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Stellingen behorend bij het proefschrift Studies on a bacterial photosensor 
van Remco Kort 

I Zoals een fietser in de nacht een korte periode verblind wordt door het grootlicht van 
een tegemoetkomende automobilist, zo worden zwemmende Rhodobacter sphaeroides 
cellen kortstondig verlamd door een puls van intens blauw licht. 

Dit proefschrifl, hoofdstuk 3.1 

II The DNA sequence of the pyp flanking regions in Rhodobacter capsulatus encode, in 
contrast to those elucidated in Rhodobacter sphaeroides, a cluster of gas vesicle genes, 
suggesting a role for the photoactive yellow protein in vertical migration by light-
induced regulation of gas vesicle synthesis (as well). 

This thesis, chapter 2 and http:/'Man.img.cas.cz'rhodo/H3/final/fastahom/ 

III A striking aspect of the photocycle of photoactive yellow protein is its 'persistency': 
In the absence of the wild-type proton donor, glutamate-46, and even upon replacement 
of the double bond of the chromophore with a triple bond, an authentic photocycle can 
be observed, be it with altered kinetics. 

Genick et al. (1997). Biochemistry 36, 8-14. and this thesis, chapter4.2 

rv Making a model of a horse from photographs does not tell how fast it will run. 

Gutfreund andKnowles (1967) Essays in Biochemistry 3, 25-72 and this thesis, chapter 4.3. 

V Leden van xanthopsine eiwitfamilie komen waarschijnlijk alleen voor in anoxygene 
fototrofe eubacteriën. 

Hoffet al. (1994) Journal of Bacteriology 176, 3920-3927, Thiemann and lmhoff (1995) Biochimica et 
Biophysica Acta 1253, 181-188 en dit proefschrifl. hoofdstuk 2. 

VI De voor promovendi verplichte zweefcursus 'projectmatig werken' in de lente van 
1996 heeft weinig effect gehad, aangezien de cursisten nog steeds met beide benen op de 
grond staan. 

VII In de hedendaagse politiek is het compromis tot ideaal verheven. 

Vin Als een auteur een aantal van de grondbeginselen uit de moleculaire biologie in 
een boeiende roman giet, en deze zo verteerbaar weet te maken voor een groot 
publiek, zou het een elegante wetenschapper niet misstaan dit toe te juichen. 

Lees 'De Procedure' van Harry Mulisch (1998) en 'Mulisch doet -weer moeilijk' van Ronald Plasterk in 
Intermediair van 22 oktober, 1998. 

IX Mensen veranderen liever van moraal dan van houding. 

X Kwaliteit is een rekbaar begrip, dus moet zij goed gedefinieerd worden. 
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Chapter 1 
General introduction 

The section 'Sensing and signaling in bacteria: two-component sytems' in chapter 1.2 has been 
adapted from Hellingwerf, K.J., Crielaard, W., Teixiera de Mattos, J., Hoff, W.D., Kort, R., 
Verhamme, D. and Avignone-Rossa, C. (1998) Current topics in signal transduction in Bacteria 
Antonie van Leeuwenhoek. In press. 

The section 'Phototaxis in purple bacteria' in chapter 1.2 has been adapted from Hellingwerf, K.J., 
Kort, R. and Crielaard, W. Negative phototaxis in photosynthetic bacteria (1997) in Microbial 
responses to Light and Time (Caddick, M X , Baumberg, S , Hodgson, DA. and Phillips-Jones, 
M.K. eds). Cambridge University Press, p 107-123 
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General introduction 

1.1 Purple bacteria 

Life in the microbial world. Life on earth 
shows great diversity. In order to come to a 
better understanding of life and its evolution 
over a period of about 4 billion years, 
taxonomists have developed a system for the 
division of living organisms in separate 
groups. In contrast to our teacher in history, 
who taught us that we have to know the past 
to understand the present, systematic biolo
gists try to understand the past by knowing 
the present. One of the first man-made 
divisions of life on earth is that between plants 
and animals. Single-celled life forms however, 
do not fit in either category, as observed by 
Haeckel (1866), who added this group as 
protists to the tree of life. New branches of 
this tree split out over the years by the 
addition of the kingdoms Monera (bacteria) 
and Fungi, leading to a five-kingdom scheme: 
Animalia, Plantae, Fungi, Protista and 
Monera. A completely different concept was 
proposed by Chatton (1938), who separated 
life in eukaryotes and prokaryotes. This 
dichotomy of life, which is still used today, 
defines prokaryotes by differences with 
respect to the organization of their cellular 
machinery. These differences can be found in 
the organization of the nuclear region and the 
machinery for respiration and photosynthesis, 
present in eukaryotic cells as membrane 
enclosed organelles, like the nucleus, mito
chondria and chloroplasts. In contrast, in 
prokaryotes no structural unit smaller than the 
entire cell is recognizable as the site of 
respiration or photosynthesis (Stanier & Van 
Niel, 1962). The division of life in two 
primary kingdoms came to an end, as well as 
the prokaryotic kingdom as a phylogenetically 
valid taxon, by the use of biomolecular 
sequences as a new phylogenetic marker. The 
concept of biomolecules as documents of 
evolutionary history was first introduced by 
Zuckerlandl & Pauling (1965). 

A comparison of ribosomal ribonucleic acid 
(rRNA) sequences led to the proposal for a 
division of life in three domains: the Bacteria, 
the Archaea and the Eukarya, each containing 
several kingdoms (Woese, Kandier & Wheelis, 
1990). The new domain of Archaea consists 

of three kingdoms, the Euryarchaeota, 
comprising the methanogens and the halo-
philes, the Crenarchaeota, including the 
extremely thermophilic archaebacteria, and the 
Korarchaeota (figure 1). The latter kingdom 
was added recently as a result from the 
phylogenetic analysis of rRNA sequences 
obtained from uncultivated organisms of a hot 
spring in Yellowstone National Park (Barns et 
al, 1996). Although archaebacteria can still 
be considered as prokaryotes by their 
cytological characteristics, their biomolecules 
generally resemble their eukaryotic homologs 
more than their eubacterial ones. This is also 
demonstrated by the phylogenetic tree based 
on 16S rRNA sequences, where the root 
separates the eubacteria from the other two 
primary groups. The use of rrn gene se
quences (encoding 16S or 23 S rRNA) and 
highly conserved protein sequences as 
phylogenetic markers in the construction of 
the tree of life has proven to be more suc
cessful than previous methods based on 
morphological and physiological charac
teristics. In addition, amplification of the 
marker genes by the polymerase chain reaction 
(PCR) overcomes the problem of isolating 
species from their natural environment. 
However, genes within one organism may 
evolve fast or slowly, depending on the 
importance of their function and the specific 
environment of the cell. Also exchange of 
genes among organisms, lateral gene transfer, 
may create a problem. Indeed, the comparison 
of several gene sequences, recently released 
by the completion of microbial genome 
sequences (the sequences of at least 20 
prokaryotic genomes and 1 eukaryotic 
genome have been elucidated now) reveals 
unexpected connections between prokaryotes 
thought to have diverged hundreds of millions 
of years ago (Pennisi, 1998). 

Anoxygenic phototrophic prokaryotes. 
The anoxygenic phototrophic bacteria carry 
out photosynthesis without oxygen evolution 
on the basis of a bacteriochlorophyll-mediated 
process. The transformation of light into 
chemical energy can be achieved by several 
types of bacteriochlorophyll and a variety of 
carotenoids as pigments. Photosynthesis in 
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anoxygenic phototrophic bacteria mostly 
depends on oxygen-deficient conditions, 
because synthesis of the photosynthetic 
pigments is usually repressed by oxygen. 
Unlike cyanobacteria, algae and plants, 
anoxygenic bacteria are unable to use water as 
an electron donor, as donors of a lower redox 
potential are required Sulfide, reduced sulfur 

compounds, hydrogen and small organic 
molecules are used as electron donors instead. 
In spite of their common theme of photosyn
thesis, anoxygenic phototrophic bacteria are 
extremely diverse on the basis of morphologi
cal, physiological and molecular characteris
tics. They include green sulfur bacteria, green 
non-sulfur bacteria, heliobacteria, purple 

Figure 1. Universal phylogenetic tree based on 16S rRNA sequences. Numbers indicate the percentage of bootstrap 
resampling that support the indicated branches in the maximum likelihood (before slash) or the maximum 
parsimony method (after slash). Analyses of duplicated protein genes placed the root on the branch at the base of the 
bacteria. The sequence amplified from the Pacific indicates a low-temperature member of the Crenarchaeota. Figure 
taken from Barns et al. (1996) with permission from the Proceedings ofNational Accademy of Sciences USA. 



General introduction 

sulfur bacteria and purple non-sulfur bacteria. 
A high metabolic versatility is particularly 
found in the group of purple bacteria. 
Photoautotrophic growth is typical for purple 
and green sulfur bacteria, while photo-
heterotrophic growth is typical for purple and 
green non-sulfur bacteria. Chemoheterotro-
phic growth in the presence of oxygen is 
common among purple non-sulfur bacteria as 
well. Under anaerobic conditions in the dark, 
some species are able to grow by respiratory 
electron transport in the presence of nitrate, 
nitrite, nitrous oxide, dimethylsulfoxide 
(DMSO) or trimethylamine-N-oxide (TMAO). 
These electron acceptors may also serve as 
auxiliary oxidants to provide a sink for 
electrons during photoheterotrophic growth 
on highly reduced carbon substrates 
(Ferguson, Jackson & McEwan, 1987). In 
addition to the diverse pathways for energy 
generation, there is a considerable variation in 
the utilization of carbon, nitrogen, and sulfur 
compounds for assimilation and dissimilation 
among the phototrophic bacteria (Imhoff, 
1995). 

In all purple bacteria the photosynthetic 
apparatus is located within intracytoplasmic 
membranes. Initially, two types of purple 
bacteria were distinguished on the basis of 
their ability to form globules of elemental 
sulfur inside the cell: Thiorhodacaea and 
Athiorhodaceae. Later, these two groups were 
renamed to Chromatiaceae and Rhodospiril-
laceae, respectively. When it became known 
that some purple bacteria were able to 
accumulate elemental sulfur outside the cell, 
they were considered as a separate family, the 
Ectothiorhodospiraceae. Surprisingly, analysis 
of 16S rRNA sequences revealed deep 
branches among different groups of photo-
trophic purple bacteria as well as close 
relationships of phototrophic purple bacteria 
with some non-phototrophic chemotrophic 
bacteria. This led to the proposal of a new 
group, containing all purple bacteria and their 
chemotrophic relatives, called the proteobac-
teria. This group is divided into five subgroups 
called a, ß, y, 5, and s, among which only the 
first three include phototrophic bacteria. The 
Chromatiaceae and Ectothiorhodospiraceae 
form separated groups within the y-subgroup 

of the proteobacteria, whereas the purple non-
sulfur bacteria encompass a more heterogene
ous group of bacteria, belonging to the a- and 
ß-subgroups of the proteobacteria (Imhoff, 
1995). 

In many cases 16S rRNA sequences of 
purple non-sulfur bacteria are more similar to 
those of chemotrophic bacteria than to those 
of other members of the group of purple non-
sulfur bacteria (Stackebrandt, Rainey & Ward-
Rainey, 1996). A striking example is the high 
similarity between the chemotrophic Paracoc-
cus group and the phototrophic Rhodobacter 
group. Another relevant taxonomie insight, 
evolving from the analysis of fatty acid 
composition and 16S rRNA sequences, is the 
réévaluation of phylogenetic relationship 
among the Ectothiorhodospiraceae (Imhoff & 
Suling, 1996). This led to the removal of 
extremely halophilic species from the genus 
Ectothiorhodospira and their transfer to the 
new genus Halorhodospira. So far, the 
renaming of Ectothiorhodospira halophila has 
been mostly neglected in the literature. Also in 
this thesis Halorhodospira halophila is 
consistently referred to as Ectothiorhodospira 
halophila, since the renaming took place 
during the period of research described here. 
Three species of photosynthetic bacteria were 
cultured for and used in a wide variety of 
studies reported in this thesis: Ectothiorhodo
spira halophila, Rhodospirillum salexigens 
and Rhodobacter sphaeroides. Each of these 
species will be described in the paragraphs 
below. 

Ectothiorhodospira halophila strains have 
been isolated from salt lakes like Summer 
Lake, Oregon, USA and the Wadi Natrun in 
Egypt. The type strain SL-1 has been isolated 
from Summer Lake (Raymond & Sistrom, 
1967, Raymond & Sistrom, 1969) and 4 other 
strains from the Wadi Natrun (Imhoff, 
Hashwa & Truper, 1978). As can be conclu
ded from its name, Ectothiorhodospira 
halophila is a red-colored spirillum that 
deposits sulfur outside the cell and id depend
ent on high salt concentrations. E. halophila is 
a motile. Gram-negative bacterium, it swims 
by use of two single flagella present at the 
poles of the cell. The width of E. halophila 
cells is 0.8 (im and their length 5 u.m; it should 
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be noted that the size of the cells is strongly 
dependent on the growth conditions. The 
DNA base composition is 68.4% guanine plus 
cytosine. E. halophila is able to use sulfide, 
sulfur, thiosulfate, succinate and acetate as 
photosynthetic electron donors and requires at 
least one reduced sulfur source for growth. 
Photoautotrophic growth occurs only under 
anaerobic conditions with a minimum doubling 
time of about 6.5 hours. The temperature 
optimum for growth is 47°C and the maximum 
temperature is 50°C. The pH optima were 
different for the type strain and the strains 
isolated from alkaline brines in the Wadi 
Natrun with pH values up to 11 ; the pH 
optima ranged from 7.4-7.8 to 8.5-9.0, 
respectively. Growth occurs in sodium 
chloride concentrations from 8% to 30%, but 
is optimal between 11% and 22%. Below 3% 
sodium chloride cells start to lyse and form 
faint spiral ghosts. E. halophila belongs to the 
y-subgroup of the proteobacteria and is the 
most halophilic bacterium isolated so far. 

Rhodospirillum salexigens WS 68 has been 
isolated by Sistrom from partially evaporated 
pools of seawater with decaying plants on the 
Oregon coast, USA (Drews, 1981). Cells are 
curved in a spiral of one or two complete 
turns, 0.8 urn wide and 3.5 urn long The 
bacterium has a Gram-negative cell envelope 
and is motile by means of bipolar polytrichous 
flagella. The guanine plus cytosine content of 
its DNA is 64 ± 2%. Rs. salexigens grows 
under photoheterotrophic conditions with 
acetate as a carbon source, optimally at 30°C 
with a doubling time of 7 hours. At tempera
tures higher than 45°C cells grow slowly and 
are transformed into spheroplasts. Rs. 
salexigens is also able to grow under chemo-
heterotrophic conditions (aerobically in the 
dark) with similar doubling times as photo-
trophic cultures. Photoautotrophic growth in 
the presence of carbon dioxide and reduced 
sulfur compounds in mineral medium was not 
observed. In addition, the cells do not show 
globules of intra- or extracellular sulfur. Rs. 
salexigens grows in sodium chloride concen
trations from 5% to 20%, but growth is 
optimal between 6% and 8%, with a pH 
optimum of 7.0 ± 0.4. Rs. salexigens belongs 
the a-subgroup of the proteobacteria and is 

the first described species of the family of the 
Rhodospirillaceae that is salt-dependent. 

Rhodobacter sphaeroides (previously 
known as Rhodopseudomonas sphaeroides) 
has been isolated from mud and stagnant 
bodies of water exposed to light (Van Niel, 
1944). The cells are spherical from 0.7 urn to 
4 \xm in diameter. The bacterium is Gram-
negative, non-halophilic and motile by a single 
flagellum. Its guanine plus cytosine content is 
68.4-69.9%. Rb. sphaeroides is photohetero
trophic, facultatively aerobic, growing either 
anaerobically in the light (greenish brown 
cultures) or aerobically in the dark (red 
cultures). Its photosynthetic pigments consist 
of bacteriochlorophyll a and carotenoids inclu
ding spheroidene and hydroxyspheroidene, 
which are converted into the corresponding 
ketocarotenoids under aerobic conditions, 
causing the color change. Growth occurs in 
mineral media of simple organic substrates and 
bicarbonate, supplemented with thiamine, 
biotin and nicotinic acid. Molecular hydrogen 
can serve as an electron donor for growth. 
The pH range for growth is 6.0-8.5 with an 
optimum at pH 7.0; the optimal growth 
temperature is 30°C. Rb. sphaeroides belongs 
to the a-subgroup of the proteobacteria. 

Molecular genetics in Rb. sphaeroides. 
Genetic techniques have become widely used 
in the study of photosynthetic purple bacteria. 
The majority of these have been applied to the 
two closely related species of purple non-
sulfur bacteria Rhodobacter capsulants and 
Rhodobacter sphaeroides, establishing them 
as model systems for studies on many aspects 
of important biological processes. Under 
aerobic growth conditions Rhodobacter has a 
physiology similar to the colorless, non-
photosynthetic members of the proteobacteria, 
but a reduction of oxygen tension induces 
differentiation of the intracellullar membrane, 
resulting in the formation of a membrane 
system which contains pigment-protein 
complexes. These protein complexes consti
tute the photosynthetic machinery, consisting 
of the reaction center and the light harvesting 
complexes LHI and LHII. Light energy is 
absorbed by the light harvesting complexes 
and directed to the reaction center, where 
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excitation energy drives a cyclic flow of 
electrons, generating a proton motive force. 
Radiation damage is avoided by among others 
the carotenoid pigments, which dissipate 
excessive light energy. Besides regulation of 
photosynthesis (Bauer & Bird, 1996; Zeilstra-
Ryalls et al., 1998), fields of Rhodobacter 
research include nitrogen fixation (Kranz & 
Cullen, 1995), carbon dioxide fixation (Tabita, 
1995), photo- and Chemotaxis (Armitage, 
1997), transport (Forward et al., 1997) and 
quorum sensing (Puskas et al., 1997). 

A common method for transferring DNA 
into purple bacteria is conjugation with use of 
Escherichia coli as a donor strain. Matings 
are performed by mixing donor and recipient 
strain and plating on a solid surface, like an 
aged agar plate or a membrane filter. Selection 
for the recipient strain Rb. sphaeroides can be 
achieved by an auxotrophic marker in the E. 
coli donor strain. A plasmid often used for 
conjugal transfer to Rb. sphaeroides is the 
pBR325 derivative pSUP202 (Simon, Priefer 
& Puhler, 1983). This plasmid is mobilizable 
by an inserted Mob site from the broad host 
range plasmid RP4. This Mob site includes the 
origin of transfer (or/7) and acts a recognition 
site for RP4 transfer functions. These transfer 
functions are provided in trans either from a 
helper plasmid in a triparental mating, or from 
a donor strain such as E. coli S17-1, in which 
the transfer genes of RP4 have been integrated 
in the chromosome. The RP4 kanamycin 
resistance marker has been inactivated in E. 
coli S17-1 by a Tn7 insertion in order to 
maintain this marker for positive selection of 
the recipient (Simon et al., 1983). 

An alternative method for DNA transfer is 
transduction by use of bacteriophages. 
Although a number of endogenous phages 
have been isolated from purple bacteria, they 
have not shown to be useful for transduction. 
A related system for gene transfer though, has 
been found in Rb. capsulatus, called the gene 
transfer agent (GTA), which consists of 
phage-like particles that package approxi
mately 4.5 kb linear DNA fragments (Marrs, 
1974). GTA particles are not capable of 
transferring the ability to produce GTA 
particles to recipients, so they can be consi
dered as pre-phage particles that confer the 

advantage of genetic exchange or as a 
defective phage population. The ability of 
GTA to transfer short linear DNA fragments 
has been used extensively in mapping genes 
and gene replacements (Williams & Taguchi, 
1995). In addition, protocols for alternative 
ways of DNA transfer to Rb. sphaeroides, like 
transformation of CaCb-treated cells and 
electroporation, have been developed. The 
efficiency of DNA transfer using the latter two 
methods, expressed as the number of trans
formants per microgram of DNA, is a factor 
of about 106 lower as compared to the 
efficiency of similar methods applied to E. coli 
(Donohue & Kaplan, 1991) 

Broad host range plasmids can be used to 
shuttle DNA fragments between E. coli and 
Rb. sphaeroides in order to complement 
genetic defects or to overexpress genes. 
Broad host range vectors have been reduced 
in size and engineered such that they contain 
antibiotic resistance markers and unique 
restriction sites for cloning. A set of widely 
used vectors includes derivatives of RK2 
(Pansegrau et al., 1994), such as pARO180 
(Parke, 1990), pRK415 (Keen et al., 1988) 
and pRK290 (Ditta et al., 1980). These 
incompatibility group Pa (IncPa) plasmids are 
lost from up to 50% of the cells when Rb. 
sphaeroides is grown for six to eight genera
tions without antibiotic pressure. Not only 
IncPa plasmids are suitable for DNA shut
tling, but also plasmids derived from RSF1010 
(Scholz et al, 1989), which belong to the 
IncQ incompatibility group, like pKT210 
(Bagdasarian etal., 1981). In addition, cosmid 
derivatives of pRK290 were constructed, like 
pLA2917 (Allen & Hanson, 1985), allowing 
the selection of large DNA insertions of up to 
30 kb by in vitro packaging into bacteriophage 
lambda, suitable for the construction of 
genomic libraries. Rb. sphaeroides is sensitive 
to most common antibiotics used for selection, 
like ampicillin, chloramphenicol, kanamycin, 
streptomycin and tetracyclin; it should be 
noted that the resistance genes encoding the 
resistance towards the former two antibiotics 
are expressed insufficiently for use in Rb. 
sphaeroides. To overcome the problem of low 
(heterologous) expression of genes in 
photosynthetic bacteria from their own 



Chapter 1  

promoter, overexpression vectors have been 
constructed, like pCHB500, in which the 
promoter region upstream of the Rb. capsn-
latus cycA gene is inserted into pRK415 
(Benning& Somerville, 1992). 

Random mutagenesis in photosynthetic 
bacteria can be performed by UV irradiation 
or by exposure to chemical agentia, like 
nitrosoguanidine (NTG) or ethylmethane 
sulfonate (EMS). To overcome the problem of 
small mutation frequencies due to in vivo 
DNA repair mechanisms, one could subject 
cloned fragments to mutagens in vitro and 
transfer them back into the host for screening 
Random insertions in chromosomal or plasmid 
DNA can also be obtained by transposon 
mutagenesis. Transposons are generally 
transferred by a mobilizable suicide vector, a 
strategy where survival of the recipient 
depends on the insertion of the transposon 
with a selection marker in the genome before 
the plasmid is lost. The most widely used 
system of this type is the suicide plasmid 
pSUP2021 (Simon et al., 1983), which 
contains the Tn5 transposon (Reznikoff, 
1993). After a phenotypic screen, the insertion 
site of the transposon can be identified by 
cloning a restriction fragment containing the 
antibiotic resistance marker or by comple
mentation with a genomic library (Williams & 
Taguchi, 1995). 

Alternatively, specific genes can be inacti
vated with a site-directed chromosomal 
insertion by homologous recombination 
through a double crossing-over event. To 
carry out this strategy, referred to as interpo-
son mutagenesis (Prentki & Krisch, 1984), an 
antibiotic cassette is inserted into a restriction 
site of a clone from the target strain followed 
by insertion of the interrupted gene into a 
suicide vector and transformation of the target 
strain. The ColEl plasmid pSUP202 (Simon 
et ai, 1983) is often used for this purpose, 
since it is unable to replicate outside the 
enteric bacteria. In addition, an in frame 
deletion of a gene can be created by a method, 
consisting of two steps: (i) chromosomal 
integration through a single crossing-over 
event of a non-replicating plasmid containing 
only the adjacent flanking regions of the 
relevant gene, followed by (ii) excision of the 

integrated plasmid from the chromosome. One 
can select for the first event by resistance 
against an antibiotic, encoded by the inte
grated plasmid and for the second event by 
sensitivity towards this antibiotic, after 
growing the cells for several generations. The 
advantages of this method over interposon 
mutagenesis include the absence of a marker 
in the chromosome of the mutant and the 
minimization of polar effects The disadvan
tages are the absence of a marker for selection 
of mutants in step two (excision of the 
plasmid can result in wild-type as well) and 
the low frequency of the excision event in step 
two. To overcome the latter problem, a 
strategy for positive selection in step two was 
tested in Rb. sphaeroides and proven 
successful (Hamblin et al, 1997b). This 
method includes the use of the vector 
pK18mobsacB, constructed by Schäfer et al. 
(1994). This vector contains the sacB gene, 
encoding an extracellular enzyme that 
hydrolyzes sucrose, a reaction with a toxic by
product. This allows positive selection for the 
second recombination event, which leads to 
the loss of the Ä/cß-containing vector, 
resulting in sucrose resistance. 

A macrorestriction map, representing the 
complete physical map of Rb. sphaeroides 
type strain 2.4.1, has been constructed with 
the use of restriction enzymes that rarely cut 
GC-rich DNA (e.g. Asel, which cuts the DNA 
sequence 5'-ATTAAT-3'). The large DNA 
fragments generated by these enzymes were 
analyzed through separation by transverse 
alternating field electrophoresis (TAFE). This 
method, reviewed by Dawkins (1989), is also 
useful for the generation of DNA fingerprints 
in order to differentiate between species. The 
TAFE in combination with Southern hybridi
zation analysis resulted in the estimation of the 
size of the entire genome of 4.5 Mb, com
prising two different circular chromosomes: 
chromosome I of 3 Mb and chromosome II of 
0.9 Mb (Suwanto & Kaplan, 1989). In 
addition, Rb. sphaeroides 2.4.1 harbors 5 
endogenous plasmids of approximately 42, 95, 
97, 105 and 110 kb (Fornari, Watkins & 
Kaplan, 1984). A number of genes have been 
shown to exist in duplicate copies in chromo
some I and chromosome II. The iso-enzymes 
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encoded by these duplicate genes are structur
ally similar, but in most cases differentially 
expressed. The recent publication of the 
sequence of 291 kb of chromosome II shows 
that major metabolic functions are represented 
on this chromosome (Choudhary et al, 1997). 
In addition, a 189 kb segment of the closely 
related Rb. capsulatus has been sequenced, 
i.e. 5% of the single 3.8 Mb chromosome in 
this bacterium (Vlcek et al, 1997). 

1.2 How bacteria respond to their ambient 
environment 

Sensing and signaling in bacteria: two-
component systems. Research on the 
mechanism and function of signal transduction 
systems in bacteria has evolved from being 
non-existent in the sixties into a mature field 
of science in the nineties. Bacteria were 
initially considered to be too small and too 
simple to possess or need signal transduction 
systems, as discussed by for example 
Hellingwerf (1988), but it is now known that 
most of these organisms do contain a 
multitude of modules dedicated to this task. 
Below, the limited number of basic types that 
predominate among them will be discussed. 
To define the process of signal transfer in 
bacteria precisely is a difficult task, but there 
is consensus that it encompasses the response 
of microorganisms to chemical or physical 
signals from their environment. These 
environmental stimuli elicit a change in gene 
expression (genomic response), or modulate 
the migration pattern of the cell (locomotor 
response). In this introduction, the definition 
of signal transfer is limited to those processes 
in which an extracellular signal leads to an 
intracellular response in terms of one of the 
processes summed up above. Considering 
signal transfer in bacteria in these terms, it 
appears that two basic modes predominate. In 
the first, true transmembrane signal transfer 
takes place, based on the conversion of the 
presence of an extracellular signaling molecule 
into an intracellular response of an entirely 
different chemical nature, by a transmembrane 
signal transfer protein. In the alternative 
process, the signaling molecule can enter the 
cell, either through passive diffusion or via 

one of the intrinsic permeases of the cell. The 
molecule is then reacted upon by the first 
cytoplasmic receptor protein in the chain that 
can respond to the presence ofthat particular 
signaling compound. The responses to 
physical stimuli as temperature, light or even 
sound (Matsuhashi et al, 1996), to which 
neither the cytoplasmic membrane, nor the 
entire cell envelope is a barrier, would also fall 
into the latter category, unless membrane 
incorporated receptors are also involved in the 
perception of such signals. 

In the early eighties, with the first releases 
of sequence analysis software, a surprising 
relationship was uncovered between proteins 
that had never been thought to be related 
(Kofoid & Parkinson, 1988; Nixon, Ronson & 
Ausubel, 1986). These proteins play a role in 
the regulation of nitrogen metabolism in 
enterobacteria, in Chemotaxis in E. coli and in 
sporulation in Bacillus subtilis. They were 
classified into two protein families: the sensors 
and the regulators (see figure 2), each corres
ponding pair forming the basic unit of a two-
component regulatory system. Most sensors 

signal 

Figure 2. The two-component system. A sensor 
protein, which in most systems is present as an 
intrinsic membrane protein, recognizes and binds a 
periplasmic signaling molecule (1); this leads to an 
increase in the kinase activity of its cytoplasmic 
transmitter domain (2). Phosphoryl groups are 
subsequently transferred to the receiver domain of a 
cognate cytoplasmic regulator (3). The effector domain 
of this latter protein mediates the response (4). 



Chapter 1 

are intrinsic membrane proteins with two or 
more N-terminal transmembrane a-helices. 
The C-terminus forms an independently folded 
domain that extends into the cytoplasm, binds 
ATP and displays autokinase activity. This C-
terminal domain, which is called a transmitter 

domain, is approximately 250 amino acid 
residues in size and displays significant 
similarity among all members of the sensor-
family (figure 3A). Within this domain various 
signature sequences for nucleotide binding can 
be detected, as well as a conserved histidine 
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residue, which is the target for the autokinase 
activity. This kinase activity is modulated by 
the presence of the cognate signal molecule, 
which is often sensed by binding to the 
periplasmic domain of the sensor. Most 
regulators are cytosolic proteins, composed of 
two independently folded domains (figure 
3B). Of these, the N-terminal domain 
(approximately 125 amino acid residues in 
size) is the recurring element among the 
regulators; the C-terminal domain displays 
significant homology only amongst certain 
subclasses of regulators as for instance, those 
that function in combination with a specific 
minor Sigma-factor. The N-terminal domain 
of a regulator, called the receiver domain, can 
be phosphorylated by phosphoryl transfer 
from the autokinase domain of the cognate 
sensor. The enzyme activity required for this 
phosphoryl transfer and for determining its 
specificity is located in the regulator rather 
than in the sensor (Lukat et al., 1992). This 
phosphorylation activates the C-terminal 
domain of the regulator, resulting in the 
activation of the corresponding response 
system. In many systems, the sensors also 
have phosphatase activity towards the 
phosphorylated regulators, particularly when 
their signaling molecules are absent (Ninfa el 
al, 1993). 

Current thinking about the structure of 
sensors and transmembrane signaling is guided 
by what is known about the methyl-accepting 
Chemotaxis proteins from E. coli, though 
these proteins lack the typical histidine protein 
kinase domain of the usual two-component 
sensors, as described above. The spatial 
structure of the periplasmic domain of Tar, the 
MCP that functions in the detection of 
aspartate, has been determined by X-ray 
crystallography (Jancarik el al, 1991). A 
hypothetical structure of the transmembrane 
and periplasmic part of this sensor has been 
proposed on the basis of molecular modeling 
(Milburn el al, 1991). The conformational 
change during transmembrane signaling has 
been investigated by use of the X-ray 
crystallographic data and cysteine scanning 
mutagenesis (Careaga & Falke, 1992; Scott & 
Stoddard, 1994). Differences were revealed in 
the formation of disulfide bridges between 

engineered cysteines in the presence and 
absence of the signaling ligand as well as in 
the rate of formation of these bridges. The 
model resulting from these studies describes 
the conformational change as a piston 
movement of one of the 4 transmembrane a-
helices of a dimer of MCPs (Chervitz & Falke, 
1996). A second study based on crystallo
graphic data of apo- and aspartate- bound 
forms of the Tar sensing domain did not reveal 
any conformational changes in the relative 
positions of a-helices within a receptor 
monomer, but detected an intersubunit 
rotation between the two monomers (5-8°) as 
the presumed transmembrane signal upon 
ligand binding (Chi, Yokota and Kim, 1997). 
Recent results indicate that Tar is present in a 
cluster of dimers in a signaling array, which 
may suggest a role for lateral interactions in 
transmembrane signaling (Levit, Liu & Stock, 
1998). Lateral signal propagation may also 
play a role as a mechanism to control 
sensitivity by increasing the gain for a 
response, by switching neighbouring receptors 
to a signaling state (Bray, Levin & Morton-
Firth, 1998). 

Information available on the Chemotaxis 
regulator protein CheY has provided insight 
into the structure of the regulator domains. 
The structure of the non-phosphorylated form 
of this protein was resolved through X-ray 
crystallography (Stock el al, 1989a) CheY 
essentially corresponds with the N-terminal 
domain of the average regulator and has an 
a/ß-barrel structure with 5 a-helices surroun
ding a 5-stranded parallel ß-sheet. In the 
regulators, which are folded into two separate 
domains, phosphorylation of this N-terminal 
domain must modulate the activity of the 
independently folded C-terminal domain. 
Recently, the structure of CheY and CheY-P 
were compared using 'H-NMR spectroscopy. 
These studies revealed that upon phospho
rylation nearly half of all the resonances in the 
spectrum of CheY were shifted to a different 
position (Lowry el al., 1994), indicating that a 
major conformational transition is induced by 
the phosphoryl transfer. It was already 
predicted on the basis of sequence compa
risons that the so-called y-turn loop of the 
regulator domains may form a hinge for the 
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conformational transition that moves regula
tors into the signaling state (Volz, 1993). 

Little is known about the actual signal 
molecule that is perceived by the sensor for 
most two-component regulatory systems. This 
is because most of these systems were 
identified in sequence analysis projects (figure 
3C). There are exceptions like UhpB, which 
detects the periplasmic concentration of 
glucose 6-phosphate (Weston & Kadner, 
1988), FixL which detects molecular oxygen 
(Gilles-Gonzalez, Ditta & Helinski, 1991) and 
NarX and NarQ which sense nitrate and nitrite 
(Stewart & Rabin, 1995; Williams & Stewart, 
1997). 

Variations on the basic theme as outlined 
above do occur. The sensor may be a soluble 
cytoplasmic protein as in the Ntr system 
(Miranda-Rios et ai, 1987), and even when 
the sensor is an intrinsic membrane protein, 
the signal sensing domain may be located on 
the cytoplasmic rather than on the periplasmic 
side of the membrane as in PhoB/R (Scholten 
& Tommassen, 1993). Also, the regulator may 
essentially be a single-domain protein, like 
CheY and SpoOF (Stock et ai, 1989a; Trach 
et ai, 1985), and the sensor and regulator 
domain may be combined into a single protein, 
like in FrzE (McCleary & Zusman, 1990). 

Recently, it has been demonstrated that 
signaling components with homology to 
bacterial sensors and regulators also occur in 
eukaryotic cells, such as yeast (Ota & 
Varshavsky, 1993) and Arabidopsis (Chang el 
ai, 1993). These eukaryotic systems form a 
specific subset of the two-component systems 
together with for instance Arc from E. coli 
(Iuchi & Lin, 1992), Kin/Spo from B. siibtilis 
(Burbulys, Trach & Hoch, 1991) and Bvg 
from Bordetella pertussis (Uhl & Miller, 
1996). Members of this subclass contain the 
so-called hybrid sensory kinases (figure 3A), 
in which three amino acid side chains (His, 
Asp and His) subsequently carry the 
phosphoryl from ATP to the regulator. The 
two histidines are part of a histidine protein 
kinase domain and a histidylphosphate transfer 
domain, respectively, while the aspartate is 
part of a regulator domain. These systems 
with more than two consecutive phosphoryl-
carrying amino acid side chains are referred to 

as multi-step phosphorelay systems (Appleby, 
Parkinson & Bourret, 1996). It remains to be 
determined whether a general rule for the 
direction of the flow of phosphoryl-groups in 
the multi-step phosphorelay systems can be 
formulated. It has been reported for the yeast 
Sln/Ypd/Ssk system that phosphoryl flow is by 
necessity unidirectional from the histidine 
protein kinase domain to the second regulator 
(Posas et ai, 1996). However, in the Arc 
system it has been reported that phosphoryl 
groups can flow in both directions, so also 
from the histidylphosphate transfer domain to 
the first regulator domain (Tsuzuki, Ishige & 
Mizuno, 1995). The observations made in the 
former systems create a conceptual problem. 
The free energy of hydrolysis of a histidyl
phosphate is much larger than the free energy 
of ATP-hydrolysis, while the free energy of an 
aspartyl-phosphate is less than that of ATP-
hydrolysis (Stock, Ninfa & Stock, 1989b). 
Thus, it is difficult to understand how a 
regulator can phosphorylate a histidyl
phosphate transfer domain. A way to solve 
this dilemma is to assume that the protein 
environment in the sensor or regulator in these 
multi-step phosphorelay systems significantly 
influences the thermodynamics of the 
(de)phosphorylation reaction of the histidyl-
and aspartyl-phosphate. 

In many two-component systems the 
situation is more complex than in the basic 
two-component module. Some phosphoryl-
transfer pathways diverge, as more than one 
regulator is phosphorylated by a single kinase, 
like the Spo system in B. siibtilis which is 
involved in the regulation of sporulation as 
well as competence development (Burbulys et 
ai, 1991). Others converge because more 
than one kinase phosphorylates a single 
response regulator, as for instance PhoB 
(Wanner & Wilmes-Riesenberg, 1992), NarL 
(Schroder et ai, 1994), RegA (Mosley, 
Suzuki & Bauer, 1994), and LuxN (Bassler, 
Wright & Silverman, 1994). The phenomenon 
of divergence and convergence of phosphoryl 
transfer pathways and the striking sequence 
homology between sensors and regulators 
brings up the question of the degree of 
specificity in phosphoryl transfer activity 
among the sensors and regulators of the 
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various pathways that operate in parallel in a 
single cell. Assuming that neither the sensors 
nor the regulators have absolute specificity for 
a single partner, it follows that also phospho-
ryl transfer between pathways will occur. This 
phenomenon is referred to as cross-talk. 
Ample evidence is available that cross-talk 
occurs in vitro, the amount of evidence for the 
occurrence of this phenomenon in vivo is 
more restricted (McCleary, Stock & Ninfa, 
1993, Wanner & Wilmes-Riesenberg, 1992; 
Yaku el ai, 1997). Detailed understanding of 
the different responses of bacteria to signals 
from the fluctuating environment will be 
impossible without a quantitative description 
of the degree of cross-talk between various 
systems in a single cell. It remains to be 
determined whether the involved components 
form one large interconnected network and 
whether the strength of these connections 
varies to such an extent that it is relevant to 
discriminate, more or less isolated, subdo-
mains within a presumed 'phospho-neural 
network' of individual bacterial cells (Helling
werf el ai, 1995). Extensive mutagenesis 
screens in both B. stibtilis and E. coli have 
revealed another basic component that 
functions in signaling via the two-component 
system based phosphoryl-transfer pathways. 
These are protein phosphatases, which 
function in the Spo system of B. subtilis 
(Perego & Hoch, 1996) and in signaling for 
the presence of denatured proteins in the 
periplasm of E. coli through CpxA and CpxR 
(Missiakas & Raina, 1997). These proteins 
display homology to serine/threonine and 
tyrosine phosphatases and are also active 
towards phosphorylated histidines and aspar
tates, as has been demonstrated in vivo 
(Perego, 1997) and in vitro (Missiakas & 
Raina, 1997). These protein phosphatases 
provide yet another level at which interactions 
between phosphoryl transfer pathways may 
occur. 

The histidine-kinase activity of several 
sensors occurs through phosphoryl transfer 
between the two halves of a dimer of sensor 
molecules (Ninfa et ai, 1993; Pan et ai, 
1993; Yang & Inouye, 1991). For the sensing 
part of the kinases that function in signal 
transfer in Chemotaxis (the MCPs), the 

importance of dimer formation has been 
explicitly demonstrated in a study of in vitro 
ligand-binding to isolated MCPs (Biemann & 
Koshland, 1994). It was observed that ligand 
binding to MCPs shows strong negative 
cooperativity. Recent results indicate that 
transmembrane signaling occurs within recep
tor clusters rather than through isolated 
dimers (Levit et ai, 1998). This functional 
clustering of receptors may be related to the 
non-uniform lateral distribution of the MCPs 
in the cell-envelope, as indicated by the results 
of immunogold labeling studies on thin 
sections of E. coli. In these studies it was 
reported that the MCPs cluster in the pole of 
the cell, opposite to the side where the flagella 
bundle (Maddock & Shapiro, 1993; Shapiro & 
Losick, 1997). It is not yet known whether 
such a non-random distribution, or even 
clustering of receptors, is relevant for other 
sensors nor even whether negative coopera
tivity plays a role in signal transfer through 
regular sensors of a two-component system. 
Interestingly, deviations from Michaelis-
Menten type of kinetics were observed in an 
analysis of the intensity of signal transfer 
through the Uhp system in response to 
variations in the concentration of glucose 6-
phosphate (Verhamme & Hellingwerf, unpub
lished observations). This deviation from 
Michaelis-Menten kinetics may be explained 
by lateral interactions between adjacent sensor 
molecules. 

The great majority of the known trans
membrane signal transfer systems belong to 
the sensor-class of the two-component 
systems. Nevertheless, there are some excep
tions, for example, the sensors involved in the 
detection of ß-lactam antibiotics, BlaR (Hardt 
et ai, 1997) and for ferric citrate in the 
periplasm of enteric bacteria, FecR (Braun, 
1997) are of an entirely different type. 
However, these two signal transduction 
proteins may also be structurally similar, based 
upon the speculation that both are members of 
an emerging class of sensors that function 
through the activation of a cytoplasmic 
protease domain by their respective signaling 
molecules. Even light may activate such a 
pathway, like in the light-activated carotenoid 
synthesis in Myxococcvs mediated by 
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CarQ/R/S (Gorham et al'., 1996). The viscosi
ty induced, flagella-mediated, signal transfer 
system in Vibrio is an example of yet another 
completely unrelated system (Kawagishi et al., 
1996). 

Chemotaxis: the enteric paradigm 
versus Rb. sphaeroides. Chemotaxis in the 
enteric bacteria E. coli and Salmonella 
typhimurium can be considered as well-
understood systems of signal transduction in 
biology. These cells swim by rotation of six to 
eight flagella, which are inserted at random in 
their cell envelope. They move in a three-
dimensional random walk, by changing 
intermittently the direction of rotation of the 
flagellar motors. Rotation in the counter
clockwise direction causes coalescence of the 
flagella into a bundle, propelling the cells 
forward (smooth swimming). Clockwise 
rotation disperses the bundle, resulting in a 
chaotic motion that randomly reorients the cell 
(tumbling). In homogeneous environments, 
cells tumble about once a second, each time 
randomizing the next swimming direction. In 
case cells swim towards increasing concentra
tion of attractants {e.g. sugars and amino 
acids) or a decreasing concentration of 
repellents {e.g. fatty acids and alcohols), 
tumbles will be suppressed, leading to an 
extension of the runs into the direction of the 
beneficial environment. The small size and 
rapid movements of bacteria exclude sensing 
of gradients based on spatial comparisons. 
Instead, spatial gradients are sensed by a 
temporal mechanism. Cells determine the 
temporal change in concentration of chemo-
effectors by comparison of the occupancy of 
their chemoreceptors with that of a few 
seconds ago. The mechanism for this temporal 
comparison includes sensory adaptation by 
reversible methylation of the chemoreceptors, 
which cancels the receptor output in a 
homogenous environment, independent of the 
ambient chemoeffector concentration. Typic
ally, attractants and repellents are sensed in 
the periplasm by direct interaction with 
specific chemoreceptors, and not by their 
physiological effects during or after transport 
into the cell. Exceptions to this rule are the 
carbohydrate phosphotransferase system for 

sensing of sugars and presumably, the sensing 
mechanism for aerotaxis, as described in more 
detail below. 

The proteins essential for Chemotaxis can 
be divided into three classes: transmembrane 
chemoreceptors, cytoplasmic signaling com
ponents and enzymes involved in the adapta
tion mechanism. The chemoreceptors that 
mediate transmembrane signaling are also 
known as transducers or methyl-accepting 
Chemotaxis proteins (MCPs), due to the 
presence of four or five glutamate residues, 
which can be reversibly methylated. E. coli 
contains four MCPs that primarily sense serine 
(Tsr), aspartate and maltose (Tar), ribose, 
galactose and glucose (Trg), and dip.eptides 
(Tap). S. typhimurium lacks Tap but posses
ses a citrate sensor (Tcp) instead. Serine, 
aspartate and citrate bind directly to the 
receptors, whereas maltose, ribose, galactose 
and glucose bind to periplasmic binding 
proteins, which then interact with the 
respective MCPs. MCPs are present as 
homodimers, each unit consisting of a 
transmembrane helix (TM1), a periplasmic 
sensing domain, a second transmembrane helix 
(TM2), and a cytoplasmic signaling domain. 
The cytoplasmic signaling components, which 
mediate communication between the receptors 
and the flagellar switch protein, include the 
histidine protein kinase CheA, the response 
regulator CheY, the receptor-linker protein 
CheW and CheZ, which enhances dephospho-
rylation of CheY. CheA and CheY constitute 
a two-component system, be it with several 
deviations from the standard system: CheA 
contains a C-terminal input domain, the 
transmitter in the center and a separate, small 
N-terminal domain with the phospho-accep-
ting histidine (figure 3A). CheY contains only 
a receiver domain, it does not have an effector 
domain for DNA-binding as present in many 
other response regulators (figure 3B). The 
activity of CheA is controlled by the MCP-
signaling domain in a ternary complex. This 
complex consists of an MCP dimer, or rather 
a cluster of MCP dimers (Levit et al, 1998), 
which is linked to a CheA dimer by two CheW 
monomers. When an attractant binds to the 
receptor, it inhibits autophosphorylation acivi-
ty of CheA, decreasing phosphotransfer from 
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CheA-P to the conserved aspartate residue in 
CheY. The latter protein binds in its phospho-
rylated form to the flagellar motor-switch 
complex, causing clockwise rotation of the 
flagella and tumbling of the cell. Thus, the 
receptors trigger behavioral responses by 
decreasing the level of phosphorylated CheY, 
leading to a suppression of tumbling, thus an 
increase of the run lengths, when the concen
tration of attractant increases. The accumula
tion of CheY-P is prevented by CheZ, which 
accelerates the conversion of CheY-P into its 
non-phosphorylated form. Binding of a 
repellent to the receptor will result in an 
increase of CheA activity, thus an increase in 
the level of CheY-P and an induction of 
tumbling, leading to smaller run lengths. 

The ability of a receptor to stimulate CheA 
is not only determined by the binding of 
stimulatory ligands, but also by its level of 
glutamate methylation. The process of 
adaptive receptor methylation is mediated by 
the methyltransferase CheR and the methyles-
terase CheB. The methyltransferase is 
constitutively active and transfers methyl 
groups from S-adenosylmethione to glutamate 
residues in the cytoplasmic domain of the 

MCPs. In contrast, the activity of CheB is 
inducible: it only removes these methyl groups 
from the MCPs when its N-terminal domain is 
phosphorylated by CheA. In the steady state, 
the activity of CheR and CheB results in an 
average receptor methylation level of 0.5 to 1 
methyl group per subunit, maintaining a 
certain tumble frequency, hence a random 
walk. 

Figure 4 shows that binding of an attractant 
to the receptor inhibits CheA activity, 
resulting in a decrease of the level of CheY-P, 
as well as that of CheB-P (slower than that of 
CheY-P, because CheB-P is not a substrate 
for CheZ). The latter effect of CheA activity 
provides a negative feedback loop, since it 
results in a decrease of the rate of receptor 
demethylation, causing an increase in the 
methylation level of the receptor, which tends 
to have a stimulating effect on CheA activity. 
Thus, the process of adaptive receptor 
methylation results in the return of the run 
lengths of the cell to prestimulus level, even in 
the presence of the attractant. For a more 
detailed description of signaling in Chemotaxis 
of enteric bacteria, see reviews by Hazelbauer 
(1988), Levit et al. (1998), Manson et ai, 

OM 

Adaptation Excitation 

3 
Figure 4. Diagram of the chemotactic signaling pathway (see text for details). Abbreviations: OM, outer 
membrane; IM, inner membrane; A, CheA; W, CheW; Y, CheY; Z. CheZ; R, CheR; B, CheB; G, FUG; M, FliM; 
N, FliN; p, phosphate; CH3, methyl group (shown as lollipop-like objects on the cytoplasmic domains of the 
receptors). Figure taken from Manson el at. (1998) with permission from Journal of Bacteriology. 
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(1998), Parkinson (1993) and Stock and 
Surette (1996). An alternative sensing mecha
nism is known for some sugar molecules that 
function as attractants (e.g. mannitol, mannose 
and glucitol). These substrates are transported 
into the cell by the phosphoewo/pyruvate-
dependent carbohydrate phosphotransferase 
system (PTS) Uptake of PTS carbohydrates 
requires phosphorylation through a histidine 
kinase (EI), a phosphohistidine carrier protein 
(Hpr) and sugar-specific phosphoryl-transfer 
proteins. Addition of one or more of these 
sugars to the cell will lead to a lowering of the 
average phosphorylation level of EI. The 
dephosphorylated EI molecules inhibit auto-
phosphorylation activity of the autokinase 
CheA, thus connecting this pathway to the 
MCP-dependent chemotactic signaling path
way (Lux et al, 1995). Quite some amount of 
progress in the understanding of another 
alternative sensing mechanism resulted from 
E. coli genome sequencing. Analysis of open 
reading frames led to the identification of a 
fifth transducer protein, designated to Aer, 
because of its role in aerotaxis and energy 
responses (Bibikov et al, 1997; Rebbapra-
gada et al., 1997). The Aer protein contains a 
hydrophobic region that could anchor the 
protein to the membrane and a putative 
cytoplasmic signaling domain for the modula
tion of CheA autophosphorylation, but 
deviates in many other ways from the classical 
MCPs. It contains an N-terminal FAD-binding 
domain, but lacks a periplasmic sensing 
domain. Its cytoplasmic C-terminal domain 
lacks the consensus sequence for reversible 
methylation, which is A/S-X-X-E-E*-X-
A/S/T-A-A/S/T (Hazelbauer, 1988). A disrup
tion of the aer gene in E. coli diminishes, but 
does not abolish aerotaxis. This and other 
observations suggest a role for the serine 
receptor as a second transducer protein in 
aerotaxis (Rebbapragada etal, 1997). Indeed, 
an aer tsr double mutant shows no aerotaxis, 
while this mutant still responds to aspartate 
and mannitol, as mediated by Tar and the 
PTS, respectively In addition, Aer and Tsr 
were found to mediate responses to other 
compounds (e.g. quinone analogs), that like 
oxygen, affect the electron transport chain. 
Aer and Tsr sense the overall energy-state of 

the cell, rather than the concentration of 
specific compounds. Redox sensing by the 
FAD-binding domain in Aer may include a 
widespread mechanism, as the N-terminal part 
of the protein contains a PAS domain, which 
is shared by many other proteins involved in 
oxygen or light sensing (Zhulin, Taylor & 
Dixon, 1997). The membrane topology of Aer 
points into the direction of a new mechanism 
for tactic signal transfer in E. coli, i.e. 
between two cytoplasmic domains, instead of 
the transmembrane signaling between a peri
plasmic and a cytoplasmic domain in case of 
the classical MCPs. The mechanism of 
adaptation in aerotaxis in E. coli is not clear. 
Aerotaxis can occur in absence of protein 
methylation and clear consensus recognition 
sites for the methyltransferase CheR are 
absent (Rebbapragada et al, 1997). Unlike 
Aer, the Tsr chemosensor is hard to picture as 
a redox sensor, because it does not contain a 
redox-sensitive cofactor. Alternatively, Tsr 
has been proposed to sense the proton motive 
force directly, as an indicator for the energy-
state of the cell (Rebbapragada et al, 1997, 
Stock, 1997). 

Motility in Rb. sphaeroides is different 
from that in the enteric bacteria; it swims by 
unidirectional, clockwise rotation of a single 
flagellum at speeds of up to 80 \xm/s with an 
average of 35 u.m/s (for comparison E. coli 
swims with an average speed of 20 um/s). 
About every 10 seconds swimming by Rb. 
sphaeroides is interrupted by a stop with a 
duration of about 1 s (Armitage & Macnab, 
1987). While stopping, the flagellum relaxes 
from the distal end into a coiled conformation 
(large-amplitude, short-wavelength). During 
the stop, the flagellum still slowly rotates, 
contributing to reorientation of the cell 
(Armitage & Schmitt, 1997). During reforma
tion of the stretched conformation (small-
amplitude, long-wavelength), cells start off in 
a new direction. The stops displayed by Rb. 
sphaeroides can be considered as the equiva
lent of the tumbles of E. coli. Chemotactic 
responses in Rb. sphaeroides to chemoeffec-
tors (small organic acids and sugars) are most 
pronounced after removal of attractants, 
leading to an increase in the stop frequency 
and shorter runs (Packer, Gauden & Armi-
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tage, 1996). In addition to chemotactic 
responses, Rb. sphaeroides also shows 
chemokinesis: a sustained increase in the rate 
of flagellar rotation after addition of an 
attractant (Packer & Armitage, 1994). Several 
studies showed that transport and metabolism 
of attractants is required for Chemotaxis in Rb. 
sphaeroides, but transport is not the source of 
the sensory signal (Jacobs el al, 1995; 
Jeziore-Sassoon et al., 1998; Poole, Smith & 
Armitage, 1993). 

The chemosensory system of Rb. sphaeroi
des has been studied extensively over the past 
years (Armitage, 1997; Armitage & Schmitt, 
1997). One of the genetic tools, which has 
been used to identify the components involved 
in the chemosensory system of Rb. sphaeroi
des is Tn5 transposon mutagenesis. Screening 
of Tn5 mutagenized cells never led to the 
isolation of a mutant defective in Chemotaxis 
(Armitage, personal communication). The 
breakthrough eventually came with the 
isolation of chemotactic Tn5 mutants and 
subsequent identification of a Chemotaxis 
Operon in the soil bacterium Siuorhizobium 
meliloti (previously known as Rhizobium 
meliloti) (Greek et al., 1995). The S. meliloti 
Chemotaxis genes are excellent probes for 
Southern blots with Rb. sphaeroides DNA, 
because of their close phylogenetic relation
ship and the similarity in guanine plus cytosine 
content of both organisms. Probing Rb. 
sphaeroides DNA with the 3' terminal part of 
the S. meliloti cheA led to the identification of 
a large Chemotaxis Operon in Rb. sphaeroides 
(Ward et al., 1995a). The Operon structure is 
similar to that in S. meliloti. 5' cheYl-cheA-
cheW-cheR-cheY2 3 ' . Interestingly, both con
tain two homologues of the cheY genes, but 
lack a cheZ homologue. A CheB homologue is 
present in the S. meliloti operon in between 
cheR and cheY2, but is absent in the Rb. 
sphaeroides Chemotaxis operon. The most 
striking difference is the absence of a clear 
phenotype when cheA is knocked out in Rb. 
sphaeroides, while this obviously is not the 
case in S. meliloti, where cheA was identified 
as one of the Tn5 insertion sites in the screen 
for Chemotaxis deficient mutants. This 
strongly suggests that a second pathway for 
chemosensory signaling in Rb. sphaeroides is 

present, although Southern blots with Rb. 
sphaeroides chromosomal DNA did not reveal 
a second copy of cheA (Ward et al., 1995a). 
Although the function of the Rb. sphaeroides 
Chemotaxis operon is unclear, at least one of 
the Chemotaxis genes encodes a functional 
protein: Chemotaxis of an E. coli cheW mutant 
can be restored by the introduction of the Rb. 
sphaeroides cheW gene (Ward et al., 1995a). 

The finding of the Chemotaxis operon in 
Rb. sphaeroides suggests an MCP-dependent 
adaptation pathway. This is in contrast with 
results of previous studies, in which in vitro 
and in vivo methylation, methanol production 
assays and the use of antibodies raised against 
Tar in Western analyses, all indicated the 
absence of such a pathway (Sockett, Armitage 
& Evans, 1987). The presence of methylation-
dependent Chemotaxis in Rb. sphaeroides 
became more likely with the identification of 
two genes encoding MCP homologues 
upstream of the Chemotaxis operon (Armitage 
& Schmitt, 1997; Ward et al., 1995b). These 
proteins, designated to TlpA and TlpB 
(transducer like proteins), contain the highly 
conserved signaling domain, but no trans
membrane regions nor a periplasmic domain. 
Both proteins are probably located in the 
cytoplasm. Analysis of a lip A mutant showed 
that this transducer mediates Chemotaxis 
towards a wide range of chemoeffectors, but 
only under aerobic growth conditions, while 
tlpB is primarily expressed under anaerobic 
conditions. In addition, a gene encoding an 
MCP homologue (mcpA) was discovered by 
analysis of the sequence of chromosome II. 
This gene is not present in a Chemotaxis 
operon, but adjacent to the dadA gene, which 
encodes a D-amino acid dehydrogenase 
(Choudhary et al, 1997). A more detailed 
study on CheW revealed that overproduction 
of this coupling factor completely inhibited 
motility in a flagellated Rb. sphaeroides strain 
(this mutant is the equivalent of an E. coli 
tumbly mutant), while there was no clear 
effect of a cheW deletion (Hamblin, Bourne & 
Armitage, 1997a). This is different in E. coli, 
where both overexpression and deletion of 
che\V\t&à to a smooth swimming phenotype, 
as if cells are constantly responding to an 
attractant (Sanders, Mendez & Koshland, 
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1989). The induction of a smooth swimming 
signal in E. coli by overproduced CheW is 
generated by CheW-mediated inhibition of 
kinase activity of CheA (Ninfa et ai, 1991). 
The phenotype of the cheW deletion in Rb. 
sphaeroides suggests an alternative pathway 
for chemosensing, but no evidence for genes 
homologous to cheW was found by Southern 
analyses (Hamblin el ai, 1997a) 

The approach to identify alternative path
way^) started with the construction of a Rb. 
sphaeroides mutant with a deletion of the 
entire Chemotaxis Operon. This mutant strain 
was then subjected to Tn5 mutagenesis, 
followed by two separate screenings for 
mutants lacking Chemotaxis and phototaxis 
(Hamblin et ai, 1997b). Only a single 

Signal 

Signal 

chemotactic mutant was isolated, which 
appeared to contain Tn5 insertion in a 
metabolic gene, encoding glucose-6-phos-
phate-dehydrogenase, in agreement with the 
finding that metabolism of attractants is 
required for Chemotaxis (Jeziore-Sassoon el 
ai, 1998). The isolation of phototactic 
mutants was carried out by screening photo-
trophically cultured cells for their disability to 
sense a light-dark boundary (Hamblin et ai, 
1997b). One out of 12 selected mutants was 
analyzed and showed a Tn5 insertion into a 
second Chemotaxis operon, with the following 
organization: 5' cheY3-cheA2-cheW2-cheW3-
cheR2-cheB-tlpC 3 ' (see figure 5 for the role 
of the components encoded by these genes). A 
deletion of CheA2 was constructed in the 

.... . .-, •. . . ..-,-.; -..• : 

Figure 5 Multiple sensory pathways for Chemotaxis in the cx-subgroup of proteobacteria. The pathway indicated by 
the single-headed broken arrows indicates an additional signaling pathway in Rb. sphaeroides. In Rhodospirillum 
centemim. CheA and CheY2 are fused into a single gene producl. Some MCPs require the presence of CheD for 
CheR to mcthylate them, so far a unique feature of Chemotaxis in the Gram-positive bacterium Bacillus subtilis. 
Abbreviations: A. CheA: A,,. CheA2; B. ChcB; MCP. methyl-accepting Chemotaxis protein; P, phosphate; R, 
CheR; Tip. transducer like protein; W. CheW; Y,, CheYl; Yn, ChcY2; Ym, CheY3. Figure taken from Manson et 
al. (1998) with permission from Journal oj'Bacteriology. 
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wild-type strain and in a background, where 
the first-identified Chemotaxis Operon was 
deleted. Both mutants showed inverted 
responses towards the strong attractant 
acetate and photosynthetic light. This means 
that these mutants decrease the stop frequency 
when acetate is added and increase the stop 
frequency after removal of acetate. Both 
mutants showed no response to a decrease of 
photosynthetic light, but increased the stop 
frequency when the light intensity is increased. 

Besides the complexity of Rb. sphaeroides 
Chemotaxis, as reflected by the presence of at 
least two opérons and multiple copies of the 
Che components, other interesting differences 
to the enteric paradigm can be observed in this 
organism (figure 5). First, while there are 2 
copies of cheY in the first identified Chemo
taxis operon, there is no gene in Rb. sphaeroi
des, encoding the CheZ phosphatase. This 
suggests an alternative mechanism for CheY-P 
dephosphorylation. Indeed, in S. meliloti it has 
been shown that the active state of the main 
response regulator CheY2-P is controlled by 
CheYl (Sourjik & Schmitt, 1996). In vitro 
phosphotransfer studies indicate that CheYl 
acts as a phosphoryl sink for CheY2-P, when 
unphosporylated CheA is present (Sourjik & 
Schmitt, 1998). Second, the loss of Chemo
taxis and phototaxis in Rb. sphaeroides che 
deletion mutants is not reflected by swimming 
behavior of non-stimulated cells, unlike the 
tumbling and smooth swimming phenotypes in 
E. coli che mutants. Apparently, part of the 
motor control in Rb. sphaeroides is independ
ent of the chemosensory pathways identified 
so far (Armitage & Schmitt, 1997). 

Phototaxis in purple bacteria. The de
scription of light-induced tactic migration of 
photosynthetic bacteria has a long history. In 
1883 Engelmann reported that motile, 
photosynthetic purple bacteria (referred to as 
Bacterium photometricum, which were most 
likely Chromatium cells) accumulated at 
specific wavelengths in a dispersed spectrum, 
including the infrared region. These bacterio-
spectrograms show that the cells were 
predominantly present at spectral regions 
where the photosynthetic pigments absorb 
maximally. Two different types of tactic light 

responses of Chromatium cells were reported 
by Engelmann. The first response is a change 
in the velocity of movement, as a result of the 
change of light intensity; the velocity of 
swimming cells increases when the intensity of 
photosynthetic light increases. The second 
response is a reversal of swimming direction 
when cells enter a region of reduced light 
intensity (Engelmann, 1883). The latter 
response could explain the accumulation 
patterns in the observed bacteriospectrograms. 
When swimming cells enter a 'dark' region, 
the reversal frequency will increase (compare 
tumbling in E. coli), resulting in a net 
migration towards spectral regions, where the 
photosynthetic pigments absorb maximally. 
The tactic response towards a decrease of 
light intensity has been referred to by Engel
mann as the 'Schreckbewegung' and became 
known as the Photophobie response, or more 
correctly, the scotophobic response, meaning 
fear of darkness (Ragatz et ai, 1994). The 
term scotophobic becomes especially useful, if 
one takes into account that the 'Schreck
bewegung' of swimming cells could also result 
from a sudden exposure to high light intensi
ties. This latter response has been observed in 
the phototrophic consortium Chloronium 
mirabile (Buder, 1914) and the free-swim
ming halophilic purple sulfur bacterium E. 
ha/ophila, as described in more detail below 
(Sprenger et al, 1993) and can be considered 
as a true Photophobie response, a fear of light. 
This fear of light is also displayed by swim
ming Rb. sphaeroides cells and the discovery 
of the latter response is described in this 
thesis. Interestingly, this response does not 
match the absorbance spectra of the photo
synthetic pigments, so this would imply that 
bacteriospectrograms of cells, showing the 
scotophobic as well as the true Photophobie 
response, would change as a function of light 
intensity. 

The observations made by Engelmann 
suggest that the light-induced tactic response 
in Chromatium cells occured as a result of 
changes in photosynthetic electron transport, 
rather than excitation of specific photo
receptors. The linkage between photosensory 
responses and the photosynthetic pigments in 
purple bacteria was confirmed by the work of 
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Clayton, who showed that the scotophobic 
response of Rhodospirillum rubrum only 
occurred with light that is photosynthetically 
active (Clayton, 1953). In addition, no light-
induced tactic responses could be identified in 
photosynthetic reaction center mutants of Rb. 
sphaeroides, Rb. capsulatus and Rhodospiril
lum rubrum, even though these mutants 
showed normal motility and Chemotaxis 
(Armitage & Evans, 1981). Such mutants still 
absorb light via their photosynthetic antenna 
pigments, but cannot use the associated free 
energy for electron transport. 

Since bacteria use free energy of the 
electrochemical proton gradient to drive 
flagellar rotation (Glagolev & Skulachev, 
1978), photokinesis is probably a direct result 
of a change in the rate of electron transfer, 
whereas the scotophobic response occurs as a 
result of sensory signaling, through alteration 
of the flagellar switching frequency. An 
intriguing problem, which still has to be 
solved, is the sensing mechanism that mediates 
the scotophobic response. 

Light can be detected by its intensity, color 
and direction. The latter aspect particularly, 
has led to the introduction of a rather 
complicated terminology regarding the charac
terization of tactic responses of microorga
nisms. Purple bacteria are only capable of 
sensing light-intensity and color Recently 
however, it was reported that colonies of 
Rhodospirillum centeman are capable of 
sensing the direction of light; this might 
provide the first report of true phototaxis 
(migration towards or away from light by 
sensing its direction) in prokaryotes (Gest, 
1995; Ragatz et al., 1994; Ragatz et ai, 
1995). So far bacteria were only known to 
sense spatial differences in light intensity by a 
temporal mechanism, as also decribed above 
for Chemotaxis. To substantiate this possibility 
of true phototaxis in prokaryotes, motion 
analysis of single cells is required to exclude 
that colony migration towards light is a result 
of sensing differences in light intensity caused 
by shading within a colony, rather than sensing 
of the direction of illumination by individual 
cells. Recent studies with single cells exposed 
to a light beam emitted from an optical fiber 
however, have indicated that Rs. centenum 

accumulated uniformly in all parts of the 
beam, whereas the eukaryote Chlamydomonas 
reinhardtii was capable of swimming towards 
the light source, showing true phototaxis 
(Sackett et al, 1997). In this thesis the term 
phototaxis will be used quite loosely, to refer 
to processes in which individual bacteria show 
a net migration in response to changes in their 
ambient light climate. Both a positive and a 
negative phototactic response were observed 
in Rs. centenum colonies, depending on the 
light intensity used (Ragatz et al., 1995). At 
low-light intensity the positive phototactic 
response was observed, with a wavelength-
dependence that suggests that this response is 
mediated through the photosynthesis pig
ments. The tactic response of Rs. centenum at 
high light intensities, which caused the colo
nies to migrate away from the light source, 
was elicited mainly by light in the wavelength 
region between 550 and 600 nm. Also in Rs. 
centenum a gene cluster has been identified 
that encodes the Che signal transduction 
components that mediate phototaxis as well as 
Chemotaxis (Jiang, Gest & Bauer, 1997). 

In 1993 a light-induced repellent response 
in the halophilic purple-sulfur bacterium E. 
halophila was reported (Sprenger et al., 
1993). The initial observation that led to these 
studies was that in a light spot of red or 
infrared-light (in other words light that can be 
absorbed by the photosynthesis machinery) 
cells of this species accumulate, whereas a 
different response is observed in a blue-light 
spot. With light of the latter color cells 
accumulate at the edge of the spot, indicating 
that besides an attractant response, selectively 
elicited by red-light, these cells additionally 
display a repellent response towards blue-
light. Subsequent motion analyses of E. 
halophila cells showed an increase in reversal 
frequency of swimming direction, upon a step-
up in the intensity of blue-light, in the 
physiological range of light intensities. This 
response to blue-light showed adaptation, 
with kinetics similar to the kinetics of 
adaptation in Chemotaxis of enterobacteria. 
Because it was known at that time that a low-
abundant, highly absorbing photoactive pro
tein was present in E. halophila, which is 
called photoactive yellow protein (PYP), the 
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wavelength dependence of this response was 
subsequently investigated. Light of wave
lengths longer than 500 nm did not elicit any 
increase in the probability of directional 
switching of the cells, whereas light of 450 nm 
elicited a maximal effect. Thus, this new-
repellent response is probably not mediated by 
the photosynthesis machinery as the primary 
photoreceptor, like the scotophobic response 
in this and other purple bacteria (Hustede, 
Liebergesell & Schlegel, 1989). In contrast, its 
wavelength dependence matches the absorp
tion spectrum of PYP, which makes this latter 
protein the designated candidate for the 
photoreceptor of this newly discovered 
repellent response (figure 6). 

1.3 Photoactive yellow protein: a bacterial 
photosensor 

Discovery and diversity. Photoactive 
yellow protein (PYP) was discovered as part 
of a study on eight colored proteins isolated 
from the water soluble fraction of extracts 

from the halophilic purple sulfur bacterium E. 
halophila (Meyer, 1985). In addition to 
cytochromes and ferredoxins, a purple and a 
small yellow-colored protein were purified and 
partly characterized. The yellow protein 
showed an absorbance peak at 446 nm (figure 
7), which disappeared at low pH, concomitant 
to the formation of a peak at about 350 nm 
(Meyer, 1985). Two years later the photoac-
tivity of PYP was reported (Meyer et al, 
1987). After absorption of a blue photon, PYP 
enters a photocycle with striking resemblance 
to the photocycle of the retinal-containing 
membrane-spanning sensory rhodopsins, as 
identified in the archaeon Halobacterium 
salinarum (Bogomolni & Spudich, 1982, 
Hoff, Jung & Spudich, 1997a; Marwan & 
Oesterhelt, 1987). In both photocycles, light-
induced formation of a short-lived, red-shifted 
intermediate is followed by the dark conver
sion to a relatively long-lived, blue-shifted 
intermediate (as in more detail described 
below). Chromophore extractions on PYP 
carried out according to methods described 
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Figure 6 Wavelength dependence of the step-up Photophobie response. The relative increase in the number of 
single-cell reversals in a background of saturating green light is plotted as a function of the wavelength of the step-
up in stimulating light. The absorption spectrum of PYP is plotted for comparison. Figure adapted from Sprenger 
et al. (1993). 
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for rhodopsins did not result in the isolation of 
retinal, the chromophoric group in the latter 
proteins. Circular dichroism spectra indicated 
19% a-helix and 30% ß-sheet secondary 
structure, while rhodopsins contain relatively 
more a-helices, in accordance with their 
membrane-spanning nature. These findings 
and the photochemical characteristics of PYP 
raised a paradox: how is it possible that two 
photoactive proteins with a very different 
structure show such a similar photocycle9 
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Figure 7. Absorption spectrum of photoactive yellow 
protein (PYP). 

In 1986 the crystallization of PYP in space 
group P63 was reported, including a very 
important observation: a PYP crystal can be 
reversibly bleached by visible light, while it is 
not bleached by exposure to X-rays (McRee et 
al, 1986). This allows crystallographic studies 
to light-induced conformational changes on 
PYP crystals. In disagreement with the 
spectroscopic studies described above, the 
crystallographic structure of PYP at 2.4 Â 
resolution was initially reported to consist 
entirely of ß-strands, forming two perpen
dicular ß-sheets (a ß-clam fold), that enclose a 
retinal chromophore, linked to Lys l l l by a 
Schiff base (McRee et al, 1989). Subsequent 
amino acid sequencing and mass spectrometric 
analysis of proteolytic digests however, 
revealed a protein of 125 residues, containing 
a chromophore attached to Cys69 with a 
molecular weight of -147, thus excluding a 
retinal chromophore linked to Lys l l l (Van 
Beeumen et al, 1993). 

In 1994 the chromophore in PYP was 
reported to be 4-hydroxy cinnamic acid, which 

is covalently bound to Cys69 via a thiol ester 
bond, as presented in figure 8 (Baca et al., 
1994; Hoff et al., 1994a). The evidence for 
the nature of the chromophore was obtained 
via a wide variety of techniques. Hoff et al. 
isolated a fraction absorbing at 307 nm from a 
proteolytic digest of PYP by high performance 
liquid chromatography (HPLC). 'H-NMR 
spectroscopy of this fraction, containing 
exclusively the chromophore of PYP, led to 
the identification of its chemical structure. 
Alkaline hydrolysis confirmed the thiol ester 
linkage of the chromophore to the protein and 
capillary electrophoresis confirmed that a 
compound from PYP was released at high pH 
with the same electrophoretic mobility as 4-
hydroxy cinnamic acid (Hoff et al., 1994a). 
Baca et al. isolated the chromophore from the 
protein by aminolysis, resulting in the amide 
derivative of the chromophore. Mass spectro
metric fragmentation suggested the presence 
of a primary amide and a phenolic structure. A 
base titration of free chromophore showed a 
shift in the UV spectrum from -300 nm to 340 
nm with a pKa of-9 .0 , in agreement with the 
deprotonation of phenolic hydroxyl group. 
Refining the PYP protein with the attached 4-
hydroxy-cinnamyl chromophore against a new 
1.4 Â resolution diffraction data revealed the 
chromophore structure (Baca et al, 1994). 

Interestingly, both groups initially proposed 
a different reversible chemical reaction in the 
chromophore as the photochemical basis for 
the photocycle of PYP: trans to eis photo-
isomerization of the vinyl double bond (Hoff 
et al, 1994a) versus protonation of the 
deprotonated phenolic hydroxyl group (Baca 
et al, 1994) Both proposals do not exclude 

OH 

Figure 8. Chemical structure of the 4-hydroxy-
cinnamic acid chromophore of photoactive yellow 
protein; the chromophore is covalently linked to a 
cysteine residue in the protein via a thiol ester bond. 
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each other, since these reversible chemical 
reactions can subsequently take place in time 
while PYP progresses through its photocycle. 
The photo-isomerization was hypothesized on 
basis of the analogy with the sensory rhodop-
sins. The first experimental evidence that was 
found for photo-isomerization during the 
photocycle of PYP is provided in this thesis 
(chapter 4.1). The proposal for protonation of 
the chromophore was supported by three 
pieces of experimental evidence. First, uptake 
and release of a proton associated with the 
photocycle was observed by use of a bromo-
cresol pH indicator (Meyer, Cusanovich & 
Tollin, 1993). Second, UV spectroscopic data 
showed that the free chromophore is blue-
shifted when the 4-hydroxy group becomes 
protonated, like the formation of the pBj55 

photocycle intermediate (Baca et al, 1994). 
In support of the presence of a deprotonated 
4-hydroxyl group of the chromophore in the 
ground state of PYP, which could act as the 
proton acceptor during the PYP photocycle, 
the new 1.4 Â resolution diffraction data set 
indicated a relatively short C-0 bond that 
connects the phenolic ring to the oxygen, 
indicative for a phenolate anion (Baca et al, 
1994). 

As mentioned above, PYP was first disco
vered in the halophilic purple sulfur bacterium 
E. halophila. Five years later a second PYP 
was purified from the moderately halophilic 
purple non-sulfur bacterium Rs. salexigens 
(Meyer et al., 1990). This protein is very 
similar to E. halophila PYP regarding its 
absorbance spectrum and photoactivity. A 
third PYP with similar characteristics was 
isolated from the halophilic purple bacterium 
Chromatium salexigens. The amino acid 
sequences of all three PYPs were determined 
by proteolytic digestion, followed by Edman 
degradation, revealing that all three proteins 
contain 125 amino acids with high mutual 
identities of 70-76% (Koh et al, Ï996; Van 
Beeumen et al, 1993). The E. halophila pyp 
gene was amplified by use of the polymerase 
chain reaction (PCR) with degenerated 
oligonucleotides derived from the amino acid 
sequence and using chromosomal template 
DNA, as described in this thesis and by Baca 
el al, (1994). The PCR-product was used to 

probe E. halophila chromosomal DNA for 
cloning the pyp gene. The translation of the 
pyp gene sequence matched the PYP amino 
acid sequence, except for Glu56, which 
appeared to be Gln56 (Baca et al, 1994). An 
extensive description of the cloning, sequen
cing and analysis of the pyp genes and their 
flanking regions from E. halophila and Rs. 
salexigens is presented in chapter 2.1. 

A study with a highly specific polyclonal 
antiserum against E. halophila PYP indicated 
the presence of a single, cross-reacting protein 
of similar size as PYP in a large number of 
tested eubacteria, including non-phototrophic 
species, like for example E. coli (Hoff el al, 
1994b). Among the tested organisms, a cross-
reacting protein was only present in represen
tatives of the domain of Bacteria. The 
archaeon Halobacterium salinarum for exam
ple, does not contain a cross-reacting protein. 
The key question here is whether all the cross-
reacting proteins are PYP homologues In 
support of this, Rs. salexigens and C. salexi
gens cell-free extracts showed a single cross-
reacting protein, while the PYPs purified from 
these organisms cross-reacted with purified 
antiserum against E. halophila PYP (Hoff et 
al, 1994b). In 1995 an even more specific 
polyclonal antiserum was raised against E. 
halophila PYP (Thiemann & Imhoff, 1995). 
This antiserum only cross-reacted with a 
single protein in Rs. salexigens and C. salexi
gens cell-free extracts and confirmed the 
cytoplasmic localization of PYP. This result 
does not exclude however, the presence of 
less homologous proteins in other bacteria. In 
this thesis the identification of a pyp gene in 
Rb. sphaeroides is described, extending the 
group of bacteria known to contain PYP with 
a genetically well-characterized non-halophilic 
purple non-sulfur bacterium (chapter 2). Until 
now, no data have been obtained that indicate 
the presence of pyp genes in other organisms 
than purple bacteria. 

Purification of recombinant PYP, obtained 
from an E. coli strain that overproduces the 
protein, indicated that the protein was 
produced in its colorless apoform (chapter 
2.1). The protein can be reconstituted in vitro 
with activated forms of the 4-hydroxy 
cinnamic acid chromophore: the 4-hydroxy 
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cinnamyl thiophenyl ester or the 4-hydroxy 
cinnamic anhydride (Imamoto el al, 1995). In 
addition, apoPYP can be reconstituted with 
activated chromophore analogues, containing 
substituents at the aromatic ring, including 
3,4-dihydroxy cinnamic acid (caffeic acid), 3-
methoxy-4-hydroxy cinnamic acid (ferulic 
acid) and 3,5-dimethoxy cinnamic acid 
(sinapinic acid), resulting in hybrids with red-
shifted absorbance maxima of 457 nm, 460 nm 
and 488 nm, respectively (Kroon el al, 1996). 
Acid titrations show that the pKa for the 
formation of the bleached species (pBdark) is 
increased in these hybrids, indicating a 
decreased stability of these PYP hybrids. 

The difference between the absorption 
maximum of the free trans 4-hydroxy 
cinnamic acid chromophore (284 nm) and that 
of PYP (446 nm) raises the question of the 
molecular basis of this red-shift. Three factors 
contributing to the tuning of the absorption of 
the chromophore have been identified and 
quantified: (i) the deprotonation of the para 
hydroxyl group in the free chromophore shifts 
the absorption maximum from 284 nm to 340 
nm, (ii) the presence of a thiol ester bond in a 
deprotonated model compound indicates a 
shift from 340 nm to 410 nm, and (iii) the 
protein environment around the chromophore 
binding pocket red-shifts the absorption 
maximum another 36 nm to 446 nm (Hoff, 
1995; Kroon el al., 1996). 

The role of amino acid residues in the 
chromophore-binding pocket was investigated 
by construction of the following site-directed 
mutants of PYP: Y42F, E46Q, T50V, R52A, 
R52Q and C69S (Genick et al, 1997b; 
Mihara el a/., 1997). The lack of the unique 
cysteine residue in an 11. halophila PYP 
mutant confirmed that this residue is essential 
for chromophore binding, because no yellow-
colored protein was formed in reconstitution 
experiments with this mutant (Mihara el al., 
1997). All the other constructed PYP mutants 
showed a red-shift in their absorption spectra 
and, as far as measured, an increase in the pKa 
values for pBd.lrk formation. The effect of 
amino acid substitutions on photocycle 
kinetics is further discussed below. 

Structure and photocycle. The photo-
cycle of PYP and the associated structural 
changes have been thoroughly investigated, 
since the discovery of the photoactivity of 
PYP (Meyer et ai, 1987). After absorption of 
a blue photon, the ground state of PYP 
(pG446) enters the photocycle with a quantum 
yield of -0.35 (Van Brederode el al, 1995). 
Recent studies with picosecond transient 
absorption spectroscopy revealed two inter
mediates on the sub-nanosecond time scale. 
The first intermediate (Io) is formed within 3 
picoseconds and exhibits a maximal absorp
tion at 510 nm. The second intermediate (f0) 
shows a similar wavelength maximum, but a 
lower extinction coefficient, and is formed in 
-0.2 nanosecond (Ujj et al, 1998). The latter 
intermediate decays with a -3 nanoseconds 
time constant to form pR»«. This intermediate 
is converted into a blue-shifted intermediate 
(pB:,55) on a sub-millisecond time scale, 
followed by the recovery of the ground state 
(pG446) on a sub-second time scale (Hoff el 
al, 1994c), as presented in figure 9. Low 
temperature spectroscopy shows that a red-
shifted intermediate (X„,ax -490 nm) can be 
trapped at temperatures below -180°C (Hoff 
el a/., 1992; Imamoto, Kataoka & Tokunaga, 
1996). Whether this red-shifted intermediate 
reflects one of those identified at room 
temperature on the nanoseconds time scale is 
not yet established. The formation of pB355, 
which is associated with major protein 
conformational changes, is blocked at 

140 ms, 

>.max = 510 nm 

220 ps 

/ni.ii = 510 nm 
200 |is 

Figure 9. The pholocycle of photoactive yellow 
protein (PYP). See text for details. Figure adapted 
from Ujj era/. (1998). 
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temperatures below -50°C (Imamoto et al, 
1996). At room temperature, a light-depen
dent branching reaction was identified from 
pB355 to pG446 with a high quantum yield of 
-0.5, which may suggest a biological function 
for this reaction (Miller et al, 1993). 

The effects of temperature, pH and hydro-
phobicity of the solvent on the photocycle 
kinetics have been extensively investigated 
(Genick et al, 1997b; Hoff et al, 1997b; 
Meyer et al, 1989; Van Brederode et al, 
1996). The temperature dependence of the 
photocycle kinetics deviate from normal 
Arrhenius behavior. The changes in kinetics 
can be explained by the assumption that heat 
capacity changes are associated with the PYP 
photocycle (Van Brederode et al, 1996). 
These heat capacity changes may be caused by 
the exposure of hydrophobic residues in the 
pB355 intermediate of the photocycle to water. 
This exposure of hydrophobic residues in 
pB355 is in agreement with previous experi
ments, showing that an increase of the solvent 
hydrophobicity, increases the rate constant for 
pB355 formation, but decreases the rate 
constant for pG446 recovery (Meyer et al, 
1989). At low pH in the dark PYP can be 
reversibly converted into a stable blue-shifted 
state (pBdalk), which maximally absorbs at 350 
nm; the pKa for this transition is -2.8 (Hoffe/ 
al, 1997b; Meyer, 1985). The pB355 to pG446 

transition in the photocycle of PYP is strongly 
decelerated as a result of acidification (Hoff et 
al, 1997b). A rationale for this can be 
provided by a model in which the deproto-
nated chromophore takes up a proton from 
the solvent and releases it when pG446 is 
reformed, as supported by laser spectroscopy 
with a pH indicator (Meyer et al, 1993). 
Recently, it was discovered that the pBjjs to 
pG446 transition is also decelerated at high pH 
values. Thus, when the rate constant for this 
transition is plotted as a function of pH, one 
observes a bell-shaped curve (Genick et al, 
1997b). The latter observation makes an 
explanation for the pH-dependence of the 
photocycle kinetics less straightforward. 

The re-determined crystal structure of PYP 
at 1.4 Â resolution shows an unusual a/ß-fold, 
indicated in figure 10, that is similar to that of 
the eukaryotic signal transduction proteins 

profilin and the SH2 domain (Borgstahl, 
Williams & Getzoff 1995) The 4-hydroxy 
cinnamic acid chromophore is buried within 
the major hydrophobic core of the protein and 
covalently linked to the sulfur atom of Cys69 
by a thiol ester bond. In this active site, the 
chromophore is present in a deprotonated 
state, as also shown by resonance Raman 
spectroscopy (Kim et al, 1995). The chromo
phore is stabilized by a hydrogen-bonding 
network. The phenolic oxygen of the chromo
phore hydrogen bonds with the side-chain 
oxygen atoms of Tyr42 and Glu46. The acidic 
amino acid Glu46 is present in the protein in 
the protonated state and shares this proton 
with the phenolic oxygen of the chromophore 
In addition, the chromophore carbonyl oxygen 
atom hydrogen bonds with the main-chain 
amide group of Cys69. The side-chain oxygen 
atom of Thr50 hydrogen bonds to that of 
Tyr42, while its main-chain carbonyl oxygen 
hydrogen bonds with Arg52. Arg52 shields 
the chromophore from the solvent and is kept 
in position by hydrogen bonds with the 
carbonyl oxygen atoms of Tyr42 and Tyr98. 
The positively charged guanidinium group of 
Arg52 might play a role in stabilizing the 
buried negative charge on the chromophore 
(Borgstahl et al, 1995). 

What happens to the PYP structure when 

• 

PAS 
core 

helical connector 

Figure 10. The PYP structure with the PAS/PYP 3D 
fold, including the N-terminal cap (residues 1-28), 
the PAS-core (29-69), the helical connector (70-87) 
and the ß-scaffold (88-125). Figure adapted from 
Pellequerer al. (1998). 
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the protein absorbs a blue photon and 
progresses through the photocycle? The very 
first structural event in the photocycle is 
probably trans to cis photo-isomerization of 
the vinyl double bond in the chromophore 
Fourier transform infrared spectroscopic 
studies led to the proposal of a structural 
model for this isomerization reaction. The 
pRiowT-pGiowT difference absorbance spectra at 
80 K indicated the structural perturbation of a 
protonated carboxyl group, which was 
assigned to Glu46 by use of the three-
dimensional structure of PYP; this structure 
indicated that the only buried carboxyl group 
in the protein was belonging to Glu46 (Xie et 
al., 1996). The correctness of this assignment 
was confirmed by FTIR studies on a E46Q 
mutant of PYP (Imamoto et al, 1997) This 
observation is important, because it implies 
that in the pRi0WT intermediate the hydrogen 
bonding between Glu46 and the phenolic 
oxygen of the chromophore is still intact. This 
suggests that the chromophore isomerizes to 
the 1-cis 9-S-trans conformation, resulting 
from co-isomerization of both the C7=Cs and 
the C9-C10 bond (figure 11). In addition, 
pB355-pG446 FTIR difference spectra indicated 
a deprotonation of Glu46 in pB355, suggesting 
that Glu46 donates a proton to the chromo
phore during the photocycle (Xie et al., 
1996). Surprisingly, E46Q still displays a 
photocycle; this would suggest that the 
chromophore in this mutant takes up a proton 
from an alternative proton donor, for example 
Tyr42, or from the solvent (Imamoto et al., 
1997). 

The two intermediates identified on the 
sub-nanosecond time scale most likely contain 
the cis isomer of the chromophore. This 
change however, does not explain the strong 
red-shift of the A™« of these intermediates 
The free trans 4-hydroxy cinnamic acid 
chromophore absorbs maximally at 284 nm, 
while the cis isomer absorbs maximally at 265 
nm. More importantly, the trans chromophore 
has a more stretched conformation than the 
cis chromophore, meaning that the distance 
between the phenolic oxygen and its hydro
gen-bonding partner Glu46 increases going 
from the trans to the cis isomer. This could 
add to the red-shift by an increase of negative 

charge on the chromophore. The importance 
of the distance between the phenolic oxygen 
and Glu46 for the spectral tuning of PYP can 
be tested by the construction of a E46D 
mutant. The decrease of the extinction 
coefficient in I#

0 may be caused by protein 
relaxation, including twisting of the chromo
phore and reorientation of protein side-chains. 
The formation of pP^ós may result from even 
further relaxation of the protein, which may 
include the formation of new hydrogen bond 
interactions (Ujj et ai, 1998). 

Most of the conformational changes asso
ciated with the photocycle appear to occur 
during the formation and decay of pB355 

A pG trans 
as 

Glu46 

Thr50-

Tyr42 

\ B pR model 1 
GIU46 \ v 

ThrSO—0 H"'70 H 

P W 
Tyr42 / 7'C'S 9'S-C/S \ _ / 

Ö HN 

V 
G I U 4 6 / - ^ O H 

C pR model 2 Cys69 

7-cis 9-s-trans 

Figure 11. Mechanism for 4-hydroxy cinnamic photo-
isomerization. (A) In pG4«i6 the chromophore in 1-trans 
9-S-cis form interacts with Glu46, Tyr42. During the 
formation of pR, the chromophore is isomerized in 
either (B) a 1-cis 9-S-cis isomer or (C) a 1-cis 9-S-trans 
configuration. FTIR-difference spectra from PYP films 
at low temperature indicate that model C is correct. 
Figure taken from Xie et al. (1996) with permission 
from Biochemistry. 
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(Genick et al, 1997a; Hoffe/ al, 1992; Hoff 
et al, 1997b; Imamoto et al, 1996; Meyer et 
al, 1989; Rubinstenn et al, 1998; Van 
Brederode et al, 1995; Van Brederode et al, 
1996). These conformational changes trans
form PYP into its presumed signaling state, 
triggered by the photo-isomerization of the 
chromophore. The chromophore of the pB355 
intermediate is still in the cis configuration, as 
demonstrated by chromophore extractions and 
analyses presented in this thesis (chapter 4.1). 
The strong blue-shift in this intermediate is 
caused by the protonation of the phenolic 
hydroxyi group of the chromophore. The 
photocycle is completed by the recovery of 
the ground state; this transition probably starts 
with cis to trans re-isomerization, driven by 
the physical strain in the non-planar cis 
conformation of the chromophore, followed 
by deprotonation of the chromophore, 
eventually to reform pG446. These two events 
however, have not yet been detected as 
separate intermediates by transient absorption 
spectroscopy. 

The effect of amino acid substitutions on 
the PYP photocycle has been tested. E46Q 
shows a 25-fold increase in the recovery rate 
from pB355 to pG446. The rate of pG446 
recovery of R52A was decreased 3-fold 
(Genick et al, 1997b). The M100A mutation 
drastically increased the life-time of the pB355-
like intermediate in the photocycle (Devana-
than et al, 1998). In M100A, this intermedi
ate has a life-time in the order of minutes 
rather than milliseconds as is observed for the 
wild-type protein. Additionally, the effect of a 
chromophore alteration on the photocycle 
kinetics has been investigated: the replacement 
of 4-hydroxy cinnamic acid by 3,4-dihydroxy 
cinnamic acid decreases the recovery rate of 
pG446 (Devanathan et al, 1997). In this thesis, 
the substitution of the 4-hydroxy cinnamic 
acid chromophore by chromophore analogues 
unable to undergo vinyl double bond isomeri-
zation has been used to investigate the 
expected indispensability of this isomerization 
process for the photocycle of PYP (chapter 
4.2). 

The function. Research on photoactive 
yellow protein so far has generated a large 

amount of data regarding its structure and 
photocycle. However, there is still no 
conclusive evidence for the function of PYP in 
the living cell. The question of the physio
logical role of PYP is one of the major 
subjects in this thesis (chapter 3) and has been 
speculated upon before by others. On the basis 
of the photoactivity of PYP and its cytoplas
mic nature it was suggested that PYP could be 
a sensory protein that binds to a membrane 
receptor or modulates enzyme activity or gene 
expression to control a metabolic system 
(Meyer et al, 1987). On the basis of the high 
quantum efficiency of the photocycle of PYP, 
of the kinetic similarity to the sensory 
rhodopsin I photocycle and of positive photo-
taxis in terms of accumulation oï E. halophila 
cells in a capillary, it was postulated that the 
biological role for PYP was to mediate a 
phototactic response by binding a specific 
receptor (McRee et al, 1989). Sprenger et al 
(1993) presented the first experimental 
evidence for the function of PYP by the 
demonstration that E. halophila is negatively 
phototactic with a wavelength dependence 
that matches the absorbance spectrum of PYP. 
In a saturating background of photosynthetic 
light, E. halophila cells increased the number 
of reversals after a step-up in blue-light, 
whereas they suppressed these reversals after 
a decrease in the blue-light intensity (Sprenger 
et al, 1993). 

Another clue about the in vivo role of PYP 
or more correctly, about the nature of the 
downstream signaling partner of PYP came 
from sequence comparisons. One of the highly 
conserved regions present in PAS domains, 
the Si box, has been identified in PYP 
(Lagarias, Wu & Lagarias, 1995; Pellequer et 
al, 1998; Zhulin et al, 1997). PAS domains 
were initially found in three eukaryotic regula
tors, the Drosophila Period clock protein, 
vertebrate Aryl hydrocarbon receptor nuclear 
translocator and the Drosophila Single-
minded. Typically, PAS domains are involved 
in protein-protein interactions. Recently, the 
two highly conserved regions Si and S2 
present in PAS domains have been found in 
many archaeal and bacterial sensory proteins, 
like oxygen and redox sensors (Zhulin et al, 
1997) Some of the latter proteins have been 
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shown to contain a prosthetic group. In FixL 
for example, a heme group is coordinated by 
Hisl94, while Aer and NifL bind FAD. The 
chromophore in PYP is located at the C-
terminal boundary of the Si box. In response 
to input signals, a conformational change in 
the Si fold may activate another protein 
domain. Reduction or, in the case of PYP, 
isomerization of the prosthetic group, may 
switch a transmitter domain interacting with 
the S box to an active form. A proposed 
PAS/PYP three-dimensional fold is displayed 
in figure 10 and the related multiple sequence 
alignment in figure 12. A dimerization 
interface with the PYP-downstream partner 
has been proposed to include (i) the central 
region, residues 51-68 (ii) the loop 95-103 
and (iii) two residues from the oc3 in the PAS 
core domain (Pellequer et al 1998). Interest
ingly, two PAS domains have been found in a 
Rb. sphaeroides protein that is homologous to 
methyl-accepting Chemotaxis proteins (Pont-
ing & Aravind, 1997), which puts this protein 
high on the list of possible candidates for 
heterodimer formation with PYP. 

1.4 Outline of this thesis. Before provi
ding the contours of this PhD-study in terms 
of the techniques and strategies involved, I 
would like to outline the general importance 
of this study. If one considers our current 
knowledge about the subject of this thesis, the 
molecular basis for 'vision' in prokaryotes, it is 
clear that the photosensory system in the 
archaeon Halobacterinm salinarum is by far 
the best understood (for a recent review see 
Hoff, Jung & Spudich, 1997). The beauty of 
this system is demonstrated by the fact that 
the effect of changes in the components of this 
photosensory system, obtained for example 
through site-directed mutagenesis or chromo
phore substitutions, can be studied in vitro as 
well as in vivo. Thus, for example, the effect 
of a substitution of a single amino acid residue 
in one of the two photosensors of this system 
can be determined on the level of photocycle 
kinetics of the photosensor, but also on the 
level of tactic behavioral responses of the 
bacterium to photostimuli. Studies on the 
archaeal photosensory system already led to a 
very detailed insight in the signaling mecha
nisms between the two membrane-spanning 
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photosensors and their transducers. 
So, why do we want to study photoactive 

yellow protein? First of all, in eubacteria a 
photosensor/ system with retinal-containing 
chromoproteins, like that of archaebacteria 
and eukaryotes, has not been characterized. 
Instead, a completely different, 4-hydroxy 
cinnamic acid-containing chromoprotein has 
been identified: photoactive yellow protein. 
This protein shows a photocycle with a 
remarkable similarity to that of the sensory 
rhodopsins, but in contrast to the latter, is 
water-soluble. Thus, photoactive yellow 
protein does not only provide a model system 
to study a new way of light-sensing in another 
domain of life, the Bacteria, but also to study 
a new signaling mechanism, starting with a 
water-soluble photosensor. Because of its 
water-soluble nature, it has been relatively 
easy to obtain crystals and the structure of 
PYP has been resolved down to a very high 
resolution (0.82 Â). Taking this together with 
its intrinsic photoactivity, photoactive yellow 
protein has the potential to become the 
candidate for resolving the signal transfer of a 
protein to its downstream partner at extremely 
high structural and temporal resolution. In 
order to achieve this, the biological function 
of this protein needs to be proven and its 
downstream partner needs to be identified. 
Thus, one of the aims in this thesis is to add 
biological significance to the wealth of 
biophysical data about photoactive yellow 
protein, obtained so far. After reading this 
thesis, it will be clear that, although we may 
be close, this mission has not been completed 
yet. 

The study described here is aimed at the 
elucidation of the function of photoactive 
yellow protein in the living cell and the 
characterization of structural changes asso
ciated with its photocycle. Cloning of pyp 
genes and subsequent analysis of flanking 
regions is carried out to reveal functionally 
related genes (chapter 2.1). Screening for the 
presence of pyp genes in genetically well-
characterized bacteria by use of the polymer
ase chain reaction is described in chapter 2.1. 
Such a bacterium would be an excellent 
candidate for the genetic approach to resolve 
the function of PYP, provided that the 

organism shows physiologically relevant 
(tactic) blue-light responses, which may be 
mediated by PYP. 

Studies on the characterization of these 
blue-light responses in a /^»-containing 
bacterium, carried out in the research group of 
Prof. Spudich at the University of Texas, 
Houston, USA, are described in chapter 3. 
The techniques involved in the charac
terization of these responses include com
puter-assisted motion analysis and methanol 
release assays. The pyp gene has been 
inactivated by gene replacements, followed by 
phenotypic analysis of the mutants obtained, 
leading to a preliminary model for light-
induced signal transduction in phototaxis in 
Rb. sphaeroides (chapter 3). 

Characterization of the structural changes 
associated with the PYP photocycle has been 
carried out with a wide range of techniques. 
The chomophore of PYP, in its ground state 
(pG446) and its blue-shifted photocycle 
intermediate (pB355), has been extracted and 
subsequently characterized by high perfor
mance capillary zone electrophoresis (chapter 
4.1). The indispensability of isomerization of 
the vinyl double bond in the chromophore has 
been investigated by characterization of 
reconstituted photoactive yellow proteins with 
chromophore analogues (chapter 4.2). In 
addition, structural events in the photocycle of 
PYP on the nano- and milliseconds time scale 
are discussed, partly based on time-resolved 
Laue diffraction data, resulting from a 
collaborative project with the research group 
of Prof. Moffat at the University of Chicago, 
USA (chapter 4.3). 
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Photoactive yellow protein (PYP) is a photoreceptor 
that has been isolated from three halophilic photo-
trophic purple bacteria. The PYP from Ectothiorhodo-
spira halophila BN9626 is the only member for which 
the sequence has been reported at the DNA level. Here 
we describe the cloning and sequencing of the genes 
encoding the PYPs from E.halophila SL-1 (type strain) 
and Rhodospirillum salexigens. The latter protein con
tains, like the E.halophila PYP, the chromophore trans 
p-coumaric acid, as we show here with high perform
ance capillary zone electrophoresis. Additionally, we 
present evidence for the presence of a gene encoding 
a PYP homolog in Rhodobacter sphaeroides, the first 
genetically well-characterized bacterium in which this 
photoreceptor has been identified. An ORF down
stream of the pyp gene from E.halophila encodes an 
enzyme, which is proposed to be involved in the 
biosynthesis of the chromophore of PYP. The pyp gene 
from E.halophila was used for heterologous overexpres-
sion in both Escherichia coli and R.sphaeroides, aimed 
at the development of a holoPYP overexpression system 
(an intact PYP, containing thep-coumaric acid chromo
phore and displaying the 446 nm absorbance band I. 
In both organisms the protein could be detected 
immunologically, but its yellow color was not observed. 
Molecular genetic construction of a histidine-tagged 
version of PYP led to its 2500-fold overproduction in 
E.coli and simplified purification of the heterologously 
produced apoprotein. HoloPYP could be reconstituted 
by the addition of p-coumaric anhydride to the histidine-
tagged apoPYP (PYP lacking its chromophore). We 
propose to call the family of photoactive yellow proteins 
the xanthopsins, in analogy with the rhodopsins. 
Keywords: Ectothiorhodospira halophila/photoactive 
yellow pmle'm/Rhodobacter sphaewideslRhodospirillum 
•rakrigenj/xanthopsins 

Introduction 

The photoactive yellow proteins (PYPs) constitute a new 
family of eubacterial photoreceptor proteins (Hoff et ai, 

1994b). Members have been isolated from the halophilic 
phototrophic purple eubacteria Ectothiorhodospira halo
phila (Meyer, 1985), Rhodospirillum salexigens (Meyer 
et al, 1990) and Chromatium salexigens (Koh et al., 
1996). PYP is the first eubacterial photoreceptor to be 
characterized in detail and has recently been shown to 
contain a unique chromophoric group: thiol ester linked 
p-coumaric acid (Baca et al, 1994; Hoff et al, 1994a). 
This is the first demonstration of a co-factor role for 
p-coumaric acid in eubacteria, previously only known 
from higher plants (Goodwin and Mercer, 1983). The 
pathway of biosynthesis of p-coumaric acid has been 
extensively studied in higher plants (Hahlbrock and Scheel, 
1989), but no information is available on the conservation 
of this pathway in E.halophila or other eubacteria. In 
higher plants, the two enzymes of central importance in 
the metabolic conversions relevant for p-coumaric acid 
are: phenylalanine ammonia lyase (PAL), which catalyses 
the reaction from either phenylalanine or tyrosine to 
p-coumaric acid, andp-coumaryl:CoA ligase (pCL), which 
activates p-coumaric acid through a covalent coupling 
to CoA, via a thiol ester bond (Hahlbrock and Scheel, 
1989). 

The PYP from E.halophila is by far the best-studied 
member of this photoreceptor family. Its crystal structure 
has recently been redetermined at 1.4 A resolution and 
shows that the protein has an a/ß fold, resembling (eukary-
otic) proteins involved in signal transduction (Borgstahl 
et ai. 1995). Evidence has been obtained indicating that 
PYP functions as the photoreceptor for a new type of 
negative phototaxis response (Sprenger et ai, 1993). 
Absorption of a blue photon (XmM = 446 nm) induces 
PYP to enter a cyclic chain of reactions (Meyer et al, 
1987). This photocycle involves two intermediates and 
strongly resembles the photochemistry of the archaebac-
terial sensory rhodopsins (Meyer et al, 1987; Hoff 
et al, 1994c). 

Recently, the ORF encoding PYP from E.halophila 
BN9626 was cloned and sequenced (Baca et al, 1995). 
Here we report the cloning and the complete sequence of 
the pyp genes from E.halophila SL-1 (the type strain) and 
Rs.salexigens. which is the first gene cloned from this 
organism, through reverse genetics. Directly downstream 
of the pyp gene in E.halophila we located a gene encoding 
a CoA ligase homolog, suggesting a plant-like conversion 
of p-coumaric acid to its CoA derivative before linkage 
to PYP lacking its chromophore (apoPYP). 

Previously, we have reported the presence of a single 
cross-reacting protein in a large number of eubacteria, 
with a highly specific polyclonal antibody against PYP 
(Hoff et al. 1994b). Here we report, using heterologous 
PCR techniques, the identification of a new PYP homolog 
in the genetically well-characterized Rhodobacter sphaer
oides. This finding opens the way to molecular genetic 
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Sp/il BomHI EcoRI Sphl BamHI EcoRI 

1 kb 

Rsfl _5ma1fVull fVull Smal fVull PvU Cfak ft/I 
I t 

B 

1 CAGCTGGaGGAGCGCACCTGCGACCTCGATCCCGCCCCGTflCTGCCICCAACOCTfiCGOaTGAflCAAAGGqACGGGTCTTGTTftTftCflRfl 90 
Q L E E R T C D L D P A P Y W L Q R Y G * 

4 i 
91 GGCTGTACATCrAGGCTOGAGTCCCGAGAGTGAGCAAGGCTCACCACGAAGCCCCCGGTCCATGAAAGGAGTATCACGATGGAACACGTA 180 

' M E H V 

181 GCCTTCGGTAGCGAGGACATCGAGAACACCCTCGCCAAGATGGACGACGGCCÄGCTCGÄCGGCCTGGCCTTCGGCGCCATCCAGCTCGAC 270 
A F G S E D I E N T L A K M D D G Q L D G L A F G A I Q L D 

271 GGCGACGGCAACATCCTTCAGTACAACGCCGCGGAGGGCGACATCACCGGCCGCGACCCGAAGCÄGGTCATCGGCAAGAACTTCTTCAAG 360 
G D G N I L Q . Y N A A E G D I T G R D P K O . V I G K N F F K 

361 GACGTGGCCCCGTGCACTGACAGCCCGGAGTTCTACGGCAAGTTCAAGGAAGGGGTGGCCTCGGGCAÄCCTGAACACGÄTGTTCGAGTAC 450 
D V A P C T D S P E F Y G K F K E G V A S Q N L N T M F E Y 

451 ACCTTCGATTACCAAATGACGCCCACGAAGGTGAAGGTGCACATGAÄGAAGGCCCTCTCCGGCGACAGCTACTGGGTCTTCGTCAAGCGC 540 
T F D Y Q M T P T K V K V H M K K A L S G D S Y W V F V K R 

541 GTCTAGACCAGACCCCGCTGCCCGTGCCCGTCCCGGGCGCGGGCAGCCGCGAAAGGACCGACCGATGCAAGGGCTGAATGCCGATGAAGT 630 
V * :-• — H O . G L N A D E V 

4 
631 GCrGCGGITGCTGCGCAGCCTGATCCCCGGCGAGCTGGCCACCGGCCGCGGrCAACGGGGCGACCCGCCCGAAGCGCAGGACCTGTGCGC 720 

L R L L R S L I P G E L A T G R G Q R G D P P E A Q D L C A 

721 CGATÂGCCGCCTGGATGCCGAACCAATCCGGGCGGACTCCCTGGATCGACTCAATCTAGCCAGCGCGCTCAACCGCTTCrTCCGCCTGCA 810 
D S R L D A E P I R A D S L D R L N L A S A L N R F F R L H 

4 
811 TGAGACCGGTGTGGAGGACCGTCTGCTGGCCGTGCGCCGGÄTCGGCGACATGGCCGAACTCATCGCCGACGCCAGTCAGCACACCAGCGG 900 

E T G V E D R L L A V R R I G D M A E L I A D A S O j H T S G 

901 CCTGACCTTCXCGACCTCGGGCAGCACGGGCACCCCGCAGCCGCACCACCACAGCTGGGCGGCGCTGACCCÄGGAGGCCGAGGCACTGGC 990 
L T F S T S G S T G T P Q P H H H S H A A L T Q E A E A L A 

991 CAACGCCCTGGGCAGTCACCCGCGGGTGATCGCCIGGCTGCCCGTCCACCACCXCXACGGTTTCGTCTTCGGCGTCGCCCTGCCCCGCGC 1080 
N A L G S H P R V I A W L P V H H L Y G F V F G V A L P R A 

1081 GCTGGGCAGCACCGTGATCGAGAGCCACGCCGCGCCCACCGCCCTGTTCCGCGAGCCGGCACCTGACGACCTGATTGCCACCGTCCCGGC 1170 
L G S T V I E S H A Ä P T A L F R E P A P D D L I A T V P A 

1171 ACGCTGGCGTTÄCCTGTTCGATAGCAATCACCGCTTCCCCGGCGGCACGGGCATCAGCTCGACCGCCGCGCTGGAGACCGCCTGCCGCAA 1260 
R W R Y L F D S N H R F P G G T G I S S T A A L E T A C R H 

1261 CGGGCTGTTGCAGGCCGGCCTGGACGCGCTGCTGGAGGTCTACGGCGCCACCGAGGCCGGCGGGATCGGCCTGCGCTGGGCACCCTCGGA 1350 
G L L O . A G L D A L L E V Y G Ä T E A G G I G L R W A P S E 

1351 GGACTACCGCCTGCTGCCCCACTGGCACGGCGACGCGACGGCAACCTCCÄGCGCACTCAATCCCGAIGGTGCAGCGGTGACCGTGGCCCC 1440 
D Y R L L P H H H G D A T A T S S A L H P D G A A V T V A P 

1441 GCTCGATCGCCTCCAGTGCCGÄGACGAGCGGGTCTTCCGACCCACCGGACGCATCGATGACATCATTCAGATCGGCGGTGTGAACGTCTC 1530 
L D R L Q H R D E R V F R P T G R I D D I I Q I G G V H V S 

1531 TCCG«MCACGTCGCGCGGCGCCTCGAAAGCCACGAGGCCGTTGCCGCCTGCGCGGTCCGCAGCCACGGCGAAGGCAGTCGTCGGCGCCT 1620 
P G H V A R R L E S H E A V A A C A V R S H G E G S R R R L 

1621 GAAGGCGTTCATCGTTCCCGCGCGTTCCGACGCCGATCCTGAAÄCGCrOCGCCAGACGCTCGAGAACTGGATCrGGGAGCACCTACCGaC 1710 
K A F I V P A R S D A D P E T L R Q T L E H W I W E H L P A 

1711 GGTCGAGCGACCCACGGATCTGCGTATCGGCACCGAGCTTCCaCGCAACGCCATGGGCAAACTGCAG 1777 
V E R P T D L R I G T E L P R M A M G K L Q 

Fig. 1. The pyp gene from E.halophiUi SL-1 with flanking regions. (A) Physical map of the chromosomal region containing the pyp gene. The 

cloned 2.4 kb Pstl fragment, which is located on the 5.2 kb EcoRISpkl fragment, is shown in detail, indicating the position of the dada, pyp and 

pel genes. The open arrow indicates the direction of the genes. (B) DNA sequence of the 1.8 kb PvuU~Pst\ fragment containing a partial ORFI, the 

E.halophila pyp gene and a partial ORF3. The derived amino acid sequences are given at the first position of each codon by the one letter code. The 

stop codon is indicated by an asterisk. The putative AT-rich promoter region (41 mol% GCJ is underlined. Putative ribosome binding sites are doubly 

underlined and an inverted repeal is overlined. Underlined amino acids are part of a highly conserved motif in AMP-binding proteins (Fulda et ai. 

1994). The bases indicated by a vertical arrow differ from the formerly published E.halophila BN9626 sequence (Baca et ai, 1994). 

studies of the function of PYP. The E.halophila pyp gene absorbance band (HoloPYP) could be reconstituted by the 
was heterologously overexpressed in Escherichia coli and addition of p-coumaric anhydride to the recombinant 
R.sphaeroides, yielding (mainly) apoPYP. The purification apoPYP as described for apoPYP (Imamoto et al, 1995). 
of a histidine affinity-tagged derivative of PYP from These results will facilitate detailed biophysical studies 
E.halophila, overproduced in E.coli, yielded a 2500-fold on a protein with a unique set of characteristics: it is 
overproduction of apoPYP. Intact PYP, containing the water soluble, photoactive and its structure is known at 
p-coumaric acid chromophore and displaying the 446 nm 1.4 A resolution. 
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Fig. 2. The pyp gene from Rs.salexigens with flanking regions. (A) Detailed physical map of the cloned 1.4 kb Pvul-Sall fragment from 

Rs.salexigens, indicating the position of the pyp gene. The open arrow indicates the direction of the gene. (B) DNA sequence of the 1.4 kb Pvul-

Sall chromosomal fragment from Rs.salexigens containing the pyp gene with flanking regions. The derived amino acid sequence is given at the first 

position of each codon by the one letter code. The putative AT-rich promoter region (35 mol% GC) is underlined. The putative ribosome binding site 

is doubly underlined. 

Results 

The pyp genes from E.halophila and Rs.salexigens 
The DNA sequence of a 1.8 kb PvuW-Pstl fragment was 
determined (Figure 1A) and is shown in Figure IB. The 
amino acid sequence of E.halophila PYP predicted on the 
basis of this sequence information is identical to the one 
determined by amino acid sequencing (Van Beeumen 
et al., 1993), except for position 56 which is a Gin instead 
of a Glu, as also observed in the DNA sequence of the 
pyp gene from E.halophila BN9626 (Baca et al, 1995). 
A potential AT-rich (41 mol% GC) promoter region can 
be identified upstream of the ORF encoding PYP (positions 
60-103, Figure IB), which may be essential for the 
formation of an open complex for initiation of transcrip
tion. Also, a potential ribosome binding site (RBS) is 
located directly upstream of the PYP ORF. Directly 
downstream of the PYP ORF an inverted repeat is located 
(positions 557-587, Figure IB). 

The pyp gene from Rs.salexigens is the first gene cloned 
from this bacterium. It was localized on a 1.4 kb Pvul-
Sall chromosomal fragment. Sequence analysis of this 
fragment (Figure 2B) showed that it contains the entire 
ORF encoding PYP; the predicted amino acid sequence 

contains 125 amino acids and completely matches the 
amino acid sequence of this protein (Koh et al, 1996). 
Upstream of the ORF, a potential AT-rich (35 mol% GC) 
promoter region (positions 638-680, Figure 2B) and 
ribosome binding site can be recognized, while directly 
downstream of the ORF an inverted repeat is present 
(positions 1134-1164, Figure 2B). 

Identification of a PYP homolog in R.sphaeroides 
Chromosomal DNA from R.sphaeroides 2.4.1. was used 
as template in a PCR with two primers homologous to 
conserved pyp sequences to yield a 0.3 kb product. The 
validity of the PCR product was confirmed by Southern 
hybridization experiments with R.sphaeroides chromo
somal DNA under stringent conditions, using the PCR 
fragment as a probe. This revealed strong and specific 
hybridization signals (data not shown). The DNA sequence 
of the product showed that the encoding protein sequence 
was homologous to PYP from E.halophila, Rs.salexigens 
and Chromatium salexigens (Figure 3). 

Comparison of PYP sequences 
The complete amino acid sequences of the PYPs from 
E.halophila, Rs.salexigens and C. salexigens (Koh et al, 
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Fig. 3. Sequence conservation in the family of photoactive yellow proteins: the xanthopsins. Model for the p-coumaric acid binding pocket based on 
crystalloeraphic data (Borgstahl et ai, 1995) and sequence conservation of the residues forming this pocket in the PYP sequences from E.halophila, 
Rs.sakxigens, C.salexigens, and R.sphaewides. Sequence conservation is indicated in gray, with the more and less essential residues for p-coumanc 
acid binding indicated in blue (asterisks) and orange respectively. The unique Cys69, which binds the chromophore. is indicated in green, the 
chromophore trans /i-coumaric acid and the thiol ester linkage in yellow. 

1996) are homologous, with 66% of the amino acids 
identical in all three sequences. This result enabled us to 
obtain the partial sequence of a PYP homolog from 
R.sphaewides (see above). A partial alignment of these 
four sequences is shown in Figure 3. All proteins contain 
the Cys residue that in the E.halophila protein has been 
shown to bind covalently to the chromophore (Van 
Beeumen et al, 1993). From the 1.4 Â crystal structure 
of PYP it can be concluded that Tyr42, Glu46, Arg52 and 
to a lesser degree Thr50 and Tyr98, in the E.halophila 
PYP, are important for the protein-chromophore inter
actions that lead to the deprotonation of the p-coumaric 
acid molecule and result in the tuning of the absorbance 
of this cofactor to 446 nm (Baca et al, 1995; Borgstahl 
et al, 1995; Kim et al, 1995). These residues are all 
conserved in the PYPs from E.halophila, Rs.sakxigens 
and C.salexigens (Figure 3), in line with the similarities 
between these proteins with respect to their absorbance 
spectrum and photochemical properties (Meyer, 1985; 
Meyer et al, 1990). In the sequence of the R.sphaewides 
PYP homolog these six residues, of central importance 
for the binding of the chromophore, are also conserved, 
with the exception of Thr 50 (Figure 3). Furthermore, a 
strong conservation is observed in the sequence VIGKNFF, 
which forms a type II tight turn between the a4-helix and 
the ß3-strand of PYP (Borgstahl et al, 1995). 

Analysis of pyp flanking regions 
The 1.8 and 1.4 kb chromosomal fragments from E.halo
phila and Rs.sakxigens respectively, were examined for 
the presence of ORFs. In addition to the PYP ORFs 
presented above, this analysis indicates the presence of a 
large partial ORF (391 residues) downstream of the pyp 

gene from E.halophila (Figure IB). This ORF was not 
found in the chromosomal fragment from Rs.sakxigens. 
In line with this, comparison of the 1.8 and 1.4 kb 
chromosomal fragments from E.halophila and Rs.sakxi
gens showed that the sequence similarity in these fragments 
is confined to the ORFs encoding PYP. 

Upstream of the pyp gene from E.halophila SL-1 an 
ORF is located that shows significant homology to the 
E.coli dada gene, encoding the small subunit of the 
membrane bound iron-sulfur flavoenzyme D-amino acid 
dehydrogenase (Olsiewski et al, 1980), as was found in 
E.halophila BN9626 (Baca et al, 1994). The partial ORF 
downstream of the pyp gene from E.halophila was further 
analyzed by searching for sequence similarities with 
proteins in the SwissProt database. The most similar 
proteins were found to be a number of CoA ligases from 
various organisms with -24% sequence identity and 48% 
similarity over a stretch of 400 amino acids (Table II). 
Furthermore, this putative pel gene (see Figure 1A) shows, 
like the pyp gene, a high GC-bias in the wobble position 
of its codons, which is indicative of its functionality. In 
Rs.sakxigens the ORF encoding a CoA ligase homolog 
has not been found downstream from the pyp gene. This 
may suggest a larger intergenic region between pyp and 
the putative pel in this latter organism. This is supported 
by a Southern blot, showing hybridization of Rs.sakxigens 
chromosomal digests with the putative E.halophila pel 
(M.K.Phillips-Jones, unpublished observations). 

Identification of the chromophore of Rs.salexigens 
PYP 
The chromophore of Rs.sakxigens PYP was identified 
as p-coumaric acid in the purified protein with high-
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Fig. 4. Identification of the Rs.salexigens chromophore with capillary 
electrophoresis. (A) Eiectropherogram of ethyl acetate extract from 
soluble protein fraction of anaerobically grown Rs.salexigens; 
p-coumaric acid elutes at 10 min. (B) Eiectropherogram of p-coumaric 
acid, predominantly the trans isomer (Sigma). (C) Eiectropherogram 
of extracted chromophore from anaerobically grown Rs.salexigens co-
injected with p-coumaric acid, showing an increase of the p-coumaric 
acid peak at 10 min. (D) Eiectropherogram of extracted chromophore 
from aerobically grown Rs.salexigens. 

performance capillary zone electrophoresis (data not 
shown), which uses the electrophoretic mobility of ions 
as separation principle (for a review see Karger et al, 
1989). After injection and electrophoresis of an ethyl 
acetate extract from the soluble protein fraction of 
Rs.salexigens, the eiectropherogram shows a major com
ponent at 10 min (Figure 4A), in an amount of 0.1 pmol 
of p-coumaric acid (see Materials and methods), which 
corresponds with 8 pmol of detected p-coumaric acid per 
mg soluble protein. As a control, co-elution of p-coumaric 
acid (Figure 4B) with the chromophore in the extraction 
mixture was demonstrated by the increase in size of the 
peak at 10 min (Figure 4C). Furthermore, our analysis 
shows that no p-coumaric acid is bound to soluble proteins 
in aerobically grown Rs.salexigens cells (Figure 4D), 
which is independent proof of regulation of PYP expres
sion in this organism (compare Hoff et al, 1994b). 

Heterologous overproduction of the E.halophila 
PYP 
To overexpress PYP from E.halophila, a 0.45 kb Avail 
fragment from pYAMA958 containing the pyp ORF, was 

inserted into the overexpression plasmid pT713 (Studier 
et al, 1990) to yield pTY13. After transformation of 
pTY13 to E.coli BL21, 50- to 100-fold overproduction of 
PYP was oberved using Western blots and rocket Immuno
electrophoresis (RIEP). However, absorbance spectra of 
the cytoplasmic fraction of these cells do not show an 
absorbance band at 446 nm, while this band was expected 
to be clearly visible on the basis of the concentration of 
PYP determined by RIEP (data not shown). This indicates 
that E.coli BL21/pTY13 mainly produces apoPYP, i.e. 
PYP without the chromophore. 

In an attempt to obtain an overexpression system for 
holoPYP, the plasmid pART3 (see Table I), containing the 
same 0.45 kb insert with the pyp gene from E.halophila, 
was conjugated to R.sphaeroides DD 13. Since this 
organism is prototrophic, like E.halophila, and therefore 
produces a large array of pigments, it may also synthesize 
p-coumaric acid. The DD 13 strain is mutated with respect 
to synthesis of the photosynthetic apoproteins (lones 
et al, 1992), reducing the absorbance of the associating 
pigments, thereby facilitating the observation of the 
expected absorbance band at 446 nm, caused by holoPYP. 
RIEP experiments showed that the transconjugant 
R.sphaeroides DD13/pART3 also produces PYP at levels 
100-fold higher than E.halophila (data not shown). 
Approximately 50% of the PYP produced was associated 
with the membrane fraction from these cells. However, 
also in this case the expected absorbance band at 446 nm 
for holoPYP was lacking (data not shown). 

A chimeric version of the pyp gene from E.halophila 
was cloned in E.coli, which allows one to isolate PYP by 
the presence of a histidine affinity tag in the gene product 
and to confirm the lack of the chromophore in PYP 
produced in E.coli. Surprisingly, E.coli M15/pHisp (see 
Table I) overproduces PYP at levels of 50 mg/1 culture 
per OD660 unit, as determined by RIEP (Figure 5A), which 
is -2500-fold higher than E.halophila and ~50-fold higher 
than in the case of the two overexpression systems 
described above. Cell-free extracts from E.coli M15/pHisp 
were used in Ni-affinity chromatography. This method 
yielded -75% pure protein in a single step (Figure 5B). 
Incubation of the isolated histidine-tagged PYP with 
enterokinase yielded a product with a molecular weight 
indistinguishable from native E.halophila apoPYP (Figure 
5B). The absorbance spectrum of the isolated histidine-
tagged PYP shows that the typical absorbance band in the 
visible region of the spectrum is completely lacking 
(Figure 5C). This indicates that the protein produced in 
this E.coli strain is histidine-tagged apoPYP (HAP). 

To demonstrate the usefulness of HAP for further 
biophysical studies on PYP, we reconstituted HAP with 
p-coumaric anhydride into holoPYP. The following observ
ations showed that reconstitution of holoprotein was 
achieved: (i) spectral analysis showed an absorption band 
at 446 nm, which increased (to saturation) with a stepwise 
addition of the p-coumaric anhydride; (ii) analysis of 
absorbance spectra in time showed an increase at 446 nm 
and a decrease at 350 nm, in line with an increase of 
holoPYP concentration and a decrease of the anhydride 
concentration; (iii) purified reconstituted holoPYP showed 
an absorbance spectrum like that of purified native PYP 
(Figure 5C); (iv) reconstituted holoPYP can be reversibly 
bleached after absorption of light (data not shown). The 

43 



Chapter 2 

Table I. Strains and plasmids used in this study 

Strains and plasmids Description Source or reference 

Strain 

E.coli BL2I 
E.coli M 15[pREP4] 
Eco« TGI 
Ecoli S17-1 
E.halophïla SL1 
R.sphaeroides 2.4.1 
R.sphaeroides DD 13 
Rs.salexigens WS 68 

Plasmid 

pCHB500 

pART3 
pQE30 
pHisp 
pT713 
pTY13 
M13mpl8/19 
pYAMA18 
pYAMA958 
pS16 

hsdS. gal, (Kelts 857MK/1, Sam7, nin5, lac UV5-T7 gen 1) 
expression host with repressor plasmid, KmR 

supE, Mlac-pmAB), hsdA5, F'[lra036, proAB+, lacF, /acZAM15] 
RP4-2(Tc::Mu)(Km::Tn7), thi, pro. hsdR, hsdM+, reck, TpR, SmR 

type strain 
type strain 
RC-, LH1-, LH2-, KmR, SmR 

type strain 

pRK415 and pSH3 derivative, TcR 

0.45 kb E.halophila Avail fragment cloned into pCHB500 
RBSII. 6XHis tag, ColEl ori. ampR 

0.42 kb E.halophila PCR product cloned into pQE30 
expression vector, T7 promoter. AmpR 

0.45 kb E.halophila Avail fragment cloned into pT713 
M13mpl derived phages, lacZ' 
2.4 kb E.halophila Pstl fragment cloned into M13mpl8 
1.8 kb E.halophila Pvull fragment cloned into M13mpl8 
1.4 kb Rs.salexigens Pvul-SalX fragment cloned into M13mpl9 

Studierand Moffat (1986) 
Qiagen 
Gibson (1984) 
Simon etal. (1983) 
Raymond and Sistrom (1969) 
Van Niel (1944) 
Jones« al. (1992) 
Drews (1981 ) 

Benning and Sommerville 
(1992) 
this study 
Qiagen 
this study 
Gibco BRL 
this study 
Messing and Vieira (1982) 
this study 
this study 
this study 

masses of the histidine-tagged holo- and apoPYP were 
determined by ESMS to be respectively, 16.0081 and 
15.8625 kDa. These values correspond well to the calcu
lated molecular weights of 16.0081 and 15.8611. 

Discussion 

We report here the DNA sequence of two genes encoding 
proteins known to be yellow and photoactive. The 
sequence of pyp from E.halophila SL1 (type strain) is 
identical to the sequence reported for the pyp gene from 
E.halophila BN9626 (Baca et ai, 1994). In the flanking 
regions six differences between the two sequences were 
found, which in five cases did not lead to changes in 
amino acid residues (see Figure IB); this indicates the 
close similarity but distinctness of these two strains. 
Interestingly, all silent mutations are from T in the 
E.halophila BN9626 strain to G or C in the E.halophila 
SL-1 strain. This may be explained by a slight difference 
in the overall GC-content between the two strains, which 
have been isolated from different environments; the 
BN9626 strain was isolated from the Wadri Natrun, Lake 
Abu Gabara near Bir Hooker, Egypt (Imhoff et al, 1978) 
and the type strain SL-1 from Summer Lake, OR, USA 
(Raymond and Sistrom, 1969). The GC-content of the 
cloned DNA fragments from E.halophila SL1 and 
Rs.salexigens was calculated to be 67.3 and 65.8% respect
ively, which matches well with the overall GC-content 
from these organisms, being 68.4% (Raymond and 
Sistrom, 1969) and 64 ± 2% (Drews, 1981) respectively. 
The lack of a signal peptide sequence upstream from the 
two pyp genes is in line with the intracellular localization 
of PYP in E.halophila, as determined with immuno-gold 
labeling experiments (Hoff et ai, 1994b). Furthermore, 
the isoelectric points of the PYPs from E.halophila and 
Rs.salexigens are predicted to be 4.63 and 4.23 respect
ively. For E.halophila PYP, this parameter was experiment
ally determined to be 4.3 (McRee et ai, 1986). 

The sequence data for these two PYPs were used to 

design primers for the amplification of a fragment from 
chromosomal DNA by heterologous PCR, leading to the 
identification of a PYP homolog in R.sphaeroides. The 
PCR product obtained was used as a probe to clone the 
R.sphaeroides pyp gene. This gene encodes a protein 
of 124 residues, which cross-reacts with a polyclonal 
antiserum raised against E.halophila PYP (data not 
shown). The amino acid sequence of the R.sphaeroides 
PYP homolog is ~46% identical to the sequence of the 
PYPs from E.halophila, Rs.salexigens and C. salexigens, 
indicating that this PYP belongs to a different sub
group of the yellow proteins (R.Kort and S.M.Hoffer, 
unpublished observations). Since R.sphaeroides is genetic
ally accessible, this opens up possibilities for genetic 
studies concerning the function of PYP. The identification 
of this PYP homolog raises the question whether the 
R.sphaeroides protein also binds ap-coumaric acid chromo-
phore. The conservation of Cys69, Tyr42, Glu46, Arg52 
and Tyr98 in the R.sphaeroides sequence suggests that 
this may indeed be so. This leads to the prediction that 
R.sphaeroides, in addition to its well-studied positive 
phototactic and chemotactic responses (for a review 
see Armitage, 1992), displays additional phototaxis 
response(s), based on PYP (see Sprenger et al, 1993). 
This prediction is currently being tested. 

Directly downstream of the pyp gene from E.halophila 
an ORF is located that shows the highest sequence 
similarity to a range of CoA ligases (Table II), including 
p-coumaryl-CoA ligases. The putative E.halophila CoA 
ligase contains the motif TSGSTGTP (Figure IB), which 
is conserved in all members of the AMP-binding protein 
family, of which the coumaryl-CoA ligases form a distinct 
subfamily (Fulda et al, 1994). This motif resembles the 
known loop-forming adenine-binding motif (Saraste et al, 
1990). In plants, coumaryl-CoA ligase is of central import
ance in the metabolism of p-coumaric acid (Hahlbrock 
and Scheel, 1989). This suggests that in E.halophila, 
p-coumaric acid is likewise activated by the formation of 
a thiol ester bond with CoA. The importance of this 
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esterification was demonstrated by the fact that in vitro 
reconstitution of holoPYP was observed with the thio-
phenyl ester of p-coumaric acid and not with p-coumaric 
acid (Imamoto et al, 1995). A further indication for a 
functional coupling of the pyp and pel gene products is 
the presence of an inverted repeat between these two 
coding regions and the absence of a recognizable promotor 
sequence, directly upstream of the pel gene (see Figure 
IB). This indicates that transcription of the pel gene 
occurs by readthrough of this inverted repeat from the 
promoter directly upstream of the pyp gene. 

The biosynthesis of p-coumaric acid, which in plants 
can be performed in one step by phenylalanine ammonia 
lyase (Hahlbrock and Scheel, 1989), may consist of three 
consecutive steps in prokaryotes (compare the amino 
acid fermentation scheme of the anaerobic bacterium 
Clostridium sporogenes; Bader et al, 1982). If so, an 
aromatic aminotransferase, a 2-keto-acid reductase and a 
dehydratase respectively, would be involved. In the first 
reaction, pyruvate may be the amino acceptor, as shown 
for many aminotransferases. The reformation of pyruvate 
would then be carried out by alanine dehydrogenase. 
Interestingly, the dada gene upstream of the pyp gene 
(Figure 1A), encodes an alanine dehydrogenase. 

Based on the observations described above, one can 
conclude that the organization of the genes encoding the 
PYP sensory system is completely different from that of 
the only other well-studied class of bacterial photorecep
tors: the archaebacterial sensory rhodopsins. For sensory 
rhodopsin I (SR-I) it has recently been shown that tran
scription of the sopl gene (encoding the SR-I apoprotein) 
is transcriptionally coupled to an ORF immediately 
upstream of the sopl gene; this upstream ORF (the htrl 
gene) encodes the signal transducer interacting with SR-I 
(Yao and Spudich, 1992; Ferrando-May et al, 1993; 
Spudich, 1994). 

In the soluble protein fraction of Rs.salexigens cells, 
we could detect the PYP chromophore p-coumaric acid 
(8 pmol/mg soluble protein). This finding made a protocol 
available for straightforward screening of intact cells for 
the presence of this chromophore. This may be of great 
importance, since the nature of the chromophore in recep
tors for a large number of blue-light responses, observed 
in microorganisms as well as in plants, has not yet been 
elucidated (Senger, 1987). The amount of chromophore 
identified in Rs.salexigens is equivalent to 0.1 u,g PYP 
per mg soluble cell protein, similar to the cellular content 
of PYP in E.halophila (Meyer et al, 1985). 

We propose to designate the family of PYPs 'xanthop-
sins', which is derived from the Greek words ^avôoç 

Fig. 5. Overproduction, purification and in vitro reconstitution of 
histidine-tagged PYP. (A) RIEP analysis of PYP production in E.coli 
M15/pHisp after induction with IPTG. Wells 1 and 2 contain solutions 
of purified PYP from E.halophila with known concentrations; the 
following wells contain cell material from E.coli M15/pHisp taken at 
the indicated induction times (Tlnd in min) after the addition of IPTG. 
(B) SDS-PAGE of cell-free extracts from E.coli M15/pHisp (lane 5), 
histidine-tagged PYP isolated from this extract by Ni affinity 
chromatography {lane 4), the same preparation after 5 h (lane 2) and 
24 h (lane 3) of incubation with enterokinase. and PYP purified from 
E.halophila (lane 1). (C) Absorbance spectrum of the histidine-tagged 
PYP (HAP) isolated from E.coli MI5/pHisp and the spectrum of HAP 
after reconstitution with the p-coumaric anhydride and subsequent 
purification. 
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Table II. Homology of the putative coumary 1-CoA ligase from E.haloph ila w ith CoA li gases from other organ isms 

Enzyme (number of amino acids) Organic >m Idem ity (%) Sim ilarity (%) Reference 

CoA ligase homolog (391) 
Acetate-CoA ligase (660) 
Acetate-CoA ligase (672) 
Long-chain-fatty-acid-CoA ligase (558) 
Long-chain-fatty-acid-CoA ligase (700) 
Coumaryl-CoA ligase (545) 
Coumaryl-CoA ligase (563) 

E.halophila 100 100 this paper 
A.eutrophus 25.1 49.5 Priefert and Steinbuechel (1992) 
M.soehngenii 20.6 47.5 Eggen et al. (1991) 
E.coli 26.3 51.5 Black et al. (1992) 
yeast 22.8 47.5 Duronio et al. (1992) 
potato 22.4 45.5 Becker-Andre et al. (1991) 
rice 25.3 49.2 Zhao et al. (1990) 

Identity and similarity values are based on I 
weight of 3.0 and a length weight of 0.1. 

length alignments made with the Genetics Computer Group package program BESTFIT using a gap 

(yellow) and o\|nç (eyesight). The bacterial xanthopsins 
resemble the arc haeb acte rial sensory rhodopsins at the 
level of photochemistry (Hoff et al, 1994c), as well as 
of function, which is proposed to be that of a photosensor 
in negative phototaxis (Sprenger et al, 1993). Further 
evidence for the xanthopsins, as a eubacterial protein 
family, has been obtained by studies with a highly specific 
polyclonal antiserum against E.halophila PYP, which 
showed the presence of a single, cross-reacting protein, 
with a size of -15 kDa, in a large number of prokaryotic 
microorganisms (Hoff et al, 1994b). 

The results reported here define the xanthopsins as a 
protein family of photosensors with strong sequence 
conservation and a highly conserved chromophore binding 
site. In addition, we have identified a gene that most likely 
encodes an enzyme involved in/7-coumaric acid activation 
and that therefore is essential for in vivo holoPYP syn
thesis. The heterologously produced apoPYP was used as 
substrate for in vitro holoPYP reconstitution, which is 
essential for further biophysical studies on intact and 
directionally mutagenized PYP and for hybrid forms of 
PYP, containing chromophore analogs (A.R.Kroon and 
H.P.M.Fennema, unpublished observations). In addition, 
the discovery of a PYP homolog in R.sphaeroides renders 
this new photoreceptor family genetically accessible. 

Materials and methods 

Bacterial strains and plasmids 
The strains and plasmids used in this study are listed in Table I. 
E.halophila SL-l, the type strain, was obtained from Deutsche Sammlung 
von Mikroorganismen und Zellkulturen (DSM). Braunschweig, strain 
number 244. 

Cell culturing 
E.halophila SL-l (Raymond and Cistrom, 1969) and Rs.salexigens WS68 
(Drews, 1981) were cultured phototrophically as described (Meyer, 1985 
and 1990 respectively), unless specified otherwise. R.sphaeroides strain 
2.4.1 (van Niei, 1944) was grown aerobically in Luria Bertani broth. 

DNA manipulation 
Chromosomal DNA was isolated according to standard procedures 
(Sambrook et al., 1989) from E.halophila. Rs.salexigens and R.sphaero
ides. All additional molecular genetic techniques were performed as 
described in Sambrook et ai (1989). 

Southern hybridization 
Southern blots of chromosomal DNA from both E.halophila and 
Rs.salexigens were probed using a 94 bp PCR product consisting of an 
internal fragment from the E.halophila pyp gene (see below). The probe 
was labeled with the Klenow enzyme by random priming using the DIG 
DNA labeling kit and detected with Nitroblue tetrazolium salt, as 
described by the manufacturer (Boehringer, Mannheim). Southern blots 
of chromosomal DNA from E.halophila and R.sphaeroides were hybrid

ized at 65°C and washed at 65°C with 0.1X SSC buffer containing 
0.1% SDS. The blots containing chromosomal DNA from Rs.salexigens 
were hybridized at 50°C and washed at 50°C with 0.5 x SSC buffer 
containing 0.1% SDS. 

Cloning of the E.halophila pyp gene 
Ps/I-digested E.halophila chromosomal DNA was used as template in a 
PCR-reaction with degenerated oligonucleotides YS-1 and YS-2 with the 
sequences AARAAYTTYTTYAARGA and GTCATYTGMTARTCRAA 
respectively, as based on the PYP amino acid sequence (Van Beeumen 
et ai. 1993). PCR was performed with the enzyme Taq polymerase (HT 
Biotechnology. Cambridge, UK) for 30 cycles with 1 min denaturation 
at 94°C, I min annealing at 20°C and 1 min elongation at 70°C. Based 
on the sequence of the PCR product a new probe was constructed, 
completely homologous to the pyp gene in E.halophila. This probe was 
used to isolate a positive clone (pYAMA18) by screening a mini library 
of 2.4 kb Pstl chromosomal fragments from E.halophila in phage 
M13mpl8. A 950 bp Prall fragment from pYAMA18, containing the 
pyp ORF, was subcloned in M13mpl8 to give pYAMA958. 

Cloning of the Rs.salexigens pyp gene 
The probe used to clone the pyp gene from E.halophila was used in 
heterologous Southern hybridization experiments with Rs.salexigens 
chromosomal digests. A mini library, containing sized Pvul-Sall frag
ments in phage M13 was screened by hybridization with the same probe. 
leading to the identification of two positive clones. A 1.4 kb fragment 
containing the pyp gene was made blunt by Klenow treatment and 
reinserted into the Smal linearized phage M13mpl9, yielding pS16. 

Sequencing 
Both strands of the 1.8 kb E.halophila Pvull-Pstl fragment and the 
Rs.salexigens 1.4 kb Pvul-Sall fragment were sequenced using universal 
and gene-specific oligonucleotides; the sequence strategies are indicated 
in Figures 1A and 2A. Sequence information was obtained by the 
dideoxy chain termination method (Sanger et ai, 1977), using [35S]dATP 
and a modified T7 DNA polymerase sequencing kit (Sequenase; US 
Biochemical Corporation, Cleveland, OH), as well as through the use 
of fluorescently labeled dideoxy nucleotides and a thermostable Taq 
polymerase with the Dyedeoxy terminator cycle sequencing kit (Applied 
Biosystems, Foster City). 

Identification of the R.sphaeroides pyp gene 
Chromosomal DNA from R.sphaeroides 2,4.1 was used as template in 
a PCR using 10 cycles of annealing for 1 min at 25°C and 25 cycles at 
35°C. Denaturation and elongation were performed in all 35 cycles for 
1 min at 95°C and 72°C respectively. Primers were based on known 
pyp sequences and restriction sites BamHl and Hindlll (underlined) were 
introduced to enable directional cloning: GCGGATCCGCCTTCGGC-
GCCATCCAGCTCGAC (NTPYP1) and~GCGCAAGCTTCTAGACGC-
GCTTGACGAAGACCC (CTPYP1). The PCR product obtained was 
isolated from agarose gel and inserted into phages MI3mpl8/19. Both 
strands of the PCR product were sequenced. Hybridization of the PCR 
product with R.sphaeroides chromosomal DNA was performed as 
described (Engler-Blum et ai. 1993). 

Identification of the chromophore of Rs.salexigens PYP 
A colorless Rs.salexigens culture, grown aerobically in the dark in 
Hutner modified medium as described (Hoff et al, 1994b). was diluted 
twice in the same medium and incubated anaerobically at 42QC in a 
completely filled 500 ml screw-cap bottle under illumination with 60 W 

46 



The xanthopsin protein family 

tungsten light bulbs, yielding a red culture after 96 h. The soluble cell 
fraction of 500 ml of aerobically and anaerobically grown cultures was 
prepared as described (Hoff el ai, 1994b). Proteins were precipitated 
with 10% (v/v) trichloro-acetic acid and washed once with demineralized 
water. Pellets were resuspended in 5 ml demineralized water and 
incubated overnight at pH 12 (leading to a complete solublization of the 
proteins) to hydrolyze thiol ester bonds, followed by acidification to 
pH 4 with hydrochloric acid and acetic acid to neutralize the chromophore 
for optimal extraction. Before extraction, protean concentrations were 
determined with the Bio-Rad protein assay, as described by the manufac
turer. Chromophore extractions were performed by mixing thoroughly 
with 15 ml ethyl acetate, followed by 5 min of centrifugation at 120 g. 
The organic phase was washed twice with 5 ml demineralized water 
and dried by air. To substantiate the result of our analysis, the same 
chromophore extraction procedure was carried out using the purified 
Rs.salexigens PYP (Meyer et al., 1990). Air-dried samples were dissolved 
in distilled water and injected in a 50 fim fused silica capillary TSP050375 
(Composite Metal Services LTD) with an injection time of 0.2 min and 
injection pressure of 40 mbar. The sample was analyzed in 60 mM Tris/ 
30 mM valeric acid pH 8.2, through a capillary with an effective length 
of 55 cm. at 25 kV and -12 U.A. On-column detection was performed 
at 284 nm (determined as the wavelength at which trans /7-coumaric 
acid maximally absorbs in the Tris/valeric acid buffer), with a UV1S 
200 detector (Linear, Fremont). As a reference trans />coumaric acid 
(Sigma. St Louis. MO) was used. To confirm this identification. 
p-coumaric acid was also subjected to electrophoresis in 25 mM borax 
buffer. pH 9.0 at 25 kV and -35 (iA. The amount of delected trans 
/j-coumaric acid was calculated from the peak area using the software 
Caesar for Windows (version 4.02, 1990. Prince Technologies). As a 
reference, 11.0 nl of trans /?-coumaric acid (Sigma) was injected in the 
concentration range from 2.5 to 75 u.M. showing a linear relation to the 
detected peak areas. 

Construction of overexpression plasmids and 
overproduction strains 
A 0.45 kb Avail fragment from pYAMA958, containing the pyp ORF 
from E.halophila, was ligated into the 5/»«I-Iinearized overexpression 
Plasmid pT713 (Studier et al., 1990) to yield pTY13. which was 
transformed to E.coli BL2I. Overexpression in pT713 is based on the 
strong viral T7 promoter $10. The gene coding for the viral RNA 
polymerase is located on the chromosome of E.coli BL21, downstream 
of an inducible lac promoter (Studier et a!.. 1990). 

A conjugative broad host range overexpression system was constructed 
by ligating the 0.45 kb Avail fragment, described above, into the Pstl 
polylinker site of pCHB500. pCHB500 is a broad host range vector, 
containing two promoters directly upstream of the polylinker site: the 
E.coli Pl3C promoter and the Pcv t promoter that supports anaerobic 
expression of the cycA gene from R.capsulatus (Bennig and Sommerville, 
1992). The resulting plasmid pART3 was transformed into the conjugative 
strain E.coli S17 and then transferred to R.sphaeroides DDI3 (Jones 
et ai. 1992) by conjugation on LB agar plates for 4.5 h. Transconjugants 
were selected on LB plates containing tetracyclin (10 Jig/ml), strepto
mycin (5 (ig/ml) and kanamycin (20 (Ig/ml). The transconjugants were 
subsequently grown in liquid medium under semi-anaerobic conditions. 
allowing pigment synthesis. 

A third overexpression system involved the heterologous overproduc
tion of an affinity-tagged version of PYP from E.halophila in E.coli. 
The expression vector was constructed by directional insertion of a PCR 
product into the expression plasmid pQE30 (Qiagen, Hilden). The PCR 
product was obtained using pYAMAIB as template in a reaction with 
the primers GCGGATCCGATGACGATGACAAAATGGAACACGTA-
GCCTTCGG <NTPYP2h containing the BamH\ site (underlined) and 
CTPYP1 (see above). Use of NTPYP2 results in the presence of an 
enterokinase site in the recombinant protein, allowing proteolytic removal 
of the affinity tag. This tag is formed by six His residues, encoded by 
pQE30 (Qiagen). The PCR was performed using an annealing temperature 
of 60°C for 30 s and extension at 70°C for 30 s in 30 cycles, The 
resulting PCR product was digested with BamH\ and HindUl, ligated 
into pQE30 (Qiagen) to yield pHisp and transformed to E.coli M15. The 
colonies, resistant against ampicillin (100 (ig/ml) and kanamycin 
(25 Jig/ml), were shown to contain the construct by colony PCR, using 
the two primers described above. 

SDS-PAGE, Western blotting and RIEP 
SDS-PAGE was performed in a Bio-Rad mini slab gel apparatus (Bio-
Rad. Hercules. CA) according to Laemmli (1970) as modified by 
Schägger and Jagow (1987) for improvement of resolution in the 

5-20 kDa range. Gels were stained with Coomassie brilliant blue G250. 
Western blotting and immunodecoration were performed as described 
previously {Towbin et al., 1979; Hoff et ai., 1994b). RIEP was carried 
out as described (Hoff et ai, 1994b). 

Heterologous expression of PYP 
E.coli BL21/pTYI3 and E.coli M15/pHisp were induced to express the 
heterologous gene by the addition of 1 mM IPTG to well-aerated cultures 
of exponentially growing cells at an OD66(, of 1. Cells were grown at 
37°C in well-shaken Erlenmeyers, or in a well-aerated 10 1 fermentor 
(New Brunswick Scientific. New Brunswick). Production of PYP in 
R.sphaeroides was induced by growing the organism semi-anaerobically 
in two-thirds filled, slowly shaking Erlenmeyers, using Luria Bertani 
broth with appropriate antibiotics. The resulting E.coli and R.sphaeroides 
cells were sonified three times for I min while cooled on ice. and 
centrifuged at 200 000 g for 3 h at 4°C to obtain a clear supernatant 
containing the overexpressed product. Absorbance spectra of these 
fractions were measured with an Aminco DW2000 spectrophotometer 
(SLM Instruments). In addition, these fractions were used for SDS-
PAGE. Western blotting and RIEP analysis, as described above. 

Isolation and cleavage by enterokinase of histidine-tagged 
PYP 
Ultracentrifugation supematants from E.coli M15/pHisp, induced with 
IPTG. were incubated with Ni-NTA resin for 1 h at 4°C, as described 
by the manufacturer (Qiagen). The resin was packed in a column and 
eluted, either by an imidazole gradient or by a pH gradient, as described 
by the manufacturer. The protein elution pattern was analyzed by 
measuring the absorbance of the eluting fractions at 280 nm. Cleavage 
of histidine-tagged apoPYP was performed at 37°C for 5-24 h using an 
enterokinase:PYP ratio of 1:50 (w/w). 

Reconstitution of boloPYP 
Reconstitution of the heterologously produced apoPYP was achieved by 
addition of the /7-coumaric anhydride, dissolved in dimethyl formamide 
(DMF), as described for the reconstitution of the apoPYP. obtained from 
E.halophila (Imamoto et al., 1995). The p-coumaric anhydride was 
synthesized as described (Imamoto et a!., 1995). 

Mass spectrometry 
The integrity of histidine-tagged apoPYP and reconstituted histidine-
tagged holoPYP was verified by electrospray mass spectrometry (ESMS). 
Typically, 20 pmol of protein was dissolved in 10 ml CH3CN:water:formic 
acid (1:0.9:0.1: v/v) and injected into the electrospray source of a VG 
Bio-Q mass spectrometer (VG Organic. Altrincham. UK) at a flow rate 
of 6 ml/min, delivered by a Harvard Syringe Pump 11 (Harvard, South 
Natick. Ma). Nine-second scans, covering the 650-1550 amu range. 
were accumulated during 2.5 min. The spectra were collected and 
processed using the masslynx software provided with the instrument. 
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Recent results cast doubt on our strain assignment in E.halophila. 
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Abstract 

The photoactive yellow protein (pyp) gene has been isolated from Rhodobacter sphaeroides by probing with a 
homologous PCR-product. A sequence analysis shows that this pyp gene encodes a 124 A A protein with 4&% identity to 
the three known PYPs. Downstream from pyp, a number of adjacent open reading frames were identified, including a gene 
encoding a CoA-ligase homologue (pCL). This latter protein is proposed to be involved in PYP chromophore activation, 
required for attachment to the apoprotein. We have demonstrated the presence of the chromophoric group, previously 
identified in PYP from Ectothiorhodospira halophila as trans 4-hydroxy cinnamic acid, in phototrophically cultured R. 
sphaeroides cells by capillary zone electrophoresis. The basic structure of the chromophore binding pocket in PYP has been 
conserved, as shown by a 3D model of R. sphaeroides PYP, constructed by homology-based molecular modelling. In 
addition, this model shows that R. sphaeroides PYP contains a characteristic, positively charged patch. © 1998 Elsevier 
Science B.V. All rights reserved. 

Keywords: Photoactive yellow protein; Chromophore extraction; (Rhodobacter sphaeroides) 

Photoactive yellow protein is a small (125 amino 
acids), water-soluble protein found in the three 
halophilic purple bacteria Ectothiorhodospira 
halophila, Rhodospi rill urn salexigens and Chro-
matium salexigens [1-3]. The encoding gene has 
been cloned from two of these species [4,5]. The 
protein is proposed to play a role as a photoreceptor 

Corresponding author. 
The nucleotide sequences reported in this paper have been 

submitted to the EMBL nucleotide sequence database under 
accession numbers AJ002398 and X98889. 

for negative phototaxis [6]. Upon blue light absorp
tion, it enters a rhodopsin-like photocycle, starting 
with the fast formation of a red-shifted intermediate, 
followed by the formation of a blue-shifted interme
diate and a relatively slow recovery of the ground 
state [7,8]. The crystal structure of PYP has been 
elucidated to 1.4 A resolution [9]. Recently, structural 
information about the long-lived photocycle interme
diate has also become available, showing conforma
tional changes, including the ejection of the chro
mophore from the binding pocket [10]. In addition to 
these studies, it was shown that the chromophore of 
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PYP is trans 4-hydroxy-cinnamic acid [4,11], which 
is present as a deprotonated phenolate anion in the 
ground state [9,12], This chromophore photo-isomer-
izes to the cis isomer after light absorption [13], in a 
two-bond isomerization reaction, from 1-trans 9-S-cis 
to 7 cis 9-S-trans [14], and becomes protonated in the 
long-lived photocycle intermediate [15]. 

Recently, we proposed the name Xanthopsins for 
the PYP protein family and reported the identification 
of a new PYP homologue in R. sphaeroides by its 
partial amino acid sequence obtained from the DNA 
sequence of a cloned PCR product [5], We propose to 
designate this R. sphaeroides strain to RK1 (previ
ously assigned to the type strain 2.4.1), since its 
genomic DNA shows an Asel digestion pattern that 
differs from the 2.4.1 strain, as obtained by trans
verse alternating field electrophoresis (data not 
shown). Here, we report the cloning and sequencing 
of the pyp genes from R. sphaeroides strains RK1 
and NCIB8253. 

The R. sphaeroides RK1 pyp gene was identified 
on 2.3-kb Psfl fragment, which was cloned into the 
Prfl-digested cloning vector pBS SK+ (Stratagene, 
La Jolla, CA), resulting in pATC3. To obtain single-
stranded DNA for sequencing, a 0.5-kb Pstl BamHl 
fragment, containing the entire pyp gene, was sub-
cloned into the phages M13mpl8/19. In addition, 
the pyp gene was cloned from R. sphaeroides strain 
NCIB8253 with the use of a pSUP202 plasmid li
brary, constructed by Hunter and Coomber [16]. Part 
of this isolated plasmid (6.5 kb; see Fig. 1), which is 
designated to pSUP202.79, was sequenced according 
to described methods [17,18]. Processing of sequenc
ing data was carried out with the program Se-
quencher 2.1 software (Gene Codes, Ann Arbor, MI). 
DNA and protein sequence analysis was performed 
with the Genetics Computer Group software package 
from the University of Wisconsin. 

The 0.5-kb DNA sequence from the R. sphaeroides 
RK1 pyp gene and its flanking regions shows 99% 
identity to the DNA sequence of the same region 

from the NCIB8253 strain; the amino acid sequences 
of both PYPs are identical. Putative coding regions 
were identified using R. sphaeroides codon prefer
ence tables and the GC-bias at the third position of 
each codon. A total of 8 sequential open reading 
frames were identified, including 3 that show signifi
cant similarity to proteins in the SwissProt database: 
pyp, pel and orfF, encoding photoactive yellow pro
tein, a CoA ligase homologue and a protein most 
homologous to sensory rhodopsin I, respectively (Fig. 
1 and Table 1). The sequence alignment of the four 
known PYP sequences (Fig. 2) shows conserved 
amino acids, which play a crucial role in PYP func
tion: Cys69, to which the chromophore is covalently 
linked by a thiol ester bond; Tyr42 and Glu46 (pre
sent in the protonated state), which hydrogen-bond to 
the phenolic oxygen of the chromophore; Arg52, 
which stabilizes the negative charge on the chro
mophore and Tyr98, which hydrogen-bonds to Arg52, 
keeping the chromophore shielded from the solvent 
[9]. In addition, the alignment shows conserved amino 
acids, which are part of a new structural motif: 
Asp34, Gly37, Asn43, Ala45 and Gly59, found in 
many proteins with a regulatory function [20]. This 
structural motif is known as the S, box of the PAS 
domain [21]. 

Immunoscreening experiments have indicated that 
PYP-like proteins are widely distributed among bac
teria, including R. sphaeroides [22]. A more recent 
report, using the same technique, claimed that PYP-
like proteins are only present in three halophilic 
purple bacteria and suggested the involvement of an 
artefact due to incomplete purification of antiserum 
[23], The current report shows that a PYP-like protein 
is also present in a non-halophilic species of the 
purple bacteria; whether the Xanthopsin protein fam
ily also extends beyond this group of anoxic photo-
synthetic proteobacteria, remains to be solved. 

Interestingly, we identified about 1 kb downstream 
of pyp a gene encoding a p-coumaryl-CoA-ligase 
homologue (PCL), as indicated in Fig. 1. In a previ-

500 bp 
fftt Pftl orfC pc/ Offfl Off orfF 

Fig. 1. R. sphaeroides NCIB8253 6.5-kb DNA fragment containing Orfs A-F, pyp and pel genes. Positions of the restriction sites of 
EcoRl and Pjfl are indicated in italics. 

50 



The xanthopsin protein family 

ORF AA Position re FAS' 

orfA 185 717-1274 5 
pxp 124 1299-1673 0 PYP 
orfB 188 1688-2254 5 
orfC 166 2251-2751 2 

Table 1 
Putative coding regions of the R. sphaeroides NCIB8253 6.5-kb 
DNA fragment 

re FASTA AL/gaps sim/id Ref. 

125/1 64/49 [5] 

pel 411 2763-3998 0 PCL 413/12 55/36 [5] 
mjD 176 4031-4561 5 
orfE 336 4561-5571 14 
orfF 227 5571-6254 0 SRI 232/5 47/22 [19] 

The columns indicate the number of encoded amino acids (AA), 
the position on the DNA fragment (position), the number of rare 
codons (re), using a threshold of 0.02, significant similarity to a 
protein found in the SwissProt protein database (FASTA), the 
length of the alignment to the subsequent proteins (AL), the 
number of gaps in the alignment (gaps), the percentage of 
similarity (sim) and identity (id) and the reference to the homolo
gous protein (Ref.). 

ous report, we showed that a pel gene was also 
present in E. halophila, but directly downstream of 
the pyp gene [5]. There, we proposed that its gene 
product is involved in the conversion of the chro-
mophore to its CoA derivative, before the latter is 
linked to apoPYP. Now, with the conservation of this 
downstream gene in R. sphaeroides, a functional 
involvement of its product with PYP appears even 
more likely. The R. sphaeroides PCL is most homol
ogous to the E. halophila PCL (Table 1 ) and contains 
the highly conserved motif present among AMP-bi-

nding proteins. This streich of amino acids is present 
in a large number of enzymes, forming an acyl-
adenylate from a fatty acid and ATP. followed by the 
transfer of the acyl group to the sulfhydryl group of 
CoA and subsequent release of AMP [24], This could 
very well be the mechanism of /;-coumaric acid 
activation in R. sphaeroides. Furthermore, 4 kb 
downstream from pyp, a gene {orfF) was identified, 
encoding a product that shows a striking similarity to 
sensory rhodopsin I, a membrane spanning photore
ceptor from the archaeon Halohaclerium salinarum, 
mediating negative phototaxis [19]. The significance 
of this finding is not yet clear, since the bacterial 
rhodopsin signature and the retinal-binding site signa
ture sequences are not conserved. However, the ob
served homology is very likely to indicate the pres
ence of membrane spanning regions in OrfF, as is 
also supported by its hydrophobicity plot (data not 
shown). 

We identified the 4-hydroxy-cinnamic acid chro-
mophore in phototrophically grown Rhodobacter 
cells by capillary zone electrophoresis (Fig. 3), per
formed according to methods described in [5]. Exper
iments aimed at the identification of the chromophore 
from R. sphaeroides cells grown semi-aerobically in 
the dark showed that this compound was not present 
in these cells (data not shown). This is compatible 
with the proposed photoreceptor role for PYP, needed 
under phototrophic conditions, where the protein me
diates a response resulting in migration from too high 
(blue) light intensities [6]. These findings for R. 

Ehal 
Csal 
Rsal 
Rsph 

Ehal 
Csal 
Rsal 
Rsph 

M E 
M D 
M E 
M E 

G R 
G R 
G R 
NIR 

L A 
L A 
M A 
L A 

M D D G Çj L D 
M S D Q D L D 
M G D A Q I D 

- E ? Q R A E 

K 0 V I G K N F F K D V A P C T 
K S V I G K N F F K D V A P C T 
0 D V I G K N F F K D I A P C T 
A D V I G K N F F | N | E I A P CIA 

L A F G A I Q L D 
L A F G A I Q L D 
L A F G A I Q L D 

_LTP1F G A V[L1L D 

Ehal T P T K V K V H M K 
Csal K P T K V K V H M K 
Rsal 0 P T K V K V H M K 
Rsph A N V G|V K I H M K 

L S|G D S Y W V F V K R V] 
L V ~ D ] D S Y W I F V K R [ T 

I T [ G D S Y W I F V K R ï ] 

P D[G|~Q1 S C WFLIF V K R V| 

Fig. 2. Multiple sequence alignment of the 4 known PYP amino acid sequences. Abbreviations: Ehal = E. halophila, Csal = C. 
mlexigens, Rsal = Rh. salexigens, Rsph = R. sphaeroides. Sequences have been aligned with the programs PILEUP and PRETTYPLOT, 
using default settings. 
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A 
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B 
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Fig. 3. Electropherograms of ethyl acetate extracts from R. 
sphaeroides RKI cells. The eluate was analysed at 284 nm. 
Trace (A) shows 4-hydroxy cinnamic acid at 7.3 min and an 
unidentified compound at 8.3 min. Trace (B) shows the result of 
co-injection analysis of the extract with 4-hydroxy cinnamic acid 
(Sigma), showing enhancement of the peak at 7.3 min. 

sphaeroides are strongly reminiscent of the informa
tion available for the purple bacterium Rs. salexi-
gens, in which protein-attached chromophore, as well 
as PYP, could only be identified in cells grown 
anaerobically in the light, and not in aerobically 
grown cells in the dark [5.22]. 

A structural model for R. sphaeroides PYP, based 
upon the new sequence reported here, was con
structed using the homology modelling procedure in 
the program WHATIF [25]. Rotamers of conserved 
residues were left unchanged, and all other residues 
were initially mutated to alanines. Rotamers were 

then modelled using the WHATIF backbone-depen
dent rotamer libraries. At each position, rotamer qual
ity was checked by hydrogen bonding, van der Waals 
bumps and packing quality [26]. The resulting model 
was subjected to energy minimisations prior and sub
sequent to a 2-ps molecular dynamics run, using the 
GROMOS87 suite of programs [27]. Calculations 
were performed in vacuo with crystallographic wa
ters, using the GROMOS reduced charges forcefield. 
The chromophore p-coumaric acid was included in 
the calculations, using a topology described else
where [28]. There are two clusters of mutations that 
are buried in the protein (positions 4, 11, 14 and 82, 
83, 88, 118; Fig. 4). In both cases, cavities created by 
mutations to smaller residues are compensated by 
mutations to larger residues at complementary posi
tions in the cluster. This mutational complementarity 
emphasises the quality of the model. Due to several 
mutations of (acidic) residues to neutral and basic 
residues, a positively charged patch has emerged in 
the region 71-81 (Fig. 4A). So far, this group of 
solvent-accessible positive amino acids has only been 
found in R. sphaeroides PYP, contributing to a 
striking shift upwards in the calculated iso-electric 
point in comparison to the other three known PYPs 
(10.10 vs. 5.00 + 0.77). The basic structure of the 
chromophore pocket has been conserved (Fig. 4B). 
Two residues close to the chromophore, however, 
that have been changed compared to the E. halophila 
sequence, lead to small changes in the chromophore 
binding pocket. At position 50, there is an Ala in the 
R. sphaeroides sequence, while there is a Thr in the 
E. halophila PYP sequence, which hydrogen-bonds 
to Tyr98. By changing it to an Ala, there are two 
effects: (i) this hydrogen bond is lost, and Tyr98 may 
become more mobile and (ii) a small cavity next to 
the chromophore is created, giving it more flexibility. 
Similarly, there is a residue change Thr to Ala at 
position 70. A side chain-backbone hydrogen bond is 
thereby lost and a small cavity is created, possibly 
leading to similar effects. 

We thank Prof. C.N. Hunter from the University of 
Sheffield, UK, for kindly providing the R. 
sphaeroides gene bank. We thank M. Gomelski, R. 
Ng and D. Needleman from the Department of Mi
crobiology and Molecular Genetics, University of 
Texas Medical School Houston, USA for carrying out 
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Phe96 
Cys69^ 

Fig. 4. Spatial model for R. sphaeroides PYP. (A) Overall view of the model. The C a trace is coloured grey, using a darker shade for 
the central ß sheet. The four positively charged amino acids, which are part of the new patch around residue 75 (see text) are coloured 
red. Three prolines leading to a more rigid N-terminal domain are coloured green. The two clusters of buried mutations are coloured blue 
and the 4-hydroxy cinnamic acid chromophore is shown in yellow. (B) Chromophore binding pocket. The C-a trace is shown in dark 
grey and side chains in grey. Oxygen atoms are red, the sulphur atom is yellow and nitrogen atoms are coloured blue. Residues contacting 
the chromophore pocket are labelled. The 4-hydroxy cinnamic acid chromophore. covalently attached to Cys69, is shown in stick and ball 
representation. 
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TAFE and part of the DNA sequencing. The latter 
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terdam, The Netherlands, for expert assistance in 
DNA sequencing. We thank J. Hendriks from the 
University of Amsterdam, The Netherlands for work 
on the 3-D figures. M.P.-J., K.J.H. and W.C. thank 
the Royal Society, London and the British council-
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Chapter 3 
Light-induced motility and adaptation responses in 

Rhodobacter sphaeroides 

The computer-assisted single-cell motion analyses and the methylation assays described in this 
chapter have been carried out at the Department of Microbiology and Molecular Genetics, 
University of Texas Medical Center, Houston, USA, in the laboratory of Prof. dr. J. L. Spudich 
with support of a collaborative research grant No. 960237 from NATO to J.L. Spudich and SIR-
travel grant 14-1779 from the Dutch Organization for Scientific Rersearch (NWO) to R. Kort. 
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3.1 Physiological and genetic characteriza
tion of blue-light responses 

The recent identification of a photoac
tive yellow protein gene (]>yp) in the well-
characterized bacterium Rb. sphaeroides 
incited us to investigate the in vivo role of 
this photosensor, which is proposed to 
mediate a Photophobie tactic response 
towards blue-light. We identified a blue-
light Photophobie response in swimming 
Rb. sphaeroides cells and characterized this 
response by computer-assisted motion 
analysis. Subsequently, mutants of Rb. 
sphaeroides were constructed, where the 
pyp gene was deleted or inactivated by 
insertion of an antibiotic resistance 
cassette. Neither of these mutants was 
affected with respect to its blue-light 
Photophobie response. In addition, these 
mutants showed wild-type like blue-light 
induced release of methanol groups, 
indicative for demethylation involved in 
adaptation. These results indicate that the 
blue-light responses analyzed so far are 
mediated by a blue-light photosensor other 
than PYP. To further investigate the role of 
PYP, we carried out a Northern analysis, 
which suggests that the pyp gene is co-
transcribed with a pel gene. The latter gene 
has been proposed to be involved in the 4-
hydroxy cinnamic acid chromophore 
activation. In addition, the presence of two 
large pyp transcripts (-15 and -25 kb) may 
indicate the involvement of a relatively 
large number of genes in the photosensory 
system mediated by PYP. 

Introduction 

The photosensor photoactive yellow 
protein (PYP) is a 14 kDa water-soluble 
protein, which has been purified from a 
number of halophilic purple bacteria, including 
Ectothiorhodospira halophila, Rhodospiril-
lum salexigens and Chromativm salexigens 
(Koh et al., 1996; Meyer, 1985; Meyer et ai, 
1990). After absorption of a blue photon, PYP 
displays a photocycle that resembles that of 
the archaebacterial sensory rhodopsins (Hoff 
et al., 1994c; Meyer et ai, 1987). The 
chromophore in PYP is 4-hydroxy cinnamic 

acid, which is covalently linked to the unique 
cysteine of the protein via a thiol ester bond 
(Baca el ai, 1994; Hoffe/ ai, 1994a). The 
identification of this new chromophore and the 
presumed wide distribution of this type of 
chromoprotein among eubacteria (Hoffe/ ai, 
1994b) led to the proposal to group all 
photoactive yellow proteins into a new protein 
family, 4-hydroxy cinnamic acid-containing 
photosensory proteins, the xanthopsins 
(chapter 2), in addition to the retinal-
containing rhodopsins in archaebacteria. The 
crystal structure of PYP has been solved at 
1.4 Â resolution (Borgstahl, Williams & 
Getzoff, 1995), showing an o/ß-fold that has 
been hypothesized to be the structural basis of 
a PAS-domain (Pellequer et ai, 1998). This 
domain is present in a large set of multi-
domain protein sensors and transcription 
factors involved in signal transduction. The 
intrinsic photoactivity of PYP makes this 
protein an excellent model system for time-
resolved X-ray crystallography and NMR 
studies These studies provide structural infor
mation about photocycle intermediates, 
formed on the nanosecond to millisecond time 
scale, after reaction initiation (Genick et ai, 
1997; Perman et ai, 1998; Rubinstenn et ai, 
1998). 

The detailed insight in the photocycle of 
PYP and its associated structural changes 
upon light absorption, is in strong contrast 
with the poor understanding of its physio
logical role in the living cell. Studies on 
phototactic behavior of E. halophila revealed 
a light-induced increase in reversal frequency 
of swimming cells, with a wavelength 
dependence that matches the absorbance 
spectrum of PYP (Sprenger et ai, 1993). This 
observation led to the hypothesis that PYP 
acts as a photosensor for phototaxis, 
mediating this blue-light repellent response. In 
1996, the pyp genes from E. halophila and Rs. 
salexigens were cloned (chapter 2.1), allowing 
in principle the experiments to obtain the 
genetic proof for this presumed function of 
PYP by gene replacement in one of these 
organisms. Since E. halophila shows, in 
contrast to Äs. salexigens (Sprenger and 
Hellingwerf, unpublished observations), a 
clear phototactic blue-light response (Spren
ger et ai, 1993), this purple sulfur bacterium 
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was initially chosen as the candidate to obtain 
this genetic proof. However, the development 
of a genetic system in E. halophila has been 
hampered by (i) its low growth rate (colonies 
on plates appear only after 2 weeks) (ii) the 
need for strictly anaerobic conditions in the 
light during growth, (iii) the inefficiency of 
many antibiotics at high salt concentrations 
and (iv) the instability of tested plasmids 
(IncPa incompatibility group), needed to test 
the feasibility of markers and for the 
complementation of mutants. In spite of their 
large difference in tolerance against low and 
high salt concentrations, conditions could be 
found for mating experiments of E. coli and E. 
halophila and conjugal transfer of DNA from 
E. coli to E. halophila has been demonstrated 
by Southern blot analyses (Hoffer, Hellingwerf 
& Kelly, unpublished observations). Lowering 
the salt concentration in general increased the 
susceptibility of E. halophila for antibiotics, a 
trend also evident from previous studies with 
other, moderately halophilic bacteria (Corona-
do et al'., 1995). In agreement with our obser
vations in E. halophila, it was demonstrated 
that IncPa plasmids are not stably maintained 
in the closely related purple sulfur bacterium 
Chromatium vinosum (Pattaragulwanit & 
Dahl, 1995). However, an IncQ vector was 
stable in this bacterium, making this type of 
plasmid the perfect candidate for future 
attempts to express genes in E. halophila. 

Additional evidence about the function of 
E. halophila PYP may be obtained by sequen
cing and subsequent analysis of flanking 
regions of the pyp gene, since functionally 
related genes are often located in each other's 
vicinity in prokaryotes. The analysis of these 
regions however, did not lead to the 
identification of genes encoding additional 
components of a photosensory signal trans
duction system. This indicates an organization 
of genes that is different from that in the well-
studied photosensory system of Halobacte-
rium salinarum, where the genes encoding the 
two photosensors are directly downstream 
from the genes encoding their corresponding 
transducer (Yao & Spudich, 1992; Zhang et 
al., 1996). Instead, upstream from pyp, a gene 
(dada) was found that encodes a protein that 
is homologous to the small subunit of the 
membrane-bound iron-sulfur flavoenzyme D-

amino acid dehydrogenase (37% identity, 6 1 % 
similarity) (Baca et al., 1994). Directly down
stream from pyp, a gene (pel) was identified 
that encodes a protein homologous to CoA 
ligases (20-26% identity, 45-52% similarity) 
(chapter 2.1). The latter finding led to the 
proposal that this putative E. halophila 
protein could function as a 4-hydroxy cinna-
myl CoA ligase, activating the 4-hydroxy 
cinnamic acid chromophore of PYP by CoA 
esterification, before covalent linkage to the 
apoprotein (chapter 2.1). 

Recently, we identified a pyp gene in the 
well-characterized purple non-sulfur bacte
rium Rb. sphaeroides, by screening chromoso
mal DNA from a number of microorganisms 
by sequencing synthesized DNA fragments, 
resulting from a polymerase chain reaction 
with specifically designed oligonucleotides 
(chapter 2.1). Rb. sphaeroides is a non-
halophilic anoxygenic photosynthetic bacte
rium, which also grows under aerobic 
conditions in the dark, and for which the 
genetic techniques for inactivation and 
expression of genes have been well-established 
(Donohue & Kaplan, 1991). Thus, the identifi
cation of this pyp gene shifted our focus from 
E. halophila to Rb. sphaeroides as the most 
suitable organism to prove the physiological 
function of PYP. The Rb. sphaeroides pyp 
gene was cloned and sequenced and putative 
genes were identified upstream and down
stream from pyp (chapter 2.2). This sequence 
analysis revealed two points of primary 
interest. First, a pel gene is present in Rb. 
sphaeroides 1 kb downstream of pyp. This 
putative gene encodes a protein that is most 
similar to the PCL homologue from E. 
halophila (36% identity, 55% similarity). This 
finding makes a functional correlation between 
this gene and pyp more likely. Second, an 
open reading frame downstream from pyp, 
designated orfl7, encodes a putative 
membrane-spanning protein that shows homo
logy to sensory rhodopsin I from Halobacte-
riiuv salinarum (22% identity, 47% similari
ty), be it that the retinal-binding site sequence 
is not conserved in OrfF. Besides the function 
of pyp, also those of pel and orfF have been 
investigated in this study, by Northern analysis 
and gene disruption, respectively. 

In order to characterize the photoactive 
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yellow protein from Rb. sphaeroides, the pyp 
gene was inserted into the vector pQE30 for 
overexpression in E. coli. In contrast to 
results obtained for E. halophila PYP (chapter 
2.1), this approach did not lead to the 
overproduction of high amounts of Rb. 
sphaeroides apoPYP. Only very small 
amounts of recombinant protein were detected 
in cell-free extracts of E. coli, which only 
could be identified by Western blots with a 
polyclonal antiserum raised against E. halo
phila PYP (Los, Kort & Hellingwerf, 
unpublished observations). These amounts 
were not sufficient to demonstrate the in vitro 
formation of a yellow-colored protein with 
activated chromophore, according to methods 
described by Imamoto el ai, (1995). 
Nevertheless, we were able to demonstrate the 
presence of the 4-hydroxy cinnamic chromo
phore in cell-free extracts of Rb. sphaeroides 
by capillary zone electrophoresis (chapter 
2.2). We assume that this compound was 
released from PYP, present in the Rb. 
sphaeroides extracts, during high-pH treat
ment, which is part of the chromophore-
extraction procedure. The conservation of all 
amino acids in Rb. sphaeroides PYP, that play 
an essential role in the chromophore binding 
pocket, is a second indication that the Rb. 
sphaeroides pyp gene product is a 4-hydroxy 
cinnamic acid-containing chromoprotein. 

Taxis in Rb. sphaeroides (especially 
Chemotaxis) has been subject of extensive 
studies over the last two decades and has been 
shown to deviate in many ways from the 
prototype system in enteric bacteria; for a 
recent review see Armitage & Schmitt (1997). 
A phototactic response has been reported in 
Rb. sphaeroides WS8-N: the bacterium res
ponds to a step-down in yellow-green light 
(530-600 nm) and to near infrared light in a 
background of red monitoring light (650 +/-
10 nm) by an increase of the stop or 
reorientation frequency, with adaptation 
taking 40 s (Grishanin, Gauden & Armitage, 
1997). Several lines of evidence indicate that 
the photosynthetic apparatus is the primary 
photoreceptor for this response (Grishanin el 
al., 1997). Photoresponses to increases in 
light intensity, as reported here to be present 
in Rb. sphaeroides RK1, have not been 
observed in the Rhodobacter strain WS8-N. 

This study is aimed at the identification and 
characterization of blue-light responses in Rb. 
sphaeroides and the subsequent genetic 
characterization of pyp mutants. Tracks of 
single cells were followed before, and during 
blue-light exposure, by computer-assisted 
motion analysis. In addition, adaptive 
demethylation was analyzed in these mutants 
by measuring release of methanol groups in 
blue-light exposed, intact Rb. sphaeroides 
cells. The involvement of the photosensor 
photoactive yellow protein in these blue-light 
responses was investigated by the construction 
and analysis of two Rb. sphaeroides mutants, 
which lack the pyp gene by insertional 
inactivation and deletion, respectively. 

Materials and Methods 

Strains, plasmids and primers. The 
bacterial strains, plasmids and primers used 
are listed in table 1. E. coli strains were 
cultured at 37°C in Luria Bertani medium. Rb. 
sphaeroides strains were cultured at 30°C 
degrees under anaerobic conditions in the light 
(15 W/m ) in Sistrom's minimal medium A 
supplemented with succinate as the carbon 
source (Sistrom, 1962). 

Construction of pyp mutants. In order to 
make a pyp deletion, a 10 kb DNA fragment 
was amplified, using the plasmid pAMRO as 
the template, the oligonucleotides MIRJAM1 
and MIRJAM2, annealing at the 5' and 3' 
ends of pyp in opposite directions, and the 
Expand PCR kit (Boehringer Mannheim). 
PCR was carried out in 30 cycles of 10 s 
denaturation at 94°C, 30 s annealing at 60°C 
and 600 s elongation at 68°C. The PCR-
product was circularized by T4 DNA ligase 
after digestion with Xba\, and removal of 
template DNA with Dpril, cutting only the in 
vivo methylated 5'-GAmTC-3' sites. The 
ligation mixture was transformed to E. coli 
and transformants were checked for the 
presence of a 10-kb plasmid, containing a 
unique Xbal site. This plasmid, designated 
pAMBI was retransformed to E.coli S17-1. In 
addition, the pyp gene was interrupted by 
insertion of a Km cassette into the unique 
£co47III site, yielding pAMMI-980. Besides, 
a plasmid was constructed for inactivation of 
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the putative gene orfF by insertion of a PCR-
product of 360 bp, from the 5' prime part of 
this 681 bp-gene lacking the initiation signals, 
in pSUP202. A single crossing-over event 
with this plasmid, designated to pAMMI-973, 
will lead to 2 inactive copies of orfF in the 
chromosome of Rb. sphaeroides. Approxima
tely 1010 cells of E. coli S17-l/pAMBI 
(conjugation 1), E. coli S17-l/pAMMI-980 
(conjugation 2), E. coli S17-1/pAMMI-973 
(conjugation 3) and E. coli S17-l/pLA2917 
(conjugation 4) were incubated overnight at 
32°C on Sistrom plates for conjugal transfer 

of plasmids to Rb. sphaeroides RK1, using a 
dononrecipient ratio of 1:10. Selection for 
trans-conjugants was carried out by transfer of 
cell mixtures to Sistrom plates containing Km 
(conjugation 2) or Tc (conjugations 1, 3 and 
4). After incubation for three days at 30°C 
single Rb. sphaeroides colonies were visible 
on selective plates. A single Rb. sphaeroides 

Tc resistant colony, resulting from conju
gation 1, was used as an inoculum for 2 cycles 
of growth in Sistrom medium (1:50 dilution) 
of 24 hours each without antibiotic pressure, 
to allow excision of the integrated plasmid. 

Strains Characteristics Source or reference 

E. coli 
DH5a general cloning strain Gibco BRL 
S17-1 RP4-2(Tc::Mu)(Knv:Tn7), thi.pro, hsdR, hsc!M+, reck, TpR, SmR Simon era/., 1983 

Rb. sphaeroides 
2.4.1 wild-type, type strain W.R. Sistrom 
NCIB8253 wild-type RA. Niederman 
WS8-N motile strain, nalidixic acid W.R. Sistrom 
RK1 wild-type, motile strain Chapter 2.2 
RK1PI pyp interruption mutant of RK1, Km This study 
RK1DP Apyp mutant of RK1 This study 
RK1FI orfF interruption mutant of RK1 by plasmid integration, Tc This study 

Plasmids 
pQE30 RBSII, 6xHis tag, ColEl ori, ApR , CmR Qiagen 
pLA2917 21 kb cosmid cloning derivative of pLA2901,Km , Tc Allen & Hanson, 1985 
pSUP202 pBR325 derivative; Mob+, ApR, CmR, TcR Simone/ al., 1983 
pUC4-KIXX Tn5 KmR gene inserted into pUC4-K, ApR, KmR, B1R Pharmacia 
pSUP202.79 11 kb Rb. sphaeroides Taql partial digest inserted into 

the Clal site in pSUP202 Chapter 2.2 
pAMRO 2.2 kbAalll fragment from pSUP202.79 inserted into 

thevlarIIsiteinpSUP202 This study 
pASTA-1 2.2 kbAalll fragment from pSUP202.79 inserted into 

the^o(IIsiteinpQE30 This study 
pASTA-2 1.4 kb Smal fragment from pUC4-KIXX (the Tn5 KmR 

gene) inserted into the ££047111 site in pASTA-1 This study 
pAMMI-973 0.4 kb PCR-product, obtained with primers ORFFF and 

ORFFR inserted into £coRI Ncol digested pSUP202 This study 
pAMMI-980 3.6 kb^arll fragment from pASTA-2 inserted into 

thevlafll site in pSUP202 This study 
pAMBI Apyp of pAMRO, constructed by ligation of a PCR-product, 

obtained with primers MIRJAM 1 and MIRJAM2 This study 

Primers (restriction sites are underlined) 
MIRJAM 1 ATGATTTCTAGATCGTGTGTCTCGCGTTGAAG This study 
MIRJAM2 CTCTTCTCTAGACGGGTCTGAGCGGGTCCGGC This study 

ORFFF CCGGAATTCTCGCGCTGGGGCTCGGCATC This study 

ORFFR CGCCGACCATGGACACGAGCCCCGCCCGGCGG This study 
PCLF CCGGAATTCGGGTGCTCGACCGGGAGGCG This study 

PCLR GGCGTGCCCATGGCCAGATCGCCGGAGCGCGCG This study 
SPHF CGATCCTGAAATACAACAGG This study 
SPHR GCGAACTTGCTAATCGAACAT This study 

Table 1. Bacteria, plasmids and primers used in this study. 
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Subsequently, cells were plated on Sistrom 
plates and screened for Tc-sensitivity. As a 
negative control in these experiments, matings 
with E. coli strain S17-1 were carried out, 
which does not harbor any plasmid. All 
mutants were further checked by Southern 
blots. 

Single-cell motion analysis. lib. 
sphaeroides cells were cultured under 
anaerobic conditions in the light and analyzed 

at ODMO -0.8. The optical arrangement used 
in this study is described by Zacks et al, 
(1993) with a few modifications (figure 1). 
Cells were monitored by dark field 
microscopy with a 150 W tungsten-halogen 
lamp (Ushio Inc.), using infrared light and a 
600 nm long-pass filter with a light intensity of 
8.3x10 ergscm" s" , determined with a Ket
tering Radiant Power Meter (Scientific 
Instruments). Blue-light Photophobie stimuli 
were 3 seconds in duration and were delivered 
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Figure 1. Optical arrangement for measurement of photola\is and Photophobie responses. Figure adapted from 
Zacks e/o/. (1993). 
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via a HBO 103W/2 mercury short arc lamp 
(Osram) with use of 400, 450 and 500 nm 
broad band interference filters (+/- 20 nm). 
The surface of the Photophobie light spot is 
smaller than the surface of the sensor of the 
light intensity meter. Thus, to overcome an 
underestimation of the light intensities used, a 
correction factor should be applied. The 
surface of the light spot was determined by 
exposure of a film to photophobic stimulating 
light. The radius of the light spot was 5 mm. 
The surface of the sensor of the light-intensity 
meter is 8 x 14 mm , resulting in a correction 
factor of 1.6. The corrected light intensities 
used were 1.1x10 ergscm" s" , 8.3x10 
ergscm'V and 5.1x10 ergscm" s" , for 400, 
450 and 500-nm light, respectively. The 
motion analysis system was run on a SPARC 
IPC workstation. The average linear speed 
(spd) was obtained by the combination of two 
data sets, in which the paths of single, motile 
cells were tracked for a period of 4 seconds. 
The first data set was obtained 1 second 
before the blue-light pulse and 3 seconds 
during the pulse and the second data set 1 
second during the pulse and 3 seconds after 
the pulse, both with a frame rate of 15 frames 
per second (i.e 67 ms/frame). The settings 
used for the calculation of the centroids were: 
neighbor width/height 2/2, minimum number 
of pixels 1, maximum 4096; the settings for 
the calculation of the paths were: search mask 
size 15, minimum path duration 40, average 
minimum movement 1. All calculated paths 
were inspected and paths of immotile cells 
were removed with the path editor. About 150 
paths, obtained from 10 independent 
recordings, were merged into a single file and 
used for the calculation of the average linear 
speed. 

Methanol release assay. This assay was 
developed by Kehry, Doak & Dahlquist 
(1985). Rb. sphaeroides cells used for this 
assay were cultured under anaerobic 
conditions in the light and cells were checked 
for motility and the blue-light motility 
response before use. The assay is carried out 
according to methods described in chapter 3.2 
of this thesis. 

Southern blotting. Chromosomal DNA 
was isolated as described (Sambrook, Fritsch 
& Maniatis, 1989). DNA was digested with 
Psll and fragments were separated on a 0.9% 
agarose gel. DNA was transferred by vacuum 
blotting to a nitrocellulose membrane. Label
ing of the probes (50 ng DNA) was carried 
out for 3 hours at 37°C with a random 
hexanucleotide mixture (Boehringer Mann
heim), priming the DNA polymerase reaction 
with use of Klenow, dNTPs and labeled a- P-
dCTP (75 |_iCi). Unincorporated label was 
removed by purification with a Sephadex G50 
column. Hybridization was performed at 65°C 
and washing at high stringency were carried 
out according to standard methods (Sambrook 
etal., 1989). 

Northern blotting. RNA was extracted 
from Rb. sphaeroides cells, cultured under 
anaerobic conditions in the light (ODöóO = 
0.6), with use of the RNeasy mini kit (Qiagen, 
Santa Ciarita, CA). To determine the size of 
pyp transcripts and to check for co-transcrip
tion with the pel gene, 15 ug of Rb. 
sphaeroides RNA was equally divided over 3 
slots and an RNA marker, ranging from 0.28 
to 6.58 kb (Promega, Madison, WI), was 
loaded in a fourth slot of a 1% agarose gel, 
containing 6% formaldehyde. After electro
phoresis for 3 hours at 30 V, the gel was 
divided in 2 parts. The first part, containing 
the marker and one of the RNA lanes, was 
stained with ethidium bromide and photo
graphed for size-estimation. The second part, 
containing the 2 remaining RNA lanes, was 
blotted by capillary transfer on a Hybond-N 
filter (Amersham, Life Science Inc). After 
blotting, the filter was cut in 2 parts, with 1 
lane of RNA each: one for probing with the 
pyp gene, the other for probing with the pel 
gene. Probes were obtained by PCR with 
oligonucleotides SPHR, SPHF for the pyp 
probe and PCLR, PCLF for the pel probe, 
yielding products of 180 bp and 616 bp, 
respectively (table 1). Labeling of these probes 
was carried out as described for Southern 
blotting. Hybridization was performed at 42°C 
and washing steps at high stringency were 
carried out according to standard methods 
(Sambrook et al., 1989). 
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Results 

Selection of mutants. In conjugation 1 
(see materials and method) Tc resistant 
colonies, resulting from a single crossing-over 
event, were obtained with a frequency of 1 
conjugant per 4x10 recipients. One of these 
colonies was further cultured for two cycles 
without antibiotic pressure to allow excision 
of the plasmid for a pyp deletion. The 
resulting culture was diluted and spread on 
Sistrom plates, followed by screening for Tc 
sensitivity, yielding 3 out of 288 colonies. In 
conjugation 2 (for the insertional inactivation 
of pyp), selection for Km resistant colonies 
was followed by screening for Tc sensitive 
colonies, yielding 1 Tc sensitive colony out of 
60 Tc resistant and Km resistant colonies, 
resulting in a final frequency for double 
crossing-over conjugants of 1 per 7x10 
recipients. Conjugation 3, carried out for 
inactivation of oifF by a single crossing-over 
event, yielded Tc resistant colonies with a 
frequency of 1 per 2x10 recipients. 
Conjugation 4 with plasmid pLA2917, which 
can be considered as the positive control for 
conjugal transfer of DNA in this experiment, 
yielded 1 Tc resistant conjugant per 5 10"' 
recipients. 

Characterization of motility response. A 
step-up in blue-light in a background of 
infrared light causes a motility response in 
swimming Rb. sphaeroides cells, cultured 
under anaerobic conditions in the light (a 
single-cell track is shown in figure 2). The 
average linear speed and of 150 of these cell 
paths was determined (figure 3). The cells 
start to respond by a stop after a delay of 0.27 
s, detailed inspection of the recorded response 
(15 frames per second) reveals the start of the 
blue-light pulse at frame 16 and a decrease of 
the average speed after frame 20. During this 
delay the speed of individual cells slightly 
increases, which may be due to the increase in 
light intensity, causing a higher proton motive 
force, affecting the swimming speed of cells 
(this is called photokinesis). After 1.27 s, the 
cells reach the lowest average speed. This is 
not caused by a decrease in swimming speed, 
but by the fact that the cells stop for 
reorientation (equivalent to tumbling in E. 

coli). After the pulse (duration 3 s), the cells 
start swimming again after a delay of 0.07 s. 
The cells recover to their pre-stimulus 
swimming speed. When the blue-light pulse 
duration is extended for several minutes, full 
adaptation to pre-stimulus level was never 
observed, but cells continued swimming with 
increased stop frequency during blue light 
exposure. When the 450 +/- 20 nm 
interference filter was replaced by a 500 +/-
20 nm interference filter, no motility response 
after a light step-up was observed. On the 
other hand, a step-up in light of 400 nm +/- 20 
nm or white light (without any interference 
filter) did result in a stop response as well 
(data not shown). A decrease of the 450 nm 
+/- 20 nm pulse duration from 3 seconds to 1 
second did not significantly affect the 
amplitude of the response (calculated by the 
slope of the plot between 1.3 and 2.3 seconds; 
see also figure 3), but a decrease to 100 ms 
did result in a reduction of the response to 
approximately 20%. Exposure of anaerobic-
ally cultured Rb. sphaeroides RK1 cells to 
oxygen also results in an increased stop 
frequency, as observed previously for Rb. 
sphaeroides WS8-N (Gauden & Armitage, 
1995). No effect of blue-light on the motility 
of cells was observed, when the cells respond 
to oxygen, thus the cells need to be kept under 
anaerobic conditions. Cells grown at high-light 

Figure 2. Single-cell track (starting at the right upper 
corner). The arrow indicates the start of the blue-light 
step-up. The lime interval between 2 dots is 67 ms. 
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(100 W/m2) or low-light (3W/m2) intensity did 
not show significant changes in amplitude of 
the blue-light motility response. Cells grown 
at low-light intensities have an increased 
capacity of the photosynthetic light-harvesting 
apparatus. Thus, this result argues against a 
role for the photosynthetic pigment in this 
motility response. In contrast, the response to 
a decrease in photosynthetic light is strongly 
dependent on the capacity of the photo
synthetic light-harvesting apparatus: cells 
grown at high-light intensities show photo-
responses to a much greater range of step-
down intensities than cells grown at low-light 
intensities, because photosynthesis remains 
saturated at relatively low-light intensities in 

low-light grown cells (Grishanin et al, 1997). 
A determination of the blue-light response as a 
function of the light intensity with use of 
neutral density filters showed that, when 
stimulating light was reduced to 70% and 
30%, the amplitude of the response was 
reduced to approximately 70% and 30%, 
respectively Furthermore, it was observed 
that sometimes only part of the cell population 
responds and that sometimes, after a period of 
10 to 15 minutes all the cells completely lose 
their response to blue-light, while the motility 
of these cells is not affected. 

Genotypic analysis. A Southern blot with 
digested chromosomal DNA, probed with a 
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Figure 3. The effect of blue-light on the average speed of free-swimming Rb. sphaeroides cells as a function of 
time. Delay is 1 second, followed by 3 seconds step-up in blue-light. Background monitoring light is infrared. The 
figure shows an average of 150 single-cell tracks. 
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180 bp DNA fragment, which is part of the 
pyp gene, obtained by PCR with oligo
nucleotides SPHR and SPHF (table 1), 
confirmed the deletion of the pyp gene in all 3 
Rb. sphaeroides Tc sensitive trans-conjugants 
(data not shown). A Southern blot with Pstl 
digested chromosomal DNA isolated from 
Rb. sphaeroides cells originating from 2 single 
Km , Tc colonies (genotypes pyp-A and pyp-
B), showed that the 2.4 kb wild-type 
hybridizing signal with the pyp probe was 
absent in both mutants (figure 4A). Instead, 
these mutants showed two separate 
hybridizing bands of 2.8 and 0.9 kb, in 
accordance with the introduction of an 
additional Pstl site via insertion of the Km 
cassette. The sum of the estimated size of the 
two hybridizing fragments observed in these 
mutants (3.7 kb) should be similar to that of 
the wild-type signal plus the Km cassette (3.8 
kb). The blot, presented in figure 4A, was 
stripped and probed with the Tc resistance 
cassette (1 kb Xmalll fragment from 
pSUP202), as indicated in figure 4B, in order 
to be sure that no further plasmid DNA was 
integrated in the chromosome of these strains. 
Indeed, no signals were observed in the 

mutants pyp-A and pyp-B. The orfF-A mutant 
however, shows a clear hybridizing signal in 
the blot in figure 4B, in agreement with the 
integration of the plasmid into the chromo
some, which is the strategy for the inactivation 
of this putative orfF gene. Hybridization with 
the orfF probe (a 360 bp PCR-product 
obtained with primers ORFFF and ORFFR; 
see table 1) shows the expected 2.8 kb signal 
in wild-type, and signals of 11.5 kb and 1.8 kb 
in the orfF-A and orfF-B mutants (figure 4C). 
This is in agreement with the expected size of 
the two Pstl fragments, which both contain an 
inactivated copy of the orfF gene. In addition 
to the analysis of these mutants, we checked 
several different Rhodobacter strains for the 
presence of the pyp gene with Southern blots. 
The corresponding results are listed in table 2. 

Phenotypic analysis. The selected Rb. 
sphaeroides pyp mutants RK1PI and RK1DP 
were subjected to single-cell motion analysis, 
as described in materials and methods. No 
differences were observed: blue-light motility 
responses were virtually the same as those of 
wild-type cells under all conditions tested (see 
also above). In addition, the blue-light induced 
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Figure 4. Southern blots of Pstl digested chromosomal DNA of Rb. sphaeroides RK1 wild-type and mutants, 
probed with A the pyp gene, B the tetracycline antibiotic resistance cassette and C orfF. 
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release of methanol groups was tested in the 
two pyp mutants and was not found to be 
significantly different from that in Rb. 
sphaeroides wild-type cells (figure 5). The 
inactivation of orfF (encoding a putative 
membrane-spanning protein) by plasmid 
integration did not lead to significant changes 
in the blue-light motility response either (table 
2). Besides these mutants, we tested several 
Rhodobacter strains for the presence of a pyp 
gene by Southern blots. Surprisingly, we 
found that the motile strain WS8-N showed 
no signals, while the type strain 2.4.1 did 
show specific signals (the negative control 
was Paracoccus denitrifwans chromosomal 
DNA in this experiment), which disappeared 
at high stringency (68°C, 0. lxSSC) (Gomelski 
& Kaplan, unpublished observations). In 
addition, among the three other purple 
bacteria known to contain pyp, only E. 
halophila shows a clear blue-light induced 
tactic response. It should be noted that the Rs. 
salexigens and E. halophila blue-light tactic 
responses were tested in an assay described by 
Sprenger et al. (1993), which is different from 
the assay described here. Among these three 
organisms, only Rs. salexigens is known to 
show blue-light induced release of methanol 
groups (data not shown). 

Northern analysis of pyp transcripts. 
Two Northern blots, containing RNA from 
anaerobically grown Rb. sphaeroides RK1 
cells, were probed in two independent 
experiments with a pyp probe (figure 6A) and 
apcl probe (figure 6B) Both blots show three 
transcripts of very similar sizes: 3 kb, -15 kb 
and -25 kb. RNA from Rb. sphaeroides RK1 
cells, cultured under aerobic conditions in the 
dark, does not show any signals, when probed 
with thepyp probe (data not shown). 

Discussion 

Construction of mutants. The highest 
conjugation frequencies (i.e. the number of 
trans-conjugants per number of recipients) 
were obtained for conjugation 4 with the E. 
coli S17-l/pLA2917 donor cells (the positive 
control). This high frequency (1 per 5x10 ) 
can be explained by the notion that in this 
experiment one only asks for plasmid transfer 
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Figure 5. Release of H-labeled methanol by Rb. 
sphaeroides wild-type cells and pyp mutants, grown 
under anaerobic conditions in the light, after a step-up 
in blue light, starting at the position of the arrow. Each 
point shows the counts per minute (CPM) of a collected 
0.5 ml fraction; the speed of the flow assay is 1 ml/min. 
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to Rb. sphaeroides and subsequent expression 
of an antibiotic resistance gene, but not for 
any crossing-over events by homologous 
recombination. Subsequently, for single 
crossing-over events in conjugations 1 and 2 
similar frequencies were obtained, 1 trans-
conjugant per 4x10 recipients and 1 trans-
conjugant per 10 recipients, respectively. In 
conjugation 3 however, only 1 trans-conjugant 
per 2x10 recipients was obtained, while also 
here selection for a single-crossing over event 
took place. This can be explained by taking 
into account the length of homologous DNA 
for recombination. In conjugation 1 and 2, 
these lengths are ~1 kb on either sides of the 
(deleted) pyp gene, while in conjugation 3 
only 360 bp of homologous DNA is available. 
Thus, as expected, the frequency of 
homologous recombination increases, when 
the length of the homologous DNA fragment 
is increased. The 360 bp-DNA fragment used 
for conjugation 3 was obtained by PCR with 
oligonucleotides, which were designed such, 
that (i) the initiation signals for translation 
were deleted (the ribosome binding site and 
the start codon), (ii) the 3' half of the gene 
was deleted and (iii) that orfF was out of 
frame with the chloramphenicol acetyltrans-
ferase (cat) gene, present on pSUP202. This 
to make sure that a single-crossing over event 
would lead to two inactive copies of orfF on 
the chromosome and that there would be no 
active product, resulting from a fusion to the 
cat gene, transcribed from the integrated 
plasmid. Besides the risk of polar effects, the 
disadvantage of the gene disruption method in 
conjugation 3 is that culturing of mutants 
without antibiotic pressure could lead to 
excision of the plasmid, resulting in re
formation of the wild-type genotype, while the 
other two methods lead to stable mutants. 

The blue-light motility response. Strictly 
spoken, it is not correct to describe the blue-
light response reported here as a phototactic 
response, because it has not been demon
strated that Rb. sphaeroides cells migrate 
away from high blue-light intensities. Upon 
exposure of swimming Rb. sphaeroides cells 
to blue-light, they stop, most probably 
followed by adaptation (see below). Would 
such a response lead to migration away from 

blue-light? The answer is probably not. For 
comparison one could consider the very 
similar motility response, displayed by swim
ming Rb. sphaeroides strain WS8-N (as well 
as strain RK1; data not shown), towards a 
decrease in photosynthetic light (Grishanin et 
al, 1997). These cells respond under anaero
bic conditions to a step-down of photo-
synthetic light by a transient stop, followed by 
adaptation. It was reported however, that 
swimming Rb. sphaeroides WS8-N cells 
exposed to a light beam for a few minutes, 
accumulate outside the light beam in the dark 
(Sackett et ai, 1997). For these photosyn
thetic bacteria this would not make sense, 
because they are dependent on light for 
growth under anaerobic conditions. Probably, 
in nature Rb. sphaeroides does not face such 
strong changes in light intensity, and one 
could explain the accumulation in the dark by 
overreacting of the cells. This means that what 
should actually be an increase in stop or 
reorientation frequency, results in this case in 
a complete stop, leading to an unfavorable 
accumulation pattern. This could also be true 
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Figure 6. Northern blots of RNA extracted from an-
aerobically cultured Rhodobacter sphaeroides RK1, 
with use of probes against A the pyp gene and B the 
pel gene. 
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for the blue-light motility response reported 
here. 

So far, all Rb. sphaeroides tactic responses 
show adaptation on relatively long time scales. 
This seems also to be true for the blue-light 
motility response reported here. This 
complicates the observation of adaptation. 
Free-swimming cells cannot be tracked on 
these time scales, because they leave the 
image. Cells tethered to the glass (without the 
use of antibodies against flagellar filaments) 
do not provide a solution to this problem, 
because they may leave their temporarily fixed 
position after a while or become completely 
immotile. However, our impression is that 
cells continue swimming with short intervals 
(or a high stop frequency) during blue-light 
exposure. When blue-light is turned off, even 
after minutes of exposure, cells still show a 
decrease in stop frequency, indicating that the 
cells were not fully adapted. This may also be 
due to the strong change in light intensity, 
whereas more subtle changes may result in full 
adaptation on relatively short time scales. 

The Rb. sphaeroides RK1 strain shows 
motility responses towards an increase in blue-
light, as well as a decrease of photosynthetic 
light (this report), whereas strain WS8-N only 
responds to a decrease in photosynthetic light 
(Grishanin etal., 1997; table 2). Although the 
response to light of 450 nm was most 
pronounced, this wavelength cannot be 
unambiguously considered as \m*x for the 
motility response described here, since the 

light intensity decreases when a shorter-
wavelength interference filter is used (see 
material and methods). As blue-light is also 
used for photosynthesis, Rb. sphaeroides RK1 
shows an increase in stop frequency towards a 
decrease of blue-light (and other wavelengths 
of photosynthetic light), while it, as reported, 
also shows an increase in stop frequency 
towards high blue-light intensities. These two 
responses may bias the swimming pattern of 
Rb. sphaeroides RK1 towards the most 
favorable light climate for photosynthesis, 
avoiding radiation damage. The differences 
found among Rb. sphaeroides strains may be 
due to their needs, associated to their specific 
natural habitats or may be caused by the loss 
of physiological responses due to repeated 
sub-culturing under lab conditions in very rich 
media. 

The involved photosensors. The finding 
that Rb. sphaeroides pyp mutants did not 
show any phenotype in blue-light motility 
response under all conditions tested, and that 
no changes were observed in blue-light 
induced release of methanol groups raises 
questions with respect to the nature of the 
photosensors involved in these responses, a 
topic which is addressed in this part of the 
discussion. First, the assumption is made that 
both the motility response and the methyl 
release response for a specific wavelength are 
mediated by the same photosensor (see also 
chapter 3.2). Second, it is known that the 

Strains pyp gene Motility response Methanol release 
Rb. sphaeroides RK1 yes yes yes 
Rb. sphaeroides RK1PI no yes yes 
Rb. sphaeroides RK1DP no yes yes 
Rb. sphaeroides RK1FI yes yes not determined 
Rb. sphaeroides NCIB8253 ves not motile not determined 
Rb. sphaeroides WS8-N no no not determined 
Rb. sphaeroides 2.4.1 ? not motile ves 
Rb. capsulatus SB 1003 yes no not determined 
Rs. salexigens WS68 yes no yes$ 

E. halophila BN9626 yes yes not determined 
E. halophila SL-1 yes yes not determined 

Southern blots show a specific signal, which disappears at high washing stringency, 
Gomelski & Kaplan, unpublished results 

% Jiang & Bauer, unpublished results 
assay conditions used were those as described by Sprenger et al. (1993) 

1 Kort, Hellingwerf & Spudich, unpublished results 
& Dzhanibekova. Perman & Moffat, unpublished results 

Table 2. Strains which have been tested for the presence of the pyp gene and blue-light responses. 
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photosynthetic apparatus most probably 
mediates motility and methanol release 
responses to a step-down in photosynthetic 
light (Grishanin et ai, 1997); chapter 3.2). 
The hypothesis that both the light step-up and 
the step-down response are mediated by a 
single photosensor, in this case the photosyn
thetic apparatus, cannot be excluded, but we 
found evidence that argues against this (see 
results) and it is hard to picture a mechanism 
There is however, an archaebacterial photo
sensor, sensory rhodopsin I (SRI), that 
mediates an attractant response towards 
orange light, as well as a repellent towards 
blue and UV-light (Spudich & Bogomolni, 
1984). The mechanism for this type of color 
discrimination involves (i) a photocycle with a 
SRI;«? ground state and SRI373 metastable 
state and (ii) a two-photon reaction The blue-
light motility response could be induced by a 
two-photon reaction, because this experiment 
was carried out in a background of infrared 
light, but this is not true for blue-light induced 
methyl release, where no background light 
was provided. Thus at first sight, an unknown, 
dedicated blue-light photosensor, mediating 
both motility and methyl release repellent 
responses, seems most plausible. It cannot be 
excluded that a PYP-like protein, encoded by 
a second copy of the pyp gene, mediates these 
blue-light responses in Rb. sphaeroides, 
although Southern blots have not revealed any 
additional signals. But Southern blots do not 
provide a reliable method for the elucidation 
of the number of copies of a specific gene in 
the genome of Rb. sphaeroides, as examples 
with cheY and cheA genes have shown 
convincingly (Hamblin et ai, 1997). 

Several aspects of the blue-light motility 
response cast doubt on the involvement of a 
dedicated blue-light photo-sensor. First of all, 
no response is observed for light pulses 
shorter than 100 ms. Second, the motility 
response only occurs at relatively high-light 
intensities; it is difficult to measure a response 
for light intensities, which are lower than 30% 
of the initial intensity (see materials and 
methods). Third, the response is gone after 
exposure of cells to oxygen, but also 
sometimes when cells are exposed to blue-
light for a period of -15 min. These 
observations clearly demonstrate that in these 

experiments multiple signals feed into the 
signal transduction pathway, controlling the 
motility response described here. In addition, 
the need for high light-intensities and the 
absence of a response to short light pulses 
favors an energetic effect, rather than an 
effect, mediated by a specific photosensor. 
The best indication for the physiological 
relevance of this motility response is the 
strong correlation with blue-light induced 
release of methanol (see also chapter 3.2). 
Additional evidence for the nature of the 
involved photosensor may be provided by an 
Rb. sphaeroides mutant lacking the photosyn
thetic apparatus. Such a mutant is currently 
under construction. In addition, the Rb. 
sphaeroides cheB gene, encoding the methyl-
esterase, can be knocked out to study its 
phenotype with respect to blue-light motility 
and methanol release responses. 

So, what is the function of PYP? The re
sults reported in this paper have not brought 
us any closer to the answer. As photoactive 
yellow protein appears to be the structural 
prototype for a PAS domain (see chapter 1.3), 
it may be involved in circadian rhythms, al
though they have never been demonstrated in 
purple bacteria. Besides, one could think of a 
function as a light sensor for light-induced 
modulation of gene expression. The photocy
cle of photoactive yellow protein, which is 
completed in about a second, points to a 
function, for which it is important to con
stantly inform the cell about its ambient light 
climate. The latter point would argue in fa
vour of phototaxis rather than gene expres
sion. 

It cannot be totally ruled out on the basis of 
the data presented here that PYP mediates a 
phototactic response. One could focus again 
on E. halophila to test the effect of a pyp in-
activation, in spite of the difficulties with re
spect to the experimental procedures (see in
troduction). It has been shown that this or
ganism shows a blue-light phototactic re
sponse, i.e. an increase in the reversal fre
quency, which leads to migration away from 
blue-light. In addition, a more accurate deter
mination of the wavelength dependence of this 
tactic response, displayed by E. halophila, 
would make the current evidence for the 
function of PYP more solid. 
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The strategy described here to obtain the 
function of photoactive yellow protein, can be 
considered as reverse genetics. Starting with a 
protein one follows the route via N-terminal 
sequencing, cloning and inactivation of the 
gene to identify a specific phenotype. It is also 
possible to start with the selection for a spe
cific phenotype and identify the genes in
volved, in other words forward genetics. To 
carry out the latter strategy, Rhodohacter 
sphaeroides cells have been randomly muta-
genized by Tn5 transposon mutagenesis, fol
lowed by selection of several rounds for mu
tants that were able to swim through a barrier 
of bright blue-light in glass tubes (Hoefkens, 
Kort & Hellingwerf, unpublished results). 
Wild-type Rhodohacter sphaeroides cells ac
cumulated in front of this blue-light barrier. 
Southern blots showed that the selected mu
tants contained a transposon integrated in the 
chromosome, but not in pyp or within 5 kb of 
either flanking regions. Additional analysis of 
the Tn5 mutants showed that did they did not 
had lost the wild-type accumulation pattern in 
front of the light barrier (neither did Rhodo
hacter sphaeroides pyp mutants). It may be 
worthwhile to carry out the selection again in 
small capillary tubes instead of glass tubes to 
decrease the number of cells crossing the light 
barrier as a result of convection . 

The pyp gene transcripts. Northern blots 
show three transcripts that hybridize to the 
pyp gene. The size of one of these transcripts 
could be determined by interpolation with the 
use of an RNA marker, resulting in an 
estimated size of 3 kb. The size of the other 
two transcripts could only be determined by 
extrapolation, which is much more inaccurate 
(figure 6). We estimate the size of these large 
transcripts to be -15 kb and -25 kb. A 
Northern blot probed with the downstream pel 
gene shows a very similar pattern, suggesting 
that the pyp gene and the pel gene are co-
transcribed. The size of the pyp gene is 372 bp 
and the size of the pel gene is 1233 bp and 
their intergenic region is 1090 bp, allowing the 
possibility of co-transcription on a 3 kb 
transcript. The presence of the two large 
transcripts raises the question whether trans
cription takes places from a single promoter 
or multiple promoters. This can be investiga

ted in Northern blots by the use of probes 
further upstream and downstream from pyp. 

Recently, a pyp gene from Rb. capstdahis 
was cloned and sequenced (Jiang and Bauer, 
unpublished results; GenBank accession num
ber af064095). Comparison of this sequence 
and its flanking regions with that of the Rb. 
sphaeroides RK1 sequence (chapter 2.2) 
shows that: (i) the PYP proteins are highly 
similar (78% identity and 87% similarity over 
124 AA), (ii) the sequenced 3'-end of orfX m 
Rh. capsiilatiis (start of the sequence) encodes 
a protein that is similar to that encoded by 
or/A, upstream of pyp in Rb. sphaeroides 
(72% identity and 92% similarity over 25 
AA), (iii) OrfY in Rb. capsulars is similar to 
OrfC (56% identity and 76% similarity over 
134 AA) and (iv) both sequences contain a.pel 
gene, encoding a Co A ligase homologue (39% 
identity and 59% similarity over 422 AA). 
This indicates that upstream as well 
downstream of pyp, conserved genes are 
present. A functional involvement of these 
genes in the photosensory system, mediated 
by PYP, remains to be investigated. 

Acknowledgements 

1 would like to thank Kevin Jung, Xue-
Nong Zhang, Bastianella Perazzona, Elena 
and John Spudich for assistance and a very 
inspiring time during my visits in Houston. 
Also many thanks to Mirjam Hoefkens and 
Michael van der Horst for work on the 
construction of pyp mutants and Betsie 
Voetdijk for RNA work. 

References 

Allen, L. N. & Hanson, R. S. (1985). Construction of 
broad-host-range cosmid cloning vectors: 
identification of genes necessary for growth of 
Methyl ob acterium organophilum on methanol. J 
Bacteriol 161,955-62. 

Armitagc, J. P. & Schmitt, R. (1997). Bacterial 
Chemotaxis: Rhodohacter sphaeroides and 
Sinorhizobium me///of/-variations on a theme? 
Microbiology 143, 3671-82. 

Baca, M., Borgstahl, G. E., Boissinot, M., Burke, P. 
M., Williams, D. R., Slater, K. A. & Get/off, E. 
D. (1994). Complete chemical structure of 
photoactive yellow protein: novel thioester-linked 
4-hydroxycinnamyl chromophorc and photocycle 
chemistry. Biochemistry 33, 14369-77. 

70 



Motility and adaptation responses 

Borgstahl, G. £., Williams, D. R. & Gctzoff, E. D. 
(1995). 1.4 Â structure of photoactive yellow 
protein, a cytosolic photoreceptor: unusual fold, 
active site, and chromophore. Biochemistry 34, 
6278-87. 

Coronado, M. J., Vargas, C , Kunte, H. J., 
Galinski, E. A., Ventosa, A. & Nieto, J. J. 
(1995). Influence of salt concentration on the 
susceptibility of moderately halophilic bacteria to 
antimicrobials and its potential use for genetic 
transfer studies. Curr Microbiol 31, 365-71. 

Donohue, T. J. & Kaplan, S. (1991). Genetic 
techniques in Rhodospirillaceae. Methods Enzymol 
204,459-85 

Gauden, D. E. & Armitage, J. P. (1995). Electron 
transport-dependent taxis in Rhodobacter 
sphaeroides. JBacterid 111, 5853-9. 

Genick, U. K , Borgstahl, G. E., Ng, K, Ren, Z., 
Pradervand, C., Burke, P. M., Srajcr, V., Teng, 
T. Y., Schildkamp, W., McRee, D. E., Moffat, 
K. & Getzoff, E. D. (1997). Structure of a protein 
photocycle intermediate by millisecond time-
resolved crystallography. Science 275, 1471-5. 

Grishanin, R. N., Gauden, D. E. & Armitage, J. P. 
(1997). Photoresponses in Rhodobacter 
sphaeroides. role of photosynthetic electron 
transport. J Bacteriol 179, 24-30. 

Hamblin, P. A., Maguire, B. A., Grishanin, R. N. & 
Armitage, J. P. (1997). Evidence for two 
chemosensory pathways in Rhodobacter 
sphaeroides. Plot Microbiol 26, 1083-96. 

Hoff, W. D., Dux, P., Hard, K., Devreese, B., 
Nugteren-Roodzant, I. M., Crielaard, W., 
Boelens, R., Kaptcin, R., van Bceumen, J. & 
Hellingwerf, K. J. (1994a). Thiol ester-linked p-
coumaric acid as a new photoactive prosthetic 
group in a protein with rhodopsin-like 
photochemistry. Biochemistry 33, 13959-62. 

Hoff, W. D., Sprenger, W. W., Postma, P. W., 
Meyer, T. E., Veenhuis, M., Leguijt, T. & 
Hellingwerf, K. J. (1994b). The photoactive 
yellow protein from Ectothiorhodospira halophila 
as studied with a highly specific polyclonal 
antiserum: (intra)cellular localization, regulation 
of expression, and taxonomie distribution of cross-
reacting proteins. J Bacteriol 176, 3920-7. 

Hoff, W. D., van Stokkum, I. H., van Ramesdonk, 
H. J., van Brederode, M. E., Brouwer, A. M., 
Fitch, J. C , Meyer, T. E., van Grondelle, R. & 
Hcllingwerf, K. J. (1994c). Measurement and 
global analysis of the absorbance changes in the 
photocycle of the photoactive yellow protein from 
Ectothiorhodospira halophila. Biophvs J 67, 1691-
705. 

Imamoto, Y., Ito, T., Kataoka, M. & Tokunaga, F. 
(1995). Reconstitution photoactive yellow protein 
from apoprotein and p-coumaric acid derivatives. 
FEBS Lett 374, 157-60. 

Kehry, M. R., Doak, T. G. & Dahlquist, F. W. 
(1985). Sensory adaptation in bacterial 

Chemotaxis: regulation of demethylation. J 
Bacteriol 163, 983-90. 

Koh, M., Van Driessche, G., Samvn, B., Hoff, W. 
D., Meyer, T. E., Cusanovich, M. A. & Van 
Beeumen, J. J. (1996). Sequence evidence for 
strong conservation of the photoactive yellow 
proteins from the halophilic phototrophic bacteria 
Chromatium salexigens and Rhodospirillum 
salexigens. Biochemistry 35, 2526-34. 

Meyer, T. E. (1985). Isolation and characterization of 
soluble cytochromes, ferredoxins and other 
chromophoric proteins from the halophilic 
phototrophic bacterium Ectothiorhodospira 
halophila. Biochim Biophys Acta 806, 175-83. 

Meyer, T. E., Fitch, J. C., Bartsch, R. G., Tollin, G. 
& Cusanovich, M. A. (1990). Soluble 
cytochromes and a photoactive yellow protein 
isolated from the moderately halophilic purple 
phototrophic bacterium, Rhodospirillum 
salexigens. Biochim Biophys Acta 1016, 364-70. 

Meyer, T. E., Yakali, E., Cusanovich, M. A & 
Tollin, G. (1987). Properties of a water-soluble, 
yellow protein isolated from a halophilic 
phototrophic bacterium that has photochemical 
activity analogous to sensory rhodopsin. 
Biochemistry 26, 418-23. 

Pattaragulwanit, K. & Dahl, C. (1995). 
Development of a genetic system for a purple 
sulfur bacterium: conjugative plasmid transfer in 
Chromatium vinosum. Arch Microbiol 164, 217-
222. 

Pellequer, J. L., Wager-Smith, K. A , Kay, S. A. & 
Getzoff, E. D. (1998). Photoactive yellow protein: 
a structural prototype for the three-dimensional 
fold of the PAS domain superfamily. Proc Natl 
Acad Sei USA 95, 5884-90. 

Perman, B., Srajer, V., Ren, Z., Teng, T., 
Pradervand, C , Ursby, T., Bourgeois, D., 
Schotte, F., Wulff, M., Kort, R , Hellingwerf, K. 
& Moffat, K. (1998). Energy transduction on the 
nanosecond time scale: early structural events in a 
xanthopsin photocycle. Science 279, 1946-50. 

Rubinstcnn, G., Vuister, G. W., Mulder, F. A., Dux, 
P. E., Boelens, R., Hellingwerf, K. J. & Kaptein, 
R. (1998). Structural and dynamic changes of 
photoactive yellow protein during its photocycle in 
solution. Nat Struct Biol 5, 568-70. 

Sackett, M. J., Armitage, J. P., Sherwood, E. E. & 
Pitta, T. P. (1997). Photoresponses of the purple 
nonsulfur bacteria Rhodospirillum centenum and 
Rhodobacter sphaeroides. J Bacteriol 179, 6764-8. 

Sambrook, X, Fritsch, E. F. & Maniatis, T. (1989). 
Molecular Cloning-A Laboratory Manual, 2nd 
edition. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, New York. 

Simon, R, Priefer, U. & Puhler, A. (1983). A broad 
host range mobilization system for in vivogenetic 
engineering: Transposon mutagenesis in gram 
negative bacteria. Bio/Technology 1, 784-791. 

Sistrom, W. R. (1962). The kinetics of the synthesis 

71 



Chapter 3 

of photopigments in Rhociopseudomonas 
sphaeroides. J Gen Micriobiol 28, 607-616. 

Sprenger, W. W., Hoff, W. D., Armitage, J. P. & 
Hellingwerf, K. J. (1993). The eubacterium 
Ectothiorhodospira halophila is negatively 
phototactic, with a wavelength dependence that fits 
the absorption spectrum of the photoactive yellow 
protein. J Bacterial 175, 3096-104. 

Spudich, J. L. & Bogomolni, R. A. (1984) 
Mechanism of colour discrimination by a bacterial 
sensory rhodopsin. Nature 312, 509-13. 

Yao, V. J. & Spudich, J. L. (1992). Primary structure 
of an archaebacterial transducer, a methyl-
accepting protein associated with sensory 
rhodopsin I. Proc Natl Acad Sei USA 89, 11915-
9. 

Zacks, D. N., Derguini, F., Nakanishi, K. & 
Spudich, J. L. (1993). Comparative study of 
phototactic and Photophobie receptor chromophore 
properties in Chlamydomonas reinhardtii. Biophys 
J 65, 508-18. 

Zhang, W., Brooun, A., Mueller, M. M. & Alam, 
M. (1996). The primary structures of the Archaeon 
Halobacterium salinarium blue light receptor 
sensory rhodopsin II and its transducer, a methyl-
accepting protein. Proc Natl Acad Sei USA 93, 
8230-5. 

72 



Motility and adaptation responses 

3.2 Light-induced modulation of the re
lease of H-methanoI 

In this study we report light-induced adap
tive demethylation responses of the purple 
non-sulfur bacterium Rb. sphaeroides. The 
results of a flow assay for the release of 
volatile tritiated compounds from intact 
Rb. sphaeroides cells, labeled with H-
methionine, suggest a correlation between 
light-induced motility responses and the 
observed adaptive demethylation re
sponses. An increase in blue-light intensity 
and a decrease in infrared light intensity 
can both be considered as repellent signals 
and cause an increase in stop or reorienta
tion frequency of swimming Rb. sphaeroi
des cells and an increase of the rate of the 
release of methanol. The wavelength-
dependence of the magnitude of the 
methanol release response matches the 
aborbance spectrum of the photosynthetic 
pigments for wavelengths of 500 nm and 
above, suggesting that this pigment com
plex is the primary photosensor for this re
sponse. The methanol release responses in 
Rb. sphaeroides are reminiscent of those in 
Escherichia coli, where an attractant 
stimulus decreases methylesterase activity 
and recovers during the course of several 
minutes to prestimulus rate and a negative 
stimulus produces a transient increase in 
methylesterase activity. 

Introduction 

Bacteria respond to a sudden change in che-
moeffector concentration by a change in the 
tumble, reversal or stop frequency for reori
entation, biasing their random walk in a favor
able direction. However, after a period rang
ing from seconds to minutes, the cells return 
to their initial behavioral pattern of runs and 
reorientations, even though the effector is still 
present. Thus, bacteria constantly adapt to 
their changing environment. The biochemical 
mechanism of adaptation includes the covalent 
modification of the relevant transducer protein 
by methylation. A protein methylation reac
tion, involved in Chemotaxis of Escherichia 
coli, has been discovered by Kort et al. 
(1975). In the absence of stimuli, the absolute 

methylation level of the transducer proteins 
remains constant, but methyl groups con
stantly turn over as a result of continuous 
methylation and demethylation. Transient 
changes in the demethylation rate, in response 
to stimuli, result in changes in the transducer 
methylation level, that feeds back on the tactic 
excitation pathway (Kehry, Doak & Dahlquist, 
1984; Toews el ai, 1979). Several glutamate 
residues in the cytoplasmic domain of a trans
ducer can be methylated by the constitutively 
active methyltransferase CheR, while the hy
drolysis of methyl groups is mediated by the 
protein methylesterase CheB. The in vitro ac
tivity of the latter enzyme is increased more 
than 10-fold upon phosphorylation of its N-
terminal domain by the autokinase CheA 
(Lupas & Stock, 1989; Stewart & Dahlquist, 
1988). The methyl ester hydrolysis catalyzed 
by CheB yields a demethylated glutamic acid 
residue and methanol (Stock & Koshland, 
1978). 

It has been shown that in Escherichia coli, 
an attractant stimulus decreases methyles
terase activity and a repellent stimulus in
creases methylesterase activity, corresponding 
to behavioral adaptation (Kehry et ai, 1984). 
These stimuli-induced changes in methylester
ase activity result in changes in the amount of 
methanol released. The effect of stimuli on 
methanol release is different in the archaeon 
Halobacterium salinaram and the Gram-
positive bacterium Bacillus subtilis, where 
both attractant and repellent stimuli lead to a 
transient increase of methanol release (Alam et 
ai, 1989, Spudich, Takahashi & Spudich, 
1989; Thoelke, Kirby & Ordal, 1989) Re
cently, assays with B. subtilis showed that 
methanol formation due to negative stimuli are 
dependent on the presence of the response 
regulator CheY, whereas positive stimuli are 
CheY-independent, indicating that a unique 
adaptational mechanism exists in this organism 
(Kirby et al, 1997). In H. salinarum it has 
been found that the released methyl groups 
consist of two different chemical species: 
methanol and methanethiol (Nordmann et al., 
1994), only the first compound is involved in 
adaptive demethylation, analogous to the 
chemotactic system of E. coli. 

The most widely studied environmental 
changes, inducing the adaptation pathway in 

73 



Chapter 3 

prokaryotes by modulation of methylesterase 
activity, are changes in chemoeffector con
centration (Chemotaxis), including oxygen (ae-
rotaxis). The latter is exceptional with respect 
to its mechanism of adaptation among pro
karyotes, because aerotaxis appears methyla-
tion-independent in E. coli and Salmonella ty-
phimurium, but dependent on methylation of 
methyl-accepting Chemotaxis proteins (MCPs) 
in B. subtilis and H. salinarum (Lindbeck el 
al, 1995; Wong et al, 1995). Besides che-
moeffectors, also light can induce a methyla-
tion-dependent adaptation pathway as found 
in the photosynthetic archaeon H. salinarum 
(AJam et al, 1989; Spudich, Takahashi & 
Spudich, 1989). Phototactic behavior in this 
prokaryote is mediated by two retinal-
containing proteins, sensory rhodopsin I (SR-
I) and sensory rhodopsin II (SR-II) (Spudich 
& Bogomolni, 1988). This photosensory sys
tem allows accumulation of cells in yeltow-red 
regions of the spectrum (attractant light) and 
avoidance of UV-blue repellent light 
(Hildebrand & Dencher, 1975). 

Recently, a gene encoding a blue-light 
photosensor photoactive yellow protein (PYP) 
has been identified in the anoxygenic photo-
synthetic bacterium Rhodobacter sphaeroides 
(chapter 2). This 4-hydroxy coumaric acid-
containing protein has been proposed to medi
ate a negative phototactic response towards 
blue light in the purple sulfur bacterium Ecto-
thiorhodospira halophila (Sprenger et al, 
1993). The finding of a pyp gene in Rb. 
sphaeroides prompted us to carry out a de
tailed study on the phototactic behavior of this 
organism, as described in the previous section 
of this thesis, and on the mechanism of adap
tation to photostimuli, as reported here. 

Previous in vivo and in vitro methyla
tion studies, methanol release assays, and an
tibodies raised against Tar from E. coli, all 
demonstrated the absence of methyl-accepting 
Chemotaxis proteins in Rb. sphaeroides, while 
the same studies confirmed the presence of 
these proteins in Rhodospirillum rubrum 
(Sockett, Armitage & Evans, 1987). Recently, 
however, the identification of two methyl-
transferase genes (cheRl and CheR2), one 
methylesterase gene (cheB) and at least four 
mcp-\ike genes has provided strong evidence 
supporting a methylation-dependent adapta

tion patway in this purple non-sulphur bacte
rium (Choudhary et al, 1997; Hamblin et al, 
1997; Ward et al, 1995). In addition, it has 
been shown that CheR-dependent methylation 
of Rb. sphaeroides proteins, with the ap
proximate molecular mass of MCPs, occurs 
on the time scale of tens of minutes, after a 
long period of starvation, followed by the ad
dition of complete medium. This phenomenon 
was not observed after addition or removal of 
individual attractants (Armitage & Schmitt, 
1997). So far, all Rb. sphaeroides tactic re
sponses show adaptation on relatively long 
time scales, taking 10 seconds up to 60 min
utes (Gauden & Armitage, 1995; Packer & 
Armitage, 1994). This seems also to be true 
for the blue-light motility response, described 
in the previous section of this thesis. Interest
ingly, the motility response towards a step up 
in blue-light is very similar to the response 
that Rb. sphaeroides cells show after a step 
down in photosynthetic light. The primary 
photosensor for this response, with full adap
tation after 40 s, is most probably the photo
synthetic apparatus (Grishanin, Gauden & 
Armitage, 1997). 

This paper describes light-induced changes 
in the release of volatile methylated com
pounds from the photosynthetic eubacterium 
Rb. sphaeroides. These studies provide evi
dence supporting the mechanism of adaptation 
of the motility responses observed in this 
bacterium to a step down in photosynthetic 
light (Grishanin et al, 1997) and to a step up 
in blue-light (chapter 3.1). Especially, the 
identification of methylation-dependent adap
tation pathway in blue-light sensing is of great 
importance, because it suggests the existence 
of a methyl-accepting protein as a downstream 
partner of the blue-light induced phototrans-
duction pathway. 

Materials and Methods 

Rb. sphaeroides RK1 cells were cultured in 
medium described by Sistrom (1962) at 28 °C 
in the presence of 0.1 mM methionine to en
hance methionine uptake. Culturing was car
ried out under anaerobic conditions in the light 
in 20 ml screw cap tubes, under semi-
anaerobic conditions in the dark in 5/6 filled 
300 ml erlenmeyers at relatively low rotation 
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speed and under aerobic conditions in the dark 
in 1/25 filled 500 ml erlenmeyers at high rota
tion speed. The flow assay, developed by Ke-
hry and collaborators for measurement of 
stimulus-induced changes in methylesterase 
activity of intact E. coli cells (Kehry, Doak & 
Dahlquist, 1984), was carried out with a 2 ml 
cell-suspension (ODó6O -0.8). Cells were 
washed three times in Sistrom medium with
out methionine and incubated under (semi-) 
anaerobic or aerobic conditions for 40 min in 
the presence of 200 ul L-[methyl-H] methio
nine with a specific activity of 75 Ci/mmol and 
a concentration of 1 mCi/ml (DuPont) in a 
total volume of 2 ml (final concentration is 1.3 
uM labeled methionine). After labeling, cells 
were washed once in Sistrom medium with 
0.1 mM methionine and pumped onto a 0.2 
urn syringe filter (Nalgene). Cells were equili
brated for 10 min in a continuous flow of Sis
trom medium of 28°C, supplied with a rate of 
1 ml/min. Every 30 seconds, a fraction of 0.5 
ml was collected in a 1.5 ml Eppendorf tube. 
Photostimuli were obtained by the use of a 
tungsten or xenon lamp, heat filters and broad 
band interference filters. All light intensities 
were adjusted to 2.0 10 ergs cm"2 s'1, except 
for light of 400 (+/- 20) nm, which maximal 
intensity was 5.0 10"' ergs cm" s' . Light inten
sity measurements were carried out with a 
Kettering Radiant Power Meter (Scientific In
struments). The photostimuli had a negligible 
effect on the temperature at the position of the 
immobilized cells in the filter. Eppendorf tubes 
containing the collected samples were care
fully transferred to vials with scintillation fluid 
and incubated for 24 hours at room tempera
ture in the dark, to allow transfer of labeled 
methanol. "Ti-decay was measured in the scin
tillation counter for 1 min per vial. 

Results and discussion 

increase in methanol production, indicated in 
figures 1A and IB, is most probably the result 
of a cellular response to a step-up in blue-light 
intensity, inducing a methylation-dependent 
adaptation reaction for negative phototaxis. A 
blue-light repellent motility response, i.e. an 
increase in the stop frequency, has been 
observed in anaerobically cultured Rb. 
sphaeroides cells (chapter 3.1). Under semi-
anaerobic conditions, Rb. sphaeroides cells 
show an increased release of methanol groups 
as well (figure IB), be it less pronounced, 
while under aerobic conditions this increase is 
not visible (figure 1C). It should be noted that 
under semi-anaerobic and aerobic conditions 
in the dark the incorporation of radioactive 
label is less efficient, leading to lower turn
over of labeled methyl groups, and lower 
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Light-induced release of volatile tritiated 
compounds was analyzed using the flow 
assay, with intact Rb. sphaeroides cells 
immobilized on a filter. The nature of the 
labeled volatile compound has not been 
identified, but we assume that it is 3H-
methanol, because this is the only compound 
detected so far in this type of experiment 
carried out with eubacteria. The transient 

Figure 1. Release of H-labeled methanol by R. 
sphaeroides cells as a function of time. Each dot indi
cates the counts per minute for a 0.5 ml fraction, col
lected during a period of 30 seconds. The arrow indi
cates the start of a step-up in blue-light (450 nm). A 
cells grown under anaerobic conditions in the light B 
cells grown under semi-anaerobic conditions in the 
dark C cells grown under aerobic conditions in the 
dark. 
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light-induced signals. The results in figure 1 
match nicely the previously observed blue-
light motility response, which also is observed 
in cells grown anaerobically in the light and is 
less pronounced in cells grown under semi-
anaerobic conditions in the dark. Apparently, 
the blue-light motility response, as well as the 
blue-light induced release of methanol, are 
observed exclusively in cells grown under low 
oxygen tension. This may indicate that the 
genes involved in these blue-light responses 
are controlled by oxygen rather than light, like 
the genes encoding the photosynthetic 
pigments. 

Figure 2. Release of H-labeled methanol by Rb. 
sphaeroules cells after stimuli with infra red light and 
blue-light. 

In a previous study, methanol release in Rb. 
sphaeroides WS8 was not observed in 
response to the addition or removal of a 
combination of the attractants serine and 
succinate (Sockett, Armitage & Evans, 1987). 
This could be explained by the lower specific 
activity and amount of added 'H-methionine 
label: 15 Ci/mmol and 30 ^Ci in the 
experiment by Sockett el a/, and 75 Ci/mmol 
and 200 u.Ci used in the experiment described 
here. In E. coli the transient increase in 
methanol production occurs during the 
process of adaptive demethylation in tactic 
responses, as result of an increased 
methylesterase activity of phosphorylated 
CheB. This is probably the mechanism in Rb. 
sphaeroides as well, especially since recently a 
cheB gene and two cheR genes (encoding 
methyltransferases) have been identified in this 
organism (Hamblin et al., 1997) 

In addition to blue-light elicited 
photostimuli, we tested the effect of infrared 
light on methanol release. Rb. sphaeroides 
cells display no clear phototactic response to 
an increase of infrared light. However, a 
decrease of infrared light causes a transient 
stop, followed by adaptation (Grishanin et al., 
1997), very similar to the response towards a 
step up in blue-light (chapter 3.1). 
Interestingly, this symmetry (taking away an 
attractant leads to a very similar response as 
adding a repellent stimulus), is also reflected 
in the photostimulus-induced formation of 
methanol as a function of time, as indicated in 
figure 2. Although an increase in infrared light 
does not lead to a clear phototactic response 
(Grishanin et al., 1997), it clearly leads to a 
reduction of methanol release. The methanol 
release responses are reminiscent of those in 
E. coli, where an attractant stimulus decreases 
methylesterase activity and recovers over the 
course of several minutes to prestimulus rate 
and a negative stimulus produces a transient 
increase in methylesterase activity. The 
sustained decrease and the transient increase 
of methanol release indicated in figure 2 can 
be rationalized by the assumption that 
activated CheB-P has a relatively short life
time, causing a transient response, while 
inhibition of CheA kinase activity, increasing 
the pool of stable, unphosporylated CheB 
molecules has a more sustained effect. 

The opposite effects of blue and infrared 
photostimuli on methanol production in intact 
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Figure 3. Transmission spectra of broad band pass 
filters used in this study. 
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Rb. sphaeroides cells urged us to investigate 
the wavelength dependence of this response. 
Accordingly, we used a set of broad band 
interference filters, with transmission spectra 
as indicated in figure 3. The data in figure 4 
show that the wavelength dependence of the 
increase in H-methanol release matches the 
absorbance spectrum of the photosynthetic 
pigment for wavelengths of 500 nm and 
longer. We hypothesize that adaptation of the 
phototactic response towards a decrease in 
photosynthetic light, reported to be mediated 
by the photosynthetic pigments as the primary 
photosensor, involves a methylation-
dependent system. This would then be the first 
true signaling response mediated by a 
photosynthetic pigment. The mechanism of 
signal transfer from the photosynthetic 
pigment to a methyl-accepting transducer 
protein is still unknown. One could speculate 
about different mechanisms for this signal 
transfer: (i) reduced quinone could be directly 
sensed by a membrane-spanning protein, (ii) 
the phosporylation potential could be sensed 
by a cytoplasmic protein or (iii) the membrane 
potential (AT) could be sensed by a 
membrane-spanning protein; in this case one 
could hypothesize that the conformation of 
transmembrane-spanning a-helices, containing 
a dipole, could be changed upon changes in 
ASK, triggering a signal for sensory output (see 
figure 5) One of the presumed methyl-
accepting transducer-like proteins, TlpB, 
could be a possible candidate for one of the 
sensing mechanisms described above, since it 
is specifically produced in Rb. sphaeroides 
under anaerobic growth conditions (Armitage 
& Schmitt, 1997), under which methanol 
release responses are most pronounced. 

An inverted methanol release response is 
observed for blue light (400 and 450 nm). It 
remains to be determined whether a separate 
photoreceptor is responsible for this latter 
response. Recently, the gene encoding the 
blue-light photosensor photoactive yellow 
protein (pyp) has been identified in Rb. 
sphaeroides (chapter 2). It has been shown 
however, that this gene is not mediating this 
blue-light induced methanol release response 
(chapter 3.1; figure 5). Interestingly, a recent 
transposon mutagenesis study on mutants 
defective in phototactic colony migration in 

the photosynthetic eubacterium Rhodospiril-
lum centenum showed that signals for positive 
and negative phototactic responses probably 
both involve light-driven photosynthetic 
electron transport (Jiang et ai, 1998). 
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Figure 4. Wavelength dependence of light-induced 
release of H-labeled methanol by Rb. sphaeroides 
cells. The values were calculated by differences in 
counts per minute between the last fraction before the 
stimulus and the first fraction during the stimulus. A 
indicates the difference in methanol release before and 
after a light step up; B shows the difference in metha
nol release before and after a light step down. For blue 
light (450 nm), and infrared light, values of 3 inde
pendent experiments were averaged. It should be 
noted that the light intensity used for 400 nm-light is 
4 times lower than those used for all the other wave
lengths. For comparison, the absorption spectrum of 
Rb. sphaeroides cells, cultured under anaerobic con
ditions in the light is shown in B. 

77 



Chapter 3 

Figure 5. Model for light-induced signaling in Rb. sphaeroides. The photocycle of the blue-light photosensor 
photoactive yellow protein (PYP) is indicated with isomerization and protonation states of the 4-hydroxy cinnamic 
acid chromophore. The ground state (pG), the red-shifted intermediate (pR) and the blue-shifted intermediate (pB) 
and their absorbance maxima are indicated in the figure. The latter intermediate is the presumed signaling state 
and interacts with a so far unidentified downstream partner. The pyp gene from Rb. sphaeroides has been cloned 
(chapter 2.2) and inactivated (chapter 3.1). but its physiological role has not been elucidated. The data presented in 
the figure are based on those available for PYP from the purple sulfur bacterium E. halophila; for a review see 
Hellingwerf, Hoff & Crielaard (1996). For an extensive description of the multiple sensory pathways in Rb. 
sphaeroides see chapter 1.2. Abbreviations: R, CheR; B, CheB; Yl, CheYl; Y2, CheY2; Y3, CheY3; Al, CheAl; 
A2, CheA2; Wl, CheWl; W2, CheW2; M, FliM; N, FliN; RC, reaction center; QH, reduced quinone; BC1, BC1 
complex. The dashed arrow indicates a putative interaction of the reduced quinone with a presumed redox sensor. 
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Structural events associated with the 

photocycle of a xanthopsin 
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chromophore of photoactive yellow protein is not a prerequisite for the initiation of the 
photocycle of this photoreceptor protein. Proc Natl Acad Sei USA 95, 7396-7401 (copied with 
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The sections 'Time-resolved X-ray crystallography', 'The European Synchrotron Radiation 
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Photoactive yellow protein on the move. Transcript (news from BioCentrum Amsterdam) 7, 1-2. 

The results discussed in the section 'The early intermediate pR' in chapter 4.3 have been 
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on the nanosecond time scale: early structural events in a xanthopsin photocycle. Science 279, 
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The photocycle of a xanthopsin 

Evidence for trans-cis isomerization of the /»-coumaric acid chromophore 
as the photochemical basis of the photocycle of photoactive yellow 

protein 
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Abstract Analysis of the chromophore p -coumar ic acid, e x 
tracted from the ground s ta te and the long-lived blue-shifted 
photocycle intermediate of photoactive yellow protein, shows that 
the chromophore is reversibly converted from the trans to the cis 
configuration, while progressing through the photocycle. The 
detection of the trans and cis isomers was carried out by high 
performance capil lary zone electrophoresis and further substan
tiated by ' H N M R spectroscopy. The da ta presented here 
establish the photo-isomerizat ion of the vinyl double bond in the 
chromophore as the photochemical basis for the photocycle of 
photoactive yellow protein, a eubacter ia l photosensory protein. A 
similar isomerization process occurs in the s t ructural ly very 
different sensory rhodopsins, offering an explanat ion for the 
strong spectroscopic similari t ies between photoactive yellow 
protein and the sensory rhodopsins. This is the first demons t ra 
tion of light-induced isomerization of a chromophore double bond 
as the photochemical basis for photosensing in the domain of 
Bacteria. 

Key words: Capi l lary e lec t rophores i s ; ' H - N M R ; p - C o u m a r i c 
acid; Photo- isomcr iza t ion (trans-cis), P h o t o a c t i v e yellow 
protein: Photocyc le ; Bacter ial p h o t o t a x i s 

I. introduction 

Photosensory systems are present in all th ree d o m a i n s of 

lite. In the Euka rya r h o d o p s i n s a n d p h y t o c h r o m e s have been 

studied in detail , while the A r c h a e a also con t a in sensory r h o 

dopsins. These pho tosenso ry p ro te ins h a v e a c o m m o n p h o t o 

chemical basis: l ight - induced i somer iza t ion of a c h r o m o p h o r e 

double bond. Unt i l recently, knowledge on the funct ioning of 

photosensors in Bacter ia was largely lacking. 

Photoactive yellow pro te in (PYP) from the purp le sulfur 

bacterium Ectothiorhodospira halophila is the first eubacter ia l 

photoreceptor to be charac te r ized in detai l a n d has recently 

been shown to con ta in a new c h r o m o p h o r i c g r o u p : thiol ester 

linked p-coumaric acid [1,2]. Th is is the first r epor t of a phys 

iological role for p - c o u m a r i c acid in p r o k a r y o t e s , a c o m p o u n d 

previously identified in h igher p lan ts , where it p lays a central 

role in the p h e n y l p r o p a n o i d me tabo l i sm [3], T h e crystal s t ruc

ture of PYP has recently been re -de termined d o w n to 1.4 A 

resolution and shows t ha t t he p ro te in h a s an alß fold similar 

'Corresponding author. Fax: (31) (20) 525 7056. 
E-mail: a417hell@horus.sara.nl 

Present address: Department of Microbiology and Molecular 
Genetics, Health Science Center at Houston. The University of 
Texas, 6431 Fannin, Houston, TX 77030, USA. 

t o tha t of e u ka ryo t i c p ro t e in s involved in signal t r a n s d u c t i o n 

[4]. Evidence has been ob t a ined indica t ing tha t P Y P funct ions 

as the blue-l ight p h o t o r e c e p t o r for a new type of negat ive 

p h o t o t a c t i c response [5]. 

After a b s o r p t i o n of a blue p h o t o n , the g r o u n d s ta te of P Y P 

( p G , XIilia = 4 4 6 n m ) enters a pho tocyc le in which a red-shifted 

in t e rmed ia t e , p R (Xmdx = 465 n m ) , and a blue-shifted inter

med ia t e , pB (A.max = 355 n m ) . a re formed sequent ia l ly , fol

lowed by the re format ion of the g r o u n d state [6.7], Th i s 

pho tocyc le s t rongly resembles the p h o t o c h e m i s t r y of the ar -

chaebac te r i a l sensory r h o d o p s i n s . These la t ter p h o t o r e c e p t o r s 

funct ion in p h o t o t a x i s in ha lobac te r i a . The i r s ignal ing is trig

gered by all-transl\3-cis i somer iza t ion of their ret inal c h r o m o 

p h o r e , followed mos t p r o b a b l y by d e p r o t o n a t i o n of the Schiff 

base [8 -10]. Also for P Y P , evidence was presen ted tha t p r o t o n 

u p t a k e and release is assoc ia ted with the pho tocyc le [11], In 

the g r o u n d s ta te p G , the c h r o m o p h o r e of P Y P is in the trans 

conf igura t ion (referring t o the vinyl p r o t o n s ) a n d in the de-

p r o t o n a t e d s ta te ( the / ) -hydroxy g roup ) , as was indicated by 

' H N M R [1] a n d re sonance R a m a n spec t roscopy [12], respec

tively. It has been p r o p o s e d tha t also in the case of P Y P light-

induced c h r o m o p h o r e pho to - i somer i za t i on occurs [1,28]. 

H e r e we repor t , using h igh -pe r fo rmance capi l lary zone elec

t rophores i s [13,14], t ha t translcis pho to - i somer i za t i on of p-

c o u m a r i c acid occurs d u r i n g the pho tocyc le of P Y P . Th i s 

resul t con t r i bu t e s to the u n d e r s t a n d i n g of the similari ty in 

p h o t o c h e m i s t r y of pho toac t i ve yellow pro te in a n d sensory 

r h o d o p s i n s , in spite of their great s t ruc tu ra l differences, in 

the p ro te in (cc/ß fold vs. seven t r a n s m e m b r a n e cc-helices) as 

well as in the c h r o m o p h o r e (trans / j -coumar ic acid vs. all-

f rom-re t ina l ) . 

2. Ma te r i a l s and methods 

PYP from E. halophila was isolated as previously described [15] 
with minor modifications [7]. A sample of 1 ml. containing 17 pM 
purified PYP. was exposed for 15 s to a Schott KL1500 150 W halo
gen lamp containing a long-wavelength band-pass filter (50% cut-off 
at 430 nm), to accumulate pB. The light intensity in the blue region of 
the spectrum was estimated with use of a Licor LI-190 SA quantum 
sensor and a Schott narrow-band interference filter. Illumination was 
performed at low pH. to lower the rate constant of the last (recovery) 
reaction in the photocycle of PYP [16,28], causing an even more 
dominant accumulation of pB. To avoid low-pH induced bleaching 
of PYP in the dark, however, the pH was not decreased below pH 4. 
Sodium dodecyl sulfate (SDS). 2% (w/v) final concentration, was 
added during the last 5 s of exposure to denature pB. This procedure 
prevents recovery of the ground state pG. During all subsequent steps, 
the sample was kept in the dark to prevent photo-isomerization of p-
coumanc acid by ambient light. The pH of the sample was adjusted to 
14 and the sample was incubated for 15 nun at room temperature to 
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trana-p-coumaric acid 

c d 

cis-p-coumarlc acid 

b' 

B 

Fig. 1. (A) 'H NMR spectrum of 60 mM /ra/i5-/)-coumaric acid in CD3OD. Assignment of protons (ppm): a 6.28, b 7.60, c 7.46, d 6.81, e not 
visible due to exchange of H,. with deuterium present in the solvent. Vertical numbers indicate the peak areas. (B) 'H NMR spectrum after 3 h 
of UV irradiation, showing the resonances of the (rans as as well as of the cis isomer of /J-coumaric acid. Assignment of cis-p-coumanc acid 
protons (ppm): a' 5.76, b' 6.74.c' 7.61. c' not visible. 

hydrolyze the thiol-ester bond between the chromophore and apo-
PYP. After hydrolysis, the pH was re-adjusted to 4 and p-coumaric 
acid was extracted with 4 vols, of ethyl acetate. The organic phase was 
washed five times with 1 vol. of deionized water and dried in air. The 
extraction of the chromophore from pG was performed according to 
the same procedure, without exposure of PYP to light. The reversi
bility of the photo-isomerization of the chromophore in PYP was 

investigated by also extracting the chromophore from pG. after ex
posure of PYP for 15 s to the halogen lamp, followed by 60 s of 
recovery in the dark. As a positive control for extraction of irans-p-
coumaric acid, the procedure was carried out with /)-coumaric acid 
instead of purified PYP as starting material. 

In order to study the photochemistry of p-coumaric acid, 10 mg ot 
the trans isomer (Sigma, St. Louis) was dissolved in 1 ml of 99.S 
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'ig. 2. (A) Electropherogram of (mn.v-/>-coumaric acid, recorded at 284 run. (B) Electropherogram of the />-coumaric acid isomer mixture after 
J h of UV irradiation. (C) Electropherogram of the isomer mixture after addition of /ra/is-/)-coumaric acid. The retention time is plotted on 
lop of each eluted peak. 

atom0/, CDjOD (Aldrich Chemical Co.). This solution was irradiated 
Jot 3 h in a Rayonet preparative photochemical reactor (The Southern 
N™ England Ultraviolet Co., CT), containing RUL-350 nm lamps, 
»vering the ultraviolet spectral region from 320 to 400 nm. Before 
and after irradiation, proton nuclear magnetic resonance spectra ('H 
«MR) were determined using a Bruker ARX 400 (400 MHz) spectro

meter. Chemical shifts (6) are given in ppm downfield from tetra-
methylsilane. 

Air-dried samples, containing p-coumaric acid isomers were dis
solved in demineralized water and injected into a 50 urn fused silica 
capillary TSP050375 (Composite Metal Services Ltd), with an injec
tion time of 0.2 min (unless stated otherwise) and injection pressure of 
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40 mbar. The sample was subjected to electrophoresis at room tem
perature in 60 mM Tris/30 mM valeric acid, pH 8.2. through a capil
lary with an effective length of 55 cm, at 25 kV and approx. 12 u:A. 
On-column detection was performed at 284 and 265 nm. the wave
lengths of maximal absorbance of trans-and c/s-p-coumaric acid, re
spectively [17]. 

A 

3. Results and discussion 

3.1. Photo-isomerization of p-coumaric acid in aqueous solution 
'H NMR spectra unambiguously show that, after irradia

tion of rrans-p-coumaric acid with UV light, trans-cis isomer-
ization occurs, as was previously demonstrated for this and 
other cinnamic acid derivatives [17- 19]. Fig. 1A shows the ! H 
NMR spectrum of /ran.s-/;-coumaric acid and the assignment 
of its protons. The scalar coupling constant of the trans pro
tons of the vinyl double bond /na-Hb. present at chemical 
shifts of 6.28 and 6.81 ppm, respectively, equals 15.9 Hz. In 
intact PYP this coupling constant has been determined to be 
16 Hz [I]. After UV irradiation, additional resonances are 
present in the spectrum, as a result of the formation of the 
cis isomer (Fig. 1B). The coupling constant of the cis protons 
•̂ Ha'-Hb' at 5.76 ppm and approx. 6.74 ppm, equals 12.8 Hz. 
This is in agreement with the finding that the coupling 
between trans protons is always greater than the coupling 
between cis protons in olefinic systems [20]. The ratio of 
trans:cis isomers after 3 h of UV irradiation, determined 
from the peak areas at 6.28 and 5.76 ppm, equals 1:1.66 
(i.e. 62% cis). After 72 h, 66% of p-coumaric was in the cis 
configuration, representing the steady state under the condi
tions described, since no further changes in this ratio were 
observed in 'H NMR spectra upon increasing the UV-expo-
sure time (data not shown). 

trans-p-Coumaric acid was subjected to capillary electro
phoresis as described in section 2. allowing the elution of a 
single, sharp peak (Fig. 2A). The retention time of trans-p-
coumaric acid equals approx. 10 min under the conditions 
selected, but is slightly variable: an average of 10.55 min 
(±a standard deviation of 0.15 min) was calculated from a 
set of 25 representative experiments. However, since all rele
vant components are eluted from the capillary as a very sharp 
symmetrical peak (with a width at half-height of less than 0.1 
min), identification of unknown compounds can be accom
plished through co-injection analysis (when necessary at mul
tiple conditions with respect to pH and ionic strength). 

Electrophoresis of the /?-coumaric acid isomer mixture, ob
tained after exposure to UV irradiation, which was redis-
solved in HjO after 'H NMR analysis, resulted in the elution 
of two distinct components, as shown in the electropherogram 
in Fig. 2B. Co-injection of the isomer mixture with lrans-p-
coumaric acid showed enrichment of the first peak (Fig. 2C), 
indicating that the relative electrophoretic mobility of the cis 
isomer is larger than that of the trans isomer. This could be 
rationalized by the more spherical structure of the cis isomer, 
which causes less frictional forces against the solvent during 
electrophoresis. It should be noted that the trans.cis ratio in 
the electropherogram in Fig. 2B cannot directly be calculated 
from the ratio of the peak area of each isomer, because of 
their widely different extinction coefficients in the UV region. 
The molar extinction coefficient at 284 nm is significantly low
er for the cis isomer, as compared to rran.s-/?-coumaric acid 
[17]. Using the proper extinction coefficients, the ratio of the 
two isomers, as present in the mixture analyzed in the experi-

- w r % ^ ^ v \ # * ^ 

elution time (mln) 

B 

v w ^ k « v v ^ ^ ~ A > Y * J ^ y ^ ^ ^ 

elutton time CmlrO 

c 

^^^*f^^ 

I 

elutton time (mln) 

Fig. 3. Determination of the isomeric state of /7-coumanc acid m 
photocycle intermediates of PYP. Upper part: electropherograms of 
/;-coumaric acid extract from pG. recorded at \m.,x of the trans iso
mer, 284 nm (A) and the cis isomer, 265 nm (B); the injection time 
is 0.1 min. Lower part: electropherograms of /j-coumaric extract 
from pB, recorded at 284 nm (C) and at 265 nm (D); the injection 
time is 0.2 min. See text for details. 
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ment shown in Fig. 2B, is calculated to equal 1:1.7 (trans : cis), 
identical to the ratio calculated from the NMR spectra. 
Furthermore, the effect of the solvent on this ratio, as checked 
by 'H NMR spectra obtained from the same isomer mixture 
redissolved in D 2 0 , appeared to be negligible (data not 
shown). Thus, we show here an example of application of 
high-voltage zone electrophoresis for separation of femtomole 
amounts of nearly identical compounds, as demonstrated pre
viously for other stereo-isomers [12,21]. However, our study is 
the first report on the electrophoretic separation of p-couma-
ric acid isomers, previously separated by more conventional 
chromatographic techniques, like paper, thin-layer and gas/ 
liquid chromatography [18,22,23]. 

3.2. The isomeric state of p-coumaric acid in the blue-shifted 
photocycle intermediate pB of PYP 

Previous capillary electrophoretic analysis of the chromo-
phore extracted from the ground state of PYP, pG, has con
tributed to the identification of (rani-p-coumaric acid as the 
chromophore of PYP ([1]; see also Fig. 3A,B), which was 
subsequently confirmed by 'H NMR spectra of intact PYP 
[1] and X-ray crystallography [4]. In order to be able to extract 
the chromophore from the blue-shifted photocycle intermedi
ate, pB [6,7], a solution of PYP was illuminated at acidic pH 
(i.e. pH 4, see section 2), because under the latter conditions 
the last step of the photocycle of PYP (the recovery of the 
ground state pG) is decelerated and consequently, the inter
mediate pB accumulates to a larger extent than at neutral pH 
[16]. To prevent the recovery of pG after illumination, SDS 
was added during the last seconds of light-exposure resulting in 
the denaturation of the accumulated pB. Chromophore extrac
tion of this mixture, followed by capillary electrophoresis, re
vealed rà-/>-coumaric acid as the main component (74 mol%) 
in the electropherogram at 10.9 min (Fig. 3C,D). No cis-p-
coumaric acid could be detected in a chromophore extract, 
obtained from a sample in which the pH was directly increased 
to release the chromophore during illumination, without the 
addition of SDS. (see also section 2). Apparently, the recovery 
of pG is a faster process than thiol-ester lysis at high pH. 

The relative amount of pB can be calculated under the 
selected illumination conditions using a simplified two-state 
model for the photocycle with the following equation, which 
is valid during the steady state (see also [24]) : 
fcr[pG]-fe-[pB]=0 (1) 

The rate constant /ci refers to the rate of light-induced pG 
excitation. It equals 2.303-«1)4466446/446, with <t>446 and e446 

representing the quantum yield and molar extinction coeffi
cient of pG and /446 the intensity of illumination at 446 nm. 
The factor 2.303 results from the conversion of the naperian 
to the decadic absorption coefficient. 4>446 equals 0.35 [25], 
£j46 is 4550 m2 mol"1 [26] and /.MU, as determined with a 
quantum sensor, is ~ 3 . 0 x l 0 _ 4 mol photons m~2 s_ 1 . Con
sequently, k\ equals 1.1 s_1 . The rate constant fc>> referring to 
the rate of pG recovery, was determined to be 0.05 s _ I at pH 
4 [16]. From Eq. 1, it follows that under the light intensity 
used [pB]/[pG] is ~ 2 2 , which implies that PYP is present for 
approx. 96% in the form of pB. As described above, only 74% 
of CK-/>-coumaric acid (Fig. 3C,D) was observed to be present 
in the extracted chromophore, which can be explained by 
remaining catalytic activity of pB in 2% SDS, resulting in 
partial recovery of pG. 

Extraction of the chromophore from pG, before and after 
exposure to light, followed by relaxation in the dark, only 
showed the presence of the trans isomer (Fig. 3A,B at 10.7 
min and data not shown), indicating the reversibility of the 
photo-isomerization in the photocycle of PYP. In addition, 
free trans-p-coxtraanc acid was not converted during illumina
tion with light of wavelengths above 430 nm, nor during the 
extraction procedure (data not shown). Co-elution of both 
compounds eluting at 10.7 and 10.9 min, present in the extract 
of the pB intermediate (Fig. 3C,D), was observed with the 
isomer mixture, which was obtained by UV irradiation of 
trans p-coumaric acid (see Fig. 2B for the electropherogram) 
and analyzed by 'H NMR spectroscopy (Fig. IB). This proves 
the correct assignment of the peaks at 10.7 and 10.9 min to 
trans-and eis /?-coumaric acid, respectively. The peak at 5.7 
min, present in all electropherograms of Fig. 3, indicates the 
presence of neutral compounds in the extract, which migrate 
with the same rate as the electro-osmotic flow in the capillary. 
Furthermore, an additional, small peak was observed at 11.2 
min in the electropherograms shown in Fig. 3C,D, which was 
sometimes also present in electropherograms of control ex
periments, run in parallel. The significance of these latter find
ings remains unclear. Thus, we have shown that apoPYP con
tributes to the conversion of p-coumaric acid from the Irans to 
the cis isomeric state during the photocycle, as a result of 
illumination with visible light, due to the tuning of the chro
mophore. 

These results allow one to draw a more complete picture of 
the photocycle of PYP (Fig. 4). In pG the maximal absor-
bance of the chromophore is strongly shifted to the red (from 
284 nm to 446 nm). This spectral tuning of the chromophore 
can be explained by contributions of (i) the thiol-ester linkage, 
causing a shift to 335 nm, (ii) the deprotonation of the p-
hydroxy group of the chromophore, shifting the absorbance 
maximum to 410 nm, and (iii) unidentified aspects of the 
protein environment, resulting in the observed absorption 
maximum at 446 nm [2,4,27]. After excitation with blue light, 
pG is converted into the short-lived intermediate pR [6,7], in 
which the chromophore is probably in the cis configuration 
(low emax) and still deprotonated (long X,aHX). In the dark, pR 
is subsequently converted to the long-lived intermediate pB 
(low Emax, short A.max), in which the chromophore is in the 
cis configuration, as shown here, and protonated. Finally, 
pG is recovered in the last step of the photocycle, at a rate 

thermal 
isomerization 

photo-
h ^ isomerization 

Fig. 4. Schematic representation of the photochemistry relevant for 
the photocycle of PYP. See text for further details. 
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which proves that the proteinaceous environment of the chro-
mophore (i.e. apoPYP) considerably facilitates the recovery of 
the ground state conformation of the chromophore. Because 
of the many details that we now know about this latter reac
tion at the level of structure, kinetics, and thermodynamics, 
PYP may become an excellent model system to reveal the 
atomic details of enzyme catalysis [28]. 

In conclusion, this paper shows that for the domain of 
Bacteria photosensing also can occur by light-induced isomer-
ization of a chromophore double bond. This is also true for 
the domains of Archaea and Eukarya, where photo-isomeri-
zation of the chromophore in rhodopsins and phytochromes is 
involved in light sensing. It is interesting to note that also in 
plants, trans/cis isomerization of cell wall bound p-coumaric 
acid has been proposed to play a role in sensing of UV and 
blue light [29]. Thus, all three domains of life show a common 
photochemical basis for sensing the ambient light climate. 
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trans/eis (Z/E} photoisomerizat ion of the chromophore of 
photoactive yellow prote in is not a prerequis i te for the 
initiation of the photocycle of this photoreceptor protein 

(4-hydroxyphenylpropiolic acid/7-hydroxycoumarin-3-carboxylic acid/low-temperature spectroscopy/Fourier-transform infrared 
spectroscopy/locked chromophore) 
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ABSTRACT The chromophore of photoactive yellow pro
tein (PYP) (i.e., 4-hydroxycinnamic acid) has been replaced by 
an analogue with a triple bond, rather than a double bond (by 
using 4-hydroxyphenylpropiolic acid in the reconstitution, 
yielding hybrid I) and by a "locked" chromophore (through 
reconstitution with 7-hydroxycoumarin-3-carboxylic acid, in 
which a covalent bridge is present across the vinyl bond, 
resulting in hybrid II). These hybrids absorb maximally at 464 
and 443 nm, respectively, which indicates that in both hybrids 
the deprotonated chromophore does fit into the chromophore-
binding pocket. Because the triple bond cannot undergo 
cis/trans (or E/Z) photoisomerization and because of the 
presence of the lock across the vinyl double bond in hybrid II, 
it was predicted that these two hybrids would not be able to 
photocycle. Surprisingly, both are able. We have demon
strated this ability by making use of transient absorption, 
low-temperature absorption, and Fourier-transform infrared 
(FTIR) spectroscopy. Both hybrids, upon photoexcitation, 
display authentic photocycle signals in terms of a red-shifted 
intermediate; hybrid I, in addition, goes through a blue-
shifted-like intermediate state, with very slow kinetics. We 
interpret these results as further evidence that rotation of the 
carbonyl group of the thioester-linked chromophore of PYP, 
proposed in a previous FTIR study and visualized in recent 
time-resolved x-ray diffraction experiments, is of critical 
importance for photoactivation of PYP. 

The primary importance of light-induced cis/trans (or E/Z) 
isomerization of the chromophore of biological photorecep
tors, such as rhodopsins. phytochromes, and xanthopsins, for 
the initiation of signal transduction is generally accepted, 
although this issue has long been controversial (1-4), almost 
since the discovery of the molecular basis of vision by Wald in 
1968 (5). As an alternative for the now well-accepted concept 
of light-induced cis/trans isomerization, mechanisms have 
been proposed, such as light-induced proton transfer (2), that 
subsequently were largely rejected. 

The importance of cis/trans isomcrization has been studied 
not only with several forms of transient spectroscopy but also 
in experiments in which the retinal chromophore of (bacte-
rio)rhodopsin was replaced through reconstitution by an an
alogue, equipped with a covalent "bridge" (i.e., forming a five-
to eight-membered ring across the double bond), which was 
anticipated to prevent isomerization (6, 7). Following this 
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approach for bacteriorhodopsin (Brh). Delaney el al. (8) 
reported that a six-membered ring across C=C(9,10) or 
C=C(11,12) of retinal does allow formation of the interme
diates J and K. albeit with slower kinetics than in Brh con
taining unmodified retinal. However, even a five-membered 
ring across C=C(13,14) blocks this primary photochemistry 
only partially (4). Very recently, it was reported that, by using 
atomic force microscopy, conformational changes can be 
detected in the microsecond time domain in Brh hybrids, 
reconstituted with a modified chromophore that would not be 
expected to allow primary photochemistry (9). This observa
tion led these authors to conclude that "our data question the 
current working hypothesis which attributes all primary events 
in retinal proteins to an initial trans-cis isomerization." 

The interpretation of these experiments, however, is com
plicated because isomerization across one of the double bonds 
of retinal, neighboring the one that is locked or modified, may 
allow for alternative isomerization pathways in the rhodopsins 
containing a retinal analogue. We therefore have addressed 
the point of the importance of chromophore isomerization for 
photoreceptor activation by studying the photoactive yellow 
protein (PYP) (10). This is a photoreceptor from the purple 
bacterium Ectothiorhodospira halophila (11), which shows 
many similarities with the archaeal sensory rhodopsins (12, 
13). although PYP contains 4-hydroxycinnamic acid as its 
chromophore (14, 15) and is water soluble. Activation of PYP 
function is supposed to proceed through light-induced cis/ 
trans isomerization of the 7,8-vinyl bond of its chromophore 
(16, 17). The apo form of this photoreceptor can be produced 
hetcrologously in Escherichia coli (18), and then can be 
converted to functional holoprotein through reconstitution 
with the endogenous chromophore (19) or with analogues, 
resulting in the formation of hybrids (20). 

Here we report reconstitution of PYP with chromophores in 
which (/) the vinyl double bond of 4-hydroxycinnamic acid is 
replaced by a triple bond (by using 4-hydroxyphcnylpropiolic 
acid in the reconstitution; the resulting holoprotein is referred 
to below as hybrid I) or (il) the vinyl double bond of the 
chromophore is locked against isomerization by the presence 
of a covalent "bridge" over the vinyl bond (by using 7-hy-
droxycoumarin-3-carboxylic acid in the reconstitution; the 
resulting holoprotein is referred to below as hybrid II). The 

Abbreviations: PYP. photoactive yellow protein; Brh, bacteriorhodop
sin; hybrid I. apoPYP combined with 4-hydroxyphcnylpropiolic acid; 
hybrid II, apoPYP combined with 7-hydroxycoumarin-3-carboxylic 
acid; FTIR, Fourier-transform infrared; pG, pR, and pB, dark-adapted 
ground state, red-shifted, and blue-shifted photocycle intermediate of 
PYP, respectively. 
^To whom reprint requests should be addressed at: Laboratory for 
Microbiology, Nieuwe Achtergracht 127. 1018 WS Amsterdam. The 
Netherlands, e-mail: K.Hellingwerf@chem.uva.nl. 
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results obtained show that in both hybrids authentic photocycle 
signals can be observed. These experiments therefore lead to 
the conclusion that isomerization across the double bond of 
the chromophore of the PYP photoreceptor is not a strict 
prerequisite for photoactivation of PYP. 

M A T E R I A L S AND M E T H O D S 

Materials. ApoPYP was produced heterologously in E. coli 
as described previously (18, 20) and was used without prior 
removal of its polyhistidine tail. This method results in slightly 
slower kinetics of the recovery step of the photocycle of 
reconstituted holoPYP (see Fig. 2). 

7-Hydroxycoumarin-3-carboxylic acid was obtained from Mo
lecular Probes. 4-Hydroxyphenylpropiolic acid (21) was synthe
sized from 4-(-butyIdimethylsilylbenzaldehydc, via 4-J-butyldim-
ethylsilyl-a.a-dibromostyrene. Purity of the final product was 
checked with 'H NMR (20) and demonstrated to be better than 
98%. A small fraction of the contaminants consisted of 4-hy-
droxycinnamic acid (see Results). All other materials were reagent 
grade and obtained from commercial sources. 

Reconstitution. Reconstitution of holoPYP and hybrid II was 
carried out by means of formation of the anhydride derivative of 
their chromophore, according to Imamoto et al. (19). Hybrid 1, 
because of a more limited availability of its chromophore, was 
formed with the procedure described by Genick et al. (22), which 
makes use of chromophore activation via derivatization with 
carbonyl diimidazolc in tetrahydrofuran. 

Spectroscopy. Spectroscopic experiments were routinely 
carried out in 10 mM Tris-HCl, pH 7.0. 

UV/Vis (visible) static and transient absorption spectra 
were recorded with model 8453A and model 8452A Hewlett 
Packard diode array spectrophotometers, which have a time 
resolution of 0.1 and 0.5 sec, respectively. To measure light-
induced transient absorption spectra, actinic flashes were 
provided with a conventional photoflash, with an output 
intensity of 25 W-sec. 

Low-temperature spectra were recorded as described by 
Hoffe; al. (23). Samples were illuminated with a conventional 
slide projector, equipped with a 24-V/150-W tungsten lamp 
and fiber optics, through a narrow-band interference filter with 
maximal transmission at 460 nm and a bandwidth of 9 nm. The 
intensity of the output beam was 0.16 mW-cm"2. 

Fourier-transform infrared (FTIR) spectra were recorded 
with home-made sandwich cells of 13, 26, or 52 u,m thickness, 
constructed from polyethylene spacers and CaF: plates. Sam
ples for FTIR measurements were concentrated to between 2.5 
and 5 mM, with a 30-kDa cut-off Milliporc NMWL filter spin 
column, at room temperature, in 10 mM Tris-HCl. pH 7.0. 
FTIR difference spectra of white-light photoconverted minus 
dark-adapted samples were measured on a Bio-Rad FTS-60A 
1R spectrophotometer and corrected for drift and H2O vapor. 
Data manipulation was performed with software provided by 
the manufacturer. Visible light from a 150-W Oriel (Stratford. 
CT) xenon lamp and fiber optics were used to illuminate the 
sample in the IR spectrometer. 

R E S U L T S 
The three proteins formed with the chromophores displayed in 
Fig. 1,4—i.e., holoPYP, hybrid I, and hybrid II—all show a major 
optical transition in the visible part of the spectrum, with maximal 
absorbancc at 446, 464, and 443 nm, respectively. This indicates 
that each reconstituted protein contains a highly tuned chro
mophore, most likely inserted properly into the chromophore-
binding pocket, with the phenolic hydroxyl group deprotonated 
and in hydrogen-bonding contact with Glu-46 (cf. refs. 24 and 25). 
Nevertheless, some differences are noticeable: Both hybrids have 
a more symmetrical main absorption band in the visible part of 
the spectrum [which indicates that they have less pronounced 
high-energy sidebands, characteristic for holoPYP (23); sec fur
ther below). Hybrid II has a much narrower visible absorption 

a 
H OH 

FIG. 1. Chemical structure of the chromophores used for the 
reconstitution of PYP in this investigation and the absorption spectra 
of holoPYP and the two hybrids. (A) Chemical structure of 4-hydroxy-
cinnamic acid (ö), 4-hydroxyphenylpropiolic acid (b), and 7-hydroxy-
coumarin-3-carboxylic acid (c). (B) Room temperature UV/Vis ab
sorption spectra of apoPYP, reconstituted with the three chro
mophores shown in A, resulting in (holo)PYP (trace a), hybrid I (trace 
b). and hybrid II (trace c). The spectrum of hybrid I was recorded after 
equilibration in the dark for 30 min. The protein concentration in each 
sample was approximately 10 ^M. The three spectra have been 
normalized loA = 0.5 at 278 nm. The structure of 4-hydroxvcinnamic 
acid and the spectrum of holoPYP are shown for comparison. The 
irregularities in these spectra at 363 and 488 nm are artifacts, caused 
by the diode array spectrophotometer. 

band than either holoPYP or hybrid I (full width at half-
maximum: 35 nm). Furthermore, its extinction coefficient ap
pears to be slightly higher than the one for holoPYP [45.5 
mM^'-ctrr ' (26)], thus significantly higher than the extinction 
coefficient of free 7-hydroxycoumarin-3-carboxylic acid, which 
absorbs maximally at 388 nm. with an extinction coefficient of 32 
mM^'-cm - 1 (27). Hybrid I has a much more red-shifted absorp
tion band than hybrid I. but also a considerably lower extinction 
coefficient than holoPYP. Because we have not been able to 
ascertain that reconstitution of this hybrid was complete, we 
cannot yet precisely calculate its extinction coefficient. Hybrids 1 
and II also fluoresce, with a quantum yield that has increased in 
hybrid II and decreased in hybrid I, as compared with holoPYP. 
Furthermore, the Stokes shift of fluorescence is considerably 
decreased in hybrid II, which is in agreement with a more limited 
flexibility of the latter chromophore. 

Next, it was tested whether hybrids I and II would also display 
photocycle characteristics, by assaying the recovery step of the 
photocycle with transient absorption spectroscopy (Fig. 2), using 
holoPYP as a control, and excitation with a conventional phot-
oflash. Trace a of Fig. 1A shows the result of this control 
experiment. The polyhistidine tail slightly retards the recover) 
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Wavelength (nm) 

FIG. 2. Transient UV/Vis absorption measurements with hol-
oPYP and hybrids I and II. (A ) Absorbance transients, recorded at 450 
nm. After 1-sec incubation in the dark, each sample [containing 5 uM 
holoPYP (trace a), hybrid I (trace b), or hybrid II (trace c)] was 
exposed to an actinic flash. (B) Absorption spectra of hybrid I. in the 
seconds lime domain, subsequent to an actinic flash. Time series of 
(six) absorbance spectra of hybrid I, subsequent to an actinic flash, 
recorded at intervals of 3 min and 45 sec. 

kinetics. Using a monocxponential fit, a rate constant of 3.5 sec~' 
is obtained from these data (which is to be compared with 6.5 
sec~' as obtained after removal of the polyhistidine tail; see also 
ret 13). Surprisingly, hybrid I did show modified, but authentic, 
photocycle characteristics, as was concluded from the experiment 
shown in trace b of Fig. 2A. By measuring during a much more 
extended period of time, the rate constant for its recovery 
reaction was determined to be 3.5 (±0.02) x 10~3 sec~' (i.e., 
1000-fold retarded compared with holoPYP). The complete 
spectra of this actinic flash-induced bleaching process of hybrid 
I (from 250 to 550 nm, as shown in Fig. 2B), reveal that it is 
paralleled by an increase in absorbance in the near-UV region, 
which is indicative for the formation of a blue-shifted (pB)-like 
intermediate (12,13). Maximal absorbance of this state is at 326 
nm, which is considerably blue-shifted as compared with pB [355 
nm; (13, 28)]. It should be noted that in the UV region of this 
spectrum, no significant changes take place, in contrast to the 
parallel process in holoPYP (28). In hybrid II this bleaching at the 
(sub)second time scale has not been detectable (see trace cof Fig 
U). 

To investigate whether hybrids I and II would show signals 
characteristic for the formation of pR [the red-shifted photo-
cycle intermediate (12, 13)], we recorded visible absorbance 
spectra, with and without narrow-band actinic illumination, at 
77 K. The resulting difference spectra allow one to demon
strate formation of pR (see Fig. 3) (23, 29). Fig. 3A shows that 
the conditions selected allow registration of pR formation. The 
spectra of the dark-equilibrated state of holoPYP in glycerol 
and at 77 K are slightly red-shifted and significantly sharpened 
(23, 29). The difference spectrum clearly shows increased 
absorbance in the range from 470 to 550 nm (indicative of pR 
formation) and bleaching of the ground state. The sharpening 
°f the absorption band makes it more evident than in the 
room-temperature spectrum (cf. Fig. IB) that the visible 
absorption of the 4-hydroxycinnamic acid chromophore of 
PYP shows fine structure on the high-energy side of the main 
maximum. Interestingly, this fine structure becomes somewhat 
more pronounced upon partial bleaching. In the difference 
spectrum of holoPYP at least three (sub)maxima can be 

Wavelength (nm) 

FIG. 3. Light-induced formation of pR and a pR-like intermediate 
in PYP (A), hybrid I (B), and hybrid II (C), at low temperature (77 K). 
Each protein was dissolved, at a concentration of 20 uM, in a buffer 
of 10 mM Tris-HCl, pH 7.0, containing 50% (vol/vol) glycerol. 
Samples were frozen in 1-cm acrylic cuvettes in the dark. After 
recording of the dark spectra (a traces), each sample was illuminated 
in the cryostat, as described in Materials and Methods, for 20 min, to 
induce pR formation (b traces). The absorbance in both spectra was 
set to zero at 600 nm for background subtraction. The dotted line in 
each panel represents the difference spectrum between traces a and b. 

discerned, with a spacing of ~ 1500 ( ±50) cm ~ '. Such a spacing 
is typical for the absorption of many conjugated polyene 
systems and is related to the excited-state vibrational fre
quency of a C = C double bond in such a system. 

The fact that the fine structure appears more pronounced 
after bleaching and shows up most clearly in the difference 
spectrum implies that the absorption of PYP in glycerol at 77 
K is inhomogeneously broadened and that the monochromatic 
bleaching light selectively excites a subset of molecules. It 
appears quite likely that this phenomenon relates to different 
conformers of the protein and/or various aggregates that are 
frozen into the water/glycerol matrix (see also Discussion). 

In hybrid I (Fig. 3B) the visible absorption band also 
sharpens and undergoes a slight red shift at 77 K, but no clear 
fine structure of the absorption band can be discerned. Bleach
ing of this hybrid occurs very efficiently. Its bandshapc clearly 
changes upon bleaching, demonstrating that also for hybrid I 
this band is inhomogeneously broadened and that spectral 
selectivity of bleaching can be achieved. For hybrid II (Fig. 3C) 
again the sharpening and slight red-shift occur at 77 K, but in 
this case the change in bandshape upon bleaching appears to 
be minor, if any. It should be noted that in this case the extent 
of bleaching is smaller. Although much less pronounced than 
for holoPYP, also for hybrid II some indication for vibrational 
fine structure is evident in the low-temperature spectra (with 
a spacing similar to that in holoPYP and hybrid I). 

91 



Chapter 4 

Whereas hybrid I (Fig. 3B) and hybrid II (Fig. 3C) both 
display bleaching of the main absorption band by actinic 
illumination, with neither hybrid was evidence for the forma
tion of a red-shifted intermediate obtained, in contrast to 
holoPYP. which clearly shows this intermediate with an ab-
sorbance maximum at =»490 nm. The small increase observed 
in the absorbance of hybrid II in the 500-nm region does not 
show the typical characteristics of a specific absorption band. 
However, we interpret these low-temperature (difference) 
spectra as evidence that a pR-like state is formed in both 
hybrids, but that this latter state absorbs at a wavelength 
similar to that of its corresponding pG state, albeit with a 
considerably decreased extinction coefficient. This interpre
tation is fully in line with the results of room-temperature 
nanosecond transient absorbance measurements. In these 
latter experiments also, hybrid I does not show the increase in 
absorbance in the 500-nm region in the nanosecond to micro
second time scale (typical for pR formation in holoPYP), prior 
to formation of the blue-shifted intermediate, as shown in Fig. 
2. Hybrid II shows only a transient bleaching of the ground 
state in the micro- to millisecond time scale; signals from a 
pB-like state could not be detected in the latter hybrid. 

To obtain further evidence that authentic photocycle signals 
had been obtained, particularly from hybrid I, light — dark 
(i.e.. pB - pG) FTIR difference spectra were recorded in 
solution, again using holoPYP as a control (Fig. 4). Steady-
state accumulation of pB was accomplished by illumination of 
the sample in the IR spectrophotometer. For holoPYP, be
cause of the relatively low light intensity available, a maximal 
conversion of 15% of the pigment was achieved. For hybrid I, 
at least in part because of its much slower recovery rate, a 
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Fie. 4. FTIR pG - pB difference spectra of PYP and hybrid I (A ) 
and the kinetics of the transition between pG and the pB-like 
intermediate of hybrid I (B). (.4) FTIR difference spectra of PYP 
(upper trace) and hybrid I (lower trace), before minus after illumi
nation (i.e.. pG - pB spectra) were recorded as described in Materials 
and Methods, at pH 7.0. By using a combination of UV/Vis and IR 
spectroscopy, it could be derived that the levels of photoconversion of 
pG into the pB intermediate in the IR spectrometer, for PYP and 
hybrid I, were lfKV and 40%, respectively, (ß) A time series of spectra 
was measured by averaging 381 scans for each time point, during 
light-induced formation, and dark decay, of the pB like intermediate 
of hybrid I. over a period of 20 min. Acquisition of each spectrum takes 
=4 min. The data obtained were fitted to an exponential rise (•) or 
decay (•) function. 

maximal conversion of 40% of the pigment into the pB-like 
state was achieved during steady-state illumination. For hybrid 
I, this level of photoconversion was calculated from UV/Vis 
detection of photoconversion in the FTIR cell, directly aftei 
removal of the sample from the FTIR spectrometer, and from 
the complete conversion, obtained with much higher light 
intensities than obtainable within the FTIR set-up, outside the 
spectrometer. Similar difference spectra were obtained from 
samples of holoPYP and hybrid I incubated at pH 5.0. 

The FTIR difference spectrum, here displayed from 1400 to 
1000 cm - ', has a suboptimal signal-to-noisc ratio, in part because 
of the relatively inefficient photoconversion conditions used in 
this experiment (Fig. 4). Nevertheless, this figure clearly shows 
two of the most typical features of the pB — pG difference 
spectrum, characteristic for holoPYP (ref. 30; A. Xie, W. D. Hoff, 
and K.J.H.. unpublished experiments) at 1163 and 1303 cm"1. 
Both features arc characteristic for phenolates. This interpreta
tion has been documented for (para-substituted) phenols, ty
rosine, etc. (in both their neutral and anionic forms) by FTIR and 
resonance Raman spectroscopy (31-33). In the nomenclature of 
vibrational modes derived for benzene (34), these features have 
been assigned to the Y9a (C—H in-plane bending) and Y7a' 
(predominantly C—O stretch) modes of the phenolate group. 
respectively. For hybrid I, a very similar difference spectrum was 
obtained, with the corresponding main peaks at 1172 and 1297 
cm - 1 , indicating that in this hybrid also a protonated chro-
mophore is transiently formed. The shift from 1163 to 1172 cirf1 

was predicted on the basis of pH-titration studies of ester model 
compounds of the chromophore of hybrid I. 

The rate of formation and decay of the signal at 1172 cm"1 

was recorded in a series of measurements in which a smaller 
number of transients was averaged, to allow for time resolution 
of the FTIR measurements. The pB state of hybrid I was 
populated with a rate of =0.01 sec - 1 , which is dependent on 
the intensity of actinic illumination. For the recovery of the 
ground state of hybrid I, a rate constant of 3.2 (±0.5) X 10"•' 
sec - ' was obtained (Fig. AB), in close agreement with the rate 
of recovery of the ground state of this pigment, measured by 
using visible absorbance measurements (Fig. 2A). 

Additional typical characteristics of the pB — pG FTIR 
difference spectra, such as the signals from Glu-46 at 1731 
cm - 1 , were recorded, but are not shown in Fig. 4. FTIR, as a 
technique, was selected for these measurements because we 
anticipated to be able also to detect the C ^ C triple bond of 
hybrid I, of which the stretch vibration is expected to absorb 
at =2200 cm - 1 , as was concluded from measurements on 
derivatives of 4-hydroxyphenylpropiolic acid at neutral and 
alkaline pH. This is a region with little absorbance originating 
from the apoprotein. However, this band was not detected in 
the spectra. The explanation for this lack of detection may k 
related to the relatively large width of this latter band, as 
compared with the Y9a marker band at 1172 cm '. 

Because bleaching of hybrid II with continuous actinic 
illumination at room temperature could not be accomplished 
(presumably because of its very rapid recovery rate; see also 
Fig. 2A), no FTIR measurements with this hybrid have been 
performed. With hybrid I, care should be taken to allow full 
relaxation of the pigment to the ground state before measure
ments are started, because ambient light already cau>.e< sig
nificant accumulation of the pB-like intermediate. 

'H NMR analysis (see Materials and Methods) indicated that a 
small fraction of the impurities in 4-hydroxyphenylpropiolic acid 
consisted of 4-hydroxycinnamic acid. Because apoPYP might 
selectively recognize this contaminant in the reconstitution ex
periments, we have carried out chromophore reextraction exper
iments. These, however, have not allowed us to make an estimate 
of the maximal level of contamination of the reconstituted 
chromophore in hybrid I, because only very small (far less than 
stoichiometric) amounts of 4-hydroxyphenylpropiolic acid were 
released by alkaline hydrolysis. This limited release may be 
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because of a nuclcophilic attack of the liberated thiolate anion of 
Cys-69 on the triple bond of the 4-hydroxyphenylpropiolic acid. 
Nevertheless, the results presented in Figs. 2A and 4 lead to the 
conclusion that the level of contamination by 4-hydroxycinnamic 
acid was below the level of detection of the techniques used in 
these experiments (estimated to be 5%). 

Besides the two chromophore analogues described in this 
study, more have been made and tested. In addition to the ones 
reported in ref. 20, a particularly relevant one for this report 
is a ring-locked chromophore in which the a-pyrone ring of 
7-hydroxycoumarin-3-carboxylic acid was replaced by a ben
zene ring (i.e., 2-carboxy-6-hydroxynaphthalene). However, 
we have not succeeded in reconstituting any functional or 
tuned pigment with this analogue. The same applies to recon
stitution experiments with 2- and 3-hydroxycinnamic acid 
anhydride. Chromophore analogues that were successfully 
used to form hybrid PYPs include chromophores with a 
deuterated and a brominated vinyl bond. The latter, because 
of its increased capacity to scatter electrons, should prove 
useful in (time-resolved) x-ray diffraction studies. 

DISCUSSION 
The role of cis /trans isomerization as the chemical basis of the 
primary reaction of photoperception in sensory transduction 
in the rhodopsin-based visual process is under intense discus
sion. Understanding this system, however, is complicated by 
the polyenic character of retinal, which makes it necessary to 
consider isomerization across alternative bonds when this 
process across one particular bond is prohibited by chemical 
dcrivatization of the chromophore (9). Furthermore, both 
visual rhodopsin and Brh hold their chromophore—i.e., reti
nal—bound in a distorted conformation, which may signifi
cantly affect its basic photochemistry (35, 36) and thus com
plicate comparisons with model compounds. 

We have therefore decided to study the role of chromophore 
isomerization in a member of the xanthopsin protein family 
(18), PYP, from Ectothiorhodospira halophila (10). The 4-hy
droxycinnamic acid chromophore of this photoreceptor con
tains a unique double bond, which is subject to isomerization 
upon photoactivation (16, 17). On the basis of FTIR measure
ments, it has been proposed that this isomerization process 
involves a rotation across two bonds: the 7,8-vinyl bond of the 
chromophore and the S—C single bond through which the 
chromophore is linked to the apoprotein (37). Very recently, 
the atomic displacements during nanosecond laser activation 
of PYP have been revealed through subjecting crystals of this 
photoreceptor to time-resolved x-ray diffraction experiments 
(38). These experiments clearly demonstrated that the change 
in the position of the aromatic ring of the chromophore of PYP 
is very small: it can best be described as a rotation of 60°, within 
the plane in which it is clamped in its binding pocket, between 
the aromatic amino acid side chains (i.e., Phe-62 and Phe-96) 
on one side, and the hydrogen-bonding Arg-52 and Tyr-98 on 
the other. The largest atomic displacement that is seen in these 
diffraction experiments, however, is the trans-to-cis displace
ment of the vinyl bond of the chromophore and—in particu
lar—the rotation of the carbonyl group of the chromophore 
across the long axis through the chromophore and Cys-69. 

This carbonyl group is therefore subject to a crankshaft-like 
motion, in which the initial hydrogen bond to the backbone-N-H 
of the cysteine is disrupted and a new hydrogen bond to Tyr-98 
is transiently formed (38). Subsequent recovery of the ground 
state thus includes nonphotochemical cis/trans reisomerization of 
the double bond of the chromophore. In the absence of the 
apoPYP protein this reisomerization process displays a very high 
activation barrier (the isolated 4-hydroxycinnamic acid chro
mophore is thermally stable in both the cis and the tram forms). 
His-108 of the apoprotein may be of critical importance in the 
catalysis" of the latter process by the apoprotein. 

We have investigated the (in)dispensability of trans /cis isomer
ization of the chromophore for activation of the PYP photore
ceptor (i) by replacing the double bond of the endogenous 
chromophore by a triple bond and (ii) by using a chromophore 
with a locked double bond. Both modified chromophores have no 
possibility to undergo trans/cis isomerization across the double 
bond that corresponds with the 7,8-vinyl bond of the authentic 
chromophore. Nevertheless, the resulting hybrid pigments do 
show absorption characteristics and photoactivity that are typical 
for holoPYP. Of the two, hybrid II is most restricted in its 
photochemistry. Formation of a pR-like intermediate could be 
demonstrated at 77 K, albeit the pR-like intermediate formed 
does not show a shift in its absorption maximum with respect to 
its corresponding pG. Hybrid I behaved similarly in this respect: 
however, from the latter also authentic signals originating from a 
pB-like intermediate could be recorded (see Figs. 2 and 4). These 
latter results strongly argue that the pB-like intermediate of 
hybrid I also contains a protonated chromophore (20, 24, 25, 30, 
37). 

These observations can be interpreted within the framework of 
a model that assumes that photoactivation induces rotation of the 
carbonyl group of the chromophores (see above). In both hybrids 
the carbonyl function of the chromophore is part of an extended 
conjugated system, ranging from the phenolatc oxygen to the 
sulfur atom of Cys-69, just as in holoPYP. After photoactivation 
of both hybrids, dipole formation in both chromophores leads to 
C = 0 rotation, which will be very much sterically limited in 
hybrid II, because of the presence of the second ring of the 
chromophore; most likely to such an extent that the C = 0 group 
cannot reach the stabilizing position in which it can form a 
hydrogen bond with Tyr-98 (38). Hence, a very rapid decay from 
the pR-like state, back to the ground state, will occur in this 
hybrid, which is in agreement with preliminary results of nano
second time-resolved transient absorption spectroscopy experi
ments (see Results). In contrast, the C = 0 group of the chro
mophore of hybrid I does reach a similar position as in holoPYP, 
which therefore subsequently leads to disruption of the hydrogen-
bonding network of the phenolate oxygen and to partial unfolding 
of hybrid I into a pB-like signaling state (39). Return from this 
state may be dependent on interaction with, and catalysis by, side 
chains from the apoprotein (40). Subangström changes in the 
mutual distance of the atoms involved can already dramatically 
slow down this catalytic function (41 ), which may explain why the 
overall recovery reaction of hybrid I is 1,000-fold retarded, even 
though this process in hybrid I does not require the reisomeriza
tion of a double bond. Nevertheless, this retardation can be 
exploited as a convenient alternative for lowering the pH in 
holoPYP (28). 

These experiments unequivocally demonstrate that trans /cis 
isomerization of the vinyl bond of the chromophore of PYP is 
not required for photoactivation of this photoreceptor. 

As discussed above, hybrid II most likely, upon photoacti
vation, goes through a short-circuited photocycle in which the 
(locked) chromophore remains deprotonated. Consequently, 
no major rearrangements in the backbone structure of PYP are 
involved in this process and thus the photocycle can be 
completed very rapidly. Evidence for other forms of short-
circuiting of the photocycle of holoPYP is available: Both from 
pR and from pB, the ground state can be recovered in a 
photochemical reaction (23, 42). In addition, short-circuiting 
of the major conformational transitions associated with the 
formation of the signaling state of pB has also been obtained. 
First, limited hydration of PYP leads to a photocycle with only 
limited conformational rearrangements, as reflected in the 
changes in various parts of the IR spectrum of the protein (43). 
Furthermore, comparison of the structural rearrangements 
associated with pB formation, as determined with time-
resolved x-ray diffraction and !H NMR spectroscopy (refs. 17 
and 38; G. Rubinstein, G. W. Vuistcr, F. A. A. Mulder, P. E. 
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Düx, R. Bodens, K.J.H., and R. Kaptein, unpublished results), 
lead to the same conclusion. 

The transient absorption spectra and the pB — pG FTIR 
difference spectra (Figs. 2 and 4) suggest that intramolecular 
proton transfer remains a key step in the photocycle of hybrid 
I. The strongly prolonged recovery times of this hybrid may 
help to further characterize the path of the proton that is 
transferred while PYP progresses through its photocycle. 

The low-temperature spectra (Fig. 3) show a striking fine 
structure in the spectrum of the PYP molecules that were 
photoconverted to an intermediate state at 77 K (see also refs. 
23 and 29). These results suggest that the sample of PYP 
molecules, frozen in glycerol, contains a very heterogeneous 
population of molecules, of which only a subpopulation is 
excited. From the absence of well-resolved sidebands in the 
absorbance spectrum of PYP in buffer at room temperature, 
one is led to conclude that a similar heterogeneity exists under 
those conditions. The results of 'H NMR experiments, which 
have led to a resolution of the structure of PYP in solution, 
have already revealed some forms of heterogeneity (44). It will 
be of great interest to resolve this relation between (variations 
in) PYP structure and its absorbance characteristics. 

The results obtained with hybrids I and II support the idea that 
the fine structure in the visible absorption band of holoPYP is 
related to a vibrational progression, connected to the double 
bond (cf. réf. 45). Thus it is also weakly detectable in hybrid II, but 
not in hybrid I. The wavelength maxima of the intermediates of 
hybrid I reveal an extremely large magnitude of chromophore 
tuning, as induced by protonation: from 464 nm (in pG) to 326 
nm (in the pB-like intermediate). This magnitude is unprece
dented in the previously characterized hybrids (20). 

CONCLUSION 

The results presented in this study unequivocally demonstrate 
that irans/cis isomerization of the vinyl bond of the chro
mophore of PYP is dispensable for activation of the PYP 
photoreceptor and suggest that rotation of its carbonyl group 
may be of higher importance. Furthermore, the results ob
tained suggest that in hybrid I intramolecular proton transfer 
still takes place and that the dark reisomerization of the 
chromophore is strongly retarded. 

We thank Hans Bieraugel. Herman Fennema, Andrea Haker. Louis 
Hartog, Jan Geenevasen, and John van Ramesdonk for sharing their 
expertise in chromophore synthesis and analysis. K.J.H acknowledges 
fruitful and stimulating discussions with W. D. Hoff and A. Xie 
(Oklahoma State Univ., Stillwater). 

Note. The x-ray structure of a pR-like intermediate of holoPYP was 
recently published by Genick et al. (46). These data are in agreement 
with the model describing the initial photoisomerization of the chro
mophore of PYP as a rotation of the carbonyl group of the chro
mophore around the long axis of the 4-hydroxycinnamic acid (37). This 
study even provides an explanation for the apparent contradiction 
between the results obtained with FTIR (37) and time-resolved Laue 
diffraction experiments (38), through the difference between PR77 K 
and pR[<T. 
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4.3 Time-resolved X-ray crystallography 
at the European Synchrotron Radiation 
Facility: a discussion on the structural 
events in the photocycle of a xanthopsin. 

Time-resolved X-ray crystallography. 
Today, the three-dimensional structures of 
thousands of proteins have been elucidated, 
but surprisingly only few molecular 
mechanisms of action, based on these 
structures, have been resolved. To understand 
the way proteins, or more specifically 
enzymes, do their job, not only a detailed 
picture of one state is essential, but rather of 
all the intermediates present during catalysis, 
including the rates of their interconversion. In 
order to obtain structural information about a 
protein, long X-ray exposures of hundreds of 
minutes are necessary, excluding the 
possibility of studying transient intermediates 
in catalysis, which typically have lifetimes on 
very short time scales, varying from 
nanoseconds to several seconds. Several ways 
have been found to overcome the 
incompatibility of long exposure times and the 
relatively short life times of reaction 
intermediates. First, short-lived intermediates 
can be mimicked by stable complexes like 
enzyme-substrate or inhibitor complexes, but 
these may lack key structural interactions. 
Second, cryocrystallography, where diffusion 
of a substrate into a cooled crystal prolongs 
the lifetimes of the intermediates, has proven 
to be very useful, but cooling may affect the 
protein structure and trapped intermediates 
may not be representative for those present at 
physiological temperatures. Third, the use of a 
highly intense X-ray source will strongly 
decrease the required X-ray exposure time. 
With the use of intense monochromatic X-rays 
however, only the second to minute time-scale 
is accessible, since rotation of the crystal 
during exposures is necessary to obtain a 
complete data set. Therefore, the use of 
polychromatic X-rays, in the so-called Laue 
diffraction, is the ultimate approach, since it 
eliminates the need for crystal rotation and 
reduces exposure times even further. 
Interestingly, the very first diffraction patterns 
of crystals, obtained by Knipping and von 
Laue in 1912, also were obtained after 

exposure to polychromatic X-rays. Nowadays, 
with the availability of extremely intense 
polychromatic X-rays, generated by so-called 
synchrotron radiation sources, the study of 
short-lived intermediates at physiological 
temperatures is feasible (Moffat, 1989). 

The European Synchrotron Radiation 
Facility. Synchrotrons are extremely large 
facilities for circulating electrically charged 
particles, like electrons, at nearly the speed of 
light in a storage ring. Initially, they were 
designed for use in high-energy physics for 
studies on the collision of charged particles. 
But today, also chemists and biologists make 
use of synchrotrons, because such devices 
emit highly intense electromagnetic radiation, 
which has proven to be a powerful tool in a 
broad range of studies, to the extent that 
radiation-dedicated synchrotrons were con
structed. Today, one of the most advanced 
synchrotron radiation sources in the world, 
also referred to as a third generation source, is 
the European Synchrotron Radiation Facility 
(ESRF) in Grenoble with a storage ring 
circumference of 844 m (figure 1). In the so-
called synchrotron booster (a smaller ring 
inside the main ring), electrons are accelerated 
and subsequently injected into the storage 

- ^ . radiation from bending magnets 

— — — > radiation from insertion devices 

Figure 1. A schematic picture of a particle storage 
ring with an injector for the charged particles. 
Insertion devices (wigglers or undulators) produce 
much higher intensity radiation than the bending 
magnets. Figure adapted from Drenth (1994). 
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ring. An electron in orbit emits electro
magnetic radiation and this energy loss results 
in a drift towards the center of the ring. In 
addition, bending magnets guide the electrons 
through their orbit. The ring is not uniformly 
filled with electrons, but with bunches of 
electrons with a length of 18-60 mm, 
corresponding to an X-ray pulse of 60-200 
picoseconds duration. Usually, the storage 
ring at the ESRF operates in a mode, where 
1/3 of the ring (332 bunches) is filled. This a 
relatively stable mode of operation of the ring, 
with lifetime of about 52 h, so a refill is 
required every second day. Only nine days a 
year the ring will operate in the less stable 
single bunch mode, with a lifetime of about 1 1 
h. This mode however, is extremely useful for 
time-resolved experi-ments of reversible 
phenomena on a very short time scale, 
provided that samples can be excited over and 
over again, to allow the collection of sufficient 
intensity by an X-ray detector. It takes a single 
bunch of electrons 2.82 microseconds to 
travel through the entire ring. This is 
sufficiently long to isolate a single pulse of X-
rays by use of a mechanical chopper. To pump 
the sample with a laser flash and probe it 
simultaneously with X-rays at the appropriate 
time chosen by the user, three asynchronous 
clocks must be brought together in phase: (i) 
the X-rays generated by the synchrotron, (ii) 
the chopper rotation frequency and (iii) the 
laser pulse. In the experimental set-up, 
constructed at the ESRF in Grenoble, the 
timing sequence is triggered by software and 
can be synchronized with crystal rotation, 
such that a whole data set can be collected 
automatically (Bourgeois et al., 1996). Timing 
is controlled with a large area avalanche 
diode. This device can be used to detect X-
rays as well as photons from the laser beam. 
The output from this device functions as input 
for the controlling software. Delays can be set 
with an accuracy of approximately 1 
nanosecond (Bourgeois et al, 1996). 

Feasibility of the experiment. New 
methods have only recently been developed to 
deal with the complications inherent in the 
processing of Laue diffraction data, which is 
much more complicated than the processing of 

monochromatic X-ray diffraction data. A 
unified solution to the problems in integration 
of both streaky and spatially overlapping spots 
and data scaling has been incorporated into a 
Laue diffraction data-reduction software 
package, LaueView (Ren & Moffat, 1995). 
Essential for time-resolved X-ray crystallo
graphy is the initiation of the reaction, which 
has to be uniform, rapid and without crystal 
damage. The reaction of interest can be 
initiated chemically, by a concentration jump, 
or physically, by a temperature or pressure 
jump or by a laser pulse. Photoactivation of a 
stable substrate analogue has proven 
successful in case of myoglobin and 
hemoglobin, in which a brief laser pulse 
ruptures the heme-iron CO bond, followed by 
recombination in the dark. Also, the 
photoactivation of caged substrates like ATP 
and photodestruction of inhibitors are useful 
alternatives (Moffat, 1989). Nevertheless, a 
stable, water-soluble protein with intrinsic 
photoactivity inducing physiologically relevant 
conformational changes for signal transduc
tion would be an excellent model system for 
the type of experiment discussed here. 
Photoactive yellow protein satisfies these 
conditions. In addition, crystalline PYP has 
been shown to be photoactive (McRee et ai, 
1986), with photocycle kinetics similar to 
those of PYP in solution (Ng, Getzoff & 
Moffat, 1995). Probing of PYP crystals with 
polychromatic X-rays yield high resolution 
Laue diffraction patterns for different time 
delays (for example figure 2), which have been 
processed to electron density difference maps. 
These maps reveal the underlying conforma
tional changes in photoactive yellow protein 
upon photoactivation, from 1 nanosecond to 
several milliseconds. The experiments 
described here are carried out at the edge of 
the physical limits of experiments with 
biological materials: to work with an optically 
sufficiently transparent crystal, one has to use 
a wavelength of excitation far from the 
absorbance maximum. To compensate for this, 
very high-intensity laser-pulses have to be 
used, which in turn cause shock- and heat
waves in the crystal. In spite of all this, the 
experiments described below provide 
extremely detailed insight into the signal 
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transduction events in photoactive yellow 
protein. 

The early intermediate pR. The PYP 
structure was probed at 1 nanosecond by an 
X-ray pulse of 150 picoseconds (single-bunch 
mode) after initiation of the photocycle by the 
delivery of a 7-ns laserpulse at 495 nm to 
small (80 u.m by 80 u.m by 150 u.m) PYP 
crystals at 287 K (Perman et al., 1998). This 
resulted in a high-resolution Laue diffraction 
data set (see for example figure 2). After data 
processing, the resulting electron density 
difference map shows structural features of 
the early, red-shifted photocycle intermediate 
pR (chapter 13) As expected, the features on 
this map are limited to the local environment 

of the chromophore (figure 3). The map 
clearly shows that there is a lack of features 
on its aromatic moiety. This indicates that this 
moiety remains buried and does not undergo 
significant translational motion in the 
transition to the pR state. A model could be 
successfully refined against the Laue data, 
which accounted for the changes of the atoms 
of the chromophore and its local environment. 
During the process of refining this model one 
should consider that standard protein 
parameters for unstrained, stable structures 
may not apply to short-lived structures. The 
model shows that Irans to cis isomerization of 
the chromophore vinyl double bond is 
completed within 1 ns, including the following 
structural changes: (i) torsion of the single 

• ,. : • " • 

... * >:* * \ 

Figure 2. Lane diffraction pattern of a photoactive yellow prolcin crystal. Structure was probed 1 nanosecond after 
excitation at 495 nm. The synchrotron is running in ihc single-bunch mode. Image was taken at Ihe ID09 beamline 
station, experiment LS-540 at the ESRF. Grenoble. France. 27-11-1996. 
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bond between the y-sulfur of Cys69 and the 
chromophore carbonyl C-atom, (ii) torsion of 
the Tyr42 and Glu46 side chains, and (iii) 
minor changes in the chromophore binding 
pocket near Cys69 (figure 4). Although the 
center of the aromatic moiety of the 
chromophore does not move, the ring has 
rotated within its plane. The hydrogen-bond 
between Glu46 and the phenolate oxygen has 
been disrupted in pR, while the chromophore 
retains its hydrogen-bond to Tyr42. The side 
chain of Glu46 has moved away from Tyr42 
to the protein core. The rotation of the 
aromatic moiety has moved the phenolate 
oxygen towards Arg52. 

In the photocycle intermediate pB, 

Figure 3. Electron density difference map of pR-pG. 
Blue and red contours indicate regions of positive and 
negative difference electron density, respectively. The 
most prominent positive feature (A) appears to result 
from repositioning of the vinyl carbon atoms of the 
chromophore. It is associated with negative features 
on the chromophore carbonyl oxygen (B) and the y-
sulfur of Cys69 (C) that together indicate motion of 
these atoms. Another prominent negative feature 
below the a-carbon atom of Cys69 (D) suggests that 
the backbone in this proximal region shifts toward the 
chromophore (trans to cis isomerization causes a 
contraction of 0.5 Â). A further set of features at the 
distal region of the chromophorc-binding pocket, near 
the phenolate moiety (E.F), are associated with the 
disruption of the hydrogen bond between Glu46 and 
the phenolic oxygen. Figure is kindly provided by K. 
Moffat and appeared in adapted form in Perman et al. 
(1998). 

accumulated by continuous illumination, the 
side chain of Arg52 has moved away from the 
chromophore, opening this binding pocket 
gateway, thus allowing solvent exposure of 
the chromophore (Genick et al., 1997a). The 
hydrogen-bond between the carbonyl oxygen 
of the chromophore tail and the backbone 
nitrogen atom of Cys69 has been broken in 
pR, as the carbonyl has reoriented and has 
formed a new hydrogen-bond with the 
backbone nitrogen atom of Tyr98 (figure 4). 
This carbonyl oxygen cannot lie in the plane of 
the chromophore ring in the cis isomer 
without severe steric hindrance between the 
oxygen and the ring hydrogens. In the long-
lived photocycle intermediate pB, the carbonyl 
oxygen reforms its hydrogen-bond with the 
amide group of Cys69 (Genick et ai, 1997a). 
The backbone regions that move upon pR 
formation largely correspond to regions of a 
strained secondary structure in pG. These 
include an underwound a-helix and the 
backbone adjacent to Cys69, both present in 
the chromophore binding pocket, in the distal 
and proximal region, respectively. These are 

Pü 

Cys69 

Tyr98 

[pR] 

Tyr98 

Figure 4. Comparison of the pG and pR state 
structures: the chromophore and its environment are 
viewed from the proximal end of the chromophore 
binding pocket. Figure is kindly provided by K. Moffat 
and appeared in adapted form in Perman et al. (1998). 
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the only sites of protein backbone motion 
between the pG and pR states (Perman et ai, 
1998). 

The cold intermediate PYPUL. It is 
interesting to compare the structure of the 1 -
ns photocycle intermediate at 14°C (Perman et 
ai, 1998) with that of the recently published 
cryotrapped, light-activated intermediate at 
temperatures below -100°C (Genick et ai, 
1998) and that of the photostationary state 
(Genick el ai, 1997a). Low-temperature 
spectroscopy showed that below -100°C, 
intermediates could be trapped that precede 
PYPL (A,max = 456 nm), which most probably 
corresponds to the room temperature 
photocycle intermediate pR465 (Imamoto, 
Kataoka & Tokunaga, 1996). Among these 
intermediates is PYPBL (̂ max = 400 nm), which 
is probably the intermediate that has been 
studied by low-temperature X-ray crystallo
graphy, since microspectrophotometry indica
ted the formation of a 400-nm shoulder in 
absorption spectra of light-activated PYP 
crystals (Genick et ai, 1998). Caution should 
be taken however, with the assumption that 
PYPBL represents a room temperature 
photocycle intermediate, formed within 1 
nanosecond after light-excitation. Especially, 
since recent picosecond transient absorption 
spectroscopy has demonstrated that two 
intermediates are formed within the first 
nanosecond, which are both red-shifted to 510 
nm (Ujj eta/., 1998). Even though the PYPBL-
like intermediate cannot be observed at room 
temperature, it seems plausible that the key-
structural events, observed in PYPBL, are 
relevant and precede those in pR. 

The extremely high-resolution of the 
structure of the light-activated, cryotrapped 
intermediate of PYP (0.85 Â) also showed 
(like the pR structure) that the structural 
changes, compared to pG, were confined to 
the chromophore and its immediate 
environment. Interestingly, this structure 
shows that the flipping of the thiol ester 
carbonyl group is virtually complete, at a time 
when the chromophore double bond hardly 
has passed the trans-to-cis transition point 
(Essen & Oesterhelt, 1998; Genick et al, 
1998). Thus surprisingly, the chromophore in 

PYPRI. has a strongly distorted transition-
state-like conformation and the flipping of the 
carbonyl group precedes the full isomerization 
of the vinyl double bond. The extraordinary 
finding in PYPBL that a double bond 
isomerization has been trapped halfway may 
explain the strong blue-shift in this 
intermediate to 400 nm, because of the 
interaiption of the conjugated system in the 
chromophore of this intermediate. Genick et 
al. (1998) proposed that the flipping of the 
carbonyl group drives the chromophore from 
the transition state into the cis conformation, 
causing a strained conformation in the protein 
that drives the rest of the cycle. In chapter 4.2 
we demonstrated that, after substitution of the 
chromophore double bond by a triple bond, 
photoactive yellow protein still displays an 
authentic photocycle, be it with altered 
kinetics. 

Trans to cis isomerization should result in a 
contraction of the chromophore. In the 
transition state in PYPBL, this effect of the 
partial isomerization is compensated for by 
slight changes in the positions of Tyr42 and 
Glu46, maintaining the hydrogen-bonds 
between these residues and the phenolic 
oxygen (Genick et al., 1998). In pR however, 
the vinyl double isomerization has been 
completed, resulting in a disruption of the 
hydrogen bond with Glu46 (Perman et al., 
1998). The structural data for PYPBl. are in 
agreement with those obtained by low-
temperature FTIR difference spectra, which 
led to the first proposal for the two-bond 
isomerization process, as described in more 
detail in chapter 1.3 (Xie el ai, 1996). The 
assumption in the FTIR-experiments however, 
that the trapped intermediate at low 
temperatures represents pR, is arguable. In 
agreement with the X-ray crystallographic 
data described above, indicating structural 
differences between pR and PYPBL, a striking 
difference is observed in the quantum yield 
(<î>) of phototransformation of pR back to pG 
between 77 K and room temperature (Gensch 
et ai, 1998). 

A second interesting proposal, also initially 
based on FTIR-experiments and now 
supported by pH measurements, is that Glu46 
donates a proton to the phenolic oxygen 
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during the transition from pR to pB (Hendriks 
et al, 1998, Imamoto et al, 1997, Xie et al, 
1996). However, the shift of Glu46 away from 
the deprotonated chromophore, which remains 
hydrogen bonded to Tyr42, as observed by 
Perman et al (1998), may indicate an 
alternative mechanism, in which the 
chromophore receives a proton from and 
Glu46 donates a proton to the solvent. 

The long-lived intermediate pB. 
Structural data of the photocycle intermediate 
pB were obtained, during light exposure and 2 
ms and 12 ms after illumination was switched 
off, which had previously led to the 
establishment of a photostationary state of 
intermediates (Genick et al, 1997a). As 
expected, in this structure of pB, 
isomerization had been completed. The steric 
hindrance between the thiol ester carbonyl 
group and the nearest aromatic ring proton 
causes a strained, nonplanar conformation of 
the cis isomer of the chromophore by -60°. 
The aromatic ring of the chromophore has 
moved toward the protein surface at the 
position of the guanidinium group of Axg52 in 
pG. Arg52 has moved to a new position and 
consequently, the chromophore becomes 
exposed to the solvent and protonated. 
Neighboring residues of the trans 
chromophore have moved inward to partially 
fill the cavity left behind by the chromophore. 
A new hydrogen-bond is formed between 
Arg52 and the phenolic oxygen of the 
chromophore (Genick et al, 1997a). The 
exposure of two side-chain hydrogen donors 
of Arg52 and the chromophore to the solvent 
leads to a more positive electrostatic potential 
of the protein surface, which may trigger the 
signal transduction pathway to the flagellar 
motor (Genick et al, 1997a). 

The most prominent changes in the 
structure of PYP are present in the blue-
shifted, long-lived intermediate pB and can be 
described as the formation of a new hydrogen-
bonding network in the chromophore-binding 
pocket, by replacement of hydrogen-bonds, 
due to rotational and translational movements 
of the chromophore and the surrounding 
amino acids. Surprisingly, one of these 
hydrogen-bonds in pB, which is formed and 

broken as a result of the rotation of the 
chromophore C-S bond, is already reformed 
to that present in pG. One of the aspects in the 
photocycle, which deserves further study, is 
the role of Glu46, as already mentioned 
above. In pG, the phenolic oxygen of the 
chromophore is deprotonated and the buried 
Glu46 is in the protonated, uncharged state 
(Borgstahl, Williams & Getzoff, 1995). In 
solution, these groups have a pKa of ~9 and 
~4, respectively. Thus, solvent exposure will 
result in the protonation of the chromophore 
anion and a concomitant blue-shift (as 
observed in pB), while it will result in the 
deprotonation of Glu46. FTIR-studies on PYP 
films suggest that Glu46 is indeed 
deprotonated in pB (chapter 1.3), but 
crystallographic data indicate a shift of this 
residue toward the protein core (Genick et al, 
1997a; Perman el al, 1998). The latter finding 
argues against deprotonation of Glu46, 
because in the protein core one would expect 
an uncharged, protonated Glu46. A second 
argument against the role of Glu46 as the 
proton donor of the chromophoric phenolate 
anion in PYP is that the E46Q mutant still 
displays a photocycle (Genick et al, 1997b). 
However, it cannot be excluded that in wild-
type PYP the proton donor is Glu46, while the 
E46Q mutant protein receives a proton from 
the solvent or from an alternative amino acid 
residue. Furthermore, differences may be 
observed with respect to structural aspects of 
the photocycle of PYP in (concentrated) 
solutions and in crystals, as further discussed 
below. 

The photocycle. One of the remaining 
questions concerning the photocycle of PYP 
deals with the order of events upon 
reformation to pG. The two key events that 
take place in the pB to pG transition are 
deprotonation of the phenolic oxygen and cis 
to trans re-isomerization. So far, no structural 
data on the time scale, associated with these 
structural events, are available. Spectrosopic 
data of PYP and its M100A mutant indicate 
that there is a light-dependent branch reaction 
in the photocycle of PYP, which makes pG 
recovery from pB much faster compared to 
the rate in the dark (Miller et al, 1993; 
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Devanathan et al, 1998). The reformation of 
pG in the light-dependent reaction takes less 
than 1 millisecond, while the reaction in the 
dark takes approximately 1 second (Hendriks 
& Hellingwerf, unpublished observations). 
This may indicate that re-isomerization of the 
chromophore to the trans isomer is the rate-
limiting step in the recovery of pB. Probably, 
re-isomerization of the chromophore brings 
the phenolic 4-hydroxy group close to Glu46, 
allowing deprotonation. 

The time-resolved X-ray crystallographic 
data obtained indicate that the structural 
changes associated with the photocycle of 
PYP are largely confined to the chromophore 
and its adjacent amino acids. There is 
however, an accumulating amount of evidence 
that larger conformational changes are 
associated with the photocycle of PYP in 
solution. First, a thermodynamic model, 
applied to the photocycle of PYP, accounting 
for heat capacity changes due to the exposure 
of hydrophobic contact surface (see also 
chapter 1.3), suggests that at least 40 of the 
125 amino acids of PYP are involved in the 
pR to pB transition (Van Brederode et al., 
1996) Second, FTIR-studies, which can 
probe light-induced structural changes in the 
backbone of a protein, indicate that large 
conformational changes occur during the pG 
to pB transition (Hoffe/ al., 1998). Third, 
studies on light-induced hydrogen-deuterium 
(H/D) exchange show that the number of 
buried sites, resisting H/D exchange, is 
reduced from 69 in pG to 53 in pB (Hoff el 
ai, 1998). Fourth, NMR-studies indicate that 
pB exists as a collection of disordered, 
mutually interconverting conformers (Rubin-
stenn el al., 1998). This is in contrast to pG, 
which in solution, is structurally well-defined 
(Düx et al, 1998). In addition, NMR-studies 
show a differential rate of refolding of 
different parts of pB, starting with the central 
ß-sheet and parts of the helical structures, 
followed by the region around the 
chromophore (Rubinstenn et ai, 1998). The 
differences, observed in the extent of the 
structural changes during the lifetime of pB 
between crystallographic data and spectros
copic studies on PYP in solution, may be 
explained by the relatively tight packing of the 

protein in a crystal lattice. However, the 
crystallographic and spectroscopic experi
ments described above provide complemen
tary, rather than contradictory data. 

Taking all these structural data into 
consideration, what is now the mechanism of a 
photocycle? What is essential in the design of 
a protein in order to be capable to show a self-
contained light cycle? One could picture the 
protein as a spring, which winds up after the 
absorption of a photon and relaxes in the dark. 
Essential is to formulate a mechanism for 
winding up the spring: for photoactive yellow 
protein this is photoisomerization, in a two-
bond isomerization process. In addition, a 
mechanism should be present to allow the 
subsequent relaxation to the ground state. 
After isomerization, the protein holds the 
chromophore in an iron grip, facilitating the 
thermal reisomerization process. The contrac
tion of the chromophore upon isomerization, 
induces proton transfer and a charge 
redistribution in the protein, causing 
conformational changes that probably contri
bute to the lowering of the energy barrier for 
the eventual reisomerization. It is interesting 
to note that nature invented a similar strategy 
for the archaeal rhodopsin photosensors, 
where also proton transfer, induced by photo
isomerization, plays an essential role in the 
photocycle. Reat et al. (1998) reported that 
bacteriorhodopsin can be considered as a hard 
core in a soft shell. This may also be true for 
photoactive yellow protein, where relatively 
small changes in the chromophore binding 
pocket, have a large impact on the more 
flexible structure around it, which may allow a 
mechanism to transfer a signal, informing the 
cell that there is blue-light. 
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Summary 

The interaction between light (as a source of information) and life is in a few words the subject of 
study in this thesis. What should be present in the design of a biomolecule to allow interaction with 
light? What happens to the structure of this biomolecule when it captures a photon? What is the 
molecular basis for light-induced signal transfer in the living the cell and finally, what is the cell doing 
with this signal? These are the big questions, which can be considered as the driving force behind the 
studies on a small bacterial photosensor, as described here. 

The bacterial photosensor photoactive yellow protein (PYP) is a water-soluble yellow-colored 
protein that displays a photocycle upon absorption of a blue photon. The gene encoding this protein 
has been cloned and sequenced from three anoxygenic photosynthetic bacteria, including 
Rhodobacter sphaeroides (chapter 2). In the latter bacterium the pyp gene has been deleted and 
inactivated by insertion of an antibiotic resistance cassette in order to obtain the genetic prove the 
biological function of PYP. Two specific blue-light responses have been identified and characterized 
in Rb. sphaeroides by use of computer-assisted motion analysis and flow assays on methyl-[ H]-
methionine labeled cells: (i) a blue-light motility response and (ii) blue-light induced increase in the 
release of volatile methylated compounds, indicative for adaptive receptor demethylation. A study on 
these blue-light responses in both Rb. sphaeroides pyp mutants did not reveal any differences in 
comparison to wild-type cells (chapter 3). 

To prove that photoisomerization of a vinyl double bond in the 4-hydroxy cinnamic acid 
chromophore of PYP is the photochemical basis for the photocycle of PYP, the chromophore has 
been isolated from the dark state and from the long-lived photocycle intermediate, accumulated by 
continuous illumination. Indeed, analysis by use of capillary electrophoresis showed that the dark 
state of PYP contained the trans isomer, while the blue-shifted intermediate harbored the cis isomer 
of 4-hydroxy cinnamic acid (chapter 4.1). The indispensability of photoisomerization of the 
chromophore double bond for the photocycle has been investigated by substitution of the 
chromophore for analogues that are blocked in this isomerization process by the presence of a 
covalent bridge or a triple bond. Surprisingly, the chimaeric protein with the triple bond chromophore 
still displayed an authentic photocycle, be it with altered kinetics (chapter 4.2). An explanation for the 
latter observation could be obtained by time-resolved X-ray crystallographic data. A refined model of 
the structure an early photocycle intermediate, probed 1 ns after excitation of photoactive yellow 
protein crystal with a laser pulse, showed that, besides the isomerization of the double bond, a C-S 
single bond has rotated, resulting in a crankshaft motion of a C=0 group of the chromophore. The 
latter motion may initiate the photocycle in the photoactive yellow protein with the triple bond 
chromophore (chapter 4.3). Looking at the questions formulated above, it will be clear that, after 
reading thesis, only a few small, but interesting pieces of the big puzzle have been found. 
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Samenvat t ing 

Sommige bacteriën zijn net zoals groene planten in staat om zonlicht te gebruiken als bron van 
energie. Om zoveel mogelijk licht op te kunnen vangen, zwemmen deze bacteriën naar het licht toe 
door hun zweepstaart te roteren. Omdat bacteriën zo klein zijn, kunnen zij niet observeren waar het 
licht precies vandaan komt; zij nemen veranderingen in hun omgeving waar als functie van de tijd en 
niet van de ruimte. Om uiteindelijk in een optimaal klimaat voor fotosynthese terecht te komen, 
zwemmen bacteriën niet gericht, maar met een gemoduleerde, willekeurig beweging, waarbij twee 
rotatiestanden van de zweepstaart worden afgewisseld. De ene stand leidt tot rechtdoor zwemmen en 
de andere tot reoriëntatie. Door de reoriëntatie frequentie te verhogen in een ongunstige omgeving en 
deze te verlagen in een gunstige, zwemt de bacterie uiteindelijk de goede kant op. Daarbij is het van 
belang dat er constant adaptatie of aanpassing optreedt. Als een bacterie in een gunstiger, maar 
homogeen klimaat terechtkomt, zal zij snel weer vervallen in een willekeurig zwempatroon. 

Bij de bacteriële perceptie van licht zijn waarschijnlijk twee sensoren betrokken. Eén van de 
lichtsensor functies wordt vervuld door een complex van biomoleculen dat het fotosynthetisch 
apparaat in de cel vormt. Deze sensor is verantwoordelijk voor een zwemreactie die leidt tot migratie 
naar het licht toe. Een tweede sensor laat de bacterie weten dat het licht te intens wordt en resulteert 
in een zwemrespons, waardoor de bacterie een teveel aan schadelijk zonlicht kan vermijden. De 
laatstgenoemde lichtsensor is een sensor voor blauw licht. Dit is een logisch produkt van de evolutie, 
want blauw is de meest intense kleur van het zonlicht en het is de kleur die water het beste doorlaat. 
Hoewel het bestaan van een blauw-licht sensor voor een zwemrespons werd voorspeld op basis van 
het zwemgedrag van bacteriën in aanwezigheid van verschillende kleuren licht, is nooit bewezen welk 
biomolekuul deze rol als sensor precies vervult. Er is echter wel een blauw-licht absorberende 
kandidaat voor deze sensor, het fotoactieve gele eiwit. Over dit eiwit gaat het in de 'Studies on a 
bacterial photosensor'. Gedurende mijn promotieonderzoek is niet alleen getracht dit eiwit in meer 
detail te karakteriseren, maar ook om het bewijs te leveren voor zijn biologische rol als lichtsensor 
voor de hierboven beschreven zwemrespons. 

Het fotoactieve gele eiwit werd voor het eerst geïsoleerd uit een aantal zoutminnende bacteriën, 
die voorkomen in zoutmeren, zoals bijvoorbeeld in de Wadi Natrun in de woestijn van Egypte. Om 
het bewijs te leveren voor de biologische functie van het fotoactieve gele eiwit was het de bedoeling 
de genetische informatie voor dit eiwit te blokkeren en het effect daarvan op blauw licht geïnduceerd 
zwemgedrag te bestuderen. De bacteriën, waarin het fotoactieve gele eiwit was gevonden, waren 
echter niet erg goed gekarakteriseerd en zij bleken niet erg vatbaar voor het gereedschap, waarover 
de moleculair bioloog beschikt. Na een zoektocht kwam aan het licht dat ook een goed 
gekarakteriseerde bacterie, waarvan sommigen beweren dat zij zelfs voorkomt in de grachten van 
Amsterdam, het fotoactieve gele eiwit bevat (hoofdstuk 2). Door deze bevinding kon in deze bacterie 
betrekkelijk eenvoudig de genetische informatie uitgeschakeld worden, die codeert voor het 
fotoactieve gele eiwit. Een analyse van mutanten waarin dit was gebeurd gaf echter aan dat er geen 
enkel verschil was waar te nemen tussen hun blauw licht zwemreacties en die van hun intacte 
voorouders (hoofdstuk 3). Dit suggereert dat het fotoactieve gele eiwit een andere functie heeft of 
dat er een tweede blauw licht sensor is die het effect van het uitschakelen van het fotoactieve gele 
eiwit verbloemt. 

Een eiwit is -het woord zegt het al- over het algemeen wit of beter gezegd kleurloos. Dit komt 
omdat het is opgebouwd uit een combinatie van twintig verschillende aminozuren die geen zichtbaar 
licht absorberen. Naast deze aminozuren moet dus ook nog een ander molekuul onderdeel uit maken 
van de structuur van het fotoactieve gele eiwit. Dit molekuul heet een chromofoor en blijkt in dit 
geval kaneelzuur te zijn, dat gekoppeld is aan één van de aminozuren binnen in het eiwit. Als het 
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fotoactieve eiwit blauw licht absorbeert verandert het eiwit van ruimtelijke structuur en kleur, waarna 
het binnen een seconde zijn gele uitgangstoestand weer bereikt. De cyclische ketting van reacties die 
hierbij betrokken is, wordt een fotocyclus genoemd en speelt waarschijnlijk een rol bij het doorgeven 
van een signaal dat de bacterie waarschuwt voor de aanwezigheid van een hoge intensiteit blauw 
licht. Een groot deel van het in mijn proefschrift beschreven onderzoek gaat over het mechanisme dat 
ten grondslag licht aan deze fotocyclus. Uit onderzoek naar andere fotoactieve eiwitten, zoals 
rhodopsines, die onder andere in het menselijk oog voorkomen, blijkt dat als gevolg van 
lichtabsorptie een dubbele binding omklapt in de chromofoor van het eiwit. Om te onderzoeken of dit 
ook in het fotoactieve eiwit het geval is, werd kaneelzuur geïsoleerd uit de gele en de door licht 
veranderde toestand van het eiwit. Een analyse van beide kaneelzuurmolekulen liet inderdaad zien dat 
als gevolg van lichtabsorptie een dubbele binding was omgeklapt (hoofdstuk 4.1). Vervolgens werd 
onderzocht wat het effect is op de fotocyclus van het fotoactieve gele eiwit als het 
kaneelzuurmolecuul vervangen wordt door een molecuul, waarin de dubbele binding niet meer kan 
roteren. Tot ieders grote verbazing bleek de fotocycius in het aldus veranderde eiwit nog steeds op te 
treden, zij het ietwat haperend: het duurt nu een kwartier in plaats van een seconde voor het eiwit 
weer terug is in zijn gele uitgangstoestand (hoofdstuk 4.2). 

Een verklaring voor het laatste resultaat werd gevonden door onderzoek naar de structuur van het 
fotoactieve eiwit met behulp van kristallen van het eiwit en de techniek 'röntgenstraling-
kristallografie'. Omdat ook een kristal van het fotoactieve eiwit over de uitzonderlijke eigenschap 
beschikt dat het een aantal reversibele, structurele veranderingen ondergaat, die gestart kunnen 
worden met een lichtpuls, is dit eiwit uitermate geschikt voor studies naar de structurele 
veranderingen die het eiwit in de tijd ondergaat, nadat het is geactiveerd. Er kan als het ware een film 
gemaakt worden van het fotoactieve gele eiwit in actie. Het eerste shot van deze film, dat gemaakt 
werd op een miljardste van een seconde na lichtactivatie van het eiwitkristal, bevestigt dat de dubbele 
binding in het kaneelzuur is omgeklapt Daarnaast laat dit shot zien dat er ook nog een tweede 
binding, namelijk die waarmee het kaneelzuur aan het eiwit vastzit, is geroteerd, waardoor een 
zuurstofatoom op een andere positie in het eiwit terechtkomt (hoofdstuk 4.3). Deze beweging kan 
ook nog steeds optreden in het fotoactieve gele eiwit met het kaneelzuur, waarin de eerder genoemde 
dubbele binding niet meer kan roteren, en zet mogelijk de vertraagde fotocyclus in dit eiwit in gang. 
Na het lezen van dit proefschrift zal duidelijk zijn dat slechts een klein, maar interessant deel van de 
grote vraag naar het moleculaire mechanisme van licht-geïnduceerde signaaltransductie in bacteriën is 
opgehelderd. 
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