
the disaggregation of benthic organisms 
living in the nearby shallow waters of the 
Bermuda Platform. 

The importance of a possible input of 
detrital carbonate, originally secreted in 
shallow water, to the deep sea is sup- 
ported by our sediment trap results. In 
the < 63-pm fraction at 667 m of station 
PB and at all depths at station E, the cal- 
cite x-ray diffraction peak exhibited a 
small high-angle "shoulder" due to the 
presence of high-magnesium calcite (Fig. 
1) .  This high-magnesium calcite, with 13 
mode mole percent MgC03 [determined 
from the unit cell and diffraction data of 
Graf (4)] could be derived only from 
shallow-water benthic organisms since 
no planktonic organism is known that se- 
cretes calcite with such a high magne- 
sium content (7, 8). High-magnesium cal- 
cite, along with aragonite, are the char- 
acteristic phases secreted by shallow- 
water calcareous organisms. Even 
though the trap locations are far from the 
nearest land (more than 200 km in both 
cases), there is still evidence of a shal- 
low-water component of the CaC03 found 
in the traps. Traps located closer to con- 
tinental shelves or oceanic islands would 
most likely show a higher aragonite con- 
tent. The production rate of aragonite 
in shallow waters is extremely high (7, 9), 
and just a small "leak" of shallow-water 
carbonate to nearby portions of the deep 
sea by resuspension, horizontal trans- 
port, and settling would considerably 
augment the pelagic flux of biogenic ara- 
gonite. There is thus additional evidence 
for the contention that 12 percent is an 
absolute minimum value for aragonite 
sedimentation relative to calcite sedimen- 
tation on a worldwide basis. 

If aragonite and associated high-mag- 
nesium calcite fluxes to the deep sea 
from oceanic islands and continental 
shelves are quantitatively significant, 
then dissolution of this material at depth 
may constitute an important mechanism 
for the neutralization of excess anthro- 
pogenic C02 added to the oceans. This is 
so because aragonite and high-magne- 
sium calcite are distinctly more soluble 
than low-magnesium calcite (as found in 
planktonic foraminifera and coccoliths), 
and consequently they can dissolve at 
much shallower depths. If the eroded 
aragonite and high-magnesium calcite 
particles are sufficiently small that they 
settle very slowly, then dissolution dur- 
ing sedimentation may occur at relative- 
ly shallow depths, and as a result some 
anthropogenic COz that has penetrated 
to these depths may be neutralized. [Evi- 
dence for extensive in situ CaCO, dis- 
solution in the Pacific Ocean has recently 
been given by Fiadeiro (lo).] Sediment 

trap studies conducted near carbonate- 
rich oceanic islands are needed to test 
this hypothesis. 
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Retinal Chromophore of Rhodopsin 
Photoisomerizes Within Picoseconds 

Abstract. A new picosecond resonance Raman technique shows that resonance 
Raman lines characteristic of a distorted all-trans retinal appear within 30 picose- 
conds after photolysis of rhodopsin or isorhodopsin. This finding suggests that 
isomerization is nearly complete within picoseconds of the absorption of a photon. 

The light-absorbing molecule in all 
known visual systems is 1 l-cis retinal, a 
chromophore derived from all-trans reti- 
no1 (vitamin A) (I). Rhodopsin, the pho- 
toreceptor pigment in vertebrate retinal 
rod cells, consists of 11-cis retinal bound 
to opsin, a 38-kilodalton protein. Photo- 
isomerization of this bound retinal 
chromophore from the 114s  to the all- 
trans form triggers the amplification cas- 
cade that leads to a nerve impulse (2). 

Rhodopsin has a strong absorption 
peak centered at 500 nm due to its I l-cis 
retinal chromophore (I). Absorption of a 
photon leads to the formation of bath- 
orhodopsin, a photolytic intermediate 
with a broad absorption band centered at 
540 nm (3). Picosecond absorption stud- 
ies have shown that this 540-nm absorp- 
tion band appears, and the 500-nm rho- 
dopsin absorption band is depleted in 

less than 6 picoseconds after irradiation 
(4-6). The precise structure of this rapid- 
ly formed photolytic intermediate has 
been the subject of controversy. One in- 
terpretation is that the chromophore in 
this intermediate, presumed to be bath- 
orhodopsin, is essentially in the all-trans 
form (3, 7, 8). However, there has been 
doubt as to whether the sizable atomic 
motion required for the photoisomeriza- 
tion of retinal could take place on a pi- 
cosecond time scale. An alternative hy- 
pothesis attributing the formation of 
bathorhodopsin to a very rapid proton 
transfer instead of an isomerization has 
been advanced (5). 

Resonance Raman spectroscopy can 
provide valuable information concerning 
the nature of the primary event in vision. 
Resonance Raman spectra display vibra- 
tions that are coupled to electronic tran- 

Fig. 1. Relative concentrations 
of rhodopsin (R), bathorho- 
dopsin (B), and isorhodopsin 
(I) in the illuminated volume 
as a function of the intensity of 
a picosecond light pulse. The 
proportions of these species 
were calculated from known 
absorption cross sections and 
photoconversion quantum 
yields (17). 
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sitions. Hence, this technique can be 
more informative than absorption spec- 
troscopy in delineating the detailed con- 
formation of chromophores in macro- 
molecules (9). Comparison of the reso- 
nance Raman spectra of rhodopsin with 
those of model retinal compounds has 
shown that the chromophore in rhodop- 
sin is an undistorted 11-cis retinal joined 
to opsin by a protonated Schiff-base link- 
age (10). 

In contrast, bathorhodopsin produced 
by steady-state illumination of rhodop- 
sin at low temperature displays three 
low-wave-number lines (853, 874, and 
921 cm-I) that are absent from the spec- 
tra of all other visual pigments and mod- 
el compounds studied thus far (11). 
Isotopic and chemical substitution stud- 
ies have demonstrated that these dis- 
tinctive lines are produced by out-of- 
plane vinyl hydrogen motions of C14H, 
C1,H, and HCll=C12H, respectively, and 
arise from a distorted all-trans form of 
the retinal chromophore (12, 13). These 
low-wave-number lines also appear in 
the Raman spectrum of bathorhodopsin 
produced by the photolysis of rhodopsin 
at room temperature with nanosecond 
pulses (14). 

We now report picosecond resonance 

Raman studies that were designed to as- 
certain the nature of bathorhodopsin 
produced within picoseconds of the ab- 
sorption of a photon. This technique has 
inherently high temporal as well as struc- 
tural resolution, as shown by recent pi- 
cosecond studies of hemoglobin (15, 16). 
Our main aim was to determine whether 
the low-wave-number lines, a criterion 
of isomerization, are already present pi- 
coseconds after the photolysis of rho- 
dopsin. 

The strategy of our experiment was 
to illuminate flowing samples of rho- 
dopsin with picosecond laser pulses of 
intensity just sufficient to cause moder- 
ate photolysis in the illuminated volume, 
at a repetition rate high enough to accu- 
mulate a sufficient signal from the very 
weak Raman scattering process. The 
pulses were generated from a flash- 
pumped, electrooptically Q-switched, 
and passively mode-locked Nd:YAG la- 
ser operated at 30 pulses per second. A 
single laser pulse selected from each 
train of pulses was doubled to 532 nm in 
an angle phase-matched cesium dihydro- 
gen arsenate crystal. Detergent solutions 
of purified rhodopsin prepared from bo- 
vine retinas were flowed through the illu- 
minated volume at a velocity sufficient to 

assure a fresh sample volume for each la- 
ser pulse. Isorhodopsin, synthesized 
from opsin and 9-cis retinal, was also 
studied because it is present along with 
rhodopsin and bathorhodopsin in pho- 
tostationary steady-state mixtures at low 
temperature (3). The Raman spectra 
were collected by a double Raman 
monochromator (Spex 1401) with a 
cooled photomultiplier (RCA 31034). La- 
ser reference and Raman scattering sig- 
nals were accumulated on each pulse, 
and data from unacceptable laser pulses 
were discarded. Data collection and la- 
ser diagnostics were controlled by an 
LSI-11 computer. 

The picosecond laser pulses in our ex- 
periment photolyzed the illuminated vol- 
ume while producing Raman scattering. 
The calculated relative concentrations of 
rhodopsin, bathorhodopsin, and isorho- 
dopsin in the illuminated volume as a 
function of photon flux are shown in Fig. 
1. The shaded bands illustrate low-flux 
and high-flux conditions. At low flux, the 
illuminated volume contains nearly pure 
rhodopsin, whereas at high flux, a signifi- 
cant population of bathorhodopsin is 
produced during a single pulse. 

A typical resonance Raman spectrum 
of rhodopsin obtained with our picosec- 

Rhodopsin-high f l u x  
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Fig. 2 (left). High-flux resonance Raman spectrum of rhodopsin excited at 532 nm with 30- 
picosecond pulses. The positions of the distinctive lines of bathorhodopsin are marked by B and 
those of rhodopsin by R .  The ethylenic region is denoted by C=C. A solution of hydroxylapatite 
column-purified rhodopsin (9 x 10-3M) in 1 percent Ammonyx LO, 1 mM dithiothreitol, 10 
mM hydroxylamine, and 43 mM sodium phosphate,pH 7.0, at 4°C was flowed across the illumi- 
nated volume, which had a length of 0.2 cm and a diameter of 0.035 cm, at a flow velocity 
greater than 3 cmlsec. The resolution of the spectrometer was 6 cm-I. The fluorescence back- 
ground is three times as high as the major peak. Fig. 3 (right). Resonance Raman spectra of 
rhodopsin and isorhodopsin excited at 532 nm with 30-picosecond pulses. (A) Low flux spec- 

' 
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trum of rhodopsin. (B) High flux spectrum of rhodopsin. (C) High flux spectrum of isorhodop- 800 850 900 950 1000 
sin. The known positions of rhodopsin (R), bathorhodopsin (B), and isorhodopsin (I) lines (10, 
11) in this spectral region are marked in the lower part of this figure. The step size was 3 cm-l. Wave number (cm-1) 

Each spectrum is the sum of three scans from 800 to 1000 cm-l, with 256 laser pulses per step in each run. It is interesting to note that the light 
pulses used to obtain these spectra had a total duration of less than seconds, compared with 10' seconds spent in designing these experiments 
and constructing the apparatus. 



ond apparatus under high flux conditions 
is shown in Fig. 2. This spectrum dis- 
plays bands characteristic of rhodopsin 
and bathorhodopsin that were previously 
seen in steady-state resonance Raman 
spectra. We collected more detailed Ra- 
man spectra (Fig. 3) in the region be- 
tween 800 and 1000 cm-' using both a 
Bow photon flux (producing little photoal- 
teration) and a high photon flux (produc- 
ing moderate photoalteration while 
avoiding possible nonlinear or saturation 
effects). The low-flux spectrum of rho- 
dopsin (top curve) contains a major peak 
that matches the distinctive 971 cm-I line 
of unphotolyzed rhodopsin. The spec- 
trum observed at higher flux levels 
(middle curve) exhibits new bands that 
correspond closely to the distinctive 853, 
874, and 921 cm-I bands of bathorhodop- 
sin. This spectrum also exhibits a shoul- 
der at 960 cm-I that probably arises from 
isorhodopsin molecules produced by the 
subsequent photolysis of bathorhodop- 
sin during the same 30-picosecond pulse. 
The high-flux spectrum of isorhodopsin 
(bottom curve) exhibits similar Raman 
bands at the bathorhodopsin positions. 
In addition, the 960 cm-I band character- 
istic of isorhodopsin in this spectrum has 
a shoulder near 969 cm-' that is probably 
due to rhodopsin molecules formed dur- 
ing the pulse. 

The appearance of the low-wave-num- 
ber lines of bathorhodopsin in our 30-pi- 
cosecond rhodopsin spectrum shows 
that isomerization from 11-cis to a dis- 
torted all-trans form takes place within 
picoseconds of the absorption of a pho- 
ton. Likewise, the picosecond Raman 
spectrum of photolyzed isorhodopsin 
shows that isomerization from 9 4 s  to a 
distorted all-trans form is also very rap- 
id. The finding of an isorhodopsin shoul- 
der in the high-flux rhodopsin spec- 
trum, and vice versa, shows that these 
species can be interconverted in less 
than 30 picoseconds, probably via a 
common intermediate-bathorhodopsin. 
The resonance Raman studies reported 
here strongly support the hypothesis 
that the primary event in vision, oc- 
curring in times of picoseconds or less, 
is an isomerization of the retinal chromo- 
phore. 
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Electrochemical Reduction of Horse Heart Ferricytochrome c at 
Chemically Derivatized Electrodes 

Abstract. Platinum or gold electrodes derivatized with an N,N1-dialkyl-4,4'-bipyri- 
dinium reagent can be used to reduce horse heart ferricytochrome c ,  whereas reduc- 
tion does not occur at the "naked" electrodes. From 3 to 17.7 millimoles per liter, 
the reduction of ferricytochrome c is mass transport-limited at electrode potentials 
more negative than about -0.6 volt against a saturated calomel reference elec- 
trode. Data for the photoreduction of ferricytochrome c at derivatized ptype silicon 
photocathodes show directly that the rate of reduction is mass transport-limited. 
Use of derivatized electrodes may allo~v convenient manipulation and analysis of 
biological molecules that do not ordinarily respond at conventional electrodes. 

We report significant enhancement of 
the rate of electrochemical reduction of 
horse heart ferricytochrome c [cyt cc,,,] 
by surface derivatization of Au, Pt, or 
p-type Si electrodes with reagent 1, 
{N,N'-bis[3-(trimethoxysilyl)propyl]-4,4'- 
bipyridinium)dibromide (I). The cyt q,,, 
gives a negligible response (2) at the 

"naked" (nonderivatized) electrode in 
the same potential regime. Large biologi- 
cal molecules having an electron transfer 
function often do not respond at conven- 
tional electrodes because the redox cen- 
ter-heme in cyt c(,,,-cannot come 
close enough to the electrode (3). Such 
unresponsive molecules do react with 

b) ~ t / ~ 0 ~ ' ~ + 3 . 3  mM cyt c 

Fig. 1. Cyclic volt- 
ammetry of Pt wire 
electrodes at 5 mVI 
sec. (a) Scans of elec- 
trode (- - -) naked and 
(-) derivatized (2 
x mole/cm2) with 
1 in a stirred 1.OM 
NaC10, solution at 
pH 7.0 (phosphate). 
(b) Same conditions 
as in (a) after addi- 
tion of 3.3 mM cyt 
c,,,,. (Inset) Steady- 
state current at - 0.7 
V versus SCE plotted 
against 0 ' 1 2  for a 
derivatized (2.1 x 

mole/cm2) ro- 
tating Pt disk elec- 
trode under the same 
conditions as in (b). 
In 1.OM KBr elec- 
trolyte at pH 7 the 
pretreated, but not 
derivatized, elec- 

I 1 1 

trodes show no cyt c(,,, reduction current, but derivatized electrodes in 1.OM KBr behave 
the same way as in 1.OM NaC104, p H  7, used here. 

I 1 
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