Absorption Spectra of the Hybrid Pigments
Responsible for Anomalous Color Vision

Shannath L. Merbs and Jeremy Nathans

Unequal homologous recombination events between green and red cone pigment genes
produce the red-green or green-red hybrid pigment genes found in many individuals with
variant color vision. Photobleaching difference absorption spectroscopy of hybrid pigments
produced in cultured cells shows that the spectral sensitivity of each hybrid pigment is
intermediate between the parental green and red pigment sensitivities. Amino acids en-
coded by exons 2, 3, 4, and 5 produce spectral shifts at the wavelength of maximal
absorbance of 0 to 4, 0 to 4, 3 to 4, and 15 to 21 nanometers, respectively, the exact value
depending on the identities of amino acids elsewhere in the hybrid.

Human color vision is based on absorption of
light by three cone pigments that are maxi-
mally sensitive at 426 nm (the blue pigment),
530 nm (the green pigment), and either 552
or 557 nm (two polymorphic variants of the
red pigment) (I, 2). Among Caucasians, 8%
of males and 1% of females differ in their color
vision from the majority of the population
(3). Approximately 30% of males with vari-
ant color vision are dichromats, lacking either
red pigment sensitivity [protanopes (G*R™)]
or green pigment sensitivity [deuteranopes
(G~R)). The remaining 70% are anomalous
trichromats, either protanomalous (G*R’) or
deuteranomalous (G'R*). Psychophysical ex-
periments show that anomalous trichromats
possess pigments with spectral sensitivities
that are between the normal red and green
sensitivities (4), whereas dichromats are miss-
ing one of the three pigments (5).

Dichromacy and anomalous trichromacy
are caused by unequal homologous recom-
bination within the tandem array of genes
that encode the red and green visual pig-
ments (6-8). In G*R™ and G*R’ subjects,
a 5'red-3'green hybrid gene is found in
place of the normal red pigment gene,
whereas G'R* subjects have one or more
5'green—3'red hybrid genes. G™R* subjects
either have lost all green pigment genes or
have replaced the remaining green pigment
gene with a 5'green-3'red hybrid gene. The
hybrid genes are predicted to encode the
variant pigments that underlie dichromacy
and anomalous trichromacy.

Coding differences between the red and
green pigment genes are confined to exons
2 to 5 (9), and current evidence indicates
that the most common hybrids in the hu-
man population correspond to homologous
recombination events in the intervals be-
tween these exons (7, 10, 11). Nine rather
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than six hybrids are expected because of the
existence of two variants of the red pigment
that differ by the presence of Ala or Ser at
position 180 encoded by exon 3 (1, 12).
Each hybrid pigment is referred to here by
an abbreviation that reflects the origin of
the exons that encode it. For example,
R3G4(Ala'®) is a hybrid pigment encoded
by a gene in which exons 1 to 3 are derived
from a red pigment gene encoding Ala at

position 180 in exon 3 and in which exons
4 to 6 are derived from a green pigment
gene.

To define the spectral sensitivities of the
nine most common hybrid pigments, we
expressed cDNAs encoding the correspond-
ing hybrid apoproteins (13) by transient
transfection of a human embryonic kidney
cell line (14). Photobleaching difference
absorption spectra showed that each hybrid
apoprotein produces a photolabile visual
pigment (15) (Fig. 1 and Table 1). The
wavelengths of maximal absorption (A,,,)
and half-maximal absorption along the long
wavelength limb (A;;....) of each hybrid
pigment fall within the interval defined by
the absorption spectra of the green pigment
and the corresponding allelic variant of
the red pigment (16). Comparison of the
hybrid and wild-type pigment spectra re-
veals that sequence differences encoded by
exon 5 are the primary determinant of red,
green, and hybrid pigment spectral sensitiv-
ity. Swapping these sequences produces
spectral shifts of 15 to 20 nm in A, and of
24 to 26 nm in X, [that is, green as
compared to (versus) G4R5, red(Ala'®)
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Fig. 1. Photobleaching difference absorption spectra of the nine human hybrid pigments (in black)
superimposed on photobleaching difference absorption spectra of the green pigment (in green)
and the two variants of the red pigment (in red), red(Ala'®) (left) and red(Ser'®) (right) (7).
Absorbance values refer to the hybrid pigment spectra. The two red pigment spectra and the green
pigment spectrum (a summed average of two spectra) were scaled to match the absorbance values
of each hybrid pigment at 700 nm and at A ... For each hybrid pigment, the spectrum from a single

experiment is shown.
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versus R4G5(Ala'®), and red(Ser!®%) ver-
sus R4G5 (Ser'®9)] (17).

In the 5'red-3'green hybrid series, red
pigment sequences encoded by exons 2 and
3 (the latter containing Ala'®%) produce
little change in N__,, although there is a 2-
to 4-nm red shift (that is, toward longer

wavelengths) in N, [green versus R2G3
and R3G4(Ala'®%)]. These results are con-
sistent with those obtained previously by
electroretinography of a subject with a single
R3G4(Ala'®%) hybrid gene (10). Red pig-
ment sequences encoded by exon 4 induce a
further red shift of 3 nm and 2 to 4 nm in the
Noax and N, respectively, of the hybrids
[R3G4(Ala'®) versus R4G5(Alajgo) and
R3G4(Ser'®%) versus R4G5(Ser'®)]. In the
four 5'red—3'green hybrids with red pigment
sequences encoded by exon 3, substitution of
Ala'® for Ser'® produces a 4-nm red shift in
A pay-and a 2- to 4-nm red shift in X, .-
A somewhat larger effect of sequence dif-
ferences encoded by exons 2 through 4 is seen
in the 5'green—3'red hybrid series. For hybrids
that contain either Ser'® or Ala'®, replace-
ment of red pigment sequences encoded by
exon 2 with the corresponding green pigment
sequences leads to 3- to 4-nm and 3-nm blue
shifts (that is, toward shorter wavelengths) in
Moax @nd Ny, respectively [red (Ala'®)
versus GZR3(Ala'®%) and red(Ser'®%) versus
G2R3(Ser'®)]. Green pigment sequences en-
coded by exon 3, which contains Ala at
position 180, are indistinguishable in their
spectral effects from the corresponding red-
(Ala'®) pigment sequences [G2R3(Ala'®%)
versus G3R4], which indicates that the poly-
morphic Leu/Met at position 153 (9) in exon
3 does not affect spectral tuning. Green pig-
ment sequences encoded by exon 4 induce

a blue shift in both N and X, . of 4
nm (G3R4 versus G4R5). In the two
hybrids with red pigment sequences en-
coded by exon 3, G2R3(Ser'®®) and
G2R3(Ala'®), replacement of Ala'®® by
Ser'® produces A, and A, red shifts
of 3 and 5 nm, respectively.

The hybrid pigment absorption spectra
are consistent with models of spectral tun-
ing based on a comparison of amino acid
sequences and spectral sensitivities of pri-
mate visual pigments (18, 19) and with the
effects of amino acid replacements in bo-
vine rhodopsin (20). We observe that se-
quence differences encoded by exon 5 are
responsible for a 15- to 21-nm shiftin N__,
consistent with the proposal that substitu-
tion of Tyr?”” or Thr?® (residues in the red
pigment encoded by exon 5) for Phe or Ala
(the corresponding residues in the green
pigment) produces red shifts of 9 and 15
nm, respectively (18). The 3- to 4-nm
effect of sequence differences encoded by
exon 4 may account for the decreased red
pigment sensitivity in males who carry Thr,
Ser, and Val, residues encoded by exon 4 of
the green pigment gene, in place of 1le?3°,
Ala?33, and Met?*, respectively, encoded
by the red pigment gene (12).

The absorption spectra of the hybrid
pigments, together with those of the green
and red pigments reported earlier (I, 2),
provide a framework for understanding vari-
ations in red-green color vision. If the
5'red-3'green hybrid gene present in a
G*R™ or G™R’ subject is R4G5(Ser!®°)
(Mpax = 536 nm), red-green color vision
will be based on the 6-nm difference be-
tween the absorption maximum of this pig-
ment and that of the normal green pigment

Table 1. Quantitative analysis of red-green and green-red hybrid pigment spectra. For each
photobleaching difference absorption spectrum (15), two best-fitting fifth-order polynomials were
calculated, one for the 100-nm region centered about the approximate absorption maximum and
another for the 120-nm region centered 10 nm toward the long wavelength side of the absorption
maximum. The wavelengths of maximal absorption (A ,,) and half-maximal absorption along the
long wavelength limb (N0 Were measured from the first and second fifth-order curves,

respectively. Included for comparison are the A, and A

for the parental green and red

1/2max

pigments (7). Each experiment represents an independent transfection. SEM, standard error of the
mean; SD, standard deviation; OD, optical density.

Ex- Mean
Pigment Mean sem  sp Me gy sp peric  amplitude
max (nm) (nm) 1/2max (nm) (nm) ments (OD x
(nm) (nm) (n) 10—3)
Green 529.7 576.0
R2G3 529.5 0.8 2.6 577.7 0.4 1.3 10 4
R3G4(Ala'8%) 529.0 0.4 1.0 579.6 0.2 0.5 5 10
R3G4(Ser'€0) 533.3 0.5 1.0 581.3 0.5 1.0 4 14
R4G5(Ala80) 531.6 0.6 1.8 581.4 0.2 0.5 8 7
R4G5(Ser'€0) 536.0 0.7 1.4 585.5 0.5 1.0 4 16
Red(Ala'80) 552.4 607.3
Red(Ser'89) 556.7 612.1
G2R3(Ala’80) 549.6 0.4 09 604.4 0.2 0.5 5 32
G2R3(Ser'8%) 553.0 0.7 1.4 609.0 04 0.8 4 39
G3R4 548.8 0.6 1.3 604.5 0.3 0.6 4 11
G4R5 544.8 0.8 1.8 600.6 0.5 1.1 5 13
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(Mo = 530 nm). If the hybrid is either
R3G4(Ser'®) or R4G5(Ala'®), red-green
color vision will be based on an absorption
difference of only a few nanometers, and
if the hybrid is either R2G3 or
R3G4(Ala'®), the absorption spectrum
will be nearly identical to that of the green
pigment. In the last case, chromatic dis-
crimination based on the difference be-
tween the hybrid and a normal green pig-
ment would be unlikely.

In subjects with 5'green—3'red hybrid
pigments, the phenotype depends on both
the point of crossover in the hybrid and
whether the accompanying red pigment
contains Ala'® or Ser!®°. In subjects with a
G4R5 pigment (\_,, = 545 nm) and a
red(Ser'®®) pigment (A, = 557 nm),
chromatic discrimination would be based
on a spectral separation of 12 nm. Hybrids
with absorption spectra that are further
red-shifted—for example, G3R4 (A, =
549 nm)—would give smaller chromatic
signals, especially in combination with red-
(Ala'®) (A, = 552 nm). In the extreme
case, a G1R2 hybrid would correspond to
the pigment encoded by one of the two
normal red alleles. If the accompanying
normal red pigment gene encoded an iden-
tical pigment, the phenotype would be
G~R* dichromacy, whereas an Ala/Ser!®
difference between the two would lead to
G'R* anomalous trichromacy (21).
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Isomerase and Chaperone Activity of Prolyl
Isomerase in the Folding of Carbonic Anhydrase

Per-Ola Freskgard, Nils Bergenhem, Bengt-Harald Jonsson,
Magdalena Svensson, Uno Carlsson*

Several proteins have been discovered that either catalyze slow protein-folding reactions
or assist folding in the cell. Prolyl isomerase, which has been shown to accelerate rate-
limiting cis-trans peptidyl-proline isomerization steps in the folding pathway, can also
participate in the protein-folding process as a chaperone. This function is exerted on an
early folding intermediate of carbonic anhydrase, which is thereby prevented from aggre-
gating, whereas the isomerase activity is performed later in the folding process.

For many proteins, in vitro protein folding
is a spontaneous process that does not
require input of energy or any assisting
factors (I). Folding in vivo, however,
seems for many proteins to be mediated by
several protein factors. These helper pro-
teins are divided into two classes: (i) folding
catalysts, such as the enzymes protein disul-
fide isomerase and prolyl isomerase (PPlase)
and (ii) molecular chaperones that bind
transiently to folding intermediates and
thereby prevent incorrect interactions lead-
ing to aggregation (2-5). We have noted
that with the use of PPlase in the study of
the rate-limiting step of the refolding of
human carbonic anhydrase II (HCA II),
which contains 15 trans- and 2 cis-prolines
(residues 30 and 202) (6), PPlase has a
positive effect on both the kinetics and the
yield of active HCA II (7). Because aggre-
gation has been shown to lead to incom-
plete recovery of native HCA II in unas-
sisted refolding of denatured enzyme (8),
two questions arise. First, is the higher
HCA 1I yield obtained in the presence of
PPIase the result of a reduction of the time
of exposure of hydrophobic surfaces in fold-
ing intermediates that is caused by catalysis
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of slow cis-trans isomerization reactions?
That is, does PPlase facilitate the folding
process in the way that is generally believed
(9), or alternatively, does PPlase act as a
chaperone by binding to an early folding
intermediate, which is thereby protected
from unproductive interactions that other-
wise lead to aggregation?

PPlase accelerates the reactivation of
denatured HCA 1II [1-hour incubation in 5
M guanidine hydrochloride (GuHCI)] and
also increases the recovery of active en-
zyme: with PPlase; the half-time (t,,) of
reactivation is lowered from 9 to 4 min, and
the yield of enzyme is increased from 70 to
100% (Fig. 1). These stimulating effects are
completely abolished when the PPlase in-
hibitor cyclosporin A (CsA) is added at the
onset of refolding. No effect on the yield or
the kinetics of the reactivation was noted
when bovine serum albumin was added to
the same concentration as that of PPlase,
which rules out the possibility that these
effects are caused by general protein inter-
actions.

If HCA 1I is allowed to be in its dena-
tured state (in 5 M GuHCI) for only 10 s,
cis-trans isomerization of peptidyl-proline
bonds is greatly limited (t;,, = ~2 min).
However, within this 10-s incubation, full
denaturation is achieved, as judged by ac-
tivity and ultraviolet absorbance (absor-
bance = 292 nm) measurements. The re-
activation of this short-time (10-s) dena-
tured HCA 1II proceeds much faster (t,, =





