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Theinterplay of light and life has fascinated me since my college years. In the introduc-
tory biology laboratory at the University of Chicago, we isolated chloroplasts and
carried out the Hill reaction, in which light leads to the reduction of an indicator dye
with the concomitant generation of O2. I vividly recall my excitement on seeing this

graphic demonstration of key features of photosynthesis in a test tube. Equally important weremy
evenings as awaiter at theQuadrangle Club, where I had the good fortune of serving James Franck,
a distinguished emeritus professor of chemistry who had received the Nobel Prize in 1925 for
carrying out experiments that established the validity of Bohr’s model of the atom. My task was
simple because he invariably ordered a lean veal sandwich for dinner, and so there was time for
conversation. Franck told me about his current interest in the mechanism of photosynthesis and
his early research on energy transfer. In 1923, Franck and his graduate student Günther Cario
reported that excitation of mercury led to the emission of thallium in a gaseousmixture of the two
atoms (1). This sensitized fluorescence revealed that electronic excitation energy can be trans-
ferred between atoms by a direct electromagnetic interaction. Later in the quarter, Franck
remarked to me, “One day, you too might work on energy transfer.”
That day came two years later, in 1957, when I spent a very rewarding summer as a research

student at the Argonne National Laboratory under the mentorship of Douglas Smith. He intro-
duced me to photodynamic action, a process in which light activates a photosensitizing dye in the
presence of O2 to induce cellular damage, and encouraged me to read about energy transfer
because it often plays a key role in effecting the light-induced damage. I learned that energy
transfer can take place between any two chromophores provided that the emission spectrum of
the energy donor overlaps the absorption spectrum of the energy acceptor. I was captivated by
Theodor Förster’s theory for dipole-dipole energy transfer, which explicitly predicted the rate and
efficiency of transfer as a function of spectroscopic and geometric variables (2). What especially
grabbed me was his prediction that the transfer efficiency depends on the inverse sixth power of
the distance between the donor and acceptor. During that summer and the following one, I learned
how to carry out fluorescence measurements and label proteins. My first published paper dealt
with energy transfer from aromatic amino acids in chymotrypsinogen to attached dansyl groups
(3). At a bioenergetics meeting at Brookhaven in 1959, where I met Förster, I reviewed the litera-
ture on energy transfer in proteins and suggested that energy transfer could be used as a probe to
gain insight into the conformation of biological macromolecules (4). A highlight of that year was
visiting Franck to let him know that I was indeed working on energy transfer.
As a medical student at Harvard University, I carried out research under the mentorship of

Elkan Blout, who was Director of Chemical Research at Polaroid by day and head of a basic
research laboratory at Children’s Hospital by night. At Polaroid, Elkan worked closely with Edwin
Land in developing instant color photography, and at Harvard, he synthesized synthetic polypep-
tides as models of proteins and studied their conformations using spectroscopic techniques. I
wanted to find out how dyes bound to synthetic polypeptides altered their conformation and
began bymonitoring the known helix-coil transitions of poly-L-glutamic acid and poly-L-lysine by
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optical rotatory dispersion using a manual spectropola-
rimeter. I then turned to their complexes with dyes. Tomy
surprise, the optical rotation of acriflavine bound to the
helical form of poly-L-glutamic acid changed dramatically
with wavelength in the vicinity of the visible absorption
band of the bound dye. The helical polypeptide by itself
showed only amonotonic change in optical rotation in this
spectral region, and the dye alone was optically inactive. I
presented these data to Elkan that evening and told him
that I was puzzled by the large magnitude of the optical
rotation of the dye-polypeptide complex and that it went
positive and then negative in such a short-wavelength
interval. Elkan’s eyes sparkled as he told me, “Ah, you’ve
just seen a Cotton effect!”; he proceeded to give me an
illuminating tutorial on how optical activity arises in the
absorption bands of chiral molecules and is expressed as
circular dichroismor circular birefringence.Wewere then
excited to find that acriflavine bound to the random coil
form of the polypeptide exhibited no Cotton effect in the
visible band. These experiments revealed that symmetric
chromophores can exhibit induced optical activity when
bound to helical macromolecules (5).
At the start of my fourth year of medical school, I

decided to pursue a career in basic research. A few weeks
later, Elkan had a plan for my postdoctoral years: I was to
firstmove across the river to strengthenmy background in
physics, chemistry, and mathematics under the mentor-
ship of Edward Purcell in the Department of Physics at
Harvard and then join John Kendrew at the Medical
Research Council (MRC) Laboratory in Cambridge, Eng-
land, to learn x-ray crystallography. A fellowship from the
HelenHayWhitney Foundationmade it possible forme to
pursue these exceptional opportunities. Indeed, my post-
doctoral years in the two Cambridges turned out to be
among the best in my life. I was incredibly fortunate to
have had Purcell as a very inspiring and supportive tutor.
Kendrew then opened the doors of the MRC to me at an
auspicious time in structural biology andmolecular genet-
ics. Together with Herman Watson, I used the difference
Fourier method to see the precise mode of binding of the
azide ion to the heme iron atom in azide ferrimyoglobin
(6). This crystallographic study demonstrated that the
mode of binding of a small molecule to a protein can read-
ily be determined if the native and complexed crystals are
isomorphous.

Fluorescent Probes

Avery attractive offer of a faculty appointment at Stanford
University fromArthur Kornberg and his colleagues in the
biochemistry department led me to leave the MRC Labo-

ratory earlier than planned. In the autumn of 1963, I went
to Stanford to startmy own research program and decided
to pursue fluorescence spectroscopy as a means of gaining
insight into the conformation and dynamics of protein
molecules in solution. Gregorio Weber, a pioneer in fluo-
rescence spectroscopy, had shown that some polycyclic
aromatic hydrocarbons that are virtually non-fluorescent
in solution become highly fluorescent on binding to pro-
teins (7). I surmised that the markedly enhanced emission
of these compounds might be due to their binding to non-
polar crevices in proteins. I had in mind the non-polar
niches that serve as the heme-binding sites in myoglobin
and hemoglobin and proceeded to prepare the heme-free
forms of these proteins. Indeed, apomyoglobin and apohe-
moglobin, but not their heme-bound forms, bound 1-ani-
lino-8-naphthalene sulfonate (ANS) in a highly specific
manner (8). Moreover, the fluorescence intensity of ANS
increased 200-fold, and the emission spectrum shifted
from green to blue by 60 nm. The fluorescence quantum
yield of ANS likewise increased in going fromwater to less
polar solvents, and there was a concomitant blue shift of
the emission maximum. These experiments suggested
that ANS and related chromophores would be useful in
detecting changes in the tertiary and quaternary struc-
tures of proteins that alter the presence and accessibility of
non-polar regions.

Energy Transfer as a Spectroscopic Ruler

During my medical school and postdoctoral years, I
thought often about fluorescence energy transfer and par-
ticularly about Förster’s prediction that the transfer effi-
ciency depends on the inverse sixth power of the distance
between the donor and acceptor. It seemed tome that this
steep dependence on distance could be exploited to mea-
sure distances in proteins between sites bearing chro-
mophores with appropriate spectroscopic properties, but
it was essential to first test this central prediction of Först-
er’s theory. The most direct way would be to synthesize a
series of compounds in which the donor and acceptor
moieties were separated by known distances. Helical syn-
thetic polypeptides first came to mind during my medical
school years, but the synthesis of a series of oligomers by
conventional methods seemed very daunting and out of
reach. A major breakthrough occurred in 1963 when R.
Bruce Merrifield introduced solid-phase peptide synthe-
sis, in which growing peptide chains attached to beads
could be filtered and thereby washed free of reagents and
byproducts at each step (9). Merrifield’s solid-phase
method opened the way to preparing molecular sticks of
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different lengths to calibrate the distance dependence of
energy transfer.
I chose oligomers of L-proline as spacers because it

seemed likely that even short n-mers would form a type II
trans-helix of the type seen in highmolecular weight poly-
L-proline and in the individual strands of collagen. Fur-
thermore, the rise per residue of the prolyl trans-helix is
3.12Å, comparedwith 1.5 Å for the�-helix, and so awider
span of distances would be obtained for a given range of
n-mers than with an �-helix. Richard Haugland joinedmy
laboratory as a graduate student, andwe proceeded to syn-
thesize oligomers of poly-L-proline up to the 12-mer by
the solid-phase method. The energy donor was an
�-naphthyl group at the carboxyl-terminal end of the pep-
tide, and the energy acceptor was a dansyl group at the
imino end. These chromophores were chosen because
they fulfill the conditions for efficient transfer over dis-
tances of the order of 30 Å and have distinct absorption
and emission spectra (Structure 1).
Optical rotatory dispersion measurements established

that the oligomers from n� 5 to 12 in ethanol were in fact
in the type II trans-helical conformation.We assumed that
the helix was rigid and estimated from molecular models
that the distance (r) between the centers of the chro-
mophores ranged from 12 to 46 Å for n � 1–12. The
transfer efficiency (E) decreased from nearly 100% for the
short oligomers to 16% for the n � 12 oligomer. Most
important, the observed dependence of the transfer effi-
ciency on distance followed an inverse 5.9 � 0.3 power
dependence (Fig. 1) (10), in excellent agreement with the
r�6 dependence predicted by Förster. We proposed then
that energy transfer can serve as a spectroscopic ruler.
Two years later, we showed that the transfer rate is pro-
portional to J, the magnitude of the overlap between the
emission spectrumof the energy donor and the absorption
spectrum of the energy acceptor (11), and thereby vali-
dated another key prediction of Förster’s theory.
It is very gratifying to see, forty-five years later, that

fluorescence resonance energy transfer (FRET) has been
used in thousands of studies to detect molecular associa-
tions, map the architecture of proteins and nucleic acids,
and monitor conformational transitions. The application
of recombinant DNA technology and the availability of a
wide selection of fluorescent probes, exemplified by cya-
nine dyes and the green fluorescent proteins, have greatly

facilitated the specific labeling of macromolecules with
donors and acceptors having appropriate spectroscopic
properties. Uncertainty about the value of the dipole-di-
pole orientation factor has been markedly reduced by
using fluorescent probes that have appreciable local rota-
tional mobility and by using donor-acceptor pairs that
have different attachment and transition moment geome-
tries. The introduction of single-molecule FRET by Ha et
al. (12) in 1996 was a major advance because it provides a
window on discrete states and transitions between them
without being blurred by ensemble averaging. The molec-
ular ballet of life comes into view with single-molecule
FRET, which has provided a wealth of information about
molecular motors, signaling complexes, transcriptional
and translational assemblies, membrane fusion machines,
and protein folding dynamics (for an enticing sample, see
Refs. 13–16). FRET has also been ingeniously employed to
create highly specific sensors for cellular imaging studies
(17, 18). The FRET harvest coming from many laborato-
ries around theworld has been remarkable.What began as
a physical principle has been transformed into a powerful
biological discovery tool.

Spectroscopic Studies of Rhodopsin

I have been intrigued by the molecular basis of visual exci-
tation sincemymedical school days, when I visitedGeorge
Wald’s laboratory and learned that vision begins so simply,
with the light-driven isomerization of 11-cis-retinal bound
to rhodopsin to the all-trans form (19). I was also inspired

STRUCTURE 1

FIGURE 1. Distance dependence of FRET. The observed transfer effi-
ciencies depend on the inverse 5.9 � 0.3 power of the distance between
the donor and acceptor, in excellent agreement with the r�6 depen-
dence predicted by Förster. This figure has been reproduced from Ref. 10.
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by Selig Hecht’s earlier discovery that a retinal rod cell can
be excited by a single photon (20). How remarkable that a
7-Å change in the geometry in a single rhodopsinmolecule
can generate a nerve signal! I conveyed my sense of awe
and wonder in a lecture I gave in 1966 in Stanford’s intro-
ductory biochemistry course and decided while lecturing
that I should turnmy research focus to themolecular basis
of vision. My move from Stanford to Yale University in
1969 gave me the scope and opportunity to initiate this
alluring exploration.
We began by carrying out spectroscopic studies of rho-

dopsin. Our FRET experiments showed that rhodopsin is
an elongated molecule with retinal bound near its center
(21). We also succeeded in obtaining the resonance
Raman spectrum of rhodopsin, which was technically
challenging, by rapidly flowing a fresh solution into the
intensely illuminated volume (22). Richard Mathies
brought electric field spectroscopy into the laboratory and
applied it to retinal and its Schiff bases. The key finding
was that retinal has a highly dipolar, vertically excited sin-
glet state (23). The 12-debye change in dipole moment on
excitation corresponds to a shift of 0.21 e� across the ret-
inal, with the ionone ring becoming more electropositive.
One consequence of this charge shift is that the double
bonds of the polyene chain acquire single-bond character,
whichwould promote isomerization. The large increase in
dipolemoment on excitation also provides a facile electro-
static mechanism for tuning the absorption maximum of
retinal, which is at 500 nm for rhodopsin and ranges from
431 to 561 nm for the cone visual pigments. Negatively
charged groups positioned near the ionone ring would
lower the energy of the excited state and thereby shift the
absorption maximum of retinal to red.

Molecular Basis of Amplification in Visual
Excitation

At a Gordon Conference in the summer of 1978, I was
intrigued by Paul Liebman’s report that a single photon
can trigger the activation of hundreds of phosphodiester-
ase (PDE) molecules specific for cGMP in rod outer seg-
ments (ROS) provided that GTP is present (24). On my
way home from this meeting, I had the good fortune of
staying overnight at William Miller’s home. After a deli-
cious dinner, Miller showed me some striking electro-
physiological records. He and Grant Nicol had just found
that rods became depolarized when cGMPwas injected in
the dark into ROS (25). Furthermore, the injection of
cGMP greatly increased the latency between illumination
and hyperpolarization. The simplest interpretation of
these data was that cGMP is the transmitter: sodium-con-

ducting channels are opened by cGMP in the dark and
close when the cGMP level drops because of hydrolysis by
the light-activated PDE. Channel closure would directly
hyperpolarize the rod, in agreementwithTsuneoTomita’s
finding several years earlier that light hyperpolarizes ver-
tebrate rod cells (26).
When I returned to Stanford (having moved back after

seven rewarding years at Yale), I told Bernard Fung, a post-
doctoral fellow in my laboratory, about these exciting
results. He shared my enthusiasm for the notion that
cGMP might be the transmitter, so we decided to explore
the molecular mechanism by which the cGMP-specific
PDE is activated by light. The requirement for GTP and
Mark Bitensky’s recent finding that ROS contain a light-
activatedGTPase (27) suggested that aG-proteinmight be
a key participant in this process. Our first experiment was
designed to detect the binding of guanyl nucleotides to
ROS membranes by incubating them with [�-32P]GTP
and washing with a nucleotide-free buffer. We were
rewarded by finding that 1) the ROS contained radioactive
GDP following incubation, and 2) subsequent bright illu-
mination led to the release of the bound GDP. Because
ROS are rich in GTP, the question arose as to whether
GTP influences the photorelease of tightly bound GDP.
Indeed, GTP greatly enhanced the photorelease of GDP.
In the presence of 1 �M GTP, release of GDP was half-
maximal when fewer than 1 in 104 rhodopsins were
excited. The next question was what happens when
ROS are incubated with a hydrolysis-resistant analog of
GTP such as guanosine 5�-(�,�-imido)triphosphate
(Gpp(NH)p). The striking finding was that a single photo-
excited rhodopsin catalyzed the uptake of 500 molecules
of this GTP analog (28). Our observation of this highly
amplified GTP-GDP exchange led us to propose that the
GTP form of a guanyl nucleotide-binding protein, which
we subsequently called transducin, is the first amplified
intermediate in visual excitation. We also proposed that
the GTP form of transducin is the activator of the PDE.
The flow of information postulated by us in 1980 was

R*3 T-GTP3 PDE*, where R* is photoexcited rhodop-
sin, T-GTP is transducin bearing GTP, and PDE* is the
activated form of the phosphodiesterase. Our scheme pre-
dicted that 1) T-GTP can be formed in the absence of the
phosphodiesterase, and 2) the phosphodiesterase can be
activated in the absence of photoexcited rhodopsin. The
next step was to purify transducin, a task facilitated by
Hermann Kühn’s report that transducin binds tightly to
illuminated ROS membranes in the absence of GTP and
can be released into solution by adding GTP (29). We
added a final hexyl-agarose chromatography step and
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observed that transducin consists of three polypeptide
chains: T� (�39 kDa), T� (�36 kDa), and T� (�10 kDa).
We then found that reconstituted membranes containing
only rhodopsin and transducin exhibit light-activated
GTPase activity and light-triggered binding of GTP or a
GTP analog. A single R* led to the uptake of Gpp(NH)p by
71molecules of transducin (Fig. 2). This reconstituted sys-
tem revealed that the role of photoexcited rhodopsin is to
activate transducin by catalyzing the exchange of GTP for
bound GDP (30).
Wewere then very eager to learnwhether theGTP form

of transducin, by itself, activates the PDE. Fung and James
Hurley, who had recently joined my laboratory, prepared
transducin containing Gpp(NH)p. We encountered a
pleasant surprise in purifying this complex. Transducin
had dissociated into T� and T�� following the exchange of
Gpp(NH)p forGDP, and it was the�-subunit that bore the
GTP analog. Now we could ask a more precise question
than was originally planned: do either T�-Gpp(NH)p or
T�� activate the PDE?We found that T� bearing the GTP
analog was highly effective in activating PDE in the dark,
whereas T�� had no effect. Thus, T�-GTP is the amplified
information-carrying intermediate in the photoactivation
of the PDE (30).
T�-GTP greatly stimulates the catalytic activity of the

PDE by pulling away its inhibitory subunits, which hold
the PDE in check in the dark (31, 32). The subsequent
hydrolysis of T�-GTP to T�-GDP returns the PDE to the
dark state. Also crucial for the return to the dark state, as
shown by Kühn, is the deactivation of R* bymultiple phos-
phorylations of its C-terminal region, followed by the

binding of arrestin, which caps these sites and prevents R*
from interacting with transducin (33).
Our experiments established that transducin cycles

between a quiescent T-GDP state in the dark and a tran-
siently active T�-GTP state following illumination (Fig. 3).
The light-activated transducin cycle is powered by the
hydrolysis of GTP rather than by the energy of the
absorbed photon, which serves only to generate a very
reliable trigger, R*. The cycle flows unidirectionally once
triggered by R*, whose only role is to bind transducin to
stabilize the transition state, an empty nucleotide-binding
site. R* accelerates GTP-GDP exchange by a factor of
�107, corresponding to a lowering of the energy of the
transition state by �10 kcal/mol. The reaction partners
have been designed so that R* has high affinity for trans-
ducin devoid of a bound nucleotide but not for T-GDP or
T-GTP. Like other efficient catalysts, R* is specifically
complementary to the transition state but not to the sub-
strate or product. The free energy profile of the transducin
cycle has been optimized for 1) the rapid formation of
T�-GTP, 2) a high degree of amplification, 3) effective
operation over a wide dynamic range of illumination
intensity, and 4) maintenance of a very low level of
T�-GTP in the dark (34).
Elegant electrophysiological studies by Denis Baylor

and co-workers revealed that absorption of a single pho-
ton blocks the influx of millions of sodium ions into ROS
by closing hundreds of channels in the plasma membrane
to give the consequent hyperpolarization (35).What is the
link between the light-induced lowering of the level of
cGMP and channel closure? The answer proved to be
unexpectedly simple. Evgeniy Fesenko and co-workers
incisively demonstrated in 1985 that cGMP directly opens

FIGURE 2. A single photoexcited rhodopsin molecule leads to the
amplified uptake of GTP by transducin. In this reconstituted system
containing only rhodopsin and transducin in phosphatidylcholine
membrane vesicles, a single R* catalyzed the uptake of 71 molecules of
Gpp(NH)p, a hydrolysis-resistant analog of GTP. This figure has been
reproduced from Ref. 30.

FIGURE 3. Light-activated cGMP cascade of vision. R, unexcited rho-
dopsin; R*, photoexcited rhodopsin; T, transducin; PDEi, inhibited phos-
phodiesterase; PDE*, activated phosphodiesterase. This figure has been
reproduced from Ref. 30.
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cation-specific channels in excised patches of the plasma
membrane (36). This key finding provided the final link in
the excitation chain and gave us a mechanistic under-
standing of what makes a retina rod cell so exquisitely
sensitive. Three stages of amplification, the generation of
many T�-GTP complexes by R*, the hydrolysis of many
cGMPs by activated PDE, and the consequent blockage of
the flow of many cations through a single cGMP-gated
channel, give rise to the single-photon sensitivity of rods.
Subsequent studies carried out in numerous laboratories
have delineated how recovery of the dark state and adap-
tation over a very wide range of background light levels are
achieved (for reviews, see Refs. 37 and 38). Cone cells,
which mediate color vision and vision at high light levels,
use a very similar transduction cascade; the cone
homologs of the signalingmolecules of rods are optimized
for speed rather than sensitivity. What is especially satis-
fying is that the G-protein cascade of vision exemplifies
fundamental principles of signal transduction that are
ubiquitously employed in eukaryotes.

Collaborative Explorations

In 1981, VernonOi, a postdoctoral fellow inmy laboratory
with expertise in immunology, challenged me to devise
better long wavelength-emitting fluorescent probes for
flow cytofluorometry and fluorescence microscopy than
were available at the time. He noted a particular need for
orange- and red-emitting probes that would complement
green-emitting fluorescein and, ideally, could be excited
with a single laser line. It soon occurred to me that nature
had long ago provided the solution. My good friend Alex-
ander Glazer at the University of California, Berkeley
(whom I knew since our postdoctoral days at the MRC
Laboratory in Cambridge), often spoke to me about his
pioneering research on phycobiliproteins, a family of
highly fluorescent proteins present in the light-harvesting
apparatus of cyanobacteria and red algae. Phycobilipro-
teins assemble into phycobilisomes, which harvest light
that is not efficiently absorbed by chlorophyll, in the 470–
650 nm valley between the blue and far-red absorption
peaks of chlorophyll a and funnel it into the photosyn-
thetic reaction center. The flow of energy is from phyco-
erythrin to phycocyanin to allophycocyanin and then to
the reaction center. Indeed, phycobilisomes are direc-
tional light guides, nature’s ultimate FRET devices (39).
Oi, Glazer, and I decided to form conjugates of phycobili-

proteins with biological recognition molecules such as anti-
bodies, proteinA, and avidin and then test them in two-color
analyses with T-lymphocytes. We found that phycoerythrin
could readily be coupled to other proteins with full retention

of its brilliant fluorescence. Because phycoerythrin contains
multiple bilin chromophores and has a fluorescence quan-
tum yield of 0.8, its conjugates are, on a molar basis, �10
times asbright as thoseof fluorescein. Fluorescein conjugates
and phycoerythrin conjugates proved to be ideal for two-
color cell sorting because they can be excited strongly with
the 488-nm argon ion laser line, and their emissions at 515
and 576 nm are easy to separate (40). Three- and four-color
analyses aremade feasible by conjugates of phycocyanin and
allophycocyanin, which absorb and emit at longer wave-
lengths than does phycoerythrin, and also by a tandem phy-
coerythrin-allophycocyaninconjugate,whichhasavery large
Stokes shift between its absorption and emission maxima
because of energy transfer (41, 42). Phycobiliprotein conju-
gates, built fromancient antennaproteins andmolecules that
confer specific binding, have proven to be choice reagents for
multicolor cell analyses since our introduction of them three
decades ago.
I also had the good fortune of collaborating with Denis

Baylor,my colleague at Stanford, starting in 1984. Asmen-
tioned above, Baylor and co-workers were the first to
detect the electrical response of a rod cell to a single
absorbed photon (35). Our collaboration was directed to
determining whether the light-sensitive channels of rods
are controlled only by cGMP or are additionally regulated
by other transmitters. The experimental strategy was to
introduce hydrolysis-resistant analogs of cGMP, synthe-
sized by Fritz Eckstein in Göttingen, through a patch elec-
trode sealed on the inner segmentmembrane and concur-
rently monitor the membrane current of the outer
segment by a suction electrode. We were joined in these
experiments by two postdoctoral fellows, Anita Zimmer-
man and Gregory Yamanaka. The results were clear-cut:
all three hydrolysis-resistant analogs (two phosphorothio-
ate analogs and 8-Br-cGMP) markedly increased the dark
current, very little of which could be shut off by light.
These results strongly implied that 1) the light-sensitive
channel of ROS is controlled solely by the instantaneous
concentration of cGMP, and 2) the cGMP-sensitive chan-
nel of excised patches is identical to the light-sensitive
channel of intact rods (43).
We pursued another collaboration two years later to

measure the gating kinetics of cGMP-gated channels in
excised membrane patches. Jeffrey Karpen and Zimmer-
man perturbed the patch current in two ways: by laser
flash photolysis of a caged analog of cGMP to generate fast
rises in cGMP concentration and membrane voltage
jumps to alter the interaction of the channels with cGMP.
Our results showed that the channel responded in times of
milliseconds and that a diffusion-controlled binding of at
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least three molecules of cGMP to the closed channel was
followed by a very rapid opening (44). The millisecond
kinetics of the channel enables it to respond rapidly to
light-induced decreases in cGMP concentration and also
serves to minimize dark noise in the physiologically perti-
nent frequency band (45). The coming together of bio-
chemistry, spectroscopy, and electrophysiology in these
collaborations was stimulating and satisfying.
In 1989, Alejandro Zaffaroni, an innovative entrepre-

neur, told me that he was starting Affymax, a new com-
pany, to generate chemical diversity on a vast scale with
the aim of accelerating the pace of drug discovery. He
invited me to come on board as a scientific advisor. I was
intrigued and, a few months later, after numerous brain-
storming sessions, accepted his offer to serve as the first
scientific director of Affymax and took a one-year leave of
absence from Stanford. One of the ideas was to use light to
direct the synthesis of many chemical compounds in a
spatially addressable array on a solid support. I recruited
Stephen Fodor, a postdoctoral fellow with expertise in
spectroscopy, then in Mathies’ laboratory in Berkeley, to
direct this effort, which he did with energy and verve. In
essence, synthesis occurs on a solid support, and the pat-

tern of exposure to light determines which regions of the
support are activated for chemical coupling by removal of
photolabile protecting groups. After deprotection, the first
of a set of building blocks (e.g. amino acids or nucleotides,
each bearing a photolabile protecting group) is exposed to
the entire surface, but coupling occurs only at sites that
were deprotected in the preceding step. The pattern of
masks used in a series of illuminations and the sequence of
reactants define the ultimate products and their locations.
In 1991, we reported the synthesis of an array of 1024
different peptides synthesized in ten chemical coupling
steps by this new method of light-directed, spatially
addressable parallel chemical synthesis (Fig. 4) (46). The
generality of this method was also demonstrated by the
light-directed synthesis of a dinucleotide. We also pre-
sented a general formalism to describe the combinatorial
strategy for any desired spatially addressable synthesis. An
attractive feature of combinatorial syntheses is that the
number of products increases exponentially with the
number of chemical steps. In a binary synthesis (in which
one-half of the substrate is recursively masked), the num-
ber of products is 2n, where n is the number of chemical
steps. Moreover, in a light-directed synthesis, any desired

FIGURE 4. Light-directed combinatorial synthesis of a spatially addressable array of 1024 peptides. The array was generated by a ten-step binary
synthesis. The red peaks identify peptides with high affinity for a specific fluorescently labeled antibody. This figure has been reproduced from Ref. 46.
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subset of the 2n potential products can be made using an
appropriate series of masks.
Fodor, at Affymax and then at its offspring, Affymetrix,

innovatively developed light-activated synthesis of oligo-
nucleotides and brought it to fruition to make DNA chips
ultimately containing more than one million different
sequences on a thumbnail-size support (47). As a scientific
advisor to Affymetrix, I had the pleasure of seeing Fodor
spearhead thesynthesis anduseofDNAchips formonitoring
gene expression and detecting single-nucleotide polymor-
phisms. The coming together of solid-phase chemistry, pho-
tolabile protecting groups, and photolithography has greatly
enhanced our capacity to read genetic information.

Color Vision and Photography

I have been captivated by visual imagery for my entire life
and particularly by color, both in the natural world and in
art. I used a highly visual approach in conveying funda-
mental concepts and illustrating chemical transforma-
tions inmy textbook of biochemistry, from the first edition
in 1975 to the fourth edition in 1995 (Fig. 5) (48). From the
outset, multicolor graphics played a key role in enabling
me to vividly depict the beautiful relations betweenmolec-
ular architecture and biological activity.
My retirement from Stanford eight years ago has given

me the gift of time to intensively pursue two intertwined
interests, photography and adventure travel (Fig. 6). My

interest in photography began in childhood as a way of
seeingmore intensively and capturing what is so transient,
and it has deepened in tandem with my research passion of
manydecades, the interplayof light and life.Adventure travel
came into the picture soon after I married Andrea in 1958. I
particularly enjoy photographing scenery and wildlife, as on
our journeys toAntarctica, theArctic, theGalapagos Islands,
and Africa. Photography has heightened my awareness of
color in the natural world and deepenedmy interest in color
vision.
In 1802, Thomas Young presciently proposed the fol-

lowing in his Bakerian Lecture to the Royal Society (49).

Now, as it is almost impossible to conceive each
sensitive point of the retina to contain an infi-
nite number of particles, each capable of vibrat-
ing in perfect unison with every possible undu-
lation, it becomes necessary to suppose the
number limited . . . each sensitive filament of
the nerve may consist of three portions, one for
each principal colour.

I recall my excitement in 1964 while reading Edward
MacNichol’s article “Three-Pigment Color Vision” (50), in
which he presented his tour de force microspectrophoto-
metric measurements showing that the goldfish retina has
three kinds of cone cells with widely separated absorption
spectra. The even more challenging studies of human ret-

FIGURE 5. Image of the cover of the first edition of my textbook of
biochemistry, which was published in 1975.

FIGURE 6. Author at St. Andrews Bay, South Georgia. Many thou-
sands of king penguins can be seen in the background.
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inas by Paul Brown and George Wald strongly suggested
that humans also have three kinds of cones (51). In 1985, I
was thrilled to learn from Jeremy Nathans, an M.D.-Ph.D.
student in David Hogness’s laboratory, that he had cloned
the genes encoding the three opsins for human color
vision (52). Several years later, Baylor measured the spec-
tral sensitivities of individual cone cells in primate retinas
and found that they belong to three classes (53). These
landmark studies conclusively established Young’s pro-
posal that human color vision depends on three kinds of
receptors. The S, L, and M visual pigments absorb maxi-
mally at 431, 531, and 561 nm, respectively. By contrast,
most mammals are dichromats. The evolution of trichro-
macy in primates is a complex and fascinating story that
was elucidated by Gerald Jacobs and others and is lucidly
recounted by Jacobs and Nathans in a recent article (54).
The trichromacy of the Old World primate line, which
includes humans, probably arose about thirty million
years ago by a rare recombinational event. John Mollon
and co-workers demonstrated, on the basis of extensive
spectral studies in the field in Africa, that trichromacy
enables its primate possessors to detect ripe fruits against
a background of leaves (55).
I was recently privileged to see two families of gorillas in

theVirungaMountains of Rwanda. Being near a silverback
male and his family of twenty and observing their social
and foraging behavior as they rapidly move through the
high mountain forest is awesome. Through the dense
brush, I suddenly saw a gorilla savoring succulent red ber-
ries, literally enjoying the fruits of trichromacy (Fig. 7). In
that instant, so many of my interests in light and life con-
verged. The focus of my camera was on the red fruit,
whose color was conferred by carotenoids, ancient mole-
cules that arose to protect photosynthetic organisms from
photodynamic death (56). They are also the principal pig-
ments that give the distinctive colors of carrots, tomatoes,
and many fruits that delight us. Moreover, �-carotene is
the precursor of 11-cis-retinal, the chromophore in all
image-forming visual systems. 11-cis-Retinal is ideal for
vision because it is efficiently photoisomerized to all-
trans-retinal while being very stable in the dark (35). Fur-
thermore, as was mentioned above, 11-cis-retinal has a
highly dipolar excited state (23), which makes its absorp-
tion spectrum highly tunable and hence well suited for
color vision. Just three amino acid residues are responsible
for the absorption spectrum difference between M and L
visual pigments. The co-evolution of fruit color and
trichromacy was so graphically displayed in that wonder-
ful moment in the mountains of Rwanda.

I have been extremely fortunate in having lived at a
wonderful time in science. The DNA double helix was
discovered during my scientific childhood, followed by
the elucidation of the genetic code and the nerve action
potential. The molecular mechanisms of channels,
motors, and signal transduction cascades then came
into view, followed by the recombinant DNA revolu-
tion, which profoundly enriched biology and made pos-
sible what had not even been dreamt of a few years
earlier. Structural biology is now providing exquisitely
detailed and dynamic pictures of molecular machines in
action, and whole genome sequencing has opened the
way to a deeper understanding of evolution and how
genotype gives rise to phenotype. Networks consisting
of many genes and proteins with novel emergent prop-
erties are now moving to center stage. How exhilarating
to catch glimpses of where science is heading!
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FIGURE 7. A gorilla enjoying the fruits of trichromacy in the Virunga
Mountains of Rwanda.
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