saturated salt solution.  

Plates were placed in a Sheldon Manufacturing Inc. general purpose 37°C  model # 1535 

convection oven (Cornelius, OR) for a period of 4-8 weeks, at which point diamond-

shaped crystals of size 50 x 100 μm were observed under 500x total magnification with 

an Olympus IX microscope (Tokyo, Japan).  Images were taken with the attached 

Olympus model DP11 CCD camera.  Crystallization was considered complete after all of 

the purple protein had been taken up from the matrix.  Figure 2.1 shows typical crystals 

grown in this lab (left) compared to those of Bowie and Farham1 (right).  The color 

difference is due to a difference in illumination intensity between the two microscopes 

used to take these images. 
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Figure 2.1:   Comparison of bicelle crystals made in this lab (left) to those produced by 
Bowie and Farham in the literature1 (right).   

 

 

After these initial synthesis efforts were successful, it was important to establish 

that the packing structure of these crystals were a match to those of Bowie and Farham’s 

by X-ray diffraction.  The plates of crystals were transported to the laboratory of Dr. 

Allan Orville at Georgia Tech, where graduate student George Lountos attempted to get a 

diffraction pattern from the crystals.  The instrument was a RU-H3R rotating copper 

anode x-ray source with a Rigaku R-Axis IV++ detector from Molecular Structure 

Corporation (The Woodlands, TX). The Crystal Clear software program (Rigaku/MSC, 

The Woodlands, TX) was used to operate the instrument.  The MOSFLM software 

package (MRC Laboratory of Molecular Biology, Cambridge, UK) was used to analyze 

the image. The rotation angle was 0.5 degrees with 2 minute exposure time. The lambda 

value (x-rays wavelength) was 1.54 Å.  The crystal was placed in a -170°C nitrogen cold 

stream.    

In these initial X-ray diffraction attempts, no data could be acquired using the 

Georgia Tech instrument due to the small dimensions of the crystal.  Sending these 
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crystals to be analyzed by members of the Orville group during their next trip to National 

Synchrotron Light Source at the Brookhaven National Laboratory (Brookhaven, NY) was 

discussed.  Unfortunately, they did not have time to do this during their trip.   

At about  this point Dr. Farham of the Bowie group passed along a method to 

create bicelle crystals of approximately twice the size of the originals, a method which 

was recently published in the literature.3  The solutions of the so-called ‘improved bicelle 

method’ used to produce larger bicelle crystallization are presented here.   

 

 

2.2. Replication of the Improved Bicelle Method of Bowie and Farham in our labs 

 

In this improved method, both the components of the well solution and the ratio of 

detergents were changed to produce bicelle crystals that were roughly twice the original 

size.   This method produced bicelle bR crystals with average dimentions of 100 x 200 

μm.  The specific changes are described in this section.   

The well solution was changed from the 3.2 M NaH2PO4 · 2 H20 to a mixture of 

4.0 M NaH2PO4 · 2 H20 and 6 M hexanediol in H2O.  Specifically, each well consisted of 

a mixture of 285 μL 4.0 M NaH2PO4 · 2 H20, 10 μL 6 M hexanediol, and 205 μL of H2O.  

The molar ratio of the DMPC:Chapso detergents was changed from 3:1 to 2.8:1.  These 

two detergents were still diluted to a 40% solution in water to make a 40% (2.8:1) 

DMPC:Chapso solution.  The 10 mg/mL bR solution was mixed in a 4:1 ratio with the 
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40% (2.8:1) DMPC:Chapso solution, making the bR/detergent solution used is 

subsequent steps. 

As mentioned above, to each cover slip was added 6 μL of the bR/detergent 

solution, 2.5 μL of the new well solution, and 1 μL of OG.  These components were 

mixed and the samples incubated at 37°C for a period of 4-8 weeks, at which point 

diamond-shaped crystals of size 100 x 200 μm were observed under microscope.  

Crystallization was considered complete after all of the purple protein had been taken up 

from the matrix.  These larger crystals are shown in Figure 2.2. 

 

 

   
Figure 2.2: Larger bicelle crystals made by the improved bicelle method (left) and 
resulting X-ray diffraction pattern acquired from the larger bicelle crystals (right). 

 

 

These larger crystals were again taken to the Orville labs and this time a 

diffraction pattern was successfully acquired (Figure 2.2) using the same instrumentation 

and parameters above.  The data was sent to the laboratory of Dr. James Bowie and 

Salem Farham at UCLA and confirmed as a match to theirs.   
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2.3. Sample Preparation and Data Acquisition for Light/Dark Adaptation Experiments 

 

The bicelle bR crystals within their detergent matrix were examined by visible 

spectroscopy to determine if the bR crystallized by this method was still capable of 

photoisomerization.  Because exposure to air dries out the matrix and embedded crystals, 

the glass cover slip of matrix-embedded bicelle bR crystals to be examined was removed 

from its crystallization well, a 2 mm thick circular rubber o-ring spacer was placed 

around the matrix spot, and a second slide was placed above it (Figure 2.3).   

 

 

 
 

Figure 2.3: Assembly of the bicelle crystal sandwich used to take visible spectra 
of a sample of multiple crystals embedded within the detergent matrix  

 

 

The o-ring spacer provided a sealed compartment to prevent sample desiccation during 

the experiment, eliminating spectral changes due to fluctuations in the hydration level of 

the sample during the experiment.  Paper clips placed on either side of the assembly kept 

the two glass slides in place. 



 44

 A Shimadzu 3101 PC UV/VIS/NIR double-beam spectrophotometer (Shimadzu 

Corp., Kyoto, Japan) was used to examine the matrix-embedded crystals in the range 

from 400-800 nm.  An ISR-260 integration sphere attachment (Shimadzu Corp.) replaced 

the solution-phase sample holder in order to increase signal intensity.  The sample 

sandwich of either the hydrated native bR film or of several crystals within their 

detergent matrix was placed in the integration sphere, scanned, and adjusted in the beam 

path until maximum signal was found.  Once this position was found, the chamber door 

closed, and the sample kept in the dark overnight.  After scanning this dark-adapted 

sample from 400-800 nm, the chamber door was opened and a white light source (desk 

lamp with 40W incandescent bulb) was used to focus a spot of light on the sample.  Care 

was taken to distance the light source from the sample to prevent denaturation by the 

lamp’s radiant heat.  The sample was scanned periodically until the visible spectrum 

remained constant.  At this point, the chamber door was closed and the spectrum was 

monitored periodically to see if the light-dark adaptation process was reversible.  The X-

Y absorption data were plotted using the OriginPro software package version 7.5 

(OriginLab, Northampton, MA).  The data acquired from this experiment are discussed in 

Chapter 3. 

 

 

 

 

 

 



 45

2.4. Sample Preparation and Data Acquisition for Single-Crystal Visible Spectroscopy 

 

For the single-crystal visible spectroscopy experiments studying the effect of dehydration 

under bright field exposure on a single bcbR crystal, the bcbR crystals were removed 

from their detergent matrix and fixed to a glass slide by the following procedure: crystals 

were first removed from their detergent matrix by adding a few drops of deionized, 

distilled water (DDW) to the matrix, gently mixing the matrix gel to loosen the 

components, and then transferring to a micro-centrifuge tube containing DDW.  After 

vortexing the tube to dislodge the crystals from the matrix, the crystals would settle to the 

bottom of the tube within a matter of minutes, leaving the matrix components on top, in 

the supernatant.  The supernatant was then removed by pipette, more DDW added, and 

the process repeated until the milky matrix components were no longer detected by eye.  

A 5-10 µL drop of crystals in DDW were then removed by pipette and placed on a glass 

slide.  The crystals settled to the bottom of this drop, close to the surface of the glass 

slide, and the excess DDW was removed by a combination of pipetting and evaporation 

as the crystals were exposed to ambient lighting and temperature.  Once the excess DDW 

had been removed, the crystals became immobilized on the glass slide and were easily 

transported to the microscope for single-crystal visible spectroscopy. A S.E.E. 1000 MSP 

visible microspectrometer running the SEEScope version 4.0.0 software package (S.E.E. 

Inc, Middleboro, MA) was used for single-crystal visible absorption experiments to 

compare the light-adapted spectrum of hydrated single crystals to hydrated native films.  

The microspectrometer had a wavelength range from 400-800 nm that allows for the 

examination of the retinal absorption within the protein.   The 20X objective used in these 
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experiments has a sampling area of 8 µm squared.  Since on average these crystals are 

100 x 200 µm in size, several different areas on a single crystal could be examined 

individually.  Spectra were collected from multiple areas of the same crystal, and also 

from different crystals.  The same process was repeated for several locations on a 

hydrated native film as well.  In all cases, spectra were collected after the sample was 

exposed to a drop of DDW for a period of one hour under the same intensity bright field 

of the microscope.  All data taken was saved as .spc files and opened again in the 

ONMIC v 5.2 software package (Nicolet Instrument Corp, Madison WI), where the 

baseline could be smoothed.  After smoothing, the data were saved as .csv files and 

opened in the OriginPro software package v7.5 for plotting.  All the crystal spectra were 

averaged, and all the native film spectra were averaged.  The same microspectrometer 

was also used for the single crystal visible absorption experiments examining the effect 

of dehydration of a single crystal by dry nitrogen stream under constant bright field 

exposure of the microscope.  Data for these experiments are presented in Chapter 3. 

 

2.5. Sample Preparation and Data Acquisition for Single-Crystal Raman Spectroscopy 

 

All microscale Raman experiments were carried out a Holoprobe Research 785 Raman 

microscope running the Kaiser Optical systems’ “Holoprobe” software package (both 

Kaiser Optical, Ann Arbor, MI).  For the single-crystal Raman experiments studying the 

effect of dehydration on a single bcbR crystal under increasing 514 nm laser irradiation 

from an external Argon laser, the crystals were removed from their detergent matrix as 

described above and fixed to a glass slide that was covered by a piece of aluminum foil.  
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The aluminum foil was used to prevent the appearance of interfering phonon Raman 

bands caused by interaction of the 785 nm Raman incident laser with the glass surface.  

For the experiments studying the effect of dehydration on a single bcbR crystal dried in 

the dark, the crystals were removed from their detergent matrix and fixed to an aluminum 

foil-covered glass slide by the procedure above.  The focus was set on a single crystal 

was set under bright field exposure of the microscope using the 20X objective and a 5-10 

µL drop of DDW was added to the crystal surface to re-hydrate it.  The bright field 

turned off and the crystal was kept on the stage of the Raman microscope in the dark for a 

period of 4 days at ambient temperature and pressure and allowed to dry.  After this 

period of time, the excess DDW on the surface evaporates, bringing the crystal into focus 

again without the need for exposing the crystal to the bright field of the microscope to 

check the focus before acquisition of the dehydrated crystal Raman spectrum. A 

Holoprobe Research 785 Raman microscope running the Kaiser Optical Systems’ 

“Holograms” software package was used for single-crystal Raman experiments to 

examine the effect of dehydration on the Raman spectrum of single crystals.  The Raman 

microscope had a spatial (microscope) resolution of approximately 1 µm, a 3 mW 785 

nm incident laser with a spot size of approximately 15 µm diameter, and spectrometer 

spectral resolution of approximately 3 cm-1.  The crystals were examined under 10x 

objective.  The Raman microscope was housed in a black felt-lined Plexiglass box to 

prevent the entrance of stray light.   

 For the experiments studying the effect of dehydration under increasing 514 nm 

laser power, laser excitation was provided by the 514 nm line of an Innova 300 Argon 

laser (Coherent, Santa Clara, CA).  To allow the passage of laser light onto the stage, a 
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hole was drilled into the left side of the box and a series of mirrors and lenses focused the 

Argon line toward the sample on the stage.  Figure 2.4 gives the top-down view of the 

optical setup for photo excitation experiments attempted using the 488 nm Argon laser.   

 

 
 
Figure 2.4: Top-down view of the optical setup for photo excitation experiments 
attempted using the 488 nm Argon laser.   
 
 
The 488 nm line is selected, passed into the Plexiglas box, and focused by a lens onto the 

sample.  The Raman spectrum of the same area of a single crystal was taken in the range 

from 2000-1000 cm-1, under increasing 514 nm laser power from 0.01W to 0.3 W.   

For the experiments studying the effect of dehydration on a single bcbR crystal 

dried in the dark, the crystals were removed from their detergent matrix and fixed to an 

aluminum foil-covered glass slide by the procedure above.  The focus was set on a single 

crystal was set under bright field exposure of the microscope using the 20X objective and 

a 5-10 µL drop of DDW was added to the crystal surface to re-hydrate it.  The bright field 

turned off and the crystal was kept on the stage of the Raman microscope in the dark for a 

period of 4 days at ambient temperature and pressure and allowed to dry.  After this 

period of time, the excess DDW on the surface evaporates, bringing the crystal into focus 
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again without the need for exposing the crystal to the bright field of the microscope to 

check the focus before acquisition of the dehydrated crystal Raman spectrum.  In both 

experiments, the data was saved as a series of .spc files and opened again using the 

ONMIC v 5.2 software package, where the baseline could be smoothed.  After 

smoothing, the data were saved as .csv files and opened in the OriginPro software 

package v7.5 for plotting.  The data collected from these experiments are discussed in 

Chapter 3. 

For the single-crystal Raman experiments studying the effect of increasing the 

incident 514 nm laser power on a single hydrated bcbR crystal, the crystals were 

removed from their detergent matrix as described above and fixed to a glass slide that 

was covered by a piece of aluminum foil.  While the 514 nm line of the external Argon 

laser that had been used with the Holoprobe 785 was fine for working with dried crystals, 

working with hydrated crystals posed a significant problem: the drop of water on the 

sample needed to maintain its hydration through the course of this experiment would 

distort the path of a 514 nm laser being directed externally to the sample.  Needed was an 

instrument with a built-in 514 nm laser so the laser could be directly put onto the sample, 

directly downward from the objective.  For this reason, a different micro Raman 

spectrometer was necessary, one capable of an incident 514 nm wavelength.  Since at the 

time such an instrument was not located on the Georgia Tech campus, Raman spectra of 

single hydrated crystals were acquired by Dr. Cristin Moran at Wright-Pattern Air Force 

Research Lab (AFRL) in Dayton, OH using a Renishaw in Via Raman spectrometer 

running the WiRE 2.0 software package (Renishaw, Gloucestershire, UK).  This 

spectrometer had a tuneable incident laser wavelength, and the crystals were examined 
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under both 830 nm and 514 nm wavelengths.  The sampling area was approximately 1 

µm2.  In order to ensure that the hydration level of all samples remained uniform, all 

Raman spectra were taken by submerging the objective underwater to obtain the 

spectrum of the native film or the single crystal.  The intense Raman band at 520 cm-1 of 

a silicon wafer was used for automatic wavelength calibration by the software.  All data 

presented were imported as x-y data first to OMNIC E.S.P. 5.2 (Nicolet Instrument Corp, 

Waltham, MA) for baseline correction, and then transferred to Microcal Origin 7.5 

software package.  The data from these experiments resulted in a publication in 

Biophysical Journal4 and is presented in Chapter 4. 

 

2.6. Sample Preparation and Data Acquisition for Visible Spectroscopy of a Mass of 
bcbR Crystals Dried in the Dark  
 

The bcbR crystals were removed from their detergent matrix by the washing procedure in 

Section 2.4.  A mass of crystals in DDW was concentrated to a rectangular sample size of 

approximately 3 x 7 mm and allowed to dry for a period of 4 days in the dark until the 

excess DDW had been removed by evaporation.  The glass slide with its mass of crystals 

immobilized to the surface was transferred under red light to the sample chamber of the 

spectrometer.  A Beckman DU 650 UV-Vis spectrometer (Beckman Instruments, Inc, 

Arlington Heights, IL) was used for visible spectroscopy experiments studying the effect 

of dehydration of a mass of bcbR crystals dried in the dark.  Unlike the visible 

microspectrometer, which acquires spectra under bright field illumination and CCD 

camera, this spectrometer has a scanning monochromator, which allows for the 

acquisition of a dark-adapted spectrum of the crystals without their exposure to broad 
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band white light.  The wavelength range from 300-800 nm was scanned on the 3 x 7 mm 

rectangular spot of crystals.  The X-Y data was saved in ASCII format and opened again 

in the OriginPro software package v7.5 for plotting.  Scanning within this wavelength 

range involved the changing of grating that resulted in spikes in the spectrum.  These 

spikes were subtracted out using the OriginPro software package.  The data collected in 

these experiments is presented in Chapter 3. 

 

2.7.  Sample Preparation and Data Acquisition for Circular Dichroism Experiments 

  

The bicelle bR crystals within their detergent matrix were examined by circular 

dichroism (CD) spectroscopy to determine the effect of crystallization on the CD 

spectrum of bR.  The samples were prepared in the same way as described above for the 

visible spectroscopy experiments presented in Section 2.3: a sample of matrix-embedded 

crystals were sandwiched between two circular glass cover slips separated by a rubber o-

ring.  At the time of these experiments, Georgia Tech did not yet own a working CD 

spectrometer, so the experiments were carried out in laboratory of Dr. Jenny Yang at 

Georgia State University.   Her research scientist Dr. Yiming Ye provided training on the 

CD spectrometer, the details of which are described in the next paragraph.  A sample of 

native bR in water, which has a well-characterized bilobic CD spectrum in the literature5-

9 (Figure 2.5) was also taken as a standard to make sure the instrument was functioning 

properly. 
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Figure 2.5: CD spectrum of native bR in water as described by Wang et al.10 (left) and 
the CD spectra of a solution of native bR in water at three different concentrations (right).  
 

 

The CD spectrometer was a JASCO 710 (Jasco, Great Dunmow, UK).  The rectangular 

solution cell sample holder was placed in the chamber.  The wavelength region between 

350-750 nm was scanned.  Three different concentrations of the native bR solution 

described above was scanned to determine the approximate optical density (OD) to get 

reasonable signal.  These three concentrations were 6 μM with an OD of 0.4, 9.9 μM 

with an OD of 0.8, and 6 μM with an OD of 1.35.  The resulting CD spectra of these 

three solutions are shown in Figure 2.5, and demonstrate that the CD spectra of the native 

solutions is in agreement with the literature.10 

 Next were the experiments on the crystals within their detergent matrix.  Since the 

crystals were contained between two circular glass cover slips, (crystal sandwich) the 

sample holder in the chamber had to be changed from the solution-cell sample holder to 

the cylindrical sample holder.  Figure 2.6 illustrates this sample holder and the way that 

the crystals were examined.  Several “sandwiches” like this were made and each sample 
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was rotated in three different orientations.  All this was done to make sure that any signal 

resulting was constant.  Figure 2.7 illustrates how a sample was rotated in this way. 
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Figure 2.6: Examination of crystals by CD Spectroscopy. 
   

 
 

 
 
Figure 2.7:  Example of how one sample of crystals within their matrix was rotated into 
three different orientations  
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Each sample’s average CD signal was derived from the different orientations and the 

three different sample spectrum averages are compared on one scale in Figure 2.8.   
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Figure 2.8: The inconsistent CD spectra obtained from three different multiple-crystal 
samples.   
 
 
The data derived from these experiments were inconsistent, likely due to scattering of the 

incident light by the crystal surfaces.  What was really needed was a CD microscope that 

would permit the examination of single crystals.  At the time, no such instrument existed 

commercially. 

 At about this time, Dr. Mohan Srinivasarao of the School of Textile & Fiber 

Engineering at Georgia Tech suggested that Dr. Bart Kahr at the University of 

Washington might be able to obtain a single-crystal CD spectrum, based on a recent 

publication of his in the Journal of the American Chemical Society11 describing the 

design of a CD microscope by their group.  After communication with him, a sample of 
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several crystals were sent to his lab for analysis.  He was unable to get good signal from 

the crystals on his CD microscope and suggested that expensive modifications to his 

system would have to be made in order to continue.  At this point pursuing further CD 

spectroscopy on the bicelle crystals was discontinued. 

 

2.8.  Sample Preparation and Data Acquisition for Single-Crystal FTIR Experiments 

 

This section describes the details of preparing and examining single bicelle crystals by 

FTIR microscopy.  One of the concerns in doing FTIR work on the crystals was that the 

detergents used in the crystallization would give rise to interfering IR absorption bands 

that would obscure the C=O and N-H protein absorption bands.  In order to circumvent 

this problem, the crystals were washed from their detergent matrix as described in 

Section 2.4 and individual crystals were examined by FTIR microscopy.   All microscopy 

was performed in the laboratory of Dr. Kumar of the School of Textile & Fiber 

Engineering at Georgia Tech on a Perkins-Elmer Spectrum One FTIR Spectrometer 

AutoImage Microscope (Perkin-Elmer, Boston, MA) under the guidance of graduate 

student Hongming Ma. 

In order to avoid IR signals from both the detergent matrix and H2O, both had to be 

removed from the crystals before FTIR data acquired.  Crystals were first removed from 

their matrix by adding a few drops of deionized, distilled water (DDW) to the matrix, 

gently mixing the matrix gel to loosen the components, and then transferring to a micro-

centrifuge tube containing DDW.  After vortexing the tube to dislodge the crystals from 

the matrix, the crystals would settle to the bottom of the tube within a matter of a few 
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minutes, leaving the matrix components on top, in the supernatant.  The supernatant was 

then removed by pipette, more DDW added, and the process repeated until the matrix 

components were no longer detected by eye.  After this final wash, the bulk DDW was 

removed by pipette, and an approximately 1 mL volume of 99% purity D2O (Sigma 

Aldrich, St. Louis, MO) was added to the tube of crystals, vortexed, and allowed to sit 

overnight on the bench top to allow solvent exchange.  The following day the D2O 

supernatant was removed by pipette, another 1 mL volume was added, the sample was 

vortexed, and the crystals allowed to settle to the bottom before the supernatant removed.  

Once the crystals had been rinsed 4-5 times in this manner a volume of D2O-soaked 

crystals was moved to a single 25 x 2 mm CaF2 window (Harrick Scientific, Ossining, 

NY) and placed on the stage of the FTIR spectrometer microscope.  Once the crystal/D2O 

solution was placed on the window, the excess D2O was removed via pipette to allow the 

crystals to adhere to the window.  A drop of D2O was added on top of the immobilized 

crystals to prevent desiccation.  This window was then placed on the microscope stage 

for examination under 60x total magnification.  A single crystal was brought into focus, 

and then the stage moved slightly so that a sampling area just outside the crystal was 

within the sampling area.  An average spectrum of this area was taken (16 scans) and 

used as a ‘background’ spectrum.  After the background spectrum was obtained, the stage 

was moved back so that the crystal was inside the sampling area and another average 

spectrum was obtained (16 scans) of the crystal.  Figure 2.9 compares the FTIR spectrum 

of a single bicelle crystal in D2O taken with the Kumar group’s FTIR microscope to the 

FTIR spectrum of a concentrated pellet of native bR in D2O taken with the Nicolet 860 
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FTIR spectrometer (Thermo Nicolet, Waltham, MA) housed in our Laser Dynamics 

Laboratory.   

 

 
Figure 2.9:  Comparison of the FTIR spectrum of a single bicelle crystal in D2O (left) to 
that of a concentrated pellet of native bR in D2O.  

 

 

Comparing the two spectra, it is observed that in the single crystal spectrum the 

three main vibrational bands are clearly seen: carbonyl stretch, the N-H bend, and the N-

D bend.  The additional band at 1740 cm-1 observed in the crystal spectrum but not in the 

native is due to the C=O stretch of the ester group of residual DMPC detergent.12  The 

prominent 1740 cm-1 absorption band in the FTIR spectrum of the 3:1 DMPC: Chapso 

detergent matrix alone, shown in Figure 2.10, confirms this assignment.  
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Figure 2.10:  FTIR spectrum of the 3:1 DMPC: Chapso matrix  

 

 

Once the ability to obtain a clear FTIR spectrum of a single bicelle crystal was 

confirmed, several experiments were considered.  First was a thermal stability experiment 

in which changes in the FITR spectrum of a single crystal were monitored with 

increasing sample temperature.  The temperature control cell used in previous FTIR 

thermal stability studies in this lab by bR by Heyes et al.13,14 using the Nicolet Magna 

860 was too large (too tall)  to fit under the microscope stage of the Perkin Elmer 

instrument.  A shorter-profile temperature control sample holder was located in the 

laboratory of Dr. Gary Schuster.  However, this temperature control cell was still too 

thick to fit under the microscope objective. 

 Once it became obvious that a temperature study was not going to be easy to do, 

attention turned toward trying to capture a single-crystal FTIR spectrum upon 
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photoexcitation.  Unfortunately the Perkin Elmer bench in the Kumar group lab was not 

interfaced to any laser source as was the Nicolet bench in our lab.  To be able to 

accomplish these experiments, a portable green laser source was necessary.  Research 

into the purchase of a portable green laser source proved cost-prohibitive, so a green (532 

nm, 5 mW) Z-bolt laser pointer (Z-bolt, Portland, OR) was used instead.  A spectrum was 

taken before, then during, illumination with the green laser pointer.  Unfortunately, no 

change in the spectrum was observed upon illumination.  Since the power output of the 

laser pointer could not be adjusted, increasing the exposure time was attempted.  Keeping 

the laser on the crystal for longer periods of time still resulted in no spectral changes and 

eventually caused the laser to overheat and turn off.    Another limitation to this these 

experiments is the inability to bring the laser source close enough to the crystal.  Due to 

the close working distance between the microscope objective and the sample, the laser 

beam had to be brought in from the side, resulting in a less-focused spot.  Figure 2.11 

describes this limitation and the resulting beam diameter hitting the sample.   

 

 

 
 
Figure 2.11: Description of the limitations of using a laser pointer as excitation source for 
single-crystal FTIR spectroscopy. 
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If the green laser source were in line with the objective, the laser beam would result in a 

more focused beam spot on the sample, with a shower distance between the laser and the 

sample (left).  However, in these experiments the laser beam had to be brought in from 

the side, (right) resulting in both a longer distance between beam and sample and also a 

more diffuse laser spot on the sample.  Lacking the ability to either do a temperature 

study or a photo excitation study using this single-crystal FTIR bench, further single-

crystal FTIR work was not pursued. 

  

2.9.     Sample Preparation and Data Acquisition for Single-Crystal Polarized Raman            
Experiments 

 

Polarized Raman experiments using the Holoprobe Research 785 nm Raman microscope 

were also attempted under the direction of Dr. Michielsen.  In these experiments, it was 

necessary to keep the degree of hydration constant and avoid photoexcitation of the 

sample so that spectral changes arising from different crystal orientations were due only 

to changing the crystal orientation, not dehydration nor photoexcitation of the crystal.  To 

keep the hydration constant, the crystal was always kept under a drop of water during 

data acquisition.  To avoid photoexcitation of the sample, the white light of the 

microscope bright field was passed through a red filter before passing through the 

sample, and each time the crystal orientation was adjusted, the bright field was passed 

through the red filter.  

The crystals were removed from their detergent matrix as described in Section 

2.5.  A solution of crystals in DDW was placed on a foil-covered glass cover slide and 

allowed to dry overnight in the dark.  All work done from this point on was carried out 
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under bright field passed through a red filter to avoid photoexcitation of the crystal.  Once 

the crystal was fixed to the slide by drying, a drop of water was added to the top of the 

crystal.  Under red illumination, the slide was rotated until the long axis of a crystal was 

aligned along the y-axis of the viewing field of the monitor.  The design of the 

microscope was such that the 785 nm laser was plane-polarized along the y-axis of the 

viewing field.  Thus, when the long axis of the crystal was along the y-axis of the 

viewing field, this long axis was also aligned with the plane of polarized laser light, and 

the angle between the crystal’s long axis and the plane of polarized light was 0°  Sample 

adjustment was done under bright field exposure with a red filter to avoid photoexcitation 

of the sample.  After the sample was in position, the microscope was switched to dark 

field, the box chamber door closed off with black fabric, and a Raman spectrum taken at 

this 0° position.  Following this initial spectrum acquisition, red-filtered bright field was 

switched back on and clockwise rotation of the sample stage relative to the plane of 

polarized light resulted in the changing of this angle from 0° to 45°, where the 

45°spectrum was taken under dark field.  The red-filtered bright field was turned on once 

again, the sample adjusted to 90°, the switch to dark field was made, and the 90°spectrum 

was taken under dark field.  Figure 2.12 demonstrates how the long axis of the crystal 

was oriented relative to the plane-polarized incident 785 nm laser.  In all cases the plane 

of polarized light was along the y-axis of the viewing field. 
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Figure 2.12: The three orientations of the long axis of a single bicelle crystal 
relative to plane-polarized light 

 

 

Figure 2.13 shows the three Raman spectra resulting from these three different 

orientations.  The data have been normalized to the 1008 cm-1  absorption (C-CH3 

rocking), which should have an intensity independent of orientation.  The normalized 

data show no signal intensity dependence.  At the time, two possibilities for this 

observation were considered.  The first was the possibility that within the retinal binding 

pocket of each monomer, the retinal was not oriented.  From the crystal structure of 

Bowie and Farham, the arrangement of protein monomers was known, but the retinal 

orientation within each monomer was not.  The second possibility considered was that 

perhaps the crystal was twinned.  If this were the case, then the polarized data was 

obtained on more than just a single layer of monomers, but on multiple layers that were 

rotated in relation to one another.  In discussing these findings with Bowie and Farham, 

the latter was found to be true.  It was not clear, however, if all crystals made by this 
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Figure 2.13 : The Raman spectra resulting from the three different crystal orientations 
shows no orientation-dependent intensity differences 

 

 

method were twinned.  If single un-twinned crystals could be located, polarized  

Raman spectroscopy might allow us to determine the optic axis of the crystal relative to 

the long axis of the crystal, which would allow us to better understand how the retinal is 

oriented within these crystals.  Transmission microscopy of crystals viewed on a rotating 

stage under cross polarizers would allow us to determine which crystals, if any, were 

untwined by changes in their transmission of polarized light. 
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2.10.     Transmission Microscopy of bcbR Crystals to Locate Untwinned Single Crystals 

 

A large sample of crystals was viewed under cross polarizers using the 4x objective of a 

Leica DMRX transmission microscope (Leica MicroSystems, Wetzlar, Germany).  The 

stage was rotated through a few different positions and images were taken at these 

positions.  Figure 2.14 demonstrates the changes in the transmission of polarized light in 

multiple crystals viewed under a rotating stage.  Top left: crystals observed with no 

polarizing filters in place.  The rest of the images are the same crystals viewed under 

cross polarizers in multiple stage positions.  Only small sections of some crystals are 

found to have an optic axis.  The lack of single untwined crystals on which polarized 

Raman spectroscopy could be performed resulted in an end to any further polarized 

spectroscopy experiments. 

 

 

   

   
Figure 2.14: Changes in the transmission of polarized light in multiple crystals 
viewed under a rotating stage. 
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2.11.   Sample Preparation and Data Acquisition for Transient Absorption (Flash 
Photolysis) Experiments 

 

In the initial attempts to carry out these experiments, the previously-used solution phase 

bench setup was used, in which the pulsed YAG laser and probe beams are both directed 

through a homogenous solution of native membrane.  However, the higher density of the 

crystals relative to water resulted in their settling to the bottom (and out of the sampling 

beam) faster than data could be acquired.  The modifications to the solution phase 

sampling setup that led up to the final sampling bench setup described in Chapter 5 in this 

thesis, are described.  

Crystals were removed from their matrix by the rinsing method described in 

section 2.4.  A concentrated mixture of multiple crystals in deionized, distilled water 

(DDW) was placed in a regular plastic 3 mL volume cuvette, which contained at the 

bottom a small stir bar a few mm in length.  This cuvette was set atop a stir plate and the 

plate turned on to keep the crystals circulating and within the beam path.  Transient 

absorption experiments were carried out using the frequency doubled output of a Q-

switched nanosecond pulsed Spectra Physics Quanta-Ray Series Nd:YAG laser (Spectra 

Physics, Mountain View, CA).  Monitoring light was provided by a PTI Corporation 

Xenon arc lamp (PTI, San Jose, CA) running in CW mode.  The monochromator was 

adjusted to 412 nm.  A filter was placed in front of the entrance slit of a SpectraPro-300i 

0.300 meter triple grating monochromator (Acton Research Corp., Acton, MA) to 

remove any 532 nm excitation light while allowing passage of the 412 nm light.  This 

bench setup is described in figure 2.15. The filter’s transmission profile in Figure 2.16 
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demonstrates that the 532 nm light is blocked while the 412 nm light passes through to 

the monochromator.  
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Figure 2.15:  Top-down view of the bench setup for the first attempt at flash photolysis 
experiments with several bicelle crystals stirred in DDW. 
 
 

 
 
Figure 2.16: The filter transmission profile for the flash photolysis experiments. 
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Single wavelength kinetics monitored at 412 nm were recorded using a Hamamatsu 

photomultiplier tube (Hamamatsu, Hamamatsu City, Japan) whose response was 

digitized using a LeCroy 9350 500 MHz oscilloscope (LeCroy, Chestnut Ridge, NY).  

The excitation at 532 nm had a pulse energy of 1 mJ and was overlapped with the 

monitoring beam at the ~2 mm focal spot within the sample.  The laser Q-switch triggers 

data acquisition by the Leroy 9350 oscilloscope at a frequency of 10 Hz.  A floppy disk 

inserted at into the top of the oscilloscope is used to store the kinetic traces.  After each 

experiment, the Winspec 32 software program converts this waveform data into an XY 

form that can be plotted using the OriginPro 7.5 software package with time on the X 

axis and intensity at 412 nm on the Y axis. 

Initial attempts to acquire data while stirring the sample resulted in very little to 

no signal.  Since the crystals in DDW would settle to the bottom of the cuvette, a sample 

holder had to be designed which would allow the passage of both.  The details of this 

sample holder and the modified bench setup are presented here and again in Chapter 5, 

along with the data acquired in these experiments. 

In order to run multiple samples one right after another, a multi-well sample 

holder was with an optically clear and flat surface was designed.  Such a multi-well 

sampling system was designed by taking a rectangular microscope slide and using spray 

adhesive to attach a piece of rubber matting approximately 2 mm thick.  This rubber 

matting contained holes punched through it (prior to its attachment to the glass) that were 

each approximately 3-4 mm in diameter.  Figure 2.17 shows both a top-down and a side-

view diagram of such a sampling tray.    
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Figure 2.17:  Side (left) and top-down views of the design of the multi-well sample 
holder for transient absorption experiments on multiple crystals. 

 

 

Fellow student Alex Schill designed the modified bench setup in which both the 

532 nm laser beam and the probe beam were directed downward through the new sample 

trays.  This was accomplished by directing the 532 nm laser beam downward on the 

sample via the use of two mirrors and a focusing lens.  The CW probe light was also 

directed downward and focused on the sample using the same focusing lens.  After both 

beams passed through the bottom of the sample tray containing the crystals, a receiving 

fiber optics picked up both beams and delivered them to the monochromator.  The filter 

was placed just before the monochromator entrance to block unwanted 532 nm light and 

only allow the passage of 412 nm light.  Figure 2.18 shows a top-down bench diagram for 

using the 532 nm incident pulsed laser as excitation source for M412 decay experiments 

on a crystal sample.   
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Figure 2.18:  bench diagram for using the 532 nm incident pulsed laser as excitation 
source for M412 decay experiments on a crystal sample. 

 

 

Notice the use of fiber optics to concentrate the CW beam and the use of a filter to 

remove the pulsed 532 nm laser right before it can enter the monochromator.  “M” 

indicates the placement of mirrors used to direct the pulsed laser to the sample.  Figure 

2.19 is a photograph of a side-view of the same bench setup.  The pulsed 532 nm laser 

path is shown as a broken green line from the source (not pictured) to mirror 1, upward to 

mirror 2, then downward from mirror 2 toward the focusing lens, then through the 

sample, after which point it enters the fiber optic below it.  The CW probe beam is 

pictured as an unbroken white line that is directed from the upper fiber optic, through the 

lens, sample, and back into a second fiber optic beneath the sample, from which point it 

is directed toward the monochromator.  The data collected in this manner resulted in data 

published in Biophysical Journal4 and also presented in Chapter 5 of this thesis. 
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Figure 2.19: Photograph of the side-view of the same bench setup. 
 

 

2.12.   Sample Preparation and Data Acquisition for FTIR Difference Spectroscopy on 
bcbR Crystals. 

 

Bicelle bR (bcbR) crystals were removed from their detergent matrix by the washing 

method described in Chapter 3.  Because the technique is not a micro-scale experiment, a 

large volume of crystals needed to be used to achieve maximum signal.  A large volume 

of crystals in DDW was concentrated on a single 25 mm x 2 mm CaF2 window (Harrick 

Scientific Products, Pleasantville, NY) by allowing the water to evaporate under ambient 

temperature, light, and pressure.  During this process, a small pipette was used to blow 

the edges of the drop toward the center, to prevent the spreading out of crystals over a 

large area of the window.  Once a sample spot of approximately 10 mm was formed and 

the crystals were fixed to the window, the single window was placed in the sample 

chamber of a Nicolet Magna 860 FTIR Spectrometer (Thermo Nicolet Instruments, 

Madison, WI) and the spectrum was checked in the 4000-1000 cm-1 range to make sure 
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that water was present but not saturating.  A typical spectrum for a mass of bcbR crystals 

that were soaked in D2O instead of DDW was taken at this stage is shown in Figure 2.20.   
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Figure 2.20: Typical FTIR absorption spectrum for a mass of bcbR crystals soaked in 
D2O on a single CaF2 window. 

 

This spectrum clearly shows that bulk D2O is present but not saturating in the 3300 cm-1 

region.  An inset of the protein absorption bands in Figure 2.21 shows that the C=O 

stretch, N-H bend, and N-D bends of the protein are all clearly observed.  The 1741 cm-1 

band is due to the C=O stretch of the ester group in the DMPC detergent.  Here the amide 

I C=O stretching of the protein is observed at 1660 cm-1, the amide II N-H bending of the 

protein is observed at 1537 cm-1, and the N-D bending is observed at 1442 cm-1. 
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Figure 2.21: Inset of the protein region from above 

 

 

Regardless of whether D2O or DDW was used, the spectrum was checked in this 

way to determine if the protein hydration levels were acceptable.  Vacuum grease was 

added to the perimeter of this CaF2 window, with a second window added.  The two 

windows were held together by parafilm.  The vacuum grease served as an additional 

barrier to seal in the hydration level of the sample between the windows.  The sealed 

CaF2 windows were placed in a Harrick temperature control cell and then placed in the 

sample chamber of the FTIR spectrometer.  The temperature was adjusted to 5.0ºC. 

A series of optics directed the 514 nm line of an Innova 300 Argon laser 

(Coherent, Santa Clara, CA) into the sample chamber of the spectrometer. The power at 

the sample was adjusted to 10 mW/cm2, as described in the literature.15  An overhead 

diagram of this bench is shown in Figure 2.22.  The 514 nm line is selected and sent to 

the FTIR bench,  
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Figure 2.22: Overhead bench setup for FTIR difference spectroscopy 

 

The location of the power meter used to adjust the laser power to 10mw/cm2 is indicated.  

The diameter of the 514 nm laser must be kept either equal to or greater than the IR beam 

sampling area, to ensure that all crystals within the IR sampling area are being excited by 

the 514 nm line.  Initial attempts at taking the difference spectrum of either native 

membrane or a mass of bcbR crystals were hampered by the presence of a fluctuating 

water concentration.  Figure 2.23 illustrates three different attempts to obtain the 

difference spectrum of native bR in DDW at 5ºC.  Although the positive 1760 cm-1 band 

(protonated Asp85) and the negative 1528 cm-1 band (depletion of the C=C stretching of 

protonated retinal) are present, the large positive 1560 cm-1 band that would indicate 

creation of the C=C of deprotonated retinal (the M state) is not clearly observed.  In 

addition, the shift in the amide I frequency from 1670 to 1650 cm-1 observed in the 

literature15 is not observed.  Large negative bands appear at 1590 and 1645 which are not 

described in the literature. 
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Figure 2.23: Three different attempts to replicate the IR difference spectrum of native bR 
at 5ºC. 
 

 

As mentioned earlier in the chapter, water vapor appears in the same region of the 

IR spectrum as do protein vibrations.  The Nicolet Magna 860 bench is purged by a 74-

5041 FT-IR Purge Gas Generator (Parker Bolston Analytical Gas Systems, Cleveland, 

OH).  This gas generator compresses surrounding air to 80 psi, and passes the air through 

filters that remove CO2 and H2O before passing the air to the bench via ¼” OD Teflon 

tubing at a flow rate of approximately 20 SCFH.  For the difference experiment to be 

successful, the water vapor concentration does not need to be 100% absent, as long as the 

concentration does not fluctuate on a scale larger than differences in the protein upon 

laser excitation.  If the water vapor concentration is constant throughout the data 

acquisition time, its intensity in the spectrum remains constant and it is subtracted out in 

difference spectroscopy to only reveal changes in the protein and retinal during 
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irradiation.  However, if the water vapor concentration is fluctuating (due to an inefficient 

purge, for example), then the difference spectrum of the protein is overlaid with 

interfering water bands.  To confirm that this was the case, a series of spectra were taken 

of an empty sample chamber of the FTIR bench after the sample chamber was closed and 

had been purging overnight.  Figure 2.24 shows four different ‘background’ spectra of 

the empty FTIR sample chamber.  Each spectrum is the result of an average of 5 scans 

and were all taken with in the same one-minute sampling period.   
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Figure 2.24: Four different ‘background’ spectra of the empty FTIR sample chamber. 
 

Figure 2.25 shows the difference spectra resulting from subtracting the second 

background from the first, the third background from the second, and so on.  For a steady 

purge, these difference spectra should be as flat as possible, or at least smaller than the 

changes expected in the difference experiment with sample in the chamber.  The %T 
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scale indicates that not only is the water vapor background fluctuating, but that it is 

fluctuating to produce noise on a larger scale than the data would. 
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Figure 2.25: Differences between these background spectra. 

 

 

A Bruker v66 model FTIR spectrometer (Bruker Optics, Billerica, MA) was used 

by Heberle et al.15 in the difference spectroscopy performed on cbR crystals.  This bench 

features a vacuum sample chamber, which eliminates water completely.  In contrast, the 

sample chamber for the Nicolet Magna 860 bench used for these bcbR difference 

experiments is not under vacuum purge, but instead uses the Whatman 74-5041 FT-IR 

Purge gas generator (Parker Hannafin, Cleveland, OH.  This purge gas generator uses a 

Gast 2HAH-11T-M200X compressor (Whatman Inc, Haverhill, MA) that intakes lab air 

and compresses it to approximately 80 psi.  The temperature of this hot compressed air is 

then lowered by sending it through an aftercooler.  After this point it is then sent through 
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a set of prefilters before it travels through the two regenerative desiccant driers (towers) 

that alternate between each other to remove residual water and CO2.   

Dr. Bridgette Barry of the Georgia Tech School of Chemistry and Biochemistry 

was consulted about the issue of insufficient water vapor removal.  After this meeting, 

modification of the present bench was undertaken to include a desiccant column through 

which the compressed air must pass between the compressor to the instrument.  It was 

anticipated that this additional stage would filter out the residual water vapor getting into 

the bench.  The desiccant column was a LabClear model DGF-250 Disposeable gas filter 

with ¼” OD fittings and 600 cc volume (Labclear, Oakland, CA).  The filter contained 

both indicating Drierite desiccant and #13x molecular sieve.  The Teflon tubing 

connecting the compressor to the bench was cut and the filter inserted as shown in Figure 

2.26. 

 

 
 

Figure 2.26: Addition of desiccant column to remove residual water vapor in purge air 
before it enters FTIR sample chamber. 
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2.13 Sample Preparation and Data Acquisition for FTIR Difference Experiments After 
Desiccant Column Added  

 

After the desiccant column was added, the change in the spectrum of the empty FTIR 

chamber was monitored for a period of two days to determine the effectiveness of the 

new column to maintain a more stable environment days.  After purging with the new 

column for a period of two days the fluctuation was much smaller than before and the 

difference experiments were conducted again.   

The native sample was prepared as described in Section 2.12, except that a 

temperature control cell was not used for this and all following experiments.  The native 

sample in H2O was allowed to dry on a CaF2 window until the level is hydration was 

satisfactory.  A second CaF2 window was placed on top, and parafilm was used to seal 

the windows together.  The sample was placed in the FTIR chamber, adjusted to give 

maximum signal, and the chamber door closed.  The sample was allowed to purge 

overnight before any measurements were taken.  The following day, thirty scans were 

taken of the native sample with the laser off, and another thirty scans were taken 

immediately afterward with the 514 nm laser power at 15 mW/cm2.  The mirror velocity 

was 0.6329; the aperture was set to 50.  The ‘laser on’ spectrum was subtracted from the 

‘laser off’ spectrum.   

Since the spectrum of a sample of crystals gives much lower signal, more sample 

spectra were needed to observe the small changes.  A sample of crystals in H2O was 

allowed to dry and was concentrated on a single CaF2 window as described in Section 

6.2.  A second CaF2 window was sealed over the first with parafilm and the sample was 

placed in the chamber to purge overnight before any spectra were taken.  The following 
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day a series of spectra were taken to experiment with the collection time and sample 

aperture to give the largest difference spectra without damaging the crystals.  The 

optimum difference spectra resulted from exposure of the crystals to 15mW/cm2 of 514 

nm laser for 500 scans (approximately 8 minutes at a mirror velocity of 0.6329) with a 

sample aperture of 150.  The laser was blocked and a 500-scan of the crystals was taken 

immediately afterward.  This process was repeated 47 times to give 47 difference spectra 

for the crystals.  These were averaged to give a single difference spectrum for the 

crystals.  The data from these experiments is presented in Chapter 6. 
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CHAPTER 3 
 

LIGHT-DARK ADAPTATION AND TRAPPING OF THE DEPROTONATED 
SCHIFF BASE IN BICELLE BACTERIORHODOPSIN CRYSTALS STUDIED BY 

VISIBLE AND RAMAN SPECTROSCOPY* 
 
 

Abstract 
 

In this chapter, visible spectroscopy will be used to examine a mass of bicelle 

bacteriorhodopsin (bcbR) crystals still embedded within their detergent matrix for their 

ability to light adapt upon exposure to white light.  For single crystals removed from their 

detergent matrix and dried under ambient temperature and pressure, a new band at 430 

nm in the visible and a Raman band at 156 cm-1 in the spectrum are observed.  The 

Raman band has been characterized in the literature1-10 as the deprotonated Schiff base of 

the retinal chromophore.  The absorption of the 430 nm band is close to the 412 nm 

absorption of the M intermediate of the photocycle, whose protonated Schiff base has 

been ionized.11-22  When the bcbR crystals are dried in the dark and examined by the 

above two techniques it is found that the deprotonation is photochemically induced by the 

intense observation light of the microspectrometer used. 

 

3.1.  UV-visible Spectroscopy of the Native Membrane and the Structure of Retinal 

 

At pH 7, the protein bacteriorhodopsin of Halobacterium salinarium exhibits two bands 

in the wavelength range 200-700 nm, one at 280 nm and another in the 560-568 nm 

                                                 
* Manuscript accepted: Sanii, Laurie S., El-Sayed, Mostafa A. “Partial Dehydration of the Retinal Binding 
Pocket and Proof for Photochemical Deprotonation of the Retinal Schiff base in Bicelle Bacteriorhodopsin 
Crystals” Photochemistry and Photobiology. ASAP. 2005 
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range, depending upon the light exposure of the sample (Figure 3.1).23-25  The 280 nm 

absorption band is due to the π-π* transition of the tryptophan and tyrosine amino acid  

3. 
 

Figure 3.1: Absorption spectrum of the light-adapted purple membrane. 
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residues of the protein backbone.21  The second band is due to the absorption of light by 

the chromophore retinal, housed in the center of the seven α helices of amino acids.23   

The main backbone of the retinal molecule consists of a 2,6,6-trimethylcylohexene group 

with a 13-carbon conjugated chain, terminating with a protonated Schiff base.   This 

protonated Schiff base connects the molecule to the rest of the protein via residue Lys216 

on the seventh helix of the protein.26-29   

 

3.2.  Conversion Between Two Retinal Isomers in Native Form of Bacteriorhodopsin 
During Light/dark Adaptation 

 

When the transmembrane protein bacteriorhodopsin is kept in the dark for several 

hours, the retinal molecules are found as a mixture of two isomers, commonly referred to 

as the “13-cis” and the “all-trans”.  More specifically, these two species are 13-cis,15-syn 

and the all-trans,15-anti isomers:20,30-35 

 

13
14

15N

H

13

14

15

N

H13-cis, 15-syn all-trans, 15-anti

 

This mixture of isomers gives rise to a retinal absorption band in the visible spectrum  

centered at 560 nm.  Upon exposure to white light, the retinal population converts to 

nearly all-trans,15-anti and the absorption band shifts to 568 nm.20,22,24,35-38  The dark 

adapted and light adapted states of the protein are often referred to as bR560 and bR568, 

respectively.  Absorption of a photon by all-trans,15-anti retinal results in its 

isomerization from all-trans,15-anti to 13-cis,15-anti configuration:  
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13
14

15N
H

13

14

15

N

H

hυ

all-trans, 15-anti
bR 568

13-cis, 15-anti
K610  

The 13-cis,15-anti form of the retinal molecule is the high-energy K610 intermediate  that 

drives the rest of the photocycle through a thermal relaxation photocycle resulting in the 

translocation of a proton from the cytoplasmic to extracellular side of the membrane:24,39-

55, 56-61  

 

bR568 K610 L550 M412 N550 O640
2.5ps 2 μs 80 μs 10 ms 5 ms

 

 

The formation of the 13-cis,15-anti retinal intermediate initiates changes starting 

at the Schiff base region and extending to the rest of the protein over the photocycle.62  

From visible spectroscopy, the shift in visible absorption from 560 nm → 568 nm during 

light adaptation of the protein allows us to follow the isomerization of the chromophore 

retinal, a necessary precursor for the photocycle to proceed from the all-trans,15-anti 

population of retinal.   
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3.3   Does Retinal Isomerize in Bicelle Bacteriorhodopsin Crystals? 

 

In 2002, Bowie and Farham published a method to crystallize bR by a bicelle 

crystallization method, creating bicelle bR (bcbR) crystals.63  The X-ray structure of these  

crystals revealed that the protein packing structure of the protein contained within these 

bicelle crystals no longer consists of parallel trimers, as was the case with the native 

membrane and in the previously-published cbR crystals made by the in-cubo 

crystallization method,64 but of antiparallel monomers.  It is not known how this novel 

packing structure affects the functionality of this protein.  Can the retinal within these 

bcbR crystals isomerize under exposure to white light?  If so, can it also pump protons, 

characterized by the creation of the deprotonated retinal Schiff base?   

If the retinal in the bcbR crystals is unable to light adapt there should be no 

change in the visible absorption spectrum in the 560-568 nm region upon exposure to 

white light.  If this is the case, we can say that the bcbR crystal is unable to isomerize and 

continue the photocycle.  However, if isomerization between the dark- and light-adapted 

states is possible, a shift in the visible spectrum in this region should be observed for the 

bcbR crystals after their exposure to white light and the bcbR crystals may be able to 

undergo the photocycle.  If isomerization is possible, bcbR crystals will be removed from 

their detergent matrix and examined by both single-crystal visible and Raman 

spectroscopy to see if the deprotonated Schiff base can be created and trapped by 

dehydration.  
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Experimental Methods 

 

3.4 Light Adaptation Experiments on a Mass of Detergent-embedded bcbR Crystals 
 

The bR samples were obtained from a cell line of Halobacterium salinarium and were 

purified by established procedures.40  The concentration of bR was adjusted to 

approximately 10 mg/mL by monitoring the absorbance of the light-adapted (20 minutes 

light exposure using a 40 W bulb) bR sample at 570 nm until the absorbance spectrum 

was constant.  Diamond-shaped bR bicelle crystals were made by the method of Bowie et 

al.63 with the following modifications: the precipitant well solution was made by mixing 

4.0 M NaH2PO4, H2O, and 6.0 M 1,6-hexanediol in a 29:1:1.4  volume ratio, and this 

precipitant solution was mixed with an 8.0 mg/mL bR/8% bicelles mixture.63 The 

samples were monitored periodically for the next two weeks as the fluid suspension 

slowly gelled during equilibration with the saturated salt solution underneath.  The slides 

were then examined by light microscopy for evidence of crystal growth.  Typical bicelle 

bR crystals, having dimensions of 100 µm x 200 µm, are shown in Figure 3.2 (left).  This 

same sample preparation was repeated for bR samples that had not been crystallized (a 

film) to see the effect of crystallization on light adaptation.  Before acquiring the 

absorption spectrum of the film, the sample was hydrated with a drop of water, a cover 

slip sealed over it, and allowed to equilibrate overnight.  This film is shown in Figure 3.2 

(right).    
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Figure 3.2: Microscope images of a random assembly of multiple bicelle crystals 
embedded within their detergent matrix (left) and of a hydrated film of native bR (right). 

 

 

A Shimadzu 3101 PC UV/VIS/NIR double-beam spectrophotometer running the 

Personal Spectroscopy Software v3.9 software package (Shimadzu, Kyoto, Japan) was 

used to examine the matrix-embedded bcbR crystals in the range from 400-800 nm for 

their ability to light adapt under exposure to white light.  An ISR-260 integration sphere 

attachment replaced the solution-phase sample holder in order to increase signal intensity.  

Because exposure to air dries out the matrix and embedded crystals, the glass cover slip 

of matrix-embedded bicelle bR crystals to be examined was removed from its 

crystallization well, a 2 mm thick circular rubber o-ring spacer was placed around the 

matrix spot, and a second slide was placed above it (Figure 3.3).  The o-ring spacer 

provided a sealed compartment to prevent sample desiccation during the experiment, 

eliminating spectral changes due to fluctuations in the hydration level of the sample 

during the experiment.  The sample sandwich of either the hydrated native bR film or of 

several bcbR crystals within their detergent matrix was placed in the integration sphere, 
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scanned, and adjusted in the beam path until maximum signal was found.  Once this 

position was found, the chamber door closed, and the sample kept in the dark overnight.   

 
 
Figure 3.3: Assembly of the bicelle crystal sandwich used to take visible spectra of a 
sample of multiple crystals embedded within the detergent matrix. 
 

 
After scanning this dark-adapted sample from 400-800 nm, the chamber door was 

opened and a white light source (desk lamp with 40W incandescent bulb) was used to 

focus a spot of light on the sample.  Care was taken to distance the light source from the 

sample to prevent denaturation by the lamp’s radiant heat.  The sample was scanned 

periodically until the visible spectrum remained constant.  At this point, the chamber door 

was closed and the spectrum was monitored periodically to see if the light-dark 

adaptation process was reversible.  The X-Y absorption data were plotted and fitted using 

the OriginPro software package version 7.5 (OriginLab Corporation, Northampton, MA). 

 

3.5 Single-Crystal Visible Spectroscopy 

 

For the single-crystal visible spectroscopy experiments studying the effect of dehydration 

under bright field exposure on a single bcbR crystal, the bcbR crystals were removed from 
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their detergent matrix and fixed to a glass slide by the following procedure: crystals were 

first removed from their detergent matrix by adding a few drops of deionized, distilled 

water (DDW) to the matrix, gently mixing the matrix gel to loosen the components, and 

then transferring to a micro-centrifuge tube containing DDW.  After vortexing the tube to 

dislodge the crystals from the matrix, the crystals would settle to the bottom of the tube 

within a matter of minutes, leaving the matrix components on top, in the supernatant.  The 

supernatant was then removed by pipette, more DDW added, and the process repeated until 

the milky matrix components were no longer detected by eye.  A 5-10 µL drop of crystals 

in DDW were then removed by pipette and placed on a glass slide.  The crystals settled to 

the bottom of this drop, close to the surface of the glass slide, and the excess DDW was 

removed by a combination of pipetting and evaporation as the crystals were exposed to 

ambient lighting and temperature.  Once the excess DDW had been removed, the crystals 

became immobilized on the glass slide and were easily transported to the microscope for 

single-crystal visible spectroscopy.   

A S.E.E. 1000 MSP visible microspectrometer running the SEEScope version 

4.0.0 software package (S.E.E. Inc, Middleboro, MA) was used for single-crystal visible 

absorption experiments to compare the light-adapted spectrum of hydrated single crystals 

to hydrated native films.  The microspectrometer had a wavelength range from 400-800 

nm that allows for the examination of the retinal absorption within the protein.   The 20X 

objective used in these experiments has a sampling area of 8 µm squared.  Since on 

average these crystals are 100 x 200 µm in size, several different areas on a single crystal 

could be examined individually.  Spectra were collected from multiple areas of the same 

crystal, and also from different crystals.  The same process was repeated for several 
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locations on a hydrated native film as well.  In all cases, spectra were collected after the 

sample was exposed to a drop of DDW for a period of one hour under the same intensity 

bright field of the microscope.  All data taken was saved as .spc files and opened again in 

the ONMIC v 5.2 software package (Nicolet Instrument Corp, Madison WI), where the 

baseline could be smoothed.  After smoothing, the data were saved as .csv files and 

opened in the OriginPro software package v7.5 for plotting.  All the crystal spectra were 

averaged, and all the native film spectra were averaged.  The same microspectrometer 

was also used for the single crystal visible absorption experiments examining the effect 

of dehydration of a single crystal by dry nitrogen stream under constant bright field 

exposure of the microscope. 

 

3.6 Single-Crystal Raman Spectroscopy 

 

For the single-crystal Raman experiments studying the effect of dehydration on a single 

bcbR crystal under increasing 514 nm laser irradiation, the crystals were removed from 

their detergent matrix as described above and fixed to a glass slide that was covered by a 

piece of aluminum foil.  The aluminum foil was used to prevent the appearance of 

interfering phonon Raman bands caused by interaction of the 785 nm Raman incident 

laser with the glass surface.  For the experiments studying the effect of dehydration on a 

single bcbR crystal dried in the dark, the crystals were removed from their detergent 

matrix and fixed to an aluminum foil-covered glass slide by the procedure above.  The 

focus was set on a single crystal was set under bright field exposure of the microscope 

using the 20X objective and a 5-10 µL drop of DDW was added to the crystal surface to 
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re-hydrate it.  The bright field turned off and the crystal was kept on the stage of the 

Raman microscope in the dark for a period of 4 days at ambient temperature and pressure 

and allowed to dry.  After this period of time, the excess DDW on the surface evaporates, 

bringing the crystal into focus again without the need for exposing the crystal to the 

bright field of the microscope to check the focus before acquisition of the dehydrated 

crystal Raman spectrum. 

A Holoprobe Research 785 Raman microscope running the Kaiser Optical 

Systems’ “Holograms” software package (both Kaiser Optical, Ann Arbor, MI) was used 

for single-crystal Raman experiments to examine the effect of dehydration on the Raman 

spectrum of single crystals.  The crystals were examined under 10x objective.  The 

Raman microscope was housed in a black felt-lined Plexiglass box to prevent the 

entrance of stray light.  The Raman microscope had a spatial (microscope) resolution of 

approximately 1 µm, a 3 mW 785 nm incident laser with a spot size of approximately 15 

µm diameter, and spectrometer spectral resolution of approximately 3 cm-1.  Laser 

excitation was provided by the 514 nm line of an Innova 300 Argon laser (Coherent, 

Santa Clara, CA).  To allow the passage of laser light onto the stage, a hole was drilled 

into the left side of the box and a series of mirrors and lenses focused the Argon line 

toward the sample on the stage.  The Raman spectrum of the same area of a single crystal 

was taken in the range from 2000-1000 cm-1, under increasing 514 nm laser power from 

0.01W to 0.3 W.  The X-Y data were saved as .spc files and opened again using the 

ONMIC v 5.2 software package, where the baseline could be smoothed.  After 

smoothing, the data were saved as .csv files and opened in the OriginPro software 

package v7.5 for plotting. 
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3.7 Visible Spectroscopy of a Mass of bcbR Crystals Dried in the Dark  
  

The bcbR crystals were removed from their detergent matrix by the same procedure used 

in the visible and Raman experiments above.  A mass of crystals in DDW was 

concentrated to a rectangular sample size of approximately 3 x 7 mm and allowed to dry 

for a period of 4 days in the dark until the excess DDW had been removed by 

evaporation.  The glass slide with its mass of crystals immobilized to the surface was 

transferred under red light to the sample chamber of the spectrometer. 

 A Beckman DU 650 UV-Vis spectrometer (Beckman Instruments, Inc, Arlington 

Heights, IL) was used for visible spectroscopy experiments studying the effect of 

dehydration of a mass of bcbR crystals dried in the dark.  Unlike the visible 

microspectrometer, which acquires spectra under bright field illumination and CCD 

camera, this spectrometer has a scanning monochromator, which allows for the 

acquisition of a dark-adapted spectrum of the crystals without their exposure to broad 

band white light. The crystals were removed from their detergent matrix by the same 

procedure used for the visible absorption experiments described previously, and 

concentrated to a 3 x 7 mm rectangular area on a glass slide as described above.  The 

wavelength range from 300-800 nm was scanned.  The X-Y data was saved in ASCII 

format and opened again in the OriginPro software package v7.5 for plotting.  Scanning 

within this wavelength range involved the changing of grating that resulted in spikes in 

the spectrum.  These spikes were subtracted out using the OriginPro software package. 
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Results and Discussion 
 

 
3.8  Light and Dark Adaptation of the Retinal within the Bicelle Crystals 

 

The changes in the visible absorption spectrum for a sample of bcbR crystals within the 

detergent matrix upon their exposure to white light are shown in Figure 3.4a.   For 

comparison, the visible absorption spectra for the hydrated native bR film are shown in 

Figure 3.4b.  In Figure 3.4a the retinal absorption for a mass of bcbR crystals within their 

detergent matrix ranges between 558 nm (after being kept in the dark overnight) to 563 

nm (following exposure to light for 45 minutes, after which the spectrum remained 

constant).  In 3.4b the retinal absorption of the native hydrated film of bR ranges between 

560 nm after overnight dark adaptation and 568 nm following light exposure for 30 

minutes, after which the spectrum remained constant.  This red shift in the absorption 

maximum for a mass of bcbR crystals upon light exposure indicates that the retinal 

molecules within the bicelle bR crystals are not “locked” into a particular conformation; 

they have the ability to isomerize.   
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Figure 3.4: Effect of light adaptation on the visible absorption spectrum of several bicelle 
bR crystals suspended in the detergent matrix 

 
 

3.9  Comparison of Single-Crystal Visible Absorption to Native  

 

Figure 3.5 compares the average visible spectrum from multiple areas of single hydrated 

crystals to the average spectrum from multiple areas of a hydrated native film.  The data 

have been normalized to Absorbance of 1 for ease of comparison.  In the bcbR crystal 

spectrum, the absorption maximum is blue-shifted to 560 nm relative to the 568 nm 

absorption maximum for the hydrated native film.  This blue-shifting of the light-adapted 

spectrum for crystals relative to that of light-adapted native film is similar to what was 

observed in Figure 3.4.  In Figure 3.5 a small absorption at approximately 430 nm is 

observed in the spectrum for the crystals that is not observed in the native.  In addition, 

the band width of half-height is 30% larger for the crystals than it is for the native.  Since 

the spectrum for the crystals presented represents an average of multiple areas taken of 

several crystals, the argument of band broadening due to light scattering can be rejected.  
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Figure 3.5: Comparison of band widths at half-height between the average light-adapted 
state of a hydrated native film of bR (solid line) and the average light-adapted state of a 
single bcbR crystal (circles) 
 

 

In their work comparing the absorption spectra of single cbR crystals to native 

membrane, Schelkl et al.65 also noted that single cbR crystals had an absorption band 

approximately 30% wider than that of a native suspension and a blue-shifting of the 

absorption spectrum to 560 nm.  However, the small 430 nm band observed here for the 

bcbR crystals was not observed in the cbR crystals.  They proposed that the band 

broadening of the cbR crystals was due to a difference in hydration among the retinal 

binding pockets in the cbR crystals,65 a proposal that was confirmed by monitoring the 

band width of the cbR crystal before and then after exposure of the cbR crystal to a 

stream of dry nitrogen. 
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To see if the band broadening and the presence of the 430 nm band in the bcbR 

crystals is also due to a difference in hydration among the retinal binding pockets, the 

same experiment was performed for a single bcbR crystal and the results shown in Figure 

3.6.   
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Figure 3.6: Spectrum of a single hydrated bcbR crystal before (solid line) and after 
(circles) drying with stream of nitrogen under broad band light. 
 
 

A single bcbR crystal was kept under constant bright field exposure on the 

microscope stage while being exposed to a stream of dry nitrogen.  Drying of the bcbR 

crystal results in a small blue shift in the retinal absorption spectrum, a slight decrease in 

band width, and most dramatically, an increase in the 430 nm band.  The narrowing of 

the bcbR crystal’s retinal absorption band upon dehydration indicates that the larger band 

width of hydrated bcbR crystals relative to that of hydrated native films is due to a 

difference in hydration environments of the retinal binding pocket of the bcbR crystals.  
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The existence of the 430 nm band in hydrated bcbR crystals and its intensity increase 

upon dehydration under bright field indicates that in the bcbR crystals the deprotonated 

Schiff base is formed.  Before we can say that we are actually trapping the M 

intermediate of the photocycle by this dehydration, the experiment needs to be performed 

on crystals dried in the dark to make sure that the deprotonation is due to the trapping of 

the M intermediate of the photocycle and is not simply a product of thermal 

deprotonation of the parent. 

 

 
3.10  Effect of bcbR Crystal Dehydration in Dark  

 

Because the spectra acquired by the S.E.E. 1000 MSP visible microspectrometer are 

produced by CCD camera, the sample has to be exposed to the bright field of the 

microscope during sample acquisition.  The experiments examining the visible spectrum 

of bcbR crystals dried in the dark have to be carried out on a spectrometer with a 

scanning monochromator, in this case a Beckman DU 650 UV-vis spectrometer.  Because 

this spectrometer is not a micro-scale spectrometer, a single crystal cannot be examined.  

Instead, a large mass of crystals that were dried in the dark were examined.  The 

absorption spectrum in the 300-800 nm range for this mass of bcbR crystals is shown in 

Figure 3.7.   
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Figure 3.7: Spectrum of a mass of bcbR crystals after drying in the dark for a period of 3-
4 days under ambient temperature and pressure. 
 
 

Unlike bcbR crystals dried under bright field, bcbR crystals dried in the dark lack 

the strong absorption band at 430 nm.  Exposure of this mass of crystals to a stream of 

dry nitrogen in the dark for a period of several hours produced no changes in the 

spectrum, indicating that the crystals could not be dried further.  This finding provides 

support for the proposal that the deprotonation of the retinal Schiff base is due to the 

formation and trapping of the M intermediate of the photocycle, not just dehydration of 

the parent.   

 
3.11  Effect of Dehydration of Single bcbR Crystal  

 

In Figure 3.8, the Raman spectrum of a single bcbR crystal under 785 incident laser is 

taken as a second 514 nm excitation laser is focused on the sample as it dries under 

ambient temperature and pressure.   
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Figure 3.8: Changes in the Raman spectrum of a single air-exposed bcbR crystal during 
increase of the power of the 488 nm line of an Argon laser. 

 

 

The power of the 514 nm laser is increased from 0.01 W to 0.3W.  As the laser power 

increases, a new band appears at 1566 cm-1.  This band is well-characterized literature1-10 

as the C=C stretching of the deprotonated retinal Schiff base.  To affirm that this the 

appearance of this band is not due to thermal deprotonation of the parent, a single bcbR 

crystal was allowed to dry in the dark for a period of four days under ambient 

temperature and pressure, after which time the Raman spectrum in Figure 3.9 was taken 

with 785 nm laser.  The absence of the 1566 cm-1 band for the bcbR crystal dried in the 

dark provides further evidence that the appearance of the 1566 cm-1 band in the bcbR 

crystal exposed to 514 nm excitation is due to the creation and trapping of the M 

intermediate in the bcbR crystals.  Exposure of the crystal to dry nitrogen stream for a 

period of one hour resulted in no further changes in the spectrum. 
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Figure 3.9: The Raman spectrum of a single air-exposed bcbR crystal left in the dark for 
a period of 3-4 days  
 

 

In summary, the retinal contained within the novel packing structure of these 

bcbR crystals is photo-responsive, able to isomerize and not locked into a particular 

conformation.  The average absorption spectrum of well-hydrated, light-adapted single 

bcbR crystals is broader than native films, a finding that is in agreement with the 

absorption spectrum of single cbR crystals.65  In contrast to cbR crystals, there is a small 

absorption at 430 nm, which is close to the absorption of the M intermediate of the 

deprotonated retinal Schiff base.  Upon dehydration under bright field, the absorption 

band of a single bcbR crystal narrows and blue-shifts, with a large increase in this 430 

nm band.  Visible experiments done on a mass of crystals dried in the dark do not show a 

band at 430 nm, providing evidence that that this Schiff base deprotonation is 

photochemical and not thermal.  A band at 1566 cm-1 in the Raman spectrum of a single 

crystal appears and its intensity increases as the crystal is dried under increasing 514 nm 
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laser power.  This band does not appear for a crystal when it is dried in the dark for a few 

days.  Together with the visible absorption experiments, these experiments provide 

further evidence that the deprotonated retinal Schiff base is the M intermediate if the 

photocycle, trapped by dehydration during excitation.  They also show that thermal 

deprotonation of the bcbR crystals does not take place. 
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CHAPTER 4 
 

EVIDENCE FOR THE CREATION OF THE M412 INTERMEDIATE BY RAMAN 
SPECTROSCOPY* 

 
 

Abstract 
 

In Chapter 3, a combination of photo-excitation and dehydration of bcbR crystals 

to ‘trap’ the M intermediate was performed.  In this chapter, resonance Raman 

spectroscopy of single hydrated bcbR crystals is performed to search for evidence of a 

photocycle, indicated by creation of the M intermediate.  An introduction of Resonance 

Raman spectroscopy is first given and finally applied to bacteriorhodopsin. 

 

4.1.  Raman Spectroscopy 

 

A beam of radiation passed through a medium results in the scattering of a fraction of the 

incident beam in all directions by the species present.  C.V. Raman observed in 1928 that 

a small portion the radiation scattered by certain molecules differs in wavelength from 

that of the incident beam.  The shift in wavelength depend upon the chemical structure of 

the molecules responsible for the scattering.1  The difference in energy between the 

incident and the scattered radiation corresponds to the energy of the vibration causing the 

scattering.  While the requirement to observe an infrared absorption spectrum is that the 

vibrational mode of the molecule has to change its dipole moment. 

                                                 
* Manuscript published: Sanii, Laurie S., Schill, Alex W., Moran, Cristin E., El-Sayed, Mostafa A. “The 
Protonation-Deprotonation Kinetics of the Protonated Schiff Base in Bicelle Bacteriorhodopsin Crystals” 
Biophys J. (2005) 89, 444-451.  
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A Raman scattering spectrum is observed for vibrations in which the polarizability of the 

molecule changes during the vibration.1  This gives rise to the selection rules. 

This difference in the selection rules between IR and Raman spectroscopy suggest that, 

for a given molecule, its Raman activity may markedly differ from its infrared activity 

depending on the symmetry of the molecule1 

For molecules there are different types of vibrations: stretching, bending, and 

scissoring.  Stretching involves movement along the bond axis in which the inter-atomic 

distance changes during the vibration.  On the other hand, the other types of vibrations 

involve a change in bond angle.   In all these atomic motions the whole molecule is not 

allowed to translate or to rotate.2  Stretching vibrations can also be symmetric or 

asymmetric.  Only vibrations resulting in a change in the dipole moment of the molecule 

can undergo infrared absorption and are therefore IR active.1,2  In general, functional 

groups that have a strong dipole give rise to strong absorptions on the IR.2  On the other 

hand, Raman active vibrations result in a change of the polarizability of the molecule as a 

whole. 

 

4.2.  Resonance Raman spectroscopy 

 

In normal Raman spectroscopy (described above), the incident laser of the instrument is 

chosen so that its energy is far below the energy of the lowest excited state of the 

chromphore.  Figure 4.1 is a description of the processes involved in of normal Raman 

scattering spectroscopy adapted from Ferraro et al.3  In normal Raman spectroscopy, the 

incident laser wavelength υο is chosen so it lies below the first excited energy state of the  
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Figure 4.1: Description of the processes involved in of normal Raman scattering 
spectroscopy.   
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chromophore.  This energy of the laser provides enough energy to the molecule to induce 

a change in the vibrational energy without providing enough energy to promote an 

electron to its excited state.  In this figure, the processes involved with infrared 

absorption (IR), the Rayleigh scattering (R), normal Stokes (S) and anti-Stokes (A) 

Raman scattering are illustrated.   

On the other hand, in resonance Raman spectroscopy the energy of the incident 

laser corresponds to the energy of an electronic transition of a certain chromophore in the 

molecule.  Figure 4.2 shows a sketch of the resonance Rayleigh and Raman scattering 

processes, adapted from Ferraro et al.3  In resonance Rayleigh and Raman spectroscopy, 

the incident laser wavelength is chosen so it corresponds to the energy of an electronic 

transition of the chromophore.  This energy of the laser provides enough energy to the 

molecule to provide enough energy to promote an excited state.  Raman bands originating 

from this chromophore are selectively enhanced3 by a factor of 103-105.  In this figure, 

the processes involved with Rayleigh scattering (R), Stokes (S) and anti-Stokes (A) 

Raman scattering are illustrated.   

Raman bands originating from the vibration of this chromophore are selectively 

enhanced by a factor3 of 103-105.  This important enhancement is vitally important in 

studying biological systems as one can study changes in the chromophore without the 

interference of the large number of amino acids present in the protein. 
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Figure 4.2: Sketch of the resonance Rayleigh and Raman scattering processes.   
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4.3.  Raman Spectroscopy of Bacteriorhodopsin 

 

In these experiments we are dealing with bacteriorhodopsin, a retinal protein that has a 

visible absorption spectrum with at least two resolved bands in the region between 250-

700 nm.  The 280 nm absorption is due to the aromatic residues of the protein backbone.  

The 570 nm absorption is due to the protonated Schiff base of the all-trans isomer of the 

retinal chromophore within its binding pocket of the protein.4  If kept in the dark for a 

period of several hours, the retinal population converts5-8 to a mixture of the 13-cis and 

all-trans isomers, and the absorption here blue-shifts about 10 nm from 560 to 568 nm.  

In Raman spectroscopy, excitation of the protein with laser light of wavelengths larger 

than the chromophore’s 570 nm absorption band should only result in Raman scattering 

of the species present in solution, without inducing the photocycle.  This means that if we 

are using an 830 nm laser to get the Raman spectrum of the dark-adapted species, we will 

observe a mixture of bands arising from the 13-cis and all-trans isomers in principle.  If 

we use the same 830 nm laser to examine a protein that has just been light-adapted, we 

will only see bands arising from the all-trans retinal species (together with the weak 

protein bands).  However, using an incident laser having a wavelength that lies within the 

absorption band of the retinals (as in the case of using the 514 nm laser) we should 

observe the resonance enhanced retinal spectrum of the parent bR, as well as that in any 

photoproduct intermediate produced photochemically. 

As mentioned in Section 4.2 above, in resonance Raman spectroscopy, the bands 

arising from the chromophore are selectively enhanced by a factor between 103-105.  In 

native bR, we know that in its light-adapted state, the protein has approximately a 98% 
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all-trans retinal configuration, with a protonated Schiff base.  From the visible 

spectroscopy in Chapter 3, we know that within the bicelle crystal the retinal is photo-

responsive, as evidenced by a shift in the retinal absorption maximum.  It may be the case 

that in the light-adapted state of the crystals, there are two populations of retinal with 

respect to the Schiff base region – one in which the retinal is deprotonated and the other 

in which the retinal is protonated.  If this is the case and we see the development of new 

bands switching from the 830 to 514 nm excitation laser which have been characterized 

in the literature as belonging to the M intermediate of the photocycle (a 13-cis isomer 

with a deprotonated Schiff base) do we know that these new bands appearing under 514 

nm laser are actually due to the creation of the M intermediate in the crystals, or are just 

the result of resonance enhancement of  a 13-cis, deprotonated species that already exists 

in the light-adapted crystal without a photocycle actually taking place?  These questions 

will be addressed in the Experimental Design and Results/Discussion sections. 

  One of the great advantages Raman spectroscopy has over infrared spectroscopy 

in the study of hydrated biological systems in general is that in Raman spectroscopy, 

water is transparent due to its negligible Raman scattering cross-section.  Because the 

molecule is already polarized due to this dipole, its polarizability change is small, giving 

rise to no Raman bands, in particular, when the wavelength of the laser is very far from 

its vacuum UV absorption.  In contrast, water gives rise to strong bands in the IR 

spectrum that often overlaps and thus obscures the 2000-1300 cm-1 region where many 

protein vibrations occur. 

The Raman spectrum of the native solution-phase bR has been studied and 

characterized in the literature.9-15  Althus et al .16 assigned the vibrational bands of the all-
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trans, light adapted state of native bR (“bR568”), as shown in Figure 4.3.  The most 

prominent of these bands is centered at 1528 cm-1 and is due to the C=C stretching of the 

parent molecule.  The C=NH+ of the protonated Schiff base gives rise to a band centered 

at 1640 cm-1.  The single-bond C-C stretches are located in the region between 1167- 

1215 cm-1.  The 828-1008 cm-1 region was assigned to the hydrogen out-of-plane 

(HOOP) wags of the C-H groups, the 1157-1215 cm-1 region was assigned to the  

fingerprint C-C stretches, and the 1255-1378 cm-1 region was assigned to the CC-H in-

plane rocking motions.17  The frequency of the stretching vibration is sensitive to the 

protonation state of the Schiff base.  The C=N-H+ stretching frequency is observed in the 

region10,18-20 between 1637 and 1640 cm-1.  From both time-resolved Raman and 

deuterium exchange experiments with the only ionizable proton of the chromophore, the 

C=N stretching frequency moves to about 1620 cm-1 upon loss of the proton.10,11,16,20-24
 

In the Raman spectrum presented in Figure 4.3 for bR568, three key regions should 

be addressed: the C=C stretching region, the fingerprint region, and the Schiff base 

region.  The ethylenic C=C stretch region from 1510-1570 cm-1 contains a single strong 

band observed at 1528 cm-1.  In the literature this band has been characterized as the C=C 

stretching of the conjugated retinal chain of bR568, and has been reported in the 

literature16,20-22,25-29 to appear between 1525-1530 cm-1.  This stretching frequency is due 

to the C=C vibration of retinal in which the electrons are delocalized over the C=C-C 

bond of the protonated Schiff base. 

The so called “fingerprint region” shown here in the region between 1120–1215 

cm-1 consists of fairly strong C-C vibrations of the retinal chain and are the most sensitive 

to geometric changes of the retinal chain.16  From Figure 4.3, bR568 has two main bands  
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Figure 4.3: Raman spectrum of bR568. 
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here, observed at 1167 cm-1 and 1201 cm-1, and a weaker one that appears as a shoulder 

at 1215 cm-1. 

The Schiff base region is shown here as a single band at 1640 cm-1.  This Schiff 

base of retinal links this chromophore to the rest of the protein as a whole via a covalent 

bond with Lys216 of the protein backbone.  The vibration observed here at 1640 cm-1 is 

due to the C=N stretching of the protonated Schiff base and has been observed in the 

literature from 1635-1655 cm-1.11,20,22,26,30-32  Time-resolved Raman spectra of the native 

membrane, and the same membrane with amino acid point-substitutions, have revealed 

several intermediates with retinal having different structures during the  

photocycle.12,15,32-46   

The spectrum of the M412 intermediate31 of native bR568 is shown in Figure 4.4.  

In the ethylenic C=C stretching region, the appearance of a new band at approximately 

1566 cm-1 corresponds to the C=C stretching of the retinal in the M412 intermediate, in 

which the Schiff base is deprotonated.  This deprotonation results in an electron 

localization in the C=C bonds of the conjugated chain and shifting the band16,20-22,25-29 by 

over 30 cm-1.  In the Schiff base region, deprotonation of the Schiff base in M412 results in 

a shift in the C=N stretching frequency10,11,16,20-24 from 1640 to 1620 cm-1. 

Figure 4.5 shows the changes in the fingerprint region between the spectrum of 

the light-adapted, all-trans bR568 and of this M412 spectrum in more detail, as detailed by 

Lin et al.31.  In the fingerprint region, the appearance of a new band, shown here at 1191 

cm-1 between the two bands for the C-C stretching of the ground state has been 

characterized by time-resolved Raman spectroscopy as belonging to the 13-cis 

concreation of retinal.16,19,22,27,37,45,46  The chromophore is in the 13-cis concreation during  
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Figure 4.4: Raman spectrum of the M412 intermediate in the native parent bR568. 

 

         

Figure 4.5: Comparison of the fingerprint regions between (left) the light-adapted, 
all-trans bR568 and (right) the M412 intermediates. 
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the majority of the photocycle, (K, L, M, N, and O).  It should be emphasized that 

although retinal is in the 13-cis configuration for several intermediates of the photocycle, 

the M  intermediate is unique in that it is the only intermediate in which the Schiff base is 

deprotonated.  This, in addition to the appearance of the 1191 cm-1 band in the fingerprint 

region (13-cis configuration) the C=C stretching frequency will shift from 1528 to 1566 

cm-1 (protonated to deprotonated Schiff base). 

 

4.4.  Raman Micro-Spectroscopy of bcbR Crystals 

 

The goal of this study is to obtain both the Raman spectra of the bcbR crystal at 830 nm 

and 514 nm incident wavelengths and compare it to the data obtained for native 

membrane solutions of bR in water under the same experimental conditions.  A Raman 

laser at 830 nm is used to collect the spectrum of the light-adapted bR.  This incident 

wavelength is far-removed from the 570 nm absorption maximum of the chromphore, 

and thus should result in scattering from only the unphotolyzed bR species.  A Raman 

incident laser at 514 nm is used to both excite the sample and obtain the spectrum of the 

mixture of intermediates that may develop.  If the crystal undergoes a photocycle, new 

bands should appear near 1566 cm-1 (the C=C stretching of M), and another one between 

1167 and 1201 cm-1 (13-cis retinal).  In addition, any deprotonation of the Schiff base 

during the creation of the M intermediate should result in a shift of the C=N stretch from 

1640 to 1620 cm-1.  
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In order to ensure that any new bands appearing under 514 nm laser excitation are 

not just a result of resonance enhancement, the ratio of the intensities of most bands of 

bR are compared to the those characterizing the M state under increasing power of the 

514 nm laser.  The most prominent bands are 1525 cm-1 (for the C=C stretching vibration 

when the Schiff base is protonated) and the 1566 cm-1 band (for the same vibration when 

the Schiff base is deprotonated).  One would expect that changing the incident Raman 

laser wavelength from 830 to 514 nm would result in an increase in all bands due to 

resonance enhancement.  However, if the 514 nm laser also photolyzes bR which forms 

the M intermediate as well, then we should see a change in the ratio of these two bands 

upon an increase in the power of the 514 nm laser.  If the 514 nm incident laser is only 

causing resonance enhancement of all bands and is not resulting in the production of M, 

then we would expect the ratio of the two bands to remain constant with increasing 514 

nm laser power.  If the 514 nm incident laser is also resulting in the production of the M 

intermediate in the crystals, then we would expect that increasing the power of the 514 

nm laser would increase the relative amount of M intermediate, and this would be 

reflected as an increase in the ratio of the 1566 cm-1 to 1525 cm-1 intensities. 

 

Experimental Methods 
 
 
4.5. Growth of bcbR Crystals and Washing from their Detergent Matrix 

 

The bR samples were obtained from a cell line of Halobacterium salinarium and were 

purified by established procedures.47  Diamond-shaped bR bicelle crystals were made by 

the method of Bowie et al.48  Using this method, the concentration of bR was adjusted to 
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approximately 10mg/mL by monitoring the absorbance of the light-adapted (20 minutes 

light exposure using a 40 W bulb) bR sample at 568 nm until the absorbance spectrum 

was constant. 

The two detergents 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (“DMPC”, 

Avanti Polar Lipids) and 3-[(3-Cholamidopropyl)dimethylammonio]-2-

hydroxypropanesulfonic acid  (“CHAPSO”, ICN Biomedicals ) were combined in a 2.8:1 

molar ratio, and made into a 40% (by weight) bicellular solution in water.  The 10 mg/mL 

bR solution and the bicellular solution were each kept on ice in separate vials.  These two 

vials were then mixed in a 4:1 protein solution:bicellular solution volume ratio by 

repeated pipetting on ice to yield approximately 8.0 mg/mL bR/8% bicelles mixture.  A 

precipitant well solution was made by mixing 4.0 M NaH2PO4, H2O, and 6.0 M 1,6-

hexanediol in a 28.6:1:1.4  volume ratio.  A 6 μL aliquot of the protein/bicelle solution, 

2.5 μL of the well solution, and 1 μL of 2.5% β-octylglucoside solution were mixed by 

gentle pipetting on a 22 mm diameter glass cover slip.  The cover slips were inverted 

over 1 mL of the precipitant solution in a crystallization well, sealed with vacuum grease, 

and placed in a 37 °C incubator.  The samples were monitored periodically for the next 

two weeks as the relatively fluid mixture suspension slowly gelled during equilibration 

between the suspended solution and the saturated solution underneath.    The slides were 

then examined by light microscopy for evidence of crystal growth.  Crystals were 

collected by repeated washing of the crystal-detergent matrix with deionized distilled 

water into microcentrifuge tubes.  The higher-density crystals settled to the bottom of the 

solution within a matter of minutes, while the white detergent flakes remained suspended 

in the supernatant, which was easily removed.  Washing the crystals in this manner 
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removed the bulk detergent while leaving the crystals intact.  After washing, a 

concentrated drop of the crystal suspension was placed on a glass cover slip covered with 

aluminum foil and the sample was allowed to dry at room temperature under ambient 

light until the bulk water above the drop had evaporated, immobilizing the crystal on the 

surface.  After the crystals were dried to the glass slide, a drop of water was added to the 

crystal before the visible or the Raman spectrum was taken. 

 

4.6. Single-Crystal Raman Spectroscopy 

 

Raman spectra of single crystals were acquired using a Renishaw in Via Raman 

spectrometer running the WiRE 2.0 software package (Renishaw, Gloucestershire, UK).  

The sampling area was approximately 1 µm2.  In order to ensure that the hydration level 

of all samples remained uniform, all Raman spectra were taken by submerging the 

objective underwater to obtain the spectrum of the native film or the single crystal.  The 

intense Raman band at 520 cm-1 of a silicon wafer was used for automatic wavelength 

calibration by the software.  All data presented were imported as x-y data first to OMNIC 

E.S.P. 5.2 (Thermo-Electron, Waltham MA) for baseline correction, and then transferred 

to OriginPro 7.5 software package (OriginLab, Northampton, MA) 

 
 
 
Results and Discussion 
 

The first goal of these experiments was to compare the Raman spectra resulting 

from irradiation of a native hydrated bR568 film under the 830 nm and the 514 nm laser.  
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If these spectra were different, then the second goal of these experiments was to examine 

whether the differences in the two spectra were due to production of the M intermediate 

of the photocycle, or just due to resonance enhancement of the protonated (parent) bR 

and deprotonated bR present in the unphotolyzed bicelle crystals. 

It is already known that a hydrated native bR film undergoes a photocycle.  The 

first experiment was done to compare the spectrum we record of the all-trans, light-

adapted bR568 film with literature using the 830 nm incident laser.  Furthermore, we show 

that the use of the 514 nm incident Raman laser in a separate experiment results in the 

creation of photointermediates, detected by the observation of the M intermediate Raman 

spectrum.  The creation of M was verified by a power dependence experiment of the 514 

nm incident laser in which the ratio of the intensities of the M C=C band to that of the 

unphotolyzed state (bR568) is examined.  No change in the ratio would indicate that use of 

the 514 nm laser only increases the band intensities due to resonance enhancement, while 

an increase in the M/bR ratio would indicate that the 514 nm laser also increases the M 

intermediate population. 

 

4.7. Single-Crystal Raman Spectroscopy of Hydrated Native bR Film at 514 nm and 830 
nm 

 

Figure 4.6 presents the Raman spectra resulting from irradiation of a hydrated native film 

of bR568 at two different incident laser wavelengths, 830 nm (black) and 514 nm (red).  

The 830 nm laser is far-removed from the absorption maximum of the sample, so 

irradiation of the sample following its exposure to white light with this laser should not 

induce the photocycle, but only result in the ground state spectrum for the light-adapted, 
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all-trans retinal.  In contrast, the 514 nm laser lies within the absorption of the retinal, so 

in addition to resonance enhancement of bands absorbing at this wavelength, one would 

expect that this laser has the potential to both inducing the photocycle and simultaneously 

give this Raman spectra of the resulting intermediates. 
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Figure 4.6: The ground state (black) and excited state (red) Raman spectrum on a 
hydrated native bR568 film.   

 

For the hydrated native bR film irradiated at 830 nm (black spectrum) the 

presence of characteristic ground-state bands are observed in Figure 4.6.  The band at 

1527 cm-1 band is assigned in the literature as belonging to the C=C ethylenic stretching 

of the conjugated chain of the all-trans, retinal of light-adapted11,16,26,49,50 bR568.  The 

small band at 1640 cm-1 has been characterized as the C=N-H+ stretching vibration of the 

protonated Schiff base of the chromophore.10,11,16,20-24  The large valley between the C-C 
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single bond stretches at 1167 and 1195 cm-1 indicates that the population of the 13-cis 

isomer is very low. 

For the native bR film irradiated at 514 nm (red spectrum) the presence of new 

bands may indicate structural changes in the retinal.  Most notably, a new band at 1564 

cm-1 is observed.  The C=C stretching arising from the deprotonated Schiff base of the 

M412 intermediate is often observed in the literature16,20-22,25-29 at 1567 cm-1.  This new 

1564 cm-1 band is in close agreement with this shift.  In addition, the C=C stretching of 

parent bR, observed here at 1525 cm-1, is still observed, and increases in intensity.  This 

increase can be explained by resonance enhancement.  Taken together, this data may 

indicate that under 514 nm laser irradiation, we are observing a mixture of photolysis 

intermediates. 

In the fingerprint region, the valley between the two bands at 1168 cm-1 and 1195 

cm-1 becomes shallower when the incident laser wavelength is changed from 830 nm to 

514 nm.  Time-resolved Raman spectroscopy has demonstrated that this region is 

sensitive to the isomeric configuration of the chromophore.46 12,42,51  The broadening of 

the bands in this fingerprint region resulting from 514 nm Raman laser irradiation may 

indicate a change in the isomeric configuration of the retinal to a higher population of 13-

cis retinal.  Retinal changes its concreation from all-trans to 13-cis approximately four 

picoseconds after excitation and this 13-cis configuration remains during the K, L, M 

stages of the cycle.52  The increase of the 1186 cm-1 band in this region under 

illumination by 514 nm light therefore lends more support for the creation of the 13-cis-

containing photocycle intermediates of retinal.  In the Schiff base region, a new band 

appears at 1617 cm-1 under 514 nm incident Raman laser.  This is in close agreement to 
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the 1620 cm-1 shift corresponding to the deprotonated C=N stretch. 10,11,16,20-24  Another 

band at 1637 cm-1 may indicate the presence of some remaining protonated Schiff base, 

C=N-H+.  The fingerprint region shows the increase in the 1186 cm-1 13-cis band 

between the Raman incident 830nm laser (black) and the 514 nm laser (red). 

 

 

4.8. Single-Crystal Raman Spectroscopy of Single Hydrated bcbR Crystal at 514 nm 
and 830 nm 

 

Figure 4.7 presents Raman spectra resulting from irradiation of single hydrated bicelle 

crystal at two different incident laser wavelengths, 830 nm (black) and 514 nm (red).  

Again, the 830 nm laser is far-removed from the absorption maximum of the sample, so 

irradiation of the sample with the 830 nm Raman incident laser following its exposure to 

white light should only result in the ground state spectrum for the light-adapted, all-trans 

retinal within the bicelle crystal.  In contrast, the 514 nm laser lies within the absorption 

of the retinal, so if the crystal is capable of undergoing a photocycle this laser could 

potentially induce the photocycle and simultaneously provide the spectrum of a mixture 

of intermediates.  We will verify that this is the case by repeating the power dependence 

experiment above with the hydrated crystals. 

For the bicelle crystal irradiated at 830 nm (black spectrum) the presence of 

characteristic ground-state bands are observed.  The band at 1527 cm-1 band is assigned in 

the literature as belonging to the C=C ethylenic stretching of the conjugated chain of 

retinal of bR568, the all-trans, light-adapted ground state.11,16,26,49,50  The small band at 
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1640 cm-1 has been characterized as the C=N stretching of the protonated Schiff base of 

the chromophore.10,11,26  The large valley between the C-C single bond stretches at 1167  
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Figure 4.7: The unphotolyzed native bR (black) and photolyzed (red) Raman spectrum on 
a single hydrated bicelle crystal.   

 

and 1200 cm-1 indicates that the population of the 13-cis isomer, seen here as a small 

shoulder at 1185 cm-1,  is relatively low.  In the same figure, for the bicelle crystal 

irradiated at 514 nm (red spectrum) the presence of new bands may indicate a change in 

the structure of the retinal.  Most notably, a new 1564 cm-1 band is observed, along with 

the 1525 cm-1 band observed for C=C stretching of bR568.  This may indicate that in using 

514 nm Raman incident laser we are observing a mixture of the ground and excited 

states.  As noted with the native hydrated bR sample above, The C=C stretching of the 
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M412 intermediate is often observed in the literature at 1567 cm-1.16,20-22,25-29  This new 

1564 cm-1 band for the hydrated bicelle crystal is in close agreement with this shift.   

In the fingerprint region (inset), the valley between the two bands for the hydrated 

bicelle crystal at 1170 cm-1 and 1195 cm-1 becomes shallower when the incident laser 

wavelength is changed from 830 nm to 514 nm.  The broadening of the bands in this 

fingerprint region resulting from 514 nm Raman laser irradiation could very likely 

indicate a change in the isomeric configuration of the retinal to a higher population of 13-

cis retinal, the isomer present in the K, L, M states of the photocycle.52 16,19,22,27,37,45,46  

The appearance of the broad 1184 cm-1 band in this region under illumination by 514 nm 

light therefore lends more support for the creation of the 13-cis-containing photocycle 

intermediates of retinal.  In the Schiff base region, a new band appears at 1617 cm-1 under 

514 nm incident Raman laser.  This is in close agreement to the 1620 cm-1 shift 

corresponding to the deprotonated C=N stretch, 10,11,16,20-24 and was also observed for the 

hydrated native bR film previously in Figure 4.8.  A magnified view of the fingerprint 

region of the hydrated crystal under both 830 nm and 514 nm incident Raman lasers is 

shown in the inset of Figure 4.7, showing the increase in the 1184 cm-1 13-cis band 

between the Raman incident 830nm laser (black) and the 514 nm laser (red).  

As mentioned above, one of the difficulties in using a 514 nm incident laser in these 

experiments is that since it lies within the absorption band of the retinal chromophore, the 

development of the new bands may be due to resonance enhancement, not production of 

the M intermediate of the photocycle.   

If the appearance of the new bands under 514 nm laser is due only to resonance 

enhancement of certain bands that are present, but not resonance-enhanced using the 830 
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nm laser, then we would expect all bands of the 514 nm spectrum to increase to the same 

degree upon increasing the power of the laser.  On the other hand, use of the 514 nm laser 

might simultaneously cause resonance enhancement and initiation of the photocycle.  If 

this is the case, then we would expect that increasing the power of the 514 nm laser 

would increase the production, and thus the population, of the M intermediate.  The ratio 

of the intensity of the M bands relative to the intensity of the ground state bands can be 

calculated upon increasing 514 nm laser power.  If this ratio increases with increasing 

514 nm laser power, then we can say we are seeing an increase in the production of M – 

evidence for a photocycle.  If this ratio remains constant with increasing 514 nm laser 

power then we know we are only seeing resonance enhancement, and that this experiment 

provides no evidence of a photocycle. 

 
4.9 Effect of Increasing the 514 nm Laser Power on the Raman Spectrum of a Single 
Hydrated bcbR Crystal 

 

Figure 4.8 shows the effect of increasing the 514 nm laser power on the Raman spectrum 

of a single hydrated bcbR crystal.  The inset of this figure is a plot of the ratio of the 

intensity 1562 cm-1 band to the intensity of the 1525 cm-1 band as a function of the power 

of the 514 nm laser.  Increasing the 514 nm laser power results in an increase in the this 

ratio, indicating an increase in the M population with increasing power of the 514 nm 

laser. 
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Figure 4.8:  Intensity changes in the Raman spectrum of a single hydrated bicelle crystal 
under increasing power of the incident 514 nm laser. 

 

In summary, this study demonstrates the first evidence for the existence of a 

photocycle in single hydrated bcbR crystals.  This is important because it reveals that this 

crystal form has retained its ability to undergo the concreational changes associated with 

proton translocation, and is not locked into some dead-end configuration within these 

bicelle crystals.   
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CHAPTER 5 
 
 

STUDY OF THE PROTON PUMP PROCESS USING FLASH PHOTOLYSIS 
SPECTROSCOPY* 

 
 

Abstract 
 
In this chapter, pump-probe flash photolysis spectroscopy is used to study the M rise and 

decay kinetics of bcbR crystals.  As discussed in Chapter 4, the M intermediate forms in 

hydrated bcbR crystals.  However, the ease of photochemical deprotonated of the retinal 

Schiff base (M rise) and the efficiency of reprotonation of the deprotonated Schiff base 

(M decay) are not known.  In this chapter, we are trying to examine the how packing in 

bcbR crystals affects the efficiency of its photocycle. 

 

5.1. Detecting Photocycle Intermediates by Pump-Probe Nanosecond Spectroscopy  

 

The photocycle of native bR has been studied in the mid-1970’s1 and is well documented 

in the literature.  Upon the absorption of light by the all-trans retinal chromophore of bR, 

isomerization occurs as the first step in the photocycle that forms different intermediates 

of lifetimes ranging from ps to ms and the results in the transfer of a proton from the 

cytoplasmic to the extracellular side of the membrane with intermediates with well-

characterized visible absorption spectra.2-10  At a critical step in the cycle, a proton is 

transferred from the Schiff base of the retinal to a nearby Asp85 residue of the hydrophilic 

channel, resulting in the only deprotonated retinal intermediate in the cycle, the M 

                                                 
* Manuscript published: Sanii, Laurie S., Schill, Alex W., Moran, Cristin E., El-Sayed, Mostafa A. “The 
Protonation-Deprotonation Kinetics of the Protonated Schiff Base in Bicelle Bacteriorhodopsin Crystals” 
Biophys J. (2005) 89, 444-451. 
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intermediate.  In the M intermediate the absorption of the retinal is at 412 nm.11  The 

retinal is then reprotonated in a subsequent step with a proton that originates from the 

Asp96 residue of the hydrophobic channel.  This process results in the ejection of a proton 

to the extracellular side of the membrane, thus regenerating the protonated Schiff base of 

retinal present at the beginning of the cycle.  The Asp96 residue is also reprotonated by 

the end of the process, both ready for another turn of the cycle.  The only light-dependent 

event in the photocycle is the initial all-trans to 13-cis isomerization of retinal.  All 

subsequent steps are thermal relaxation steps.11 

In the native membrane, the bR molecules are arranged as hexagonal sheets of trimers 

consisting of three monomer units each in a hexagonal unit cell 63-Å in diameter.6,12,13  

Within each monomer, the retinal molecule lies in a plane transverse to the plane 

surrounding alpha helices, and is attached to the protein via a protonated Schiff base at 

Lys216 of helix G.  Retinal separates the hydrophilic extracellular region (containing 

many polar side-chains and bound water molecules) from the more hydrophobic 

cytoplasmic region.14  The key amino acids involved in the proton transport and the 

direction of proton transport are shown in Figure 5.1.15  
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Figure 5.1: Side-view of retinal (shown here as “SB” for Schiff base”) within its 

binding pocket, located at the center of the seven-alpha helices of the protein. 
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5.2 Characterization of the M Intermediate of the Photocycle   

 

In 1975 Slifkin and Caplan demonstrated that there were at least two species of M 

intermediate present with different lifetimes,16 a finding that has been repeatedly 

confirmed.17  The rise of the M intermediate in native bR is often characterized as fitting 

to a biexponential curve.18-20  Two primary models have been presented to account for 

this biexponential rise.  The first model is of that of parallel photocycles; that there are 

two different ground state bR species, each going through their own photocycle with the 

same spectral intermediates.21-23  The other model assumes that there is only one 

photocycle but that there is a transition between two M states, M1 and M2, that is 

spectrally silent in the visible region.19,20,24-26 27  The idea is that during the M1 → M2 

transition the Schiff base redirects its orientation from the extracellular to the cytoplasmic 

half-channel 28 when it accepts the proton from Asp96, the only ionizable residue in the 

cytoplasmic half-channel.29 

The overall rise and decay times of the M intermediate have been reported in the 

literature and can vary with temperature, ionic strength, and pH of the surrounding media. 

21,30-34  In addition, the removal of the native lipids from the protein can also affect the 

kinetics.35  The rise time for the M intermediate for native bR in unbuffered, distilled, 

deionized water at room temperature has been characterized as a nearly 60 µs process.  

Jang and El-Sayed have characterized the rise of the M intermediate as a biexponential 

process with two rise times contributing to the total rise time,  7.2 µs (15% contribution)  
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and 57 µs (85% contribution).35  Later Heyes and El-Sayed36 reported the values of 8.49 

µs (21% contribution) and 75.8 µs (79% contribution). 

In the literature, the decay time for the M intermediate has been characterized as 

either a mono- or biexponential process.  Jang and El-Sayed have characterized the M 

intermediate decay as a monoexponential process with a decay time of 3.8 ms.35  Later 

Heyes and El-Sayed36 reported a decay time of 8.57 ms.  This is in close agreement with 

the value of 7.3 ms reported by Dencher and co-workers37 for the room-temperature 

sample in 100 mM (0.1 M) acetate buffer, pH 5.0.  However, others have reported the 

decay as biexponential.18,19 

One possibility for the range of reported rise and decay values for the M intermediate 

is the finding by Ohno et al.38 that the ratio of the two species of M intermediate (a faster 

“Mf” component and a slower “Ms” component) was modulated by the intensity of the 

actinic flash used to initiate the photocycle.  This intensity can produce changes in the 

shapes of the kinetic curves.  At low flash intensities the Mf species was predominant, but 

with increasing light intensities the fraction of Mf, characterized as Mf /( Mf +Ms), 

decreased to <0.5,39 a finding that has also been repeatedly confirmed.17  The dependence 

of flash intensity on the shape of the kinetic curves is an important point to keep in mind 

when comparing experimental to literature values for the M rise and decay timescales, 

and something to control throughout the experiment. 
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5.3 Effects of Lipid Removal on Photocycle Kinetics  

 

As mentioned above, the removal of the native lipids of the bilayer surrounding the 

protein trimers has been demonstrated to alter the M kinetics.  The purple membrane is 

75% protein and 24% lipid by weight.40  There are approximately 10 lipid molecules per 

bR monomer.  For each bR monomer there are approximately one squalene (SQ), 2 

glycolipid sulfate (GLS), 5-phosphatidyl glycerophosphate (PGP-Me) (methyl ester), 0.5 

phosphatidyl glycerol (PG), and 0.5 phosphatidyl glycerosulfate (PGS).40,41  The 

structures of these lipid molecules are shown in Figure 5.2.  Of these, squalene is the only 

neutral lipid present in PM.42   

Later, Heyes and El-Sayed again examined the M rise and decay effects resulting 

from removal of 75% of the lipid from the protein (via exposure to CHAPSO detergent), 

and also the effect of monomerization of the membrane (via exposure to Triton-X100 

detergent).36  In the native sample, all native lipids are present and the trimer lattice 

structure is preserved.  In the 75% delipidated sample, the trimer structure is preserved 

but the removal of 75% lipids results in a decrease in the unit cell dimensions.43  In 

contrast, in the monomerized sample the trimer structure is lost and the monomers are 

free to move away from one another.  

As found in the previous study on the kinetics of partially delipidated bR,35 they 

found that removal of 75% of the lipids from native bR resulted in a slowing down of the 

M rise and decay kinetics relative to native (i.e. it increases the M creation and decay 

times), with an efficiency of M creation only about 30-40% of that of the native bR.  than 

in the native.  The rate of M decay was comparable to those of native bR at pH 
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Squaline - (SQ) 
 

 
Glycolipid Sulfate - (GLS) 
 

 
Phosphatidyl glycerophosphate  Phosphatidyl glycerol (PG) 
(methyl ester) - (PGP-Me) 
 

 
Phosphatidyl glycerosulfate (PGS) 
 
 

Figure 5.2: Structures of the lipid molecules present in the native PM. 
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 7.36  In all cases (native, 75% delipidated, and monomerized bR) the M rise fit well 

to a biexponential and in general the M rise became faster going from native → 75% 

delipidated → monomerized.   

While the M rise kinetics maintained biexponential behavior going from native→ 

75% delipidated →  monomerized, the trend was more complicated for the M decay.  M 

decay showed monoexponential behavior for the native.  For the 75% delipidated sample, 

the M decay remained monoexponential but the decay rate became slower – the decay 

time became longer.  However, for the monomerized samples, two changes were 

observed - the decay became biexponential, and the total decay time decreased back to 

that observed in the native.  The M rise and decay times as reported by Heyes and El-

Sayed36 are reported in Figure 5.3.  

 

 

 
 
Figure 5.3: Effect of the structure and type of environment of the protein in 
bacteriorhodopsin. 
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5.4 The M Rise Process  

 

The M rise process involves the transfer of a proton from the Schiff base of retinal to the 

proton acceptor Aps85.  In this last study, going from native to 75% delipidated bR via 

exposure of the native membrane to CHAPS resulted in a slowing down of the M rise 

kinetics.  On the other hand it was also observed that the M rise rate increased going from 

the native to the monomerized sample.36  The authors invoked a relationship between the 

pKa difference between the Schiff base and Asp85 and the distance between bR molecules 

with the rate of M rise.  In the native membrane, all lipids are present and the bR 

molecules arranged as trimers, each with fixed distances to one another and to other 

trimers.  As mentioned above, removal of 75% of the lipids maintains the trimer 

structure, but the removal of the lipids results in a tighter unit cell; one in which the bR 

molecules are closer together.  This is the case with treatment by CHAPS, and the M rise 

rate slows down.  Monomerization by removal of all lipids breaks the trimer unit cell 

apart into individual bR monomers, which are now not forced to be close together.  This 

is the case with treatment by Triton, and the authors observe an increase in the M rise 

kinetics that is faster than that observed in the native. 

 

5.5 The M Decay Process  

 

During M decay process the Asp96 residue re-protonates the Schiff base.  In contrast to 

the constant biexponential behavior of the M rise kinetics with changing lipid 

composition, the rate of M decay in this report fitted well to a monoexponential in the 
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native and 75% delipidated samples, but the decay fit better to a biexponential upon 

monomerization.  Again, to explain this trend the authors invoke the relationship between 

the decreasing unit cell dimensions of the trimer going from native to 75% delipidated.  

They claim that the tighter unit cell is more resistant to conformational changes necessary 

in the protein necessary to provide access of the Schiff base to the Asp96 proton donor.  

Of course this means in the monomerized sample, where the trimer unit cell is no longer 

present and the bR monomers are free to move away from one another, any 

conformational restraints caused by the trimer structure existing in either the native or the 

75% delipidated forms have been removed, thus resulting in an increase in the M decay 

rate of the monomerized sample relative to both the native and the 75% delipidated. 

The effect on M rise and decay kinetics upon detergent treatment of the native 

membrane has been addressed because the results may give us some indication of what 

we might expect during the crystallization process.  The crystallization of trans-

membrane proteins like bR involves the use of detergents to coax the protein out of its 

native lipid membrane and into a new detergent lipid membrane.  As will be addressed in 

the case of the bicelle crystallization technique, this process removes nearly all the native 

lipids so that from the X ray crystal structure, only one bound lipid per monomer 

remains.44 

 

5.6 Kinetic Studies on cbR Crystals 

 

In 1998, the first time-resolved functional studies were performed on the hexagonal cbR 

crystals using time-resolved Fourier transform infrared (FT-IR) difference spectroscopy 
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and observing the time-resolved vibrational intensities of several marker bands associated 

with the M intermediate by Heberle et al.45  It is important to note that the time traces for 

the kinetics of the cbR crystals were essentially the same as those for the native 

membrane (Figure 5.4).  The presence of the trimer structure of the protein units in both 

the native membrane and within the cbR crystals was the explanation given for these 

observations, a claim the authors backed up by citing the work of Danshina et al.46 in 

which monomeric bR dissolved in detergent solution exhibits a long-lived photocycle.  It 

is also important to note that the time-resolved IR difference spectroscopy was the only 

technique used to monitor the kinetics within the cbR crystals. 

 

 

 
 
Figure 5.4: Comparison of the photocycle kinetics of cbR crystals to native membrane 
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5.7 Kinetic Studies on bcbR Crystals 

 

We know from the Raman experiments in Chapter 4 that the bcbR crystals are capable of 

undergoing a photocycle by the detection of the M intermediate upon illumination with 

514 nm light.  However, the kinetics of M creation and decay are unknown.  In the cbR 

crystals, which have a parallel trimer structure similar to that of native bR, the M rise and 

decay kinetics are very similar to that of native.  In the bcbR crystals, the trimer structure 

is no longer intact and instead an antiparallel monomer packing structure exists.  We 

know that in this new packing structure M can form, but what is the efficiency of M 

creation and its lifetime?  These experiments will be performed using pump-probe 

nanosecond spectroscopy, or ‘flash photolysis’ technique.  

 

Experimental Methods 

 

5.8 Detecting Photocycle Intermediates by Pump-Probe Nanosecond Spectroscopy 

 

In general, flash photolysis spectroscopy refers to pump-probe methods investigating the 

fast photochemical reactions arising in samples upon their exposure to very short, intense 

flashes of light. The rise and decay of the products of these reactions can be in the micro 

to nanosecond time scale.  In these experiments, the intense flashes of light (pump) are 

provided by an Nd:YAG laser, which provide 1 mJ pulses of 532 nm light at 10 ns pulse 

width with a 10 Hz repetition rate.   The probe light is provided by a 75W Xe Arc lamp 

running in CW mode.  Both the pump and probe light approach the sample at the same 
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focal point, so that the sampling area spot diameter of the probe light is within the 

excitation spot size.   This assures that all the molecules within the sampling beam are 

being exposed to the excitation source.  The intense laser flashes are coupled to a 

photomultiplier tube (PMT).  The PMT also has a rapid response time (100 ms), and 

allows for the monitoring of the intensity changes over a time range for a particular 

wavelength. 

 

 5.9 Sample Preparation 

 

Since the crystals were too dense to remain buoyant in water, a sampling system had to 

be designed in which the crystals could sit at the bottom of a solution well, with the pump 

and probe light being directed from the top-down through this well and then to the 

detector.  A multi-well sample holder with an optically clear and flat surface was needed 

in order to examine several different samples quickly.  Such a multi-well sampling 

system was designed by taking a rectangular microscope slide and using spray adhesive 

to attach a piece of rubber matting approximately 2 mm thick.  This rubber matting 

contained holes punched through it (prior to its attachment to the glass) that were each 

approximately 3-4 mm in diameter.  Figure 5.5 shows both a top-down and a side-view 

diagram of such a sampling tray.  Crystals were collected by repeated washing of the 

crystal-detergent matrix with deionized distilled water (DDW) into microcentrifuge 

tubes.  The higher-density crystals settled to the bottom of the solution within a matter of 

minutes, while the white detergent flakes remained suspended in the supernatant, which 

was easily removed without the need for centrifugation.  Washing the crystals in this  
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Figure 5.5: The multi-well sample holder used for flash photolysis experiments on 
solutions of crystals shows from the side (left ) and from the top-down (right).  
 
 

manner removed the bulk detergent while leaving the crystals intact.  After washing, a 

concentrated drop of the crystal suspension in deionized distilled water (DDW) was 

placed in a well of the sampling tray shown above in Figure 5.5.  A glass cover slip was 

sealed with vacuum grease over the well to prevent evaporation of the water during the 

experiment. 

 
 

5.10     Instrumentation 

 

Transient absorption experiments were carried out using the frequency doubled output of 

a Q-switched nanosecond pulsed Spectra Physics Quanta-Ray Series Nd:YAG laser 

(Spectra Physics, Mountain View, CA).  Monitoring light was provided by a PTI 

Corporation Xenon arc lamp (PTI Corp, San Jose, CA) running in CW mode.  The output 

of the lamp was focused onto one end of a fiber optic cable and the output from the 

opposite end of the cable was directed toward the sample, focused to a ~2 mm diameter 
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spot at the sample, recollected, and focused onto another fiber optic that directed the 

transmitted light to the entrance slit of the monochromator.  The monochromator was 

adjusted to 412 nm.  A filter was placed in front of the entrance slit of the 

monochromator remove any 532 nm excitation light while allowing passage of the 412 

nm light.  The filter’s transmission profile is shown in Figure 5.6.  Single wavelength 

kinetics monitored at 412 nm were recorded using a Hammamatsu photomultiplier tube 

(Hammamatsu, Japan ) whose response was digitized using a LeCroy 9350 500 MHz 

oscilloscope (Chestnut Ridge, New York).  The excitation at 532 nm had a pulse energy 

of 1 mJ and was overlapped with the monitoring beam at the ~2 mm focal spot within the 

sample.  The laser Q-switch triggers data acquisition by the LeCroy 9350 oscilloscope at 

a frequency of 10 Hz.  Figure 5.7 shows an overhead view of the bench setup described 

above.  A floppy disk inserted at into the top of the oscilloscope is used to store the 

kinetic traces.  After each experiment, the Winspec 32 software program (Roper 

Scientific, Trenton, NJ) converts this waveform data into an XY format that can be 

plotted using the OriginPro v7.5 (OriginLab Corp., Northampton, MA) software package 

with time on the X axis and intensity at 412 nm on the Y axis.  
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Figure 5.6: Transmission spectrum for the filter used in these experiments  

 

 
 
Figure 5.7: bench diagram for using the 532 nm incident pulsed laser as excitation source 
for M412 decay experiments on a crystal sample. 
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Results and Discussion 

 

5.11. Flash Photolysis of bcbR crystals   

 

Figure 5.8 compares the M rise kinetics as a measure of the intensity of the signal 

monitored at 412 nm (expressed here as I412) for crystals suspended in deionized, distilled 

water (DDW) and for a native solution of bR suspended in DDW.  Figure 5.9 compares 

the decay rates of this same process for the same two samples in DDW.  In all cases the 

power of the pulsed laser was kept constant at 1mJ with a 10 ns pulse width at a rep rate 

of 10 Hz and a laser spot diameter of 4 mm.  The data have been normalized for ease of 

comparison.  In all cases attempts were made to fit the rise and decay data for both 

samples to both a monoexponential and a biexponential decay and the fits with the higher 

R2 values and lowest error were chosen.  In both the native and the bcbR crystals, the M 

rise data fit best to a biexponential expression.  In the native sample, the M decay fit best 

to a biexponential expression while the bcbR crystals the M decay data fit best to a 

monoexponential.  The times are reported in Table 5.1. 

 

5.12. M rise of bcbR crystals in H2O   

 

From Figure 5.8 it is observed that the M rise kinetics for the bcbR crystals is 

faster than it is for the native sample. The total time for M rise in the crystals in DDW is 

18 μs; a two-component rise with τ1 =  12 μs (80% contribution) and  τ2 =  40 μs (20% 

contribution).  For the native the total time for M rise in DDW is 69 μs; a two-component 
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rise with τ1 = 16 μs (24% contribution) and  τ2 =  86 μs (76% contribution).  These values 

are reported in Table 5.1.  The bcbR crystal’s M rise is nearly four times faster in the 

bcbR crystals.  The data for both the native and the bcbR samples fits best to a 

biexponential M rise. As mentioned in the introduction, the work of both Jang and El-

Sayed35 and of Heyes and El-Sayed36 demonstrated that while removal of 75% of the 

native lipids (which reduces the dimensions of the trimer unit cell relative to the native) 

resulted in a slower M rise relative to the native sample, monomerization of the sample 

(trimer structure no longer intact) resulted in a faster M rise relative to native.  Time-

resolved FTIR work of Heberle et al.45 on the kinetics of the M intermediate in the in 

cubo crystals demonstrated that the time traces for the M kinetics were nearly identical to 

those of the native membrane.  Like the native membrane and the 75% delipidated 

sample described here, the bR molecules within the cbR crystals consist of parallel 

trimers. 

From the crystal structure of the bcbR crystal it is known that the bR molecules 

are no longer in the parallel trimer packing structure, but are arranged as antiparallel 

monomers with only one bound lipid per monomer remaining.44  The parallel trimer 

packing motif of the bR molecules is observed in native membrane, as well as the native 

membrane after 75% of the native lipids are removed.  The trimer packing motif is also 

observed in the cbR crystals of Rosenbusch and Landau.47 

For the parallel trimer packing motif of the cbR crystals, the M kinetics monitored 

by time-resolved FTIR are about the same as found in the native.45  In both the 

monomerized native solution in the literature and in the bcbR crystals examined here, 
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Figure 5.8: Comparison of M rise kinetics in deionized distilled water (DDW), expressed 
as the intensity of the 412 nm absorption.   
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Figure 5.9: Comparison of M rise kinetics in H2O and D2O of bcbR crystals, expressed as 
the change in the 412 nm absorption intensity. 
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Table 5.1:  Summary of the M rise and decay times comparing the photocycle kinetics of 
the bcbR crystal crystals in deionized, distilled water (H2O) to that of the native under the 
same conditions. 

 M rise M decay 
Sample M rise τ1 

(A1) 
M rise τ2 

(A2) 
M rise avg 

 
M decay τ1 

(A1) 
M decay 

τ2 
(A2) 

M 
decay 
avg 

Native in 
H2O49 

------ ------ τ1/2 = 130 μs ------ ------ τ1/2= 6.7 
ms 

Native in 
D2O49 

------ ------ τ1/2 = 730 μs ------ ------ τ1/2 =11.0 
ms 

Native in 
H2O 

16 μs (.24) 86 μs (.76) 69 μs 5.9 ms  (.71) 19.4 ms 
(.29) 

9.8 ms 

Native in 
D2O 

74 μs (.26) 489 μs (.74) 380 μs 14 ms (.95) 42 ms 
(.05) 

15 ms 

Crystals in 
H2O 

12 μs (.80) 40 μs (.20) 18 μs 73 ------ 73 ms 

Crystals in 
D2O 

60 μs (.75) 447 μs (.25) 157 μs 148 ------ 148 ms 

τavg is calculated by  τavg= (A1 x τ1) + (A2 x τ2), where A1 + A2 =1 

 
 

there is a loss of this parallel trimer structure.  In both the monomerized native solution 

and in the bcbR crystals with their antiparallel monomer packing motif, an increase in the 

M rise rate relative to that of the native trimer sample and the 75% delipidated sample 

(consisting of smaller unit-cell trimers) is observed.  Based on these observations, it 

might initially be concluded that the loss of the trimer structure results in an increase in 

the M rise kinetics. 

As stated in the introduction, the rise of the M intermediate of the photocycle is due 

to the transfer of a proton from the Schiff base of retinal to Asp85.  In the native 

membrane, this Asp85 residue is located about four to five angstroms below the Schiff 

base.19,48  Any environmental or structural difference relative to the native structure that 

facilitates this transfer would result in an increase in rate of M production.  The 
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authors35,36 postulated in the introduction that the increase in the M rise kinetics for the 

native monomerized sample relative to the native sample was due to the increased 

conformational freedom of the monomers relative to their trimer packing association in 

the native; the Schiff base could deprotonate more readily because there was more 

conformational freedom in the protein to do so.  They backed up this claim by citing the 

fact that reducing the unit cell dimensions of the native trimer by removal of 75% of the 

native lipids resulted in a decrease in the M rise kinetics, while removal of all the lipids, 

resulting in monomerization (loss of trimer), resulted in a recovery of the M rise kinetics 

to a rate equal to or surpassing that of the native.36   

In the bcbR crystals, the parallel trimer packing structure of bR molecules that is 

present in native bR, 75% delipidated bR, and in the cbR crystals is no longer present; 

instead the molecules are arranged as monomers packed in an antiparallel fashion.  While 

in the native monomerized bR solution the monomers are no longer packed in the trimer 

structure and are free to migrate away from one another, in the bcbR crystals the 

monomers are not free to migrate away from one another in this manner.  However, 

perhaps in this new antiparallel packing arrangement within the bcbR crystals the 

monomers are far enough away from each other so that they have more conformational 

freedom relative to the native solution.  It may be that an increase in conformational 

freedom of the bcbR crystals’ antiparallel monomer packing relative to the native trimer 

packing structure accounts for the increase in the M rise kinetics observed here.  A 

second point to consider is the pKa for the protonated Schiff base (PSB) in bcbR crystals.  

It may be the case that in the bcbR crystals the pKa of the PSB is lower than it is in native 

or cbR crystals.  A lower pKa could for bcbR crystals could result in a faster proton 
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donation from the PSB to the proton acceptor in the reaction, which for native and cbR 

crystals is Asp85.  A third consideration is the proton acceptor itself.  Perhaps in the bcbR 

crystals, it is not Asp85, but nearby Asp212 that is the proton acceptor during M rise.  A 

change in the proton acceptor might translate into a faster proton transfer between the 

PSB and the acceptor during M rise. 

 

5.13. M rise of bcbR crystals in D2O   

 

The kinetic isotope effect after H/D exchange were determined for M rise process.  

Figure 5.9 compares the M rise process for the bcbR crystals in both H2O and D2O.  In 

D2O, both the bcbR crystals fit to a biexponential rise, with a rise time of 157 μs, 

compared to the rise time for the crystals in H2O of 18 μs.  Figure 5.10 compares the M 

rise process for native bR in both H2O and D2O.   
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Figure 5.10: Comparison of M rise kinetics in H2O and D2O of native bR, expressed as 
the change in the 412 nm absorption intensity. 

 

In D2O, the rise time is 380 μs, compared to a rise time of 69 μs in H2O.  

Comparing the average M rise time for native in D2O (380 μs) to the average rise time for 

native in H2O (69 μs), kinetic isotope effect (KIE) is 5.5, as reported in Table 5.2.  This is 

in close agreement with the literature49 for the KIE on the M rise process for native bR, 

5.6, also shown in Table 5.2.  Comparing the average M rise time for bcbR crystals in 

D2O (157 μs) to the average rise time for the crystals in H2O (18 μs), the KIE is 8.7, as 

reported in Table 5.2.   

 
 
Table 5.2: Comparison of kinetic isotope effects (KIE) for both the M rise and M decay 
processes between native and crystals.   

Process Ratio Time ratio KIE Literature KIE49 
Native M rise avg. D2O/Native M rise avg. H2O 380 / 69 5.5 5.6 
Crystal M rise avg. D2O/ Crystal M rise avg. H2O 157 / 18 8.7 ---- 
Native M decay avg. D2O/Native M decay avg. 
H2O 

15 / 9.8 1.6 1.7 

Crystal M decay avg. D2O/ Crystal M decay avg. 
H2O 

148 / 73 2.0 --- 
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5.14. M decay of bcbR crystals in H2O   

 

From Figure 5.11 it is observed that the M decay for the bcbR crystals is slower than it is 

for the native sample.  This data for the bcbR crystals fits best to a monoexponential 

decay, while the decay data for the native sample fits best to a biexponential expression.  

As mentioned in the introduction, the M decay data for native bR has been characterized 

in the literature as either a monoexponential35,36 or a biexponential, with a total decay 

time in the tens of milliseconds.18,19  Here for the native samples a biexponential decay is 

observed with a total decay time of 9.8 ms, given in Table 5.1.  For the bcbR crystals, a 

monoexponential decay with a much longer total decay time of 73  ms is observed.  The 

M decay is over seven times slower for the bcbR crystals than it is in the native.   

-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1
 native
 crystals

 N
or

m
al

iz
ed

 d
I 41

2

Time (sec)

 
Figure 5.11: Comparison of M decay kinetics in deionized distilled water (DDW), 
expressed as the intensity of the 412 nm absorption. 
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As mentioned in the introduction, Heyes and El-Sayed36 observed that while 

removal of 75% of the native lipids resulted in a slower M decay relative to the native 

sample, monomerization of the native sample (trimer structure no longer intact) resulted 

in a recovery of  the decay rate such that it was comparable36 with that of native bR at pH 

7.  Again, the parallel trimer arrangement of the bR molecules in Rosenbusch and 

Landau’s cbR crystals demonstrated by time-resolved FTIR M kinetics that were 

essentially identical to that of the native membrane.45 

From the crystal structure of the bcbR crystal we know that the bR molecules are 

no longer in the parallel trimer packing structure of the native membrane and the cbR 

crystals, but are arranged as antiparallel monomers with only one bound lipid per 

monomer remaining.44  The trend in the literature is that there is a recovery of M decay 

kinetics upon monomerization back to a time close to that of the native.  In light of this, 

the fact that the bcbR crystal’s M decay rate which is less than seven relative to that in 

the native sample is surprising.   

In both the bcbR crystal and the monomerized native bR solutions, we have a loss 

of the parallel trimer packing structure found in native bR.  However, a key difference 

between the monomerized native bR solutions and the bcbR crystals is that in the native 

monomerized samples the monomers are free in solution and so have the ability to tumble 

and move far away from one another.  In the bcbR crystal even though there is a the loss 

of trimer structure, the monomers are not free to tumble in solution – they are locked in 

an antiparallel crystal formation.  In this packing creation the monomers are not as close 

together as they are in the parallel trimer structure found in the native, the 75% 

delipidated, and the cbR crystals, but they are not free to migrate from one another as 
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they are in the native monomerized solutions.  So while the bcbR crystals have a faster M 

rise rate relative to the native trimer in solution, this does not likewise translate into a 

faster M decay.  The difference in the mobility of the individual bR monomers might 

account for the longer decay rate relative to the native trimer solution.   

Another possible explanation for the slower M decay may be that there is a 

different H2O chain structure in the cytoplasmic reprotonation channel of the bcbR 

crystals that is not organized as well to permit the efficient transfer of H+ from the Asp96 

residue to the deprotonated Schiff base.  The slower M decay caused by the presence of 

fewer water molecules in the proton transfer pathway of the bcbR crystals relative to that 

of the native trimer and native monomer solutions.  In native bR and the cbR crystals, M 

rise is due to the transfer of a proton from retinal’s Schiff base to a nearby Asp85 residue.  

However, the M decay is due to the reprotonation of this Schiff base from the Asp96 

residue in the hydrophobic half-channel.  In the native membrane, the Asp96 residue is ten 

to twelve angstroms above the Schiff base; the Asp85 residue is closer to the Schiff base, 

about four angstroms below.29,48  Henderson et al.50 proposed that there were one to two 

water molecules in the otherwise hydrophobic reprotonation channel of the native 

membrane.  Perhaps in the bcbR crystal there are fewer water molecules than in the 

native, or these water molecules are not able to participate as effectively as they do in the 

native during the reprotonation of retinal’s Schiff base, resulting in a slower M decay for 

the bcbR crystals.   

A third possible difference between bcbR crystals and both native and cbR 

crystals could be a difference in pKa values for the Asp96 residue.  If bcbR crystals have 
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an Asp96 residue with a higher pKa, proton movement from this residue to the 

deprotonated SB could be hindered, resulting in a slow M decay. 

A fourth significant difference between the bcbR and the cbR crystals is the 

difference in crystal contacts between these two crystal forms.  In the cbR crystals, 

crystal contacts are mediated by organized lipids,44 with crystal contacts made by lipid-

protein interactions within the plane of the membrane, with no protein-protein 

interactions between trimers.51  In contrast, in the bcbR crystals the packing involves 

extensive contacts between the protein chains.44  Each layer of bR crystals grown from 

bicelles contains two interfaces formed by contacts between two extended hydrophobic 

surfaces corresponding to the transmembrane region of each monomer . 

For the cbR crystals the lipids are holding the bR molecules in the parallel trimer theme.  

However, the lack of mediating lipids in the bcbR crystal packing means that the bR 

molecules are now free to arrange themselves as monomers, with their hydrophobic cross 

sections providing the stabilizing force to hold them in this manner.  Perhaps in this 

antiparallel monomer packing, protons of water molecules are unable to travel as 

efficiently during the proton transfer from Asp96 to the deprotonated Schiff base of retinal 

as it can in the parallel trimer packing structure. 

 Finally, a last point to consider in the fast M rise and slow M decay of the bcbR  

crystals involves the idea of two M states, M1 and M2, mentioned in the introduction.  In 

this model, during the M1→M2 transition the Schiff base redirects its orientation from the 

extracellular to the cytoplasmic half channel.19,20,25-28,52  In the case of the bcbR  crystals, 

it may be the case that the M1 state is in a good proton acceptor configuration such that 

the rate of M rise process (the donation of a proton to Asp85) is faster relative to the 
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native membrane and the cbR crystals.  In contrast, it may the case that either the M1-M2 

conversion is slower than usual, or that the M2 state is not in good proton donor 

configuration so that the rate of the M decay process (the reprotonation of the Schiff 

base) is slower relative to the native membrane and cbR crystals. 

 

5.15. M decay of bcbR crystals in D2O   

 

The kinetic isotope effect after H/D exchange was determined for the M decay processes.  

Figure 5.12 compares the times for the M decay process for bcbR crystals in both H2O 

and D2O.  In D2O, the decay of the bcbR crystals remains monoexponential and increased 

to 148 ms, compared to its decay time of 73 ms in H2O.  Figure 5.13 compares the times 

for the M decay process in native bR in both H2O and D2O.  In D2O, the decay of native 

remains biexponential and increased to 15 ms, compared to its decay time of 9.8 ms in 

H2O.  These values are all shown in Table 5.1.  Comparing the average M decay time for 

native in D2O (15 ms) to the average decay time for native in H2O (9.8 ms), the KIE is 

1.6, as given in Table 5.2.  This ratio is in close agreement with the literature49 for the M 

decay process for native bR (1.7), also shown in Table 5.2.  Comparing the average M 

decay time for crystals in D2O (148 ms) to the average decay time for crystals in H2O (73 

ms), the KIE is 2.0. 
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Figure 5.12: Comparison of M decay kinetics in H2O and D2O of bcbR, expressed as the 
change in the 412 nm absorption intensity. 
 
 

0.0 20.0m 40.0m 60.0m 80.0m 100.0m
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 d
I 41

2

Time (msec)

 native in D2O
 native in H2O

 
 
Figure 5.13: Comparison of M decay kinetics in H2O and D2O of native bR, expressed as 
the change in the 412 nm absorption intensity. 
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5.16. Kinetic Isotope Effect in M Rise and Decay in bcbR Crystals 

 

For the M decay in both the native sample and the crystals, the KIE is about the same (2.0 

for the crystals versus 1.6 for native versus).  In contrast, for the M rise process, the KIE 

for the crystals is greater than it is for native (8.7 for crystals versus 5.6 for native).  In 

1996, le Coutre and Gerwert49 investigated the kinetic isotope effects after H/D exchange 

for several reactions in bR and reported a qualitative difference between the 

intramolecular proton conduction in the proton release and the proton uptake pathways.  

They noted that a main characteristic of unidirectional proton transfer in a hydrogen 

bonded network was the presence of two alternating steps: (1) a fast proton displacement 

within an individual H bond from the donor to acceptor and (2) a slower rearrangement 

of the H bond to the initial state which involves rotational movements of the respective 

donor and acceptor groups.49,53-57  These steps are often referred to as the migration of an 

ionic and bonding defect (‘hop and turn mechanism’).49  In ice the H2O molecules are 

highly ordered, forming a hexagonal lattice, where each of the two H donor and acceptor 

sites are hydrogen bonded to H donor and acceptor sites of adjacent H2O molecules.  The 

rate limiting step for proton transfer in ice as described as the proton displacement within 

the H bond.49,53,54  In contrast, in liquid water the rate limiting step was described to be 

the rotational movement.  The different rate limited steps result in different kinetics 

isotope effects (KIE’s) upon H/D exchange.  If the rotational rearrangement is rate 

limiting, a KIE of √2 is observed (1.4), reflecting the mass between proton and deuteron.  

If the proton displacement within an H bond is rate limiting, much larger KIE’s are 

reported.49,53,54,57 
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In their work on the M rise and decay processes, le Coutre and Gerwert reported that 

for the L → M process (M rise) a KIE of 5.6 was calculated for native bR. In contrast, 

they reported a  KIE of 1.7 for the M→ N process (M decay).49  They noted that the 

strong KIE for M rise indicates proton transfer without rate limiting rotational 

contributions, and was similar to the one described for ice.49  They note that the ice-like 

mechanism during the proton release reaction seems to support an almost irreversible step 

by increasing the entropy; the proton is expelled from a highly ordered protein 

environment into the less ordered bulk aqueous phase.49  In contrast, the lower KIE for M 

decay suggested to them that the rate-limiting step in the reaction was rotational 

movement.49   

From our experiments, we found that the KIE for M rise in the bcbR crystals was 

much larger than reported for native (8.7 for crystals versus 5.6 for native), while the KIE 

for M decay in the crystals was about the same as reported for native (2.0 for crystals 

versus 1.6 for native).  The similarity in the KIE for M decay between the native and 

crystals suggests that in the bcbR crystals, as is the case with native bR, rotational 

movement (a ‘bonding defect’) is the rate limiting step in the M decay process.  After the 

retinal Schiff base donates its proton to Asp85, it must rotate itself from the extracellular 

channel to the cytoplasmic channel to position itself to accept the proton from Asp96.  

The similarity in KIE’s between native and bcbR crystals for M decay suggests that in 

both cases rotational motions are necessary for the process to occur.   

In contrast, the KIE for M rise in the bcbR crystals was much larger than reported for 

native.  Conservatively, we can say that this means that the rate of the M rise process in 

the crystals is dictated by only the rate of H transfer, as is the case with native.  It is at the 
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present time unclear why the KIE for M rise in the crystals is larger than that observed in   

native. 

In summary, the rise and decay kinetics of the M intermediate of the photocycle within 

the bcbR crystals has been characterized as having an M rise that is faster than found in 

both the native membrane and cbR crystals, and an M decay that is slower than found in 

both the native membrane and cbR crystals.  The faster M rise may be due to an increase 

in conformational freedom of the monomer units when arranged in this antiparallel 

manner, or a change in the pKa of the PSB, while the slower M decay may arise from a 

variety of possibilities: (1) dehydration of the reprotonation channel, (2) a higher pKa 

value for the proton donor Asp96, (3) slower ‘switching’ of the unprotonated SB from the 

extracellular to cytoplasmic side, (4) less-than-ideal orientation of the unprotonated SB 

during reprotonation from Asp96,  or some other factor effecting the efficient mobility of 

protons along the reprotonation pathway between Asp96 and the deprotonated retinal.  In 

any case, these results capture the kinetics of the M intermediate of the photocycle.  

While this and all previous chapters have addressed the motions of the retinal Schiff base 

within these bcbR crystals, the changes within the protein surrounding this chromophore 

have not been addressed.  In Chapter 6, Fourier Transfer Infrared (FTIR) difference 

spectroscopy will be used to monitor the protonation/deprotonation of amino acids 

involved in the creation and decay of the M intermediate in bcbR crystals.  Is Asp85 still 

the proton acceptor in the bcbR crystals, or nearby Asp212?  Is Asp96 still the proton donor 

during M Decay? 
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CHAPTER 6 
 
 

DETERMINATION OF THE ROLE OF ASPARTATE RESIDUE IN THE FUNCTION 
OF BCBR CRYSTALS BY FTIR DIFFERENCE SPECTROSCOPY* 

 
 

Abstract 
 

The primary goal of this chapter is to examine changes in the FTIR spectrum of a 

mass of deuterated bcbR crystals upon irradiation of the sample with the 514 nm line of 

an Argon laser.  Unlike the previous chapters using Raman and visible spectroscopy, 

which allow us only to examine changes in the retinal Schiff base chromophore, FTIR 

spectroscopy allows us to examine the changes in the environment surrounding this 

chromophore, such as changes in the protonation state of surrounding amino acids.  From 

the work done up to this point, it is understood that the bcbR crystals are capable of 

undergoing the photocycle (evidenced by formation of the M intermediate) and that the 

rise time of M in the crystals is faster than that observed for both native bR and cbR 

crystals in water, with a decay time that is much slower than both.  However, one of the  

questions that still remains that can be answered by FTIR spectroscopy is the fate of the 

transferred proton.  Is the Asp85 residue the proton acceptor during the formation of M, 

(as is the case in both the native membrane and in the cbR crystals), or is the nearby 

Asp212 the proton acceptor in the M rise of bcbR crystals?   This chapter examines the 

pathway of the proton as the protonated Schiff base is deprotonated.  In this manner, we 

examine the difference or similarity of the proton pump mechanism between bcbR 

crystals and native bR. 

 

                                                 
* Manuscript in preparation 
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6.1. Detecting the Changes in Amino Acid Protonation States in bcbR crystals During 
Their Photocycle by FTIR Difference Spectroscopy  
 

One of the main complications arising in using FTIR spectroscopy to study changes in 

the IR spectrum upon photoexcitation of bR in general is the interference of water, which 

has a large absorption in the same 2000-1000 cm-1 region where protein vibrations are 

observed.  Since bR needs to be hydrated to pump protons, the water concentration needs 

to be controlled – it cannot be so great that it swamps out small changes occurring in the 

protein, but it cannot be so little that the protein is not hydrated enough to function.  

Since bR crystallized by either the cbR or the bcbR method involves the presence of 

detergents, an additional complication arises in their absorption in this same wavenumber 

range as well.  However, unlike the bR protein, the detergents used in both methods are 

not responsive to visible light.  This means when a sample of bR crystals and detergent 

molecules are irradiated with a green laser (514 nm) only the crystals will respond to 

light.  This is what makes FTIR difference spectroscopy the method of choice for 

examining changes in the IR spectrum of bR protein crystals. 

Recently, Heberle et al.1 used FTIR difference spectroscopy to view the 

protonation and deprotonation of aspartate residues in cbR crystals.  The difference 

spectra for both a hydrated native membrane and for several cbR crystals are shown in 

Figure 6.1.  The creation of the M intermediate upon steady laser photoexcitation is 

detected by both the presence of the negative band at 1528 cm-1, (the C=C stretch of the 

decreasing protonated retinal Schiff base population), and the positive band at 1566 cm-1, 

(the C=C stretch of the deprotonated retinal Schiff base). A change in the protein 

conformation is detected by the shift in the amide I frequency from 1670 to 1650 cm-1, 
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observed by a negative band at 1670 and a positive band at 1650 cm-1.  Protonation of the 

Asp85 residue is confirmed by the positive band at 1755 cm-1.  Deprotonation of the Asp96 

residue is confirmed by the appearance of the negative band at 1743 cm-1.  These 

experiments were used as a guide to performing FTIR difference spectroscopy on bcbR 

crystals that had been removed from their detergent matrix. 

 

 

 

Figure 6.1: Changes in the FTIR spectrum upon excitation with 514 nm laser for several 
cbR crystals within their detergent matrix (above) and for a native hydrated membrane 
(below) as detailed by Heberle et al.1 

 

Experimental 

 

6.2. FTIR Difference Experiments 

 

Bicelle bR (bcbR) crystals were removed from their detergent matrix by the washing 

method described in Chapter 3.  Because the technique is not a micro-scale experiment, a 
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large volume of crystals needed to be used to achieve maximum signal.  A large volume 

of crystals in either H2O or D2O was concentrated on a single 25 mm x 2 mm CaF2 

window (Harrick Scientific Products, Pleasantville, NY) by allowing the water to 

evaporate under ambient temperature, light, and pressure.  During this process, a small 

pipette was used to blow the edges of the drop toward the center, to prevent the spreading 

out of crystals over a large area of the window.  Once a sample spot of approximately 10 

mm was formed and the crystals were fixed to the window, the single window was placed 

in the sample chamber of a Nicolet Magna 860 FTIR Spectrometer (Thermo Nicolet 

Instruments, Madison, WI) and the spectrum was checked in the 4000-1000 cm-1 range to 

make sure that either H2O or D2O was present but not saturating.  A typical spectrum for 

a mass of bcbR crystals that were soaked in D2O instead of DDW was taken at this stage 

is shown in Figure 6.2.   
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Figure 6.2: Typical FTIR absorption spectrum for a mass of bcbR crystals soaked in D2O 
on a single CaF2 window in the 4000-1000 cm-1 region. 
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This spectrum clearly shows that bulk D2O is present but not saturating in the 3300 cm-1 

region.  An inset of the protein absorption bands in Figure 6.3 shows that the C=O 

stretch, N-H bend, and N-D bends of the protein are all clearly observed.  The 1741 cm-1 

band is due to the C=O stretch of the ester group in the DMPC detergent.  Here the amide 

I C=O stretching of the protein is observed at 1660 cm-1, the amide II N-H bending of the 

protein is observed at 1537 cm-1, and the N-D bending is observed at 1442 cm-1. 
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Figure 6.3: Inset of the protein region from above from 2000-1350 cm-1. 
 

 

Regardless of whether D2O or H2O was used, the spectrum was checked in this 

way to determine if the protein hydration levels were acceptable.  Vacuum grease was 

added to the perimeter of this CaF2 window, with a second window added.  The two 

windows were additionally sealed held together by parafilm.  The vacuum grease served 
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as an additional barrier to seal in the hydration level of the sample between the windows.  

The sealed CaF2 windows were placed in a Harrick temperature control cell and then 

placed in the sample chamber of the FTIR spectrometer.  The temperature was adjusted 

to 5.0ºC. 

A series of optics directed the 514 nm line of an Innova 300 Argon laser 

(Coherent, Santa Clara, CA) into the sample chamber of the spectrometer. The power at 

the sample was adjusted to 10 mW/cm2, as described in the literature.1  An overhead 

diagram of this bench is shown in Figure 6.4.   

 

 

 
 

Figure 6.4: Overhead bench setup for FTIR difference spectroscopy experiments.   

 

 

The 514 nm line is selected and sent to the FTIR bench.  The location of the power meter 

used to adjust the laser power to 10mw/cm2 is indicated.  The diameter of the 514 nm 

laser must be kept either equal to or greater than the IR beam sampling area, to ensure 
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that all crystals within the IR sampling area are being excited by the 514 nm line.  Initial 

attempts at taking the difference spectrum of either native membrane or a mass of bcbR 

crystals were hampered by the presence of a fluctuating water concentration.  Figure 6.5 

illustrates three different attempts to obtain the difference spectrum of native bR in H2O 

at 5ºC.  Although the positive 1760 cm-1 band (protonated Asp85) and the negative 1528 

cm-1 band (depletion of the C=C stretching of protonated retinal) are present, the large 

positive 1560 cm-1 band that would indicate creation of the C=C of deprotonated retinal 

(the M state) is not clearly observed.  In addition, the shift in the amide I frequency from 

1670 to 1650 cm-1 observed in the literature1 is not observed.  Large negative bands 

appear at 1590 and 1645 which are not described in the literature. 
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Figure 6.5: Three different attempts to replicate the IR difference spectrum of native bR 
in H2O at 5ºC.   
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As mentioned earlier in the chapter, water vapor appears in the same region of the 

IR spectrum as do protein vibrations.  The Nicolet Magna 860 bench is purged by a 74-

5041 FT-IR Purge Gas Generator (Parker Bolston Analytical Gas Systems, Cleveland, 

OH).  This gas generator compresses surrounding air to 80 psi, and passes the air through 

filters that remove CO2 and H2O before passing the air to the bench via ¼” OD Teflon 

tubing at a flow rate of approximately 20 SCFH.  For the difference experiment to be 

successful, the water vapor concentration does not need to be 100% absent, as long as the 

concentration does not fluctuate on a scale larger than differences in the protein upon 

laser excitation.  If the water vapor concentration is constant throughout the data 

acquisition time, its intensity in the spectrum remains constant and it is subtracted out in 

difference spectroscopy to only reveal changes in the protein and retinal during 

irradiation.  However, if the water vapor concentration is fluctuating (due to an inefficient 

purge, for example), then the difference spectrum of the protein is overlaid with 

interfering water bands.  To confirm that this was the case, a series of spectra were taken 

of an empty sample chamber of the FTIR bench after the sample chamber was closed and 

had been purging overnight.  Figure 6.6 shows four different ‘background’ spectra of the 

empty FTIR sample chamber.  Each spectrum is the result of an average of 5 scans and 

were all taken with in the same one-minute sampling period.  Figure 6.7 shows the 

difference spectra resulting from subtracting the second background from the first, the 

third background from the second, and so on.  For a steady purge, these difference spectra 

should be as flat as possible, or at least smaller than the changes expected in the 

difference experiment with sample in the chamber.  The %T scale indicates that not only  
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Figure 6.6: Four different ‘background’ spectra of the empty FTIR sample chamber. 
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Figure 6.7: Differences between the background spectra of Figure 6.6. 
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is the water vapor background fluctuating, but that it is fluctuating to produce noise on a 

larger scale than the data would. 

A Bruker v66 model FTIR spectrometer (Bruker Optics, Billerica, MA) was used 

by Heberle et al.1 in the difference spectroscopy performed on cbR crystals.  This bench 

features a vacuum sample chamber, which eliminates water completely.  In contrast, the 

sample chamber for the Nicolet Magna 860 bench used for these bcbR difference 

experiments is not under vacuum purge, but instead uses the Whatman 74-5041 FT-IR 

Purge gas generator (Parker Hannafin, Cleveland, OH.  This purge gas generator uses a 

Gast 2HAH-11T-M200X compressor (Whatman Inc, Haverhill, MA) that intakes lab air 

and compresses it to approximately 80 psi.  The temperature of this hot compressed air is 

then lowered by sending it through an aftercooler.  After this point it is then sent through 

a set of prefilters before it travels through the two regenerative desiccant driers (towers) 

that alternate between each other to remove residual water and CO2.   

Dr. Bridgette Barry of the Georgia Tech School of Chemistry and Biochemistry 

was consulted about the issue of insufficient water vapor removal.  After this meeting, 

modification of the present bench was undertaken to include a desiccant column through 

which the compressed air must pass between the compressor to the instrument.  It was 

anticipated that this additional stage would filter out the residual water vapor getting into 

the bench.  The desiccant column was a LabClear model DGF-250 Disposeable gas filter 

with ¼” OD fittings and 600 cc volume (Labclear, Oakland, CA).  The filter contained 

both indicating Drierite desiccant and #13x molecular sieve.   

After the desiccant column was added to the inlet to the FTIR spectrometer, the 

change in the spectrum of the empty FTIR chamber was monitored for a period of two 
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days to determine the effectiveness of the new column to maintain a more stable 

environment.  Figure 6.8 shows the changes in the difference spectrum of the sample-free 

chamber before the column was added, taken at 30-minute intervals apart.  Here the large 

fluctuations indicate that the humidity of the sample chamber is fluctuating with time.  

Figure 6.9 shows the sample-free chamber after it has been purged through the new 

desiccant column for a period of two days.  The much smaller fluctuation indicates that 

the column is stabilizing the humidity level of the bench.  At this point experiments were 

resumed with native bR first.   

The native sample was prepared as described in Section 6.2, except that a 

temperature control cell was not used for this and all following experiments.  The native 

sample in H2O was allowed to dry on a CaF2 window until the level of hydration was 

satisfactory as described by checking the OH stretch region above.  A second CaF2 

window was placed on top, and vacuum grease was used to seal the windows together, 

with parafilm sealing the windows together as mentioned above.  The sample was placed 

in the FTIR chamber, adjusted to give maximum signal, and the chamber door closed.  

The sample was allowed to purge overnight before any measurements were taken.  The 

following day, thirty scans were taken of the native sample with the laser off, and another 

thirty scans were taken immediately afterward with the 514 nm laser power at 15 

mW/cm2.  The mirror velocity was 0.6329; the aperture was set to 50.  The ‘laser on’ 

spectrum was subtracted from the ‘laser off’ spectrum.   

Since the spectrum of a sample of crystals gives much lower signal, more sample 

spectra were needed to observe the small changes.  A sample of crystals in H2O was 

concentrated on a single CaF2 window as described in Section 6.2.  This single window  
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Figure 6.8: Changes in the difference spectrum of the empty sample chamber before the 
column is added, taken at 30-minute intervals apart. 
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Figure 6.9: Changes in the difference spectrum of the empty sample chamber after the 
column is added, taken at 30-minute intervals apart. 
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was inserted into the sample chamber and the intensity of the signal for bulk water at 

3300 cm-1 was checked to make sure bulk water was present but not saturating.  Typical 

Absorption spectra at this point were similar to that observed in Figure 6.2.  After this 

point a second CaF2 window was sealed over the first with vacuum grease, and parafilm 

was also used to keep the two windows together.  The sample was placed in the chamber 

to purge overnight before any spectra were taken.   

The following day a series of spectra were taken to experiment with the collection 

time and sample aperture in order to record the largest difference spectra without 

damaging the crystals.  The optimum difference spectra resulted from exposure of the 

crystals to 15mW/cm2 of 514 nm laser for 500 scans (approximately 8 minutes at a mirror 

velocity of 0.6329) with a sample aperture of 150.  The laser was blocked and a 500-scan 

of the crystals was taken immediately afterward.  This process was repeated 47 times to 

give 47 difference spectra for the crystals.  These were averaged to give a single 

difference spectrum for the crystals.  This process was repeated for both the native 

sample in D2O and the mass of crystals in D2O as well. 

 

Results and Discussion 

 

Figure 6.10 is a comparison the FTIR absorbance difference spectrum resulting from 

subtraction of the ‘laser off’ spectrum from that of the ‘laser on’ spectrum for a sample of 

bcbR crystals in H2O (A) and a sample of native bR in H2O (B).  The positive band in 

both spectra at 1760 cm-1 has been characterized in the literature1-4 as the C=O stretch of 

the protonated Asp85 residue.  The positive band at 1557 cm-1 in the bcbR crystals (A) and 
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at 1565 cm-1 in the native (B) is due to the C=C stretching of the parent deprotonated 

retinal in the M intermediate.1,2  The negative band at 1521 cm-1 in both spectra is due to 

the C=C stretching of protonated retinal1,5-13 (depletion of the parent bR568). The three 

negative bands at 1248, 1197, and 1162 cm-1 in the bcbR crystals (A) and at 1249, 1203, 

and 1168 cm-1 in native bR (B) are due to depletion of the C-C stretches of the parent 

bR568 upon irradiation.1,11 

 

1800 1700 1600 1500 1400 1300 1200 1100 1000

-0.004
-0.003
-0.002
-0.001
0.000
0.001
0.002
0.003
0.004

1800 1700 1600 1500 1400 1300 1200 1100 1000

-0.002

-0.001

0.000

0.001

0.002

0.003

0.004

dA

Wavenumber (cm-1)

1249

1203
1168

1243

1197 1162

1565

1521

1521

1760 B

 d
A

A
1760

1557

 
Figure 6.10: Difference spectrum of a mass of bcbR crystals in H2O (A) and of native bR 
in H2O (B).   

 

 

Figure 6.11 is a comparison the FTIR absorbance difference spectrum resulting from 

subtraction of the ‘laser off’ spectrum from that of the ‘laser on’ spectrum for a sample of 

bcbR crystals in D2O (A) and a sample of native bR in D2O (B).  The positive band in 
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both spectra at 1760 cm-1 has been characterized in the literature1-4 as the C=O stretch of 

the protonated Asp85 residue.  The positive band at 1558 cm-1 in the bcbR crystals (A) and 

at 1565 cm-1 in the native (B) is due to the C=C stretching of the parent deprotonated 

retinal in the M intermediate.1,2  The negative band at 1525 cm-1 in both spectra is due to 

the C=C stretching of protonated retinal1,5-13 (depletion of the parent bR568). The three 

negative bands at 1245, 1200, and 1164 cm-1 in the bcbR crystals (A) and at 1251, 1200, 

and 1166 cm-1 in native bR (B) are due to depletion of the C-C stretches of the parent 

bR568 upon irradiation.1,11 
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Figure 6.11: Difference spectrum of a mass of bcbR crystals in D2O (A) and of native bR 
in D2O (B).   
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In summary, FTIR difference spectroscopy on both a hydrated or deuterated mass 

of bcbR crystals indicates that in the bcbR crystals that deprotonation of the retinal Schiff 

base results in the transfer of a proton to the Asp85 residue.  In this respect the bcbR 

crystals are similar to native bR.  In contrast, the deprotonated C=C stretch region of the 

retinal Schiff base in the bcbR crystals is broader than that of native, which may indicate 

that in the bcbR crystals there is a heterogeneity in environment surrounding the 

deprotonated Schiff base relative to that observed for native.   
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CHAPTER 7 
 

MODEL SYSTEM FOR GROWING AND QUANTIFYING STREPTOCOCCUS 
PNEUMONIAE BIOFILMS IN SITU AND IN REAL TIME* 

 
Abstract 

 

In this chapter, ATR/FTIR is used to monitor the changing IR spectrum during the 

attachment and growth of a biofilm created by the organism Streptococcus pneumoniae.  

This organism was chosen because of its clinical relevance; it is one of the organisms 

suspected in forming biofilms in individuals who develop otitis media, one of the most 

common causes of ear infections of childhood.1  In this study, a novel model system was 

developed for growing and characterizing in time the continuous deposition of a S. 

pneumoniae biofilm on both a Germanium internal reflection element (IRE) and on 

several Germanium coupons and was monitored by a combination of ATR/FTIR and 

Epifluorescence microscopy.  In contrast to previous ATR/FTIR experiments examining 

the formation of biofilms on surfaces, this method is unique in that combines two 

techniques - ATR/FTIR and Epifluorescence microscopy – which used together allow for 

the simultaneous monitoring of the IR spectrum of the S. pneumoniae biofilm as it 

develops and as provides a method for quantifying total and viable cell counts at various 

stages during the development.  The formation of both the protein and the polysaccharide 

were followed in time by monitoring their IR bands in the IR spectrum and were 

                                                 
* Manuscript published: Donlan, Rodney M., Piede, J.A., Heyes, C.D., Sanii, L.S., Murga, R., 
Edmonds, P., El-Sayed, I. El-Sayed, M.A. “Model System for Growing and Quantifying 
Streptococcus Pneumoniae Biofilms In Situ and in Real Time”. Applied and Environmental 
Microbiology. 70, 8, 4980-4988. 
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correlated with the total and viable biofilm cell counts to quantify the biofilm-associated 

cells.  

 

7.1 -  Biofilms: Their Infrastructure and Effects on Surfaces 

 

Microorganisms in both natural and artificial environments attach to solid surfaces 

and surface films.  Both the solute and/or adsorbates can serve as nutrients for these 

organisms, which excrete extracellular polymers, resulting in biofilms.2  Biofilms are 

made up of both cells and extracellular polymeric substances (EPS).  The EPS matrix 

network connects cells with one another and attach then to the surface.3  These biofilms 

are vibrant environments capable of changing the chemistry of the surface to which they 

are attached, as well as both the chemistry of the aqueous and interfacial phase.4  These 

changes can have either positive or negative impacts.  On the positive side, biofilms are 

responsible for the removal of pollutants from natural waters4 and the functioning of 

sewage treatment plants.5  On the negative side, biofilms reduce the heat transfer 

efficiency in heat exchange units,6 enhance the corrosion of metal structures, are a 

contamination source of ultrapure water systems, and increase the drag on ships.7 

 

7.2 - Problems Biofilms Present to the Medical Field 

 

Life within the biofilm may provide advantages over a solely planktonic existence. 

Biofilm microorganisms can utilize nutrients from a wide range of sources, including the 

liquid phase, adsorbed components, metabolites from other attached organisms, and 
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surface degradation products.  In addition, biofilm microbes are less susceptible to 

antibiotics8 and biocides.9   

These last two properties of biofilms are particularly relevant to the medical field.  

For example, the premature failure of implanted devices, catheters, and transcutaneous 

devices10-14 are often caused by the reaction of soft tissues with these synthetic materials, 

leading to chronic inflammation.  Although some degree of inflammation is to be 

expected with implanted materials, those becoming the locus for bacterial infection must 

either be replaced, or the resulting infection is alternatively treated like a chronic 

illness.15  The body’s immune system normally keeps the bacterial population under 

control.  Once bacteria adhere to a surface, however, they may form a biofilm in which 

the bacterial cells are protected from antagonistic agents (i.e., antibiotics or phagocytic 

cells) that would otherwise destroy the bacteria.  In addition, the components of the EPS 

of bacteria can also regulate the cellular immune response.16 

 

7.3 Biofilm Studies: Background 

 

The earliest biofilm studies (1933) utilized direct light microscopic techniques to 

qualitatively examine stained cells attached to transparent surfaces.17  Through the years, 

several other techniques were used.  Phase contrast and transmitted differential 

interference contrast (DIC) optics were used to examine microscopically unstained 

preparations in a non-destructive manner.18  High resolution scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) offer additional 

information on biofilm structure and adhesive structures and matrix materials produced 
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by microorganisms associated with biofilms.19  The downside to all the above methods is 

that they are ultimately destructive in nature, introducing distortions in spatial 

relationships between structures during sample dehydration.  Their labor-intensive 

sample preparation and non-quantitative nature of the information provided make it 

generally not amendable to routine biofilm monitoring.20 

A few on-line monitoring devices have been developed to monitor biofilm 

attachment based on fluid flow resistance or heat influx.21  These techniques rely heavily 

on mathematical models based on system engineering parameters to predict biofilm 

formation and accumulation.  However, by the time these sense that biofilm formation 

has occurred, the system may have become fouled to the extent that subsequent remedial 

treatments are not effective.22  There is a real need for biofilm monitoring equipment that 

permits remote, sensitive, non-destructive, and more important, a molecular real-time 

analysis of biofilm formation.20 

 

7.4 Nondestructive Biofilm Analysis: Use of ATR/FTIR 

 

The lack of sensitive on-line techniques to effectively monitor the biofilm attachment, 

development, and chemistry both remotely and non-destructively, and on a molecular 

level, have limited our insight into the formation mechanism on the surface.  Most 

monitoring techniques to study the growth of microbes have been developed primarily for 

measurements in the bulk aqueous phase.  Unfortunately, since biofilm growth is a 

phenomenon localized to solid surfaces, conventional monitoring techniques are usually 

insensitive to most biofilm processes.20  Often biochemical and microscopic biofilm 
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studies attempt a quantitative removal of surface films and destructive off-line analysis.  

Attenuated total reflection/Fourier transform infrared spectroscopy (ATR/FTIR) provides 

a non-destructive analysis of biofilms, circumventing the need for quantitative film 

removal by providing real-time FTIR spectrum at specified time intervals during the 

deposition of the film upon a surface.  In ATR/FTIR, infrared (IR) spectroscopy involves 

multiply reflected IR beams on the inner surface of an internal reflection element (IRE)23 

as shown in Figure 7.1.   

 

 

 

 
Figure 7.1: Top-down view of ATR/FTIR flow cell. 

 

 

The IR source beam from the spectrometer is bounced multiple times through the 

IRE toward the detector.  The biofilm deposits on the IRE.  At each reflection site a 

longitudinal wave of radiation penetrates from the IRE to the adjacent environment.  The 

intensity of the IR radiation exponentially decays to zero within about one micrometer of 

the IRE’s surface.  This radiation, the “evanescent wave” shown in Figure 7.2, can be 
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absorbed by compounds near the surface, which produces their IR absorption spectra.24  

This means that only material within 1 μm sampling area of the surface at which the IR 

beam is reflected will be detected.   

Pioneering work in this field of using ATR/FTIR to study biofilm formation was 

done in 1991 by Bremer and Geesey.25  In his work, a Germanium internal reflection 

element (IRE) was used as the solid surface to which an uncharacterized bacterium 

isolated from a pit in a section of corroded copper tubing could attach.  This IRE was 

interfaced to a Fourier-transform Infrared (FT-IR) spectrometer and the spectral changes 

were monitored for a period of 188 hours.  They found during the course of the 

experiment that the amount of protein detected at the IRE/medium interface increased 

throughout the course of the experiment, with extracellular polysaccharides mainly being 

produced during the initial stages of biofilm development.25  These results were 

important because they demonstrated that changes in metabolic activity of surface-

associated bacteria during biofilm development on surfaces exposed to a flowing bulk 

aqueous phase can be evaluated by ATR/FT-IR.    Further work in the field was done by 

David E. Nivens et al.24  In this work, the ATR/FTIR spectra of living Caulobacter 

crescentus cells were studied.  Using the amide II band as a marker for biofilm biomass, 

the detection limit was determined to be approximately 5x105 cells.cm-2 and 

demonstrated that the ATR/FTIR methodology could be used to give chemical 

information from bacteria and bacterial products located within approximately 1µm of 

the surface without spectral interferences due to components of the medium. In 1998, 

Suci et al. used the ATR/FTIR technique to follow the time course of the antimicrobial 

agent ciprofloxacin’s appearance at the biofilm/substratum interface for a 
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Figure 7.2: Generation of the evanescent field, with an effective penetration depth of 1µm 
from the surface of the IRE. 
 

 

biofilm of Pseudomonas aeruginosa.16  After addition of ciprofloxacin to the colonized 

surface, they observed the appearance of three bands in a 20-minute period.  Although the 

exact nature of these bands was not identified, this study opens the door to modeling the 

transport kinetics of antimicrobials within a biofilm, which may shed light on 

structure/function relationships aiding in the development of antimicrobial agents 

designed to destroy these surface-dwelling microorganisms.  

 

7.5 FTIR Spectra Band Assignments in Biofilms 

 

There are several characteristic bands in the infrared region associated with biofilm 

formation.  Most of the bands due to characteristic group vibrations in the 

macromolecules produced by all bacteria.  Amide linkages produce three types of bands.  

Amide I bands (1690-1640 μ) are caused by carbonyl stretching modes.16,20,24,26-28  Amide 

II (1570-1515 cm-1) and amide III (1300-1200 cm-1) bands result from the interaction 

between an N-H bending (trans to the carbonyl group) and C-N stretching modes of 
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secondary amides.16,20,24,27,28  Free carboxylate ions (1397 cm-1) are probably associated 

with amino acids, proteins, and acidic polysaccharides.24,26,27  Carbohydrates and alcohols 

found in the nucleic acids, the cell envelope, and/or extracellular polymers contributed to 

the bands in the C-O stretch region (1300-1000 cm-1).20,24,26  Organic phosphate makes up 

about 3% of the composition of the microbial cell.  The P=O stretching band appears neat 

1250 cm-1 and P-O absorbs at 1100-1000 cm-1, which overlaps the C-O region.20,24  The 

C=O stretch of sugar units 20 16 occurs at 1034 cm-1  The phosphodiester linkages of DNA 

and RNA16,29 occur in the region between 1300-1000 cm-1. 

 

7.6 Use of ATR/FTIR in Study of Streptococcus pneumoniae Biofilms 

 

In this work, ATR/FTIR is used to monitor the changing IR spectrum during the 

attachment and growth of a film created by the organism S. pneumoniae.  This organism 

was chosen because of its clinical relevance; it is one of the organisms suspected in 

forming biofilms in individuals who develop otitis media, one of the most common 

infectious diseases of childhood.  Otitis media is an inflammation of the middle ear.1  

After acute episodes, fluid may persist in the middle ear for weeks to months, resulting in 

an average of 2 decibel hearing loss whenever the fluid is present.30  This condition 

occurs most frequently in infants and children.  Currently the identification of bacteria 

responsible for acute otitis media requires the invasive procedure of tympanocentesis, 

puncturing the tympanic membrane with a needle to aspirate fluid from the middle ear.1  

Because so little is known about the particulars of biofilm formation of this clinically 

relevant organism, it is our model for this ATR/FTIR study.   
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Only a handful of published studies document biofilm formation by S. 

pneumoniae.  In 1997, Budhani and Struthers31 demonstrated the formation S. 

pneumoniae on cellulose surfaces using a continuous culture biofilm system.  However, 

this did not measure  the biofilm EPS nor provide any structural information on the 

biofilms themselves.   

In the present study, a model system was developed for growing and 

characterizing the continuous deposition of a Streptococcus pneumoniae biofilm on both 

a Germanium IRE and on several Germanium coupons by a combination of ATR/FTIR 

and Epifluorescence microscopy.  The development of both the protein and the 

polysaccharide bands in the IR spectrum at particular time intervals was then correlated 

with total and viable biofilm cell counts to quantify biofilm-associated cells.  

 
Experimental Methods 
 

7.7  Bench Setup for ATR/FTIR Experiments 

 

A biofilm reactor containing 1.3 mm-diameter Germanium coupons was 

connected via silicone tubing to a 10-L carboy containing the medium Brain Heart 

Infusion (BHI) broth (Difco Laboratories, Detroit, MI) that was supplied to the reactor at 

a flow rate of  0.5mL/min by a Master Flex peristaltic pump (Cole Parmer, Niles, IL).  

The coupons were made of Germanium, the same material from which the IRE was 

constructed.  This was done to eliminate discrepancies between the attachment surfaces 

of the coupons and the IRE.  Another set of tubing connected to the same pump above 

carried the media from the reactor to the ATR cell, where it could flow over both side of 
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the IRE, then exit the cell and be carried back to the reactor.  The reactor was placed in a 

34°C water bath stirred at 75 rpm for the duration of the experiment , and the reactor was 

supplied with a filter-sterile mixture of 85% nitrogen, 10% carbon dioxide, and 5% 

oxygen.  Coupons could be removed from the reactor periodically by pulling the coupon 

holder through the lid of the reactor.  A diagram of the overall bench setup is shown in 

Figure 7.3. 

 

 
 

Figure 7.3: Experimental setup for the ATR/FTIR flow cell experiment. 

 

7.8.  Preparation of ATR Flow Cell 

 

The ATR flow cell (Harrick Scientific, Ossining, NY) was located in the sample 

chamber of a Fourier Transform Infrared (FT-IR) Spectrometer (Nicolet Magna 860, 
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Madison, WI).  This cell is shown in Figure 7.4.  The two inlet channels carry media 

from the reactor to both sides of the crystal surface via the flow channels, and the two 

outlet channels carry the media from the cell back to the reactor.  The biofilm reactor, 

originally designed by Ricardo Murga, Wayne Kirby, and Dr. Rod Donlan of CDC is 

shown in Figure 7.5.  Prior to the experiment all components of the biofilm reactor were 

sterilized in an autoclave.  The ATR cell was sterilized using 2% glutaraldehyde for 10  

minutes and then rinsed with 0.6 M filter-sterile sodium metabisulfite for one minute to 

inactivate any residual glutaraldehyde.  The solution was then removed and the cell was 

rinsed with filter sterilized reverse osmosis water to remove any traces of the sodium 

metabisulfite solution.  The water from the ATR cell was cultured to ensure sterility after 

this process.  The ATR cell was connected to the sterile silicone tubing that was attached 

to the biofilm reactor immediately after this sterilization process.  

The S. pneumoniae culture work prior to inoculation of the batch reactor for the 

ATR/FTIR analysis was performed by Dr. Paul Edmonds and John Piede of the Biology 

Department, Georgia Tech.  The S. pneumoniae clinical isolate from the (Boston’s 

Children’s Hospital, Boston, MA) was subcultured from a frozen stock on blood agar 

plates (BD Microbiology Systems, Cockeyville, MD) and incubated at 35°C in a 5% CO2 

incubator overnight.  A single colony was then picked and inoculated into a 10-mL tube 

of BHI broth, which was incubated for 12 hours at 35°C in a 5% CO2 incubator.  A 9 mL 

volume of this 12 h culture was added to the reactor, providing 2.13 x 107 CFU/mL in the 

reactor as determined by plating on blood agar incubated at 35°C in a CO2 incubator. 
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Figure 7.4: The un-assembled (left) and assembled (right) ATR flow cell, manufactured 
by Harrick Scientific. 
 

 

 
 
Figure 7.5: The biofilm reactor. 
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7.9  Preparation of S. pneumoniae and Reactor Inoculation 

 

On the first day of the experiment, a 500-mL volume of BHI broth was added to the 

sterile reactor, followed by the above addition of the 9-mL 12-hour culture.  This solution 

was mixed for a period of 12 hours in ‘batch mode’, meaning that no additional fresh 

media was added while the solution was being circulated between the reactor and ATR 

cell at a rate of 0.5 mL/min.  This was done to establish a good S. pneumoniae population 

within the 500-mL volume of the reactor.  After 12 hours the system was switched to 

‘open system’, in which fresh media was pumped it at the same rate above while a 

discharge line was unclamped to allow a constant 500 mL volume in the reactor to be 

maintained.  Biofilm formation was determined in primarily two ways: by observation of 

the changing IR spectrum resulting from deposition of the biofilm on the Germanium 

IRE, and by direct microscopic analysis of Germanium coupons removed periodically 

during the course of the experiment. 

 

7.10.  Germanium Coupon Processing and Analysis 

 

Germanium coupons were removed periodically by quickly pulling them through 

the lid of the reactor as mentioned above.  After removal, they were placed in a sterile 

sample holder holding sterile phosphate-buffered saline (PBS) and transferred to the 

Biofilm laboratory of Dr. Rod Donlan at the Centers for Disease Control (CDC), who 

processed the coupons from this point forward.  Here, the coupons were subjected to 

three 30-second cycles of sonication at a frequency of 42 kHz (model 2510; Branson Co., 
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Bohemia, NY) and homogenation of the suspension containing the suspended biofilm 

cells in a tissue homogenizer for 60 seconds (Polyscience Tissue Homogenizer model K-

120, Polysciences Co., Niles, IL) at about 16,000 rpm.  The resulting suspension was then 

processed to quantify the number of cells.  A 1 mL volume of the sample was diluted and 

cultured on a Trypticasesoy agar containing 5% sheep’s blood (Becton Dickinson 

Microbiology System, Cockeysville, MD) using the spread plate technique.  Colonies 

were counted after inoculation at 35°C in a CO2 incubator for 24 hours.  A 7 mL portion 

of the sample was filtered through a 0.2 µm polycarbonate Nucleopore membrane filter 

(Whatman, Kent, UK) that was fixed in 5% formalin for 5 minutes, stained with a 2 

µg/mL 4’6-diamidino-2-phenyl indole (DAPI) solution in filter-sterile reverse osmosis 

water) for 15 minutes in the dark, mounted on a glass microscope slide, and counted 

using a Zeiss Axioskop II Epifluorescence Research Microcope containing a DAPI filter 

set (455/40 excitation, long pass dichroic mirror, 420 nm/long pass emission).  Ten fields 

were counted using a calibrated eyepiece grid.   

 

7.11.  IRE Processing and Analysis 

 

In addition to the coupons examined during the course of the experiment, the IRE 

itself was examined at the end of the experiment by Dr. Rod Donlan.  It was rinsed at 

least twice in filter-sterilized reverse osmosis water, fixed in 5% formalin solution for 5 

minutes, stained for 15 minutes in the dark with 2µg/mL DAPI, again rinsed twice in 

filter-sterile reverse osmosis water, dried, mounted in immersion oil, and examined with 
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the Zeiss Axioskop II Epifluorescence microscope containing a DAPI filter set (described 

above) and an oil immersion 100x objective.   

 

7.12.  FTIR Spectra Analysis 

 

Biofilm protein and polysaccharide were also quantified spectroscopically using 

the ATR/FTIR system.  The background spectrum of the uninoculated medium was taken 

over a 12 hour period to insure a consistency in the background.  After 12 hours, the 

system was changed from batch to open mode, allowing the inoculated medium to 

circulate through the ATR cell.  During this period, the FTIR software OMNIC v5.2 

(Nicolet, Madison, WI) was set up to record the spectrum obtained every 10 minutes.  At 

each sampling time one hundred scans were averaged.  The single-beam spectra were 

ratioed to the initial background spectrum to produce an absorption change at each 

sampling time.  Two well-characterized regions (protein at 1700-1500 cm-1, 

polysaccharide at 1200-1000 cm-1) were used to follow the growth of the biofilm over 

time and under different conditions. 

 

 
Results and Discussion 
 

The extracted spectra of S. pneumoniae biofilms formed in the ATR/FTIR biofilm 

reactor system are shown in Figure 1.6.  In the 1700-1000 cm-1 range a number of 

spectral features are observed.  The 1700-1515 cm-1 region has been well documented as 

the region where protein vibrations appear.24,28,33  The amide I band is caused by the C=O 
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carbonyl stretch between 1690-1640 cm-1.  Water absorbs in this region as well, at 1640 

cm-1.  Between 1590-1515 cm-1 the N-H bend of amides gives rise to the amide II band.  

The broad band at about 1650 cm-1 is likely a hydrated mixture of both amide I and 

amide II bands in the protein component of the biofilm.  The region between 1300-1900 

cm-1 is broad and complex, and has been characterized in the literature as the region 

where both DNA/RNA and polysaccharides appear.16,29,34-36  The C-O-C, C-O, and ring-

stretching vibrations, as well as the P=O stretch of phosphodiesters are found in this 

region.   

Figure 7.6 shows the FTIR spectra of S. pneumoniae biofilms over the course of 

189 hours following inoculation.  Note that the band intensities within the polysaccharide 

region (1300-1900 cm-1) increased at a significantly higher rate than did the band 

intensity of the amide band region (1515-1590 cm-1) as time progressed.  After 141 hours, 

the intensity of the spectrum as a whole decreased, a trend that continued for the 

remainder of the experiment.  This is likely due to the breaking off of parts of the film 

from the surface of the IRE after the films achieve a certain critical thickness.  The data 

in Figure 7.6 show that both the polysaccharide and amide bands were detected on the 

IRE surface within hours after inoculation and continued to increase through 141 hours, 

then decrease for the remainder of the exposure period.  After 141 hours, the intensity of 

the spectrum as a whole decreased.  This is likely due to the breaking off of parts of the 

film from the surface of the IRE after the films achieve a certain critical thickness. With 

this S. pneumoniae biofilm, the polysaccharide band  (1300-1900 cm-1) increased at a 

significantly higher rate than did the band intensity of the amide band region (1515- 
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Figure 7.6: FTIR spectra of S. pneumoniae biofilms over the course of 189 hours 
following inoculation. 
 

 

1590 cm-1) as time progressed.  This increase in spectral intensity over time reflects an 

increase in the coverage of the IRE surface by the biofilm rather than an increase in 

biofilm thickness.32  This faster rate of polysaccharide development relative to protein is 

in contrast to work done by Bremer and Geesey 25 and by Nivens et al.37  In the former, 

biofilm formation of an unidentified environmental organism (“CP-1”) using ATR/FITR 

observed at over 188 hours demonstrated a continued increase in protein bands, with the 

protein:polysaccharide ratio increasing with time (Figure 7.7).  In the latter, a similar 

pattern for the organism Burkholderia (Pseudomonas) cepacia  studied over the course of 

76 hours following inoculation is reported (Figure 7.8).   The ratio of the intensities of 

protein bands (Amide I, Amide II) to polysaccharide bands (P-O, C-O) remains relatively 

constant with time.  The S. pneumoniae organism in this study produced a greater amount 
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Figure 7.7: The changing FTIR spectrum of CP-1 biofilm over the course of 188 hours 
following inoculation as reported by Bremer and Geesey Here a=2h, b=26h, c=45h, 
d=90h, e=118h, f=188h.   
 

of polysaccharides relative to protein, a fact that illustrates that distinct differences in 

biofilm structure may be exhibited by different organisms. At the conclusion of the 

experiment, one side of the IRE surface was examined under microscope provided 

additional evidence for S. pneumoniae biofilms (Figures 7.9-1.12).  Dense biofilm 

development several cells in thickness were observed.  Figures 7.9 and 1.10 from one 

area of the IRE, while Figures 7.11 and 7.12 are images from a second area of the IRE.  

In all four figures the regions are stained with both WGA-AF (wheat germ agglutinin 

conjugated with Alexa Fluor 488)(Molecular Probes, Eugene, OR) and DAPI (4’6-

diamidino-2-phenylindole).  WGA-AF will bind N-acetylglucosamine, which is a 

component of the outer peptidoglycan layer of gram positive bacteria.32,38  WGA-AF 



 206

 
Figure 7.8: The changing FTIR spectrum of Pseudomonas cepacia biofilm over the 
course of 76 hours following inoculation. 
 

 

will also bind the capsular polysaccharides of S. pneumoniae.32,39  DAPI will stain all 

nucleic acid-containing cells (but not the extracellular polysaccharide).32  Figures 7.9 and 

7.10 are similar and suggest that most of the cells in this region bound to the WGA-AF 

either due to the N-acetylglucosamine in the cell wall or because they were 

encapsulated.32  Figure 7.11 shows another region of the IRE demonstrating a much 

thicker biofilm with very intense DAPI staining in some areas.  This indicates a biofilm 

structure that is several cells thick in this area.32  Figure 7.12 shows the same area 

illuminated to show WGA-AF staining.  There is a haze observed, which has been 

suggested in the literature by Neu and Lawrence40 to arise from extracellular 

polysaccharide material (a.k.a. “EPS clouds.”)  The haze observed following WGA-AF 

staining and imaging indicates that N-acetylglucosamine is one of the components of the 
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biofilm EPS for this organism.32  Following IRE surface cleaning and sterilization to 

remove traces of biofilm and EPS revealed very little fluorescent material was still 

present.  This indicates that the fluorescent signals were not due to nonspecific binding or 

autofluorescence of the IRE surface.32 

The numbers of cells attached to the surfaces and in the biofilm were quantified 

by the collection of coupons at intervals during the course of the experiment.  Total cell 

counts were calculated from staining with DAPI, which stains both viable and nonviable 

cells.  The number of viable cells was calculated from the number of cells forming 

colonies on blood agar plates.32  Table 7.1 presents both the viable and total cell counts at 

six sampling times during the course of the experiment.  
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Figure 7.9: S. pneumoniae biofilm on IRE surface32 after staining with WGA-AF and 
DAPI and imaging with DAPI filter set. 
 
 

 
 
Figure 7.10: S. pneumoniae biofilm on IRE surface32 after staining with WGA-AF and 
DAPI and imaging with a FITC filter set.
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Figure 7.11: S. pneumoniae biofilm on IRE surface32 after staining with WGA-AF and 
DAPI and imaging with DAPI filter set. 
 
 

     
 
Figure 7.12: Figure 10: S. pneumoniae biofilm on IRE surface32 after staining with 
WGA-AF and DAPI and imaging with a FITC filter set. 
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Table 7.1: Total and viable counts of biofilm–associated S. pneumoniae collected from 
germanium coupons exposed in the biofilm reactor.32 

a Data are means +/- standard deviations (n-3) 
b η=2   
                                                        Cell count (log10 cells/cm2) per coupon surfacea 

Time (h) in biofilm reactor Total Viable 
21 5.23 +/- 0.21 4.99 +/- 0.06 
45 5.15 +/- 0.05 4.21 +/- 0.15 
69 5.42 +/- 0.14 4.70 +/- 0.13 
141 4.95 +/- 0.11 3.08 +/- 0.28b 
189 5.15 +/- 0.11 3.85 +/- 0.34 

 

The total biofilm count was 6.16 x 104 cells/cm2, which is somewhat lower than 

counts obtained from the germanium coupons installed in the biofilm reactor.32  The 

discrepancy between cell counts is likely due to the difference in fluid flow conditions 

between the coupon environment relative to that of the IRE surface32, which has also 

been documented in the literature.2  This discrepancy may also be due to the different 

biofilm recovery methods employed for recovering the biofilms from the IRE and coupon 

surfaces.  In the literature, sonicating and vortexing (used for germanium coupons) 

removed a larger percentage of biofilm-associated organisms from plastic surfaces than 

swabbing, which was used for the IRE surface.32,41 

 For S. pneumoniae, polysaccharides rapidly accumulated on the IRE surface, with 

more extensive polysaccharide production relative to protein as time progressed.32  This 

is in contrast to the data reported by both Bremer and Gessey25 and by Nivens et al.,37 in 

which these ratios remained somewhat constant.  This increase in the ratio of 

polysaccharide to protein with S. pneumoniae indicates that there are distinct differences 

in biofilm structure that may be exhibited by different organisms.32  Furthermore, the 

staining results provide evidence that the EPS of S. pneumoniae is at least partially 

comprised of the capsular polysaccharide N-acetylglucosamine.32 
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 In conclusion, this chapter details the development of a model system for growing 

and quantifying biofilm formation by S. pneumoniae.  The ATR cell enabled 

spectroscopic measurements of biofilm components as they initially formed on the IRE 

surface.  Biofilm protein and polysaccharide components were characterized by a 

combination of both FTIR spectroscopy and microscopic methods to better understand 

the biofilm structure of this organism and its EPS.  Quantification via total and viable 

counting methods measured the biofilm-associated cells.  Biofilm protein, EPS, and cells 

were detected within hours of inoculation and continued to grow throughout the course of 

the experiment.32 
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