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tuffaceous sediments from fossiliferous horizons 
and (ii) basalts interbedded in tuffaceous fossil 
horizons or filling channels cut into them. The 
tuff samples are all fine-grained, often with ex- 
tensive to total devitrification of the glass. Be- 
cause they are predominantly water-laid depos- 
its, detrital contamination of the tuffs with older 
rocks is present in some samples. For these rea- 
sons the tuffs are not as reliable as the basalts for 
radiometric age determinations. The basalts 
generally show only minor alteration and have 
given consistent results. Unfortunately, basalts 
are rare in the stratigraphic sequence, deterring 
construction of a complete time scale based 
solely on radiometric age determinations of this 
rock type. 

Location 1: Near Felton's Estancia. Tuff(KA 
1252) collected from Santa Cruz Formation 
along north bank of Rfo Gallegos, between Fel- 
ton's Estancia and Cabo Buen Tiempo, Santa 
Cruz Province [see (7)]. 

Location 2: Monte Le6n. Tuff(KA 2944) from 
Santa Cruz Formation. Sample collected 116 m 
above contact of Monte Le6n Formation (ma- 
rine) and overlying Santa Cruz Formation (ter- 
restrial). For stratigraphic section see (2, p. 114, 
figure 133). 

Location 3: Pico Truncado. Samples collected 
from amphitheater on east side of Pico Trun- 
cado. Sample KA 2917 (basalt) was collected 
from east wall of amphitheater, 37 m above con- 
tact of Pyrotherium beds (Deseadan horizon) 
and argiles fissilaires. Basalt overlies Deseadan 
horizon and corresponds to horizon d of profile 
10 in (26) and to toba litoidea (2, figure 115). 
Sample KA 2918 is from a second basalt collect- 
ed 37 m up section from KA 2917, and occurs 
between horizons e and f of profile 10 in (26) and 
immediately below rodados cuaternarios (2, fig- 
ure 115). 

Location 4: Cerro Blanco. Basalt (KA 2920) is 
from between Deseadan and Colhuehuapian ho- 
rizons on west face of Cerro Blanco (2, p. 40). 

Location 5: Great Barranca south of Lago 
Colhu6-Huapf. Samples KA 2919 and KA 2942 
are from separate isolated channel basalts at 
west end of Great Barranca (Fig. 2). Both ba- 
salts occur between Deseadan and Colhuehua- 
pian horizons; KA 2919 was collected about 100 
m northwest of KA 2942. These basalts corre- 
spond to manto de teschenita (2, figure 104), 
manto de roca magmatica (2, figure 105), and 
level j, profile 1, in (26). Sample KA 2943 is a 
basalt capping the Deseadan horizon toward the 
east end of Great Barranca, about 4 km east of 
the sites where KA 2919 and KA 2942 were col- 
lected. 

Location 6: Cerro del Humo. Basalt (KA 
2945) capping meseta and directly overlying 
Mustersan horizon (Astraponotus beds). Corre- 
sponds to horizon g, profile 6, in (26); upper ba- 
salt (2, figure 117), and basalt in profile 1 and 
map (10, p. 43). 

Location 7: Rfo Collon Cura. Type locality of 
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Location 7: Rfo Collon Cura. Type locality of 
Coll6n Cura Formation, on west bank of Rio 
Coll6n Cura, on National Route 40, 34 km north 
of where it crosses National Route 237, Neu- 
qu6n Province. Ignimbrite lying directly below 
mammal-bearing tuffaceous horizon was dated. 
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Kinetic studies on reaction inter- 
mediates by vibrational spectroscopy 
have been severely limited, mainly be- 
cause of the difference in the time scale 
for most kinetics and the time needed to 
obtain a vibrational spectrum. Vibra- 
tional spectra have, therefore, been ob- 
tained on molecular systems either be- 
fore they are altered or after they have 
reached a steady state. In this report we 
describe a kinetic technique that com- 
bines resonance Raman spectroscopy 
and continuous flow methods (1, 2) with 
variable speeds which allows us to study 
rapid kinetics of molecular species. We 
have performed these kinetic experi- 
ments on bacteriorhodopsin using all the 
advantages inherent in vibrational spec- 
troscopy. 

In recent years, resonance Raman 
spectroscopy has become the method of 
choice for obtaining vibrational spectra 
of specific sites in macromolecular sys- 
tems. This is done by selectively enhanc- 
ing vibrational modes coupled to elec- 
tronic transitions. When the exciting ra- 
diation from a tunable laser is within or 
near an absorption band, the resonance 
enhanced spectra are due mainly to the 
vibrational modes of the cfiromophore 
which couples to this absorption band. 
At Cornell we have used this technique 
to study the structure and the function of 
rhodopsins. Rhodopsin is a membrane 
glycoprotein and is the primary molecule 
in visual excitation. It absorbs a photon, 
converting the photonic energy into 
chemical energy which is used to gener- 
ate a neural response to the brain (3). 
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The active site of all rhodopsins contains 
the retinylidene chromophore (a form of 
vitamin A) covalently linked by a Schiff 
base to the e-amino group of a lysine res- 
idue. By selectively enhancing the vibra- 
tional spectrum we were able to suggest 
that the Schiff base linkage in rhodopsin 
is protonated (4). This has been subse- 
quently confirmed by other workers (2, 
5). Furthermore, we were also able to 
show that the Schiff base in bacteriorho- 
dopsin is also protonated and that it can 
be deuterated (6). 

Bacteriorhodopsin, which was discov- 
ered by Oesterhelt and Stoeckenius (7), 
is contained in the plasma membrane of 
the bacterium Halobacterium halobium. 
It has been shown that the biological role 
of bacteriorhodopsin is that of an energy 
converter. It acts as a light-driven proton 
pump (8), converting light energy into a 
vectorial proton gradient across the bac- 
terial cell membrane. This proton gradi- 
ent is used to generate chemical energy 
in the form of adenosine triphosphate 
(ATP) when the bacteria are deprived of 
oxygen. Bacteriorhodopsin and visual 
pigments are similar in that they not only 
use the retinylidene chromophore in 
their photochemically active sites but 
also have strikingly similar spectral 
and kinetic properties (9, 10). Bacte- 
riorhodopsin has a well-defined biologi- 
cal role, whereas the biological role 
of rhodopsin in visual transduction is 
not known. Thus bacteriorhodopsin, 
because of its similarities and differ- 
ences, is an ideal model system to try 
to elucidate the biological role of visu- 
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Kinetic Resonance Raman Spectroscopy: Dynamics of 

Deprotonation of the Schiff Base of Bacteriorhodopsin 

Abstract. We have developed a kinetic technique, combining resonance Raman 
spectroscopy and variable-speed continuous flow methods, to study molecular dynam- 
ics of isolated sites in macromolecules. Kinetic resonance Raman spectra of the 
retinylidene chromophore of bacteriorhodopsin have been obtained and the dynamics 
of the deprotonation of the Schiff base linkage is discussed. 

Kinetic Resonance Raman Spectroscopy: Dynamics of 

Deprotonation of the Schiff Base of Bacteriorhodopsin 

Abstract. We have developed a kinetic technique, combining resonance Raman 
spectroscopy and variable-speed continuous flow methods, to study molecular dynam- 
ics of isolated sites in macromolecules. Kinetic resonance Raman spectra of the 
retinylidene chromophore of bacteriorhodopsin have been obtained and the dynamics 
of the deprotonation of the Schiff base linkage is discussed. 



al pigments in generating a neural re- 
sponse. 

The photochemical cycle of light- 
adapted bacteriorhodopsin has been in- 
vestigated by various workers (9) and is 
summarized in Fig. 1. The first reaction 
is light driven in the forward and reverse 
directions, whereas all the other inter- 
mediates occur thermally in the dark. It 
has been shown that batho-bacteriorho- 
dopsin (K635) forms in less than 6 psec 
(11) and decays with a half-time of ap- 
proximately 2 tzsec to Lo50 in the dark. 
The next intermediate, M412, has a for- 
mation time of approximately 40 /sec at 
room temperature. There are at least one 
and probably two intermediates present 
[N(?) and 0640] between the decay of 
M412 and the rise of bR-,70, which occurs 
in 5 to 10 msec at physiological temper- 
atures. It will become evident that the 
molecular dynamics of these inter- 
mediates can be mapped out with the use 
of kinetic resonance Raman spectrosco- 
py (KRRS). 

The first question we have focused on 
with this technique is the dynamics of 
the deprotonation of the Schiff base link- 

age. Previous experiments in our labora- 
tory had shown that a primary result of 
the photochemistry of bacteriorhodopsin 
was the deprotonation of the Schiff base. 
In fact we demonstrated, using steady 
state resonance Raman spectroscopy, 
that M412 has an unprotonated Schiff 
base (6). This suggested that the depro- 
tonation of the Schiff base is coupled ei- 
ther directly or indirectly to the proton- 
pumping mechanisms of bacteriorhodop- 
sin. It is known that the proton gradient 
forms as a result of the formation of 
M412. Thus, the formation of M412 is cru- 
cial to an understanding of how the re- 
lease of the Schiff base proton initiates a 
vectorial proton gradient. 

Kinetic resonance Raman spectra of 
bacteriorhodopsin, taken with 30 mw of 
focused, 457.9-nm laser light for various 
transit times in the beam (beam diameter 
divided by bulk flow velocity), are shown 
in Fig. 2, B-F. The 457.9-nm emission of 
an argon ion laser was chosen to provide 
selective enhancement of the MN12 inter- 
mediate. Previous workers have used 
Raman flow techniques (2) in order to 
obtain the spectrum of rhodopsin with 

continuous rather than pulsed laser 
beams. However they excited their sam- 
ples with low laser powers, with light of 
frequencies where the absorption cross 
section was extremely low and without 
significantly varying the flow velocity. 
Thus they did not observe the formation 
and decay kinetics of rhodopsin and its 
spectral intermediates. On the other 
hand, we excite the photochemistry and 
observe the resulting kinetic transforma- 
tions (see spectra C to F in Fig. 2) by us- 
ing higher laser powers, by exciting with 
laser lines near the absorption maxima of 
the intermediates under investigation, 
and by varying the flow velocities. In 
these experiments the bacteriorhodopsin 
molecules enter the focused (35 ? 3 /m) 
laser beam in the 570-nm form. Many of 
these molecules absorb light and begin 
cycling through the photochemically in- 
duced intermediates. Thus the concen- 
trations of the intermediates vary 
throughout the beam, implying that the 
observed Raman scattering from any giv- 
en species is related to the average con- 
centration of that species in the laser 
beam. Therefore, by varying the flow ve- 

Fig. 1. The proposed photo- 
chemical cycle of light- 
adapted bacteriorhodopsin 
(9). The letters K, L, M, N, 
0, and bR refer to distinct 
species, and the numbers to 
absorption spectra maxima. 
The absorption maximum of 
K varies in the literature from 
590 to 640 nm. 
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Fig. 2. Steady state and kinetic resonance Raman spectra of bacteriorhodopsin from 
Halobacterium halobium (S9) grown and isolated by the method of Kanner and Rack- 
er (15). Bacteriorhodopsin (optical density 1.5) was flowed through stainless steel 
Yale syringe needles of varying diameter by a Cole Parmer masterflex tubing pump 
and a suitable reservoir to ensure that a bacteriorhodopsin molecule passed through 
the laser beam only once every few seconds. We excited the vertically flowing bac- 
teriorhodopsin with 30 mw of 457.9-nm light from an argon ion laser focused to a 35 
? 2 ,um beam diameter. We measured the beam diameter by translating a razor 
blade attached to a differential micrometer through the laser beam at its focus, and we 
used a photodiode as a detector to obtain the profile of the beam. We measured the 
temperature of the sample to be 29?C with a thermocouple attached to the syringe 
needle. A JY Ramanor double monochromator with horizontal slits and an RCA 
C31034 photomultiplier tube were used to collect the 90? scattered light. Photon- 
counting techniques were employed, and a ModComp II computer was used for data 
reduction. All data presented were taken with two wave-number steps, a 5-second 
time constant, and are plotted with arbitrary units. Typically, the largest peak is 2.5 
times the background. The spectra shown are only over a limited frequency region. 
The bands at 1646 cm-1 in steady state experiment are shifted to a slightly lower fre- 
quency. This is probably due to contributions from other protonated spectral inter- 
mediates. The entire spectrum will be reported elsewhere (13). 
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locity we can obtain kinetic resonance 
Raman spectra with a time resolution of 
500 nsec. 

In Fig. 2A we show for comparison the 
spectrum of the same bacteriorhodopsin 
sample obtained under steady state con- 
ditions with identical instrumental set- 
tings used to obtain the kinetic spectra 
shown in Fig. 2, B-F, and the same con- 
tinuous laser frequency. Previous work 
in our laboratory and elsewhere showed 
that the bands at 1530 cm-' and 1567 
cm-1 in the steady state spectrum (see 
Fig. 2A) could be ascribed to the C=C 
stretches for bR570 and M412, respectively 
(6, 12). In addition, we were able to dem- 
onstrate that the 1646 cm-~ band is due 
to the protonated Schiff base linkage, 
and the band at 1622 cm-1 is an unpro- 
tonated Schiff base linkage (5). On the 
other hand, when the spectrum of bacte- 
riorhodopsin is detected with rapid flow 
velocities so that the sample is in the la- 
ser beam for - 2 ,usec, the spectra ob- 
tained are identical, an example being 
shown in Fig. 2B. Notice the absence of 
bands at 1567 cm-1 and 1622 cm-' which 
have been assigned to M412. This con- 
firms the assignment that the 1530 cm-1 
and 1646 cm-t bands arise from bR570, a 
protonated Schiff base (5). However, 
when the time resolution is - 8 ,/sec (see 
Fig. 2C), although no band can be de- 
tected at 1567 cm-1, there appears to be a 
small contribution from a band at 1622 
cm-~. Also, shoulders appear on either 
side of the 1530 cm-1 peak. These shoul- 
ders may be contributions from the C=C 
stretches of K635 and L550, and will be 
discussed elsewhere (13). A spectrum 
obtained with a resolution of < 20 ,/sec, 
as shown in Fig. 2D, still has little contri- 
bution from the C=C stretch of M412 but 
shows a larger contribution from the 
peak around 1622 cm-1 as compared to 
the spectrum with < 8-,/sec time resolu- 
tion. The C=C stretch of M412 finally be- 
gins to contribute appreciably when the 
time resolution is < 29 /~sec, as is evi- 
dent from Fig. 2E. Here there is a still 
larger contribution from the 1622 cm-1 
band. Finally, at a time resolution of 
< 40 ,usec (Fig. 2F) we have a signifi- 
cantly greater contribution from the 
C=C stretch of M412, but no significant 
increase in the intensity of the 1622 cm-' 
band, the unprotonated Schiff base link- 
age. 

Our data show that the formation time 
of the 1567 cm-1 C=C stretch is consist- 
ent with the rate of formation of M412 as 
determined by monitoring the kinetics 
with absorption spectroscopy (9). This is 
to be expected since it can be shown that 
the frequency of the C=C stretch of the 
various intermediates of bacteriorhodop- 
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sin is directly correlated with the absorp- 
tion maximum of the intermediates. 
However, the 1622 cm-~ band begins to 
appear at least 12 ,tsec before the first 
detectable shoulder at 1567 cm-1. One 
explanation for this observation is that 
there is another intermediate with an un- 
protonated Schiff base before M412. Thus 
the release of the Schiff base proton may 
be very fast when compared to the detec- 
tion of a released proton on one side of 
the membrane (3, 14). This certainly in- 
dicates that the release of the Schiff base 
proton can be only indirectly tied to the 
proton which is eventually released 
forming the vectorial proton gradient 
across the membrane. One possible 
model [which is consistent with the ki- 
netic data presented herein and the rela- 
tively fast deuteration time for the Schiff 
base proton (our unpublished results)] is 
to consider the Schiff base proton on the 
cytoplasmic side of the membrane con- 
nected to a series of protein groups with 
different pK's and exchangeable protons 
forming a proton-conducting channel 
which spans the membrane. In such a 
model the Schiff base proton is only one 
element in an unidirectional molecular 
stepladder of exchangeable groups tra- 
versing the membrane. Thus the deproto- 
nation of the Schiff base could occur 
considerably earlier than the ejection of 
a proton on the outer side of the mem- 
brane, as our kinetic data suggest. 

In this report we have demonstrated 
that KRRS is a powerful probe of biomo- 
lecular dynamics. Unlike other spectro- 
scopic probes of kinetic transformations 
(such as fluorescence and absorption 
spectroscopy), KRRS can provide a 
much finer detail of time discrimination 
in specific local regions of a macromole- 
cule. With the development of high-pow- 
ered tunable dye lasers, and with mode- 
locking and cavity dumping, flow veloci- 
ties can be considerably reduced and 
flow volumes can be reduced well 
beyond the 20-ml (optical density - 1.5) 
sample used in the experiments we re- 
port here. Finally, our interest in the 
technique results from its applicability to 
the study of the photonically induced 
molecular dynamics of the retinylidene 
chromophore of rhodopsin. There is no 
reason why rhodopsin cannot be per- 
turbed before the sample is excited by 
the probing laser beam. In fact, we have 
started an investigation in our laboratory 
utilizing a double-beam technique with 
the exciting beam displaced in time from 
the probing beam (13). By varying the 
distance between where the two laser 
beams excite and probe the flowing 
sample, it becomes possible to obtain 
resonance Raman spectra of essentially 

pure kinetic intermediates (13). Such in- 
formation should play a crucial role in 
helping elucidate the role of rhodopsin in 
visual transduction and in understanding 
the molecular basis of the conversion of 
light energy into chemical energy in bac- 
teriorhodopsin. The technique, how- 
ever, is not exclusively applicable to rho- 
dopsin and its kinetic intermediates. 
With the one laser beam that we used, or 
with two spatially correlated laser 
beams, KRRS is also generally appli- 
cable to a wide variety of other biological 
systems, such as investigations of vari- 
ous enzymatic reaction mechanisms, 
analyses of cooperativity in hemoglobin 
(the kinetic resonance Raman spectra of 
the heme group could be studied in such 
systems as carboxyhemoglobin), and ob- 
servations of molecular dynamics in oth- 
er photobiological systems. 
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