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Ring/chain rotational equilibration of the retinyl chromophore 
in solution is known to be a rapid process.1 However, a similar 
process in a protein-bound chromophore is suspected to be im­
peded, as evidenced from indirect observations such as CD ac­
tivities of the protein-bound chromophore2 and s-cis or s-trans 
preference of the chromophore for visual and bacteriorhodopsin 
(BR) pigments, respectively.3 We now wish to report direct NMR 
evidence for the hindered rotation. 

We have prepared the 11-cis isomer of three phenylretinal 
analogs with fluorine labels located at both ortho positions (la-c).4 

I 7 J l 1 a: X = Y = CF, 
r V * * ^ ^ b : X = CF3; Y = F 

1 CHO 
All three form stable visual pigment analogs upon incubation with 
bovine opsin. Pigment yields (based on rhodopsin formation with 
a limiting amount of opsin), however, varied considerably: 
moderately high for CF31CF3 (la, 59%, XmM = 456 nm in 
CHAPS) and for F1CF3 (lb, 51%, 461 nm) and low for F,F (Ic, 
3%, 454 nm), but the trend for the two analogs with symmetrically 
substituted phenyl rings is consistent with the notion that opsin 
prefers to interact with a twisted chromophore, as established in 
earlier studies with phenyl- and mesitylretinal analogs.6 Fur­
thermore, one may surmise that the substantial amount of pigment 
from the unsymmetrically substituted phenylretinal (lb) probably 
results from selective interaction of opsin with the less stable 
(twisted) conformer (left structure in the equilibrium shown) where 
the CF3 group occupies the 5-methyl position of the parent retinal. 

F CF3 

We have recorded 19F NMR spectra of pigments derived from 
la,b (the yield of pigment Ic was too low for NMR studies). The 
spectrum of the pigment with two CF3 groups, formed in the 
presence of a large excess of the retinal, along with that recorded 
after photobleaching are shown in Figure 1. Pigment formation 
was revealed by the appearance of two new peaks of equal intensity 
on either side of the main band. That these peaks are associated 
with the pigment is reflected by their disappearance upon irra-
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Figure 1. (upper) 19F NMR spectrum of the visual pigment (approxi­
mately 10"4 M in CHAPS) from the o,o-bis(trifluoromethyl)phenyl 
retinal analog la in the presence of an excess of the fluororetinal (sample 
prepared according to the procedure outlined in ref 8) (upper spectrum). 
The chemical shifts for the three peaks are -55.2 (LW = 88 Hz), -58.5 
(50 Hz, free excess fluororetinal), and -60.7 (72 Hz) ppm with CF3CCl3 

as an external standard. Spectrometer (NT-300) parameters are NA = 
400, D5 = 3.00 s, P2 = 28 us, LB = 20 Hz, probe temp = 20 0C. Line 
width was determined by Lorentzian curve fitting. Spectrum of the same 
sample after photobleaching with orange light (>460 nm) (lower spec­
trum); NA = 800. 
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Figure 2. 19F NMR spectrum of the rhodopsin analog reconstituted from 
the 11-cis o-fluoro-o-(trifluoromethyl)phenyl retinal (lb) (approxi­
mately 10"4 M in CHAPS) in the presence of an excess of fluororetinal 
(upper spectrum) (the two pigment signals are centered at -61.6 and 
-114.5 ppm and the two free fluororetinal signals at -59.6 and -110.5 
ppm). Spectrum of the same sample after photobleaching with orange 
light (>460 nm) (lower spectrum). 

diation with orange light (>460 nm). 
It is clear that only a single peak is present for a retinyl 

chromophore in solution.7 When protein bound, two peaks ap­
peared. Clearly, the ring/chain rotational equilibration is stalled, 
with the two CF3 groups now facing different magnetic envi­
ronments. In fact, one may further deduce that the upfield signal 
(negative fluorine opsin shift, FOS)8 corresponds to the CF3 
occupying the same position as the CH3-5 in the parent retinal, 
which from available evidence is known to occupy an open region 
of the binding site. For example, a series of pigment analogs with 
bulkier substituents at this site (e.g., 5-isopropyl and 5-butyl) has 
been prepared.5 The signal of 8-fluororhodopsin, with the sub-

(7) The chemical shift of the fluorine labels on the aromatic ring is in­
sensitive to the nature of the end group on the chain. Thus, the aldehyde, the 
Schiff base, and the protonated Schiff base of a given retinal analog have 
identical F shift values. In a separate experiment, we showed that pigment 
photobleaching was followed by partial regeneration, presumably due to re­
action of opsin with the remaining 11 -cis-fluororetinal. 
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stituent facing the same open space as 5-methyl, also exhibited 
a high-field shift (FOS = 1.8 ppm rather than 4-8 ppm for 
pigments of normal hydrophobic shifts).8,9 The low-field signal, 
therefore, corresponds to the CF3 occupying the 1,1-dimethyl 
position of the parent retinal. The presence of a recognition site 
for the latter moiety in the opsin binding site is well known.5 Close 
nonbonding interaction of the CF3 group with those amino acid 
residues constituting the recognition site probably caused this 
increased protein (down field) shift. 

It is interesting to note that the low-field signal exhibited a 
broader line width (88 vs 72 Hz) consistent with a more crowded 
environment. From O to 25 0C (limited by thermal stability of 
the sample and freezing point of the medium), the relative line 
width of the two peaks remained the same. 

For the fluoro(trifluoromethyl)phenyl sample (lb), the pigment 
was characterized by the appearance of two peaks of a 3:1 ratio 
in intensity, both at a higher field than the corresponding signals 
in the free chromophore (Figure T). The appearance of only one 
set of such signals indicates that the pigment is conformationally 
homogeneous. The high-field shift of the CF3 group is consistent 
with the above interpretation that the CF3 group occupies the more 
open 5-methyl position, and the similar shift of the F signal (rather 
than the downfield shift for the bis-CF3) is consistent with its 
smaller size, no longer in close contact with the recognition site 
for the 1,1-dimethyl groups, and consequently reduced van der 
Waals interactions. 

In summary, "F NMR spectroscopy has provided direct evi­
dence for the suspected conformational restriction of the cyclo-
hexenyl ring and the polyene chain of the retinyl chromophore 
in visual pigment analogs.10 Studies of analogs with fluorine labels 
directed toward the remaining regions of the hydrophobic pocket 
are in progress. 
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Previously, we have developed reaction system I, MoO2(L-NS2) 
+ X ^ MoO(L-NS2)(DMF) + XO,2"5 as a functional model for 
the molybdenum oxotransferases,6 which catalyze the overall 
transformation X + H2O ^ X O + 2H+ + 2e". Others have also 
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ANALOGUE REACTION SYSTEM 

Mov l02(/BuL-NS)2+ X - ^ = MO17O(JBUL-NS)2 + X O (II) 

Figure 1. Schematic representation of analogue reaction system II of 
molybdenum oxotransferases, including the formula of Li(f-BuL-NS) (1) 
and the structures of Mov,02(J-BuL-NS)2 (2) and Mo'vO(f-BuL-NS)2 

(3). Substrates X/XO are given in the text. For 2, primed and unprimed 
atoms are related by a 2-fold axis. Selected bond distances (A) and 
angles (deg) are noted. Compound 2: Mo-O(I), 1.696 (4); Mo-S(I), 
2.418 (2); Mo-N(I), 2.411 (5); 0( I ) -Mo-O(I ' ) , 107.7 (3); S(I ) -Mo-
S(l ' ) , 159.8 (1); N(I) -Mo-N(I ' ) , 76.2 (2); S(I)-Mo-N(I) , 73.6 (2); 
0 ( I ) -Mo-N(I ) , 89.8 (2). Compound 3: Mo-O(I), 1.681 (5); Mo-S, 
2.313 (3), 2.330 (3); Mo-N1 2.175 (7), 2.173 (7); S(l)-Mo-S(2), 124.3 
(1); S(I)-Mo-O(I), 116.2(3);S(2)-Mo-0(l), 119.5 (3); N-Mo-S, 80.3 
(2)-92.1 (2); N(l)-Mo-N(2), 160.5 (3). 

advanced pertinent model systems.7'8 Under the oxo transfer 
hypothesis,5 the substrate oxidation/reduction step involves atom 
transfer from/to the molybdenum center, as in MoVI02 + X *± 
MoIV0 + XO. Other redox steps in the cycle restore the enzyme 
to its catalytic state.5,6'9 While system I has most effectively 
demonstrated oxo transfer as a possible enzymatic pathway,5 it 
does not fulfill several important criteria for optimal utility as an 
analogue reaction system. Its complexes are not stable in the 
presence of certain substrates, the structure of the reduced complex 
has not been established by X-ray diffraction, and rate constants 
and activation enthalpies for substrate reduction (nitrate, N-oxide, 
S-oxide) are sufficiently similar (ca. 1.5 (1) X 1(T3 s"1 (298 K), 
23 (1) kcal/mol)35 as to indicate a common early transition state 
without appreciable X-O bond weakening. Such a situation is 
uninformative with respect to the atom transfer event itself. Given 
the demonstration of the oxo transfer pathway for one enzyme 
(xanthine oxidase10) and its likelihood for others, we have sought 
an improved reaction system. As before, we utilize an anionic 
nitrogen-thiolate ligand to maintain an extent of consistency with 
Mo EXAFS results." 
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