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Abstract

The hypothesis that dichromatic behavior on a clinical anomaloscope can be explained by the complement and
arrangement of the long- (L) and middle-wavelength (M) pigment genes was tested. It was predicted that
dichromacy is associated with an X-chromosome pigment gene array capable of producing only a single functional
pigment type. The simplest case of this is when deletion has left only a single X-chromosome pigment gene. The
production of a single L or M pigment type can also result from rearrangements in which multiple genes remain.
Often, only the two genes at thé &nd of the array are expressed; thus, dichromacy is also predicted to occur if

one of these is defective or encodes a defective pigment, or if both of them encode pigments with identical spectral
sensitivities. Subjects were 128 males who accepted the full range of admixtures of the two primary lights as
matching the comparison light on a Neitz or Nagel anomaloscope. Strikingly, examination of the L and M pigment
genes revealed a potential cause for a color-vision defect in all 128 dichromats. This indicates that the major
component of color-vision deficiency could be attributed to alterations of the pigment genes or their regulatory
regions in all cases, and the variety of gene arrangements associated with dichromacy is cataloged here. However, a
fraction of the dichromats (17 out of 128; 13%) had genes predicted to encode pigments that would result in two
populations of cones with different spectral sensitivities. Nine of the 17 were predicted to have two pigments with
slightly different spectral peaks (usualy 2.5 nm) and eight had genes which specified pigments identical in peak
absorption, but different in amino acid positions previously associated with optical density differences. In other
subjects, reported previously, the same small spectral differences were associated with anomalous trichromacy rather
than dichromacy. It appears that when the spectral difference specified by the genes is very small, the amount of
residual red—green color vision measured varies; some individuals test as dichromats, others test as anomalous
trichromats. The discrepancy is probably partly attributable to testing method differences and partly to a difference

in performance not perception, but it seems there must also be cases in which other factors, for example, cone ratio,
contribute to a person’s ability to extract a color signal from a small spectral difference.
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Introduction (Nathans et al., 198§. The human L and M photopigment genes

. . . . - . are greater than 98% identical in nucleotide sequence, and the

The common, dichromatic forms of inherited color-vision defi- .
arrays undergo both equal and unequal homologous recombina-

ciency fall into two categories, protanopia and deuteranopia. Th : .
y 9 P P P %on, producing new gene arrangements that underlie the common

former is associated with the absence of functional Iong-wavelengthlhherited forms of red—green color-vision deficiency (Nathans

se_nsmve (L) cones, and. t_he latter with the absence of functlonatlat al., 198@). Since the pioneering work of Nathans et al., there
middle-wavelength-sensitive (M) cones. The genes that encod - :
ave been several key advances in our understanding of the

the L and M cone photopigments II? na head-to-tan.ta.lndem aray, echanisms that control the absorption spectra of the L and M
on the X-chromosome. Humans with normal color vision have an

array that contains an L gene followed by one or more M genes > < photopigments and in the regulation of L and M gene
Y 9 y g expression that have aided in understanding the genetic basis for
color-vision deficiency.
Address correspondence and reprint requests to: Maureen Neitz, De- Together, amino acid positions 2_77 and 285, en_COded by e.xo_n 5
partment of Ophthalmology, Medical College of Wisconsin, 925 North Of the L and M genes, are responsible for producing the majority
87th Street, Milwaukee, WI 53226-4812, USA. E-mail: mneitz@mcw.edu of the spectral difference between L and M pigments. Thus, the
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sequence of exon 5 can be used to determine whether a gem@other was used to estimate the ratio of first to downstream genes.
encodes a pigment of the L-class with a wavelength of peakor each assay, quadruplicate reactions were done for each subject,
absorbanceax) near 560 nm, or of the M-class with peak near and the gene ratio estimates reported in Tables 2 and 3 are the
530 nm. Substitutions at five other polymorphic positions encodedaverages of the quadruplicate reactions. In addition, control sam-
by exons 2, 3, and 4 of the genes shift fhg, of L-class pigments  ples of known gene ratios were run in parallel with the experi-
and a subset of them also shift thg,, of M-class pigments. The mental samples in order to monitor the reliability of the assays.
Amax Of pigments of known sequence have been estimated by @&he 95% confidence interval for the gene ratio estimates486.
variety of in vitro (Merbs & Nathans, 1992, 1993; Asenjo et al., For subjects who had both L and M pigment genes on the
1994) andn vivo methods (Neitz et al., 1995; Sharpe et al., 1998; X-chromosome, as indicated by the results of the real-time quan-
Carroll et al., 2002), and this information can be used to predict thditative PCR assays, the M and L photopigment genes were sepa-
difference inAnax between pigments encoded by different genes.rately and specifically amplified using primer pairs 1 and 2 and the
Recent evidence has demonstrated that, with some exceptiof®CR conditions indicated in Table 1. Specificity for L genes was
(Sjoberg et al., 1998), only the first two genes in the X-chromosomesonferred by primer 3edx5 (Table 1) and for M genes by primer
visual pigment gene array are expressed (Hayashi et al., 1993 'greenx5 (Table 1), which hybridized to sequences within exon 5
Hayashi et al., 2001; Neitz et al., 2003). Long-distance polymerasef L or M genes, respectively. The PCR products obtained with
chain reaction (PCR) allows amplification of the polymorphic primer pairs 1 and 2 were used in another round of PCR to amplify
exons from the first gene in the array and from all of the down-exons 2, 3, and 4 using primer pairs 3, 4, and 5, respectively
stream genes together, and of exons 3 through 6 of the last gene {ifable 1). For a subset of subjects, exons 1, 6, and 5 were ampli-
the array. These PCR products can be directly sequenced, and figd nonspecifically from all genes in the array using primer pairs 6,
a deductive process the sequences of the polymorphic exons froiy and 8 (Table 1). Primer pairs 3 through 8 amplify individual
the first two genes in the array can often be determined. exons including the introfexon junctions. Also, for a subset of
The purpose of this study was to test the hypothesis that theubjects, an 823-bp fragment containing the promoter region of all
majority of cases of dichromacy, diagnosed using a conventionallownstream genes in the array was amplified using primer pair 9
clinical anomaloscope, can be explained simply by the comple{Table 1). For those subjects for whom the results of the real-time
ment and arrangement of L and M photopigment genes on theguantitative PCR assay indicated the presence of only L or only M
X-chromosome. The hypothesis specifically predicts that a malgigment genes, the exons of the genes were amplified using primer
will be dichromatic if he has an array in which (1) there is only one pairs 3 through 8 as indicated in Table 1.
visual pigment gene, (2) the first two genes encode pigments with For primer pairs 3, 6, and 8, the AmpliTag Gold PCR kit was
identical absorption spectra, or (3) one of the genes in the first twaised; for all other primer pairs the XL-PCR kit was used in
positions has a mutation that prevents expression of the gene @onjunction with AmpliwWax Gems. Each PCR reaction was done
function of the encoded pigment. We tested this hypothesis byn a final volume of 100ul, and the concentration of each primer
examining the photopigment gene arrays in 128 dichromats, anih the reaction is given in Table 1. The concentrations of all other
found that in every case the complement and arrangement of theaction components were those recommended by the manufac-
photopigment genes predicted a color-vision deficient phenotypeturer for the individual kits.
For 111 subjects, the gene arrays predicted strictly the production The PCR products obtained with primer pairs 3 through 9 were
of a single X-chromosome photopigment and thus a dichromati@mplified for direct sequencing with the same primers except that
phenotype. For 17 subjects, the genes predicted the presence edch forward primer was tagged with the M13-21 primer sequence,
two pigments with slightly different absorption spectra; thus, evenand all reverse primers were tagged with the M13 reverse primer
though the genes predicted a color-vision defect, color-matchingequence. DNA sequencing was done using dye-primer AmpiTaq
performance was slightly worse than might have been predicted biS sequencing kit with the M13-21 primer or the M13 reverse
the genetic results. primer. Reactions were analyzed on an ABI 310 Prism Genetic
Analyzer. The 823-bp PCR product containing the downstream
gene promoter was also sequenced using dye-terminator chemistry
with primer LMprm-190F (53CCAGCAAATCCCTCTGAGC). A
531-bp DNA fragment encompassing the promoter of the first gene
in the array and extending 70 bp into exon 1 of the first gene
Color-vision phenotype was assessed using standard color-visiomas amplified and sequenced as described elsewhere (McMahon
tests including the Ishihara pseudoisochromatic plates, the AQet al., 2003).
HRR, FM100, and the panel D15. Color matching was performed Identification of the first gene and the last gene in the array as
using either a Neitz anomaloscope (Type I) or a Nagel anomaloencoding an L or M pigment was performed for selected subjects
scope (model OT1). Only males who accepted the entire range afsing previously described methods (Kainz et al., 1998; Hayashi
mixtures of the primary test lights as matching the standarcet al., 1999). Whether a gene encodes an L- or an M-class pigment
comparison light were accepted as dichromats. 73 deuteranop@gs determined by identifying the amino acids specified at posi-
and 55 protanopes were identified. tions 277 and 285 of the opsin; both positions are encoded by
exon 5. L-class pigments specify tyrosine at position 277 and
threonine at position 285, whereas M-class pigments specify phe-
nylalanine at position 277 and alanine at position 285.
Genomic DNA was isolated from whole blood or from a cheek  Experiments involving human subjects were conducted in
swab. The relative number of L and M genes per X-chromosomeccordance with the principles embodied in the declaration of
array was determined using two real-time quantitative PCR assayidelsinki, and were approved by Institutional Review Boards
that have been described in detail elsewhere (Neitz & Neitz, 2001)at the Medical College of Wisconsin, and the University of
One assay was used to estimate the ratio of L to M genes, an@alifornia—Davis.

Materials and methods

Phenotyping

Genotyping



Table 1. PCR primers and conditions

Primer .
Region
Pair Name Sequence Position Concentration amplified PCR conditions

new5x2 5GTCTCTGGCTTGAGGGACAG intron 1, 180 bp upstream of exon 2 300 nm intron 1-exon®PC 5 min; 94C 1 min,

1 M genes only 62°C 30 sec, 72 5 min,
3'greenx5 5CAGCAGAATGCCAGGACCATC M gene exon 5 300 nm 37 cycles; 72C 20 min, 4C hold
newS5x2 5GTCTCTGGCTTGAGGGACAG intron 1, 180 bp upstream of exon 2 300 nm intron 1-exon®'C 5 min; 94C 1 min,

2 L genes only 62°C 30 sec, 72 5 min,
3'redx5 BGCAGTACGCAAAGATCATCACC L gene exon 5 300 nm 37 cycles; 72C 20 min, 4C hold
5’exon2 BCTCGAATTCGGTGCTGCAGCCGAGCTCC 55bp upstream of exon 2 600 nm exon 2 °C 95min 1 cycle;

3 94°C 45 sec, 68 1 min 40 cycles;
3’exon2 BCTCGAATTCGAGCCTGGGCCCCGACTGGC 30 bp downstream of exon 2 600 nm 72°C 10 min, 4C hold
IN2u136x3F 5CAGAGTCTGACCCTGCCCACT intron 2, 136 bp upstream of exon 3 300 nm exon 3 °C 94min; 94C 45 sec,

4 61°C 45 sec, 7ZC 45 sec 30 cycles;
IN3dn46x3R  5TGTCGITTTTTCCACCTCAGTCC intron 3, 46 bp downstream of exon 3 300 nm 72°C 10 min, 4C hold
IN3up23x4F  BTTGAGGGCAGAGCAGCTTAGG intron 3, 23bp upstream of exon 4 300 nm exon 4 °CHmin; 94C 45 sec,

5 62°C 45 sec, 7ZC 45 sec 30 cycles;
In4dn62x4R  BTGGCTGCCGGCCCTTC intron 4, 62bp dwnstrm of exon 4 300 nm 72°C 10 min, 4C hold
340-362 5CAGCCACCCAGCCTCCAC 160 bp upstream of ATG start codon, all genes 300 nm exon 1 °C 99&in 1 cycle; 94C 30 sec,

6 61°C 15 sec, 7 30 sec, 30 cycles;
IN1dn35x1R  5AGTCCCAGGCCCAATTAAGAGAT intron 1, 35 bp dwnstrm of exon 1 300 nm 72°C 7 min, £C hold
In5up42x6F  5GGAGAGGTGGCCAAAGCCC intron 5, 42bp upstrm of exon 6 300 nm exon 6 °C9% min; 94C 30 sec,

7 63°C 15 sec, 72 30 sec 30 cycles;
In6dn51x6R  5ACCCTTCCCTGCTCTGCTCAA intron 6, 51bp dwnstrm of exon 6 300 nm 72°C 10 min, 4C hold
5’exon5 BACGGTATTTTGAGTGGGATCTGCT intron 4, 35bp upstream of exon 5 300 nm exon 5 °C®imin; 94C 45 sec,

8 59°C 45 sec, 72 45, 37 cycles;
3’exon5 BTCCACCCCCCGACTCACTATCC intron 5, 40 bp downstream of exon 5 300 nm 72°C 10 min, 4C hold
upstrmgrnFd  SCCTGCAAGTGGGAATCTAAACAGA 793 bp upstream of start codon of downstream genes 100 nm downstrean®5°C 5 min 1 cycle; 94C 1 min,

9 gene promoter 60°C 1 min sec, 72 1.5 min,
565-545ex1 S GGGTGCTGTCCTCATAGCTG exon 1, 70 bp downstream of start codon 300 nm 40 cycles; 72C 10 min, 4C hold
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Results nine for cysteine at position 203 (C203R) in the photopigment
molecule (Tak 2 & Fig. 1). This mutation was previously iden-
The interpretation of the results of the real-time quantitative PCRified as being involved in deuteranopia (Bollinger et al., 2001),
assays to estimate the relative ratio of L:M genes and the ratio ofleuteranomaly (Winderickx et al., 1992), and blue-cone mono-
first:downstream genes has been described in detail elsewhestiromacy (Nathans et al., 1989, 1993). It has been shown to
(Neitz & Neitz, 2001). Briefly, the results are expressed as thedisrupt proper folding of the photopigment molecule by preventing
percentage of genes in the array that are downstream of the firghe formation of a conserved and essential disulfide bond (Karnik
gene, and the percentage of L plus M genes that are L. Eacht al., 1988; Karnik & Khorana, 1990; Kazmi et al., 1997). Of the
estimate is the average of the results from four separate real-timeight deuteranopes who had C203R-containing M genes, five of
guantitative PCR reactions, with a 95% confidence interval ofthem had only one M gene; however, three of them had multiple M
+4%. An estimate of 0% downstream genes indicates an array thaenes, all of which had the C203R mutation.
contains a single visual pigment gene, an estimate of 50% down- Subject TF050275 (Table 2) had one normal M gene and one
stream genes indicates an array with two genes, and a value of 66&bat contained a mutation that substituted the amino acid serine for
downstream genes indicates an array with three genes. An estimgpeoline at position 187 (P187S) of the photopigment molecule
of 100% L genes indicates an array that contains only L genes, anFig. 1). Long-distance PCR and DNA sequencing revealed that
an estimate of 0% L genes indicates an array with only M genesneither the first nor the last gene in the array had the mutation, so
Intermediate values, such as 50% L genes, indicate an array withy deduction the second gene in the array must have it. Proline 187
equal numbers of L and M genes. Thus, an estimate of 50% lis 100% conserved across the 212 vertebrate visual pigments in the
genes and 50% downstream genes is interpreted as an array wi@tprotein coupled receptor database (www.gpcr.org), and it pro-
one L and one M gene, an estimate of 33% L genes and 66%uces a significant bend at the extracellular end of the fourth
downstream genes is interpreted as an array with one L and twvansmembrane alpha helical segment (Palczewski et al., 2000).
M genes. Replacing this conserved proline residue with serine very likely
Results from real-time quantitative PCR indicated 0% down-disrupts the proper folding and function of the photopigment
stream genes and 100% L genes for 47 deuteranopes, and O8tolecule.
downstream genes and 0% L genes for 18 protanopes, identifying Subject 110 had an M gene that encoded a pigment with an
these 65 subjects as single-gene dichromats. The remaining 26usual combination of amino acids at the polymorphic positions
deuteranopes and 37 protanopes were estimated to have arragpecified by exon 3, as shown in Table 2. This combination of
with two or more visual pigment genes, as indicated by a value ohormal polymorphisms (leucine 153, isoleucine 171, alanine 174,
more than 40% downstream genes. A variety of genetic analysegline 178, alanine 180) has not been observed in the more than
were performed to characterize the complement and arrangeme8600 L and M pigment genes that we have sequenced from indi-
of genes in the arrays for the multigene dichromats. viduals with normal color vision (Neitz & Neitz, unpublished
The results of the genetic analyses for the deuteranopes aresults) and has only been observed in association with blue-cone
summarized in Table 2. For four deuteranopes (subjects 145, 138 onochromacy (pedigree H in Nathans et al., 1989). This unusual
MJ102679, & 34), the values from real-time PCR for the % L combination was observed in the affected members of pedigree H
genes were not reliable; however, PCR products were obtainestho had a single X-chromosome visual pigment gene, and it
with both primer pairs 1 and 2 (Table 1) indicating that each ofcosegregated with absence of function of the corresponding cones
these individuals had arrays containing both L and M genesn 11 of 11 meioses. Thus, it seems reasonable to conclude that this
(Table 2). Direct sequencing of the PCR products revealed that alinusual combination of polymorphisms is itself an inactivating
four subjects had at least two different genes encoding L-classutation or it is tightly linked to one.
pigments (Table 2). For example, subject 138 was estimated to Sixteen deuteranopes had arrays containing more than one gene
have 63% downstream genes, a value expected for an arragncoding an L-class pigment, and all but four of these also had M
containing three genes, and he had at least two L gene sequenaganes (Table 2). The L genes were sequenced to determine whether
(Table 2) and one M gene sequence. Thus, we concluded that hedividuals had genes encoding pigments predicted to differ in
had an array containing two L and one M genes. A similar logicAn.x. There are 11 polymorphic amino acid positions among
was used to estimate the number of L and M genes in the arrays df-class pigments (Table 2); substitutions at four of them produce
the other three subjects for whom a reliable estimate of the ratio opectral variants (Merbs & Nathans, 1992; Asenjo et al., 1994;
L:M genes was not obtained. The reason for the occasional failur€arroll et al., 2002). Substitutions at positions 116 and 180 pro-
in the reliability of the assay is probably due to a slightly lower duce shifts of about 1.5 nm and 3.5 nm, respectively. Substitutions
quality of DNA obtained from some subjects. at 230 and 233 together produce a shift of about 4 nm. Thus, if two
The results of long-distance PCR to characterize the first gené pigments differ at one or more of these positions, they are
in the array and real-time quantitative PCR to estimate the relativexpected to differ in\n,ax by @ magnitude that depends on the
number and ratio of L:M genes indicated that nine of the deuteraspecific sites that differ between the pigments. Seven of the 16
nopes (Table 2, subjects 110, 152, 61, JD051380, JG09297 deuteranopes with multiple L genes (MF041877, DF081184, 176,
BS030727, 165, TL0O20777, TT041171, & TF050275) had arraysRE080644, FT21730, 94, & RG100741) had arrays in which all of
that contained one L pigment gene, which was in the first positionthe L genes encoded pigments that were the same at the spectral
followed by one or more M pigment genes. This structure is typicaltuning positions (Table 2). Three of these subjects also had M
of arrays found in men with normal color vision. Since deuteran-genes (Table 2). Two of the subjects (RE080644 & FT21730) had
opes lack an M cone contribution to vision, we hypothesized thabnly one M gene, which long-distance PCR and sequencing showed
the M genes in these arrays contained mutations that either pree be at the 3end of the arrays. One subject, RG100741, had novel
vented expression or function of M pigment, and we tested thiswucleotide changes upstream of the downstream genes (Fig. 2).
hypothesis by sequencing the M genes. Eight of the subjects had M/hether these interfered with proper expression of the second
genes containing a mutation that substituted the amino acid arggene in the array is not known.



Table 2. Multigene deuteranopes

L gene sequencés

% Predicted

% L Downstream No. L No. M Exon 2 Exon 3 Exon 4 M gene Downstream Admax
Subject ID genes$ genes genes genes 65111116 153171174178180 203230233236 mutatiorf! gene promoter Last gene (nm)
1107 48.87 52.09 1 1 ND ND ND IVYLIAVATSV not done not done 0
1522 39.92 43.85 1 1 ND ND ND C203R not done not done
612 49.38 49.67 1 1 TIS MIAIS CIAM C203R not done not done
JD051380 50.98 53.04 1 1 TIS LVAIA CIAM C203R not done not done
JG09297Y 45.76 53.26 1 1 TIS LVAIA CIAM C203R not done not done
BS030727 38.13 56.3 1 1 TIS ND CIAM C203R not done not done
165* 32.07 65.62 1 2 ND ND ND C203R not done not done
TLO20777 33.74 71.91 1 2 TIS LVAIA CIAM C203R not done not done
TT04117%P 30.28 73.54 1 2-3 ND LVAIA CIAM C203R not done not done
TF05027% 34.25 68.73 1 2 TIS LVAIA CIAM P187S not done not done
MF041877P 105.94 49.55 2 0 TIS MVVVA CIAV not done not done 0
DF081184 105.62 50.32 2 0 TIS MVVVA CIAV not done not done 0
176* 101.78 40.34 2 0 TIS LVAIA CIAM not done not done 0
RE0806424 65.4 62.93 2 1 TIS LVAIS CIAM none found not done M 0
FT2173¢ 60.44 74.69 2-3 1 VY LVAIS CIAM none found not done M 0
942 47.9 76.15 2 2 TIS MVAIA CIAM none found not done not done 0
RG100742 102.91 70.97 3 0 TIS MVAIA CIAM T-483C,G-21A not done 0
145* ND 59.75 2 1 ND JV S/Y MVAIA CIAM none found G&A@ -21 not done 25
352 53.12 79.63 2-3 2-3 /T1/V S/Y L/MVAIA CIAM not done NORMAL not done 2.5
137 61.1 55.69 2 1 mil/Vvs/y MVAIA CTSV not done NORMAL M 2.5
1712 62.42 71.06 2 1 TAV S/Y LVAIS CIAM not done NORMAL M 2.5
BCO07232°? 48.92 71.27 2 1-2 /M1/VS/Y L/MVAIA CIAM none found NORMAL M 2.5
JB0116406 52.27 76.61 2 2 TAV S/Y L/MVVVA CIAV /M none found NORMAL M 2.5
MJ102679 ND 75.24 =2 =1 T/11/VS/Y L/MVAIA CIAM none found NORMAL not done 2.5
138 ND 63.15 2 1 TI1/VS/Y LVAIA/S C TIS/AV/M not done NORMAL not done >0
342 ND 70.1 2 1 TI1/VS/Y L/MVAIA/S C TIS/AV/M not done NORMAL not done >0

aRayleigh match obtained with Nagel Type 1 anomaloscope.

PRayleigh match obtained with Neitz OT1 anomaloscope.

°No Data, unreliable real-time PCR.

dSingle letter amino acid code: A alanine, C= cysteine, |= isoleucine, |= leucine, M= methionine, R= arginine, S= serine, T= threonine, V= valine, Y = tyrosine, ND= not determined.
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Fig. 1. Location of inactivating amino acid substitutions in M photopigments in dichromats. Circles represent amino acids with the
amino terminus in the lower left and carboxyl terminus in the upper right. The seven transmembrane alpha helical segments are labeled
(helix 1-6). Amino acid positions 203 and 187 are indicated. The disulfide bond that is normally formed by cysteine residues at
positions 126 and 203 is indicated by a dashed line.

The other nine deuteranopes (145, 138, 130, 171, BC072327¢egions. Long-distance PCR and DNA sequencing showed that
JB011640, MJ102679, 34, & 35) had multiple genes encodingour of the deuteranopes had an M pigment gene in the last
L-class pigments that differed at one or more of the spectrally(3’-most) position in the array (Table 2, subjects 171, BC072327,
active positions (Table 2). No inactivating mutations were found inJB011640, & MJ102679). Subjects 171 and 130 had arrays which
the coding regions or the intrgaxon junctions of the L genes for contained only one M pigment gene, and these results indicated
these nine subjects. However, one subject (145) had a novel badeat it was in a nonexpressed position. The two other deuteranopes
change in the promoter region of at least one of his downstreaniBC072327 & JB011640) had arrays with more than one M gene,
genes, as shown in Fig. 2. Whether this change disrupts expressi@md although one was in a nonexpressed position, it is not possible
of the affected gene is not known. Of the deuteranopes with Lo determine whether the other one was also. Subjects 138 and 34
genes encoding pigments expected to diffekjp, most of them  both had arrays estimated to have two L and one M genes.
were predicted to differ by only about 1.5 nm (Table 2). For two Long-distance PCR and sequencing indicated that the first gene in
subjects, the L pigments differ by at least 1 nm (138 and 34)the arrays from these subjects encoded an L pigment, but attempts
however, we cannot make a more accurate prediction because vie amplify the last gene in the arrays were unsuccessful.
do not know how the substitutions were distributed across the two Table 3 summarizes the results for the 37 protanopes estimated
genes. Previous work indicates that the presence of two L pigment® have X-chromosome arrays containing more than one visual
that differ in Amax by @ small amount can support anomalous pigment gene. All but two of the subjects had arrays that lacked
trichromacy (Neitz et al., 1996; Shevell et al., 1998). genes encoding an L pigment. One exception was subject JB122273,

All of the deuteranopes who had two L genes that werewho was estimated to have one L and four M genes. Sequence
predicted to differ i\« also had M pigment genes. Usually only analysis revealed that the first gene in his array encoded an
the first two genes in the array are expressed. Thus, to explain why-class pigment, while the last gene encoded an L-class pigment.
these subjects have a color-vision deficiency requires either thathus, subject JB122273 had an unusual gene order, in which the
the M genes not be expressed due to their position in the array agene encoding the L-class pigment was not in the usual position at
due to the presence of an inactivating mutation. Sequencing of théhe 5 end of the array, but instead was at thHeeBd of the array
M genes in these subjects did not reveal an inactivating mutatiomnd was preceded by at least two M genes meaning the L gene was
in the coding sequences, the inty@xon junctions or the promoter in a non-expressed position. Sequence analysis of his M genes
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Downstream GenePromoter G G A G T A C A G G
RG100741 L

o

145
JH101146, DM081241 174
BMQ72774

G 6GG6CTCGCGCTCAGGAG CAAGGAAGC CAAGG 3% Fig 2 Nucleotide polymorphisms up-
Ll stream of downstream genes in deutera-
nopes and protanopes. The sequence of
G GTGGGAGGAGGAGGTT CTAAGTG CCCAGG GG CCc -4 thedownstream gene promoter region
S D extending from—493 to +1 found in
A oo men with normal color vision, where
CAATTAAGAGATGCAGATGGGT 6T AGGATTT o 4 hetlpositionis the transcriptional
T R start site. Subject identification num-
bers are given at the top left. Subjects
RG100741 and 145 were deuteranopes,
and subjects JH101146, DM081241,
174, and BM072774 were protanopes.
A period indicates positions of identity
between the subject and the color nor-
mal sequence. Nucleotide differences
are shown. One subject’s downstream
€CCTCAGGTGACGCA H genes were polymorphic at position
S —21, indicated by an R (R is the IUB
code for A or G).

CRPO

indicated that they all encoded the identical M pigment. The othemwhich we argue to either represent an inactivating mutation or be
protanope with an array containing an L gene was RS072630, whtightly linked to one.

was estimated to have one L and one M gene, with the L gene For all other protanopes listed in Table 3, direct sequence
being first in the array. Since protanopia is characterized by thenalysis of exons 2, 3, and 4 of the X-chromosome visual pigment
absence of functional L cones, we hypothesized that the L pigmergenes was performed in order to determine whether individuals
gene was either not expressed or encoded a defective pigment. Thad genes that encoded M pigments predicted to diffégin. The
sequence of RS072630’s L gene revealed that the combination @fmino acid positions at which substitutions shift the spectrum of
amino acids at the polymorphic positions specified by exon 3 wadvi-class pigments are position 180 encoded by exon 3, and posi-
the same unusual combination observed in deuteranopic subjetibns 230 and 233 encoded by exon 4 (Merbs & Nathans, 1993;
110 and previously observed in blue-cone monochromacy, anésenjo et al., 1994). Three protanopes (subjects DT090543, 54, &
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Table 3. Multigene protanopes

M gene sequencés

% Predicted

% L Downstream No.L No. M Exon 2 Exon 3 Exon 4 Admax
Subject ID genes genes genes genes 65111116 153171174176180 204230233236 Mutation (nm)
JB1222738 31.01 73.61 1 4 VY MVAIA CTSV L gene last 0
RS072630 43.3 53.79 1 1 not done not done not done TISLIAVAIAM 0
DT09054% 1.87 65.79 0 3 mi/vs/y LVAIA C/RTSV C203R 0
542 1.57 47.22 0 2 mi/Vvs/Y LVAIA C/RTSV C203R 0
482 0.56 62.65 0 3 VY /MVAIA C/RTSV C203R 0
GP041934 0 51.92 0 2 VY MVAIA CTSV none found 0
BS070782 0 55.3 0 2 VY MVAIA CTSV none found 0
1672 7.73 55.81 0 2 VY MVAIA CTSV none found 0
BW11272¢ 1.06 56.57 0 2 IVY MVAIA CTSV none found 0
SS091024 0 82.78 0 5 VY MVAIA CTSV none found 0
VvJ022028 0 70.37 0 3 VY MVAIA CTSV none found 0
278 0 71.87 0 3 VY MVAIA CTSV none found 0
JH082574 0.83 62.82 0 3 VY MVAIA CTSV none found 0
166* 8.09 57.84 0 2 VY MVAIA CTSV none found 0
202 0 48.59 0 2 VY MVAIS CTSV none found 0
DMO08124P 0.17 71.62 0 3 VY MV AVA CTSV G-425 A 0
1412 0 51.15 0 2 VY MVVVA CTSV none found 0
AT052178 0 48.16 0 2 VY MVA/VI/VA CTSV none found 0
174 6.4 55.36 0 2 IVY MVA/VI/VA CTSV G -425 A° 0
Cw12174% 0.62 48.74 0 2 TAV S/Y L/MVAIA CTSV none found 0
RW061526 0.14 50.72 0 2 Mmi/Vs/Y LVAI/VA CTSV none found 0
102 3.05 47.17 0 2 Mmil/Vvs/Y L/MVAIA CTSV none found 0
105* 4.22 50.73 0 2 mni/vs/y L/MVAIA CTSV none found 0
RL05263% 2.14 54.51 0 2 Mmi/Vvs/Y L/MVAIA CTSV none found 0
178 3.25 57.15 0 2 mi/vs/Y L/MVAIS CTSV none found 0
139 458 48.22 0 2 m/vs/y L/MVA/VI/VA CTSV none found 0
TT010182 0 48.13 0 2 TI1/VS/Y MVAIA CTSV none found 0
JH101146 1.28 47.84 0 2 mnis/y MVVVA CTSV G -425 ¢ 0
BMO072774 1.3 54.98 0 2 ni/vs/y MVAIS CTSV A-71C*® 0
CB05028% 1.03 67.23 0 3 mi/vs/y L/MVAIA CTSV none found 0
JW092022 0.57 67.28 0 3 Mmi/VSs/Y L/MVAIA CTSV none found 0
JB111483 0.16 64 0 3 TH1/VS/Y MVAIA CTSV none found 0
HH12251& 0 64.67 0 3 T1/VS/Y MVAIA CTSV none found 0
499 0.39 66.38 0 3 Mmi/Vvs/y MVAIA CTSV none found 0
33 0.36 63.54 0 3 mni/vs/y MVAI/VA CTSV none found 0
126* 2.92 66.67 0 3 mi/vs/y MVVVA CTSV none found 0
135* 0.28 42.29 0 2 mi/vs/y L/MVAIA CT/I S/AV/M none found 15

aRayleigh matches were obtained with a Nagel Type | anomaloscope.

PRayleigh matches were obtained with a Neitz OT1 anomaloscope.

¢Single letter amino acid code:#Aalanine, C= cysteine, = isoleucine, |= leucine, M= methionine, R= arginine, S= serine, T= threonine, V= valine,

Y = tyrosine.

dSingle letter amino acid code indicating amino acid found at positions 65, 111, 116, 153, 171, 174, 178, 180, 230, 233, and 236 of L pigment gene.
€Mutation in promoter region of downstream gene, numbering convention counts backward from mRNA start site wiich is

48) were discovered to have the C203R mutation in at least one afW092022, JB111483, HH122156, 49, 33, & 126) had genes
their M genes (Table 3). Twelve protanopes (GP041934, BS070784pecifying pigments that differed only at exon 2 encoded positions
167, BW112726, SS091021, VJ022026, 27, JH082574, 166, 2Ghat do not shift ther,ax Of M-class pigments but have been
DM081241, & 141) had genes that specified M pigments that wergroposed as candidates for altering the pigment optical density,
identical in the regions encoded by exons 2, 3, and 4, and sthereby producing enough of a difference in spectral sensitivity to
encoded pigments expected to be identical in spectral absorbancgipport anomalous trichromacy (Shevell & He, 1992; Neitz et al.,
Two of the protanopes (AT052178 & 174) had genes encoding ML999). Seven of these subjects (Table 3) were estimated to have
pigments expected to be identical in spectral absorbance becaugee genes encoding M-class pigments. We cannot determine the
they differed only at amino acid positions 174 and 178 whererelative order of these genes, but it is possible that the genes in the
substitutions have been shown not to shift g, (Asenjo et al.,  first two positions encode pigments that are identical in amino acid
1994). One protanope (135) had two genes encoding M-classequence; alternatively the first two genes may specify pigments
pigments predicted to differ in,ax by about 2 nm. Seventeen that differ only by exon 2-encoded polymorphisms.

protanopes (Table 3, CW121741, RW061526, 10, 105, RL052633, If the exon 2 polymorphisms produce a difference in spectral
178, 139, TT010182, JH101146, BMO072774, CB050289,sensitivity that can be used for color discrimination, then one
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hypothesis to explain the dichromatic phenotype in these 16 proplement and arrangement of L and M photopigment genes on the
tanopes is that there is an inactivating mutation in one of theirxX-chromosome. It is expected that a male will behave as a
photopigment genes. However, sequence analysis of the codindjchromat if he has an X-chromosome visual pigment gene array
region and the introfexon junctions did not reveal a mutation in that falls into one of the following three categories: (1) all but one
any of the subjects. Sequence analysis of the promoters of the firgiene has been deleted, (2) one of the two genes at #edsof the
gene and of the downstream genes in each array did reveal twarray contains an inactivating mutation that interferes with expres-
subjects with nucleotide changes compared to the downstreasion of the gene or function of the encoded pigment, or (3) the first
gene promoter sequence found in arrays underlying normal colawo genes encode pigments that do not differ in spectral absor-
vision (McMahon et al., 2004). One subject, BM072774, had anbance. For all 128 dichromats in this study, the examination of the
adenine (A) to cytosine (C) transversion at positiodl (Fig. 2)  complement and arrangement of the photopigment genes on the
of his downstream gene. This mutation was recently reported to b&-chromosome revealed a potential cause for color-vision defi-
associated with color-vision deficiency (Ueyama et al., 2003). Oneciency. However, a fraction of the dichromats (17 out of 128; 13%)
subject (JH101146) had a novel mutation in a downstream genbad genes that were predicted to encode two pigments with small
promoter that was a guanine (G) to adenine (A) transition atifferences in spectral absorbance. In these individuals, the red—
position—425 (Fig. 2), but whether this sequence change alters thgreen color vision that would be expected to be afforded by the
expression of the downstream genes is not known. This samsmall pigment spectral absorbance differences was not sufficient
nucleotide change was found in the downstream genes of two othdor them to reject either of the monochromatic primaries as match-
protanopes (DM081241 & 174, Table 3) whose genes encodethg the comparison light when tested using a clinical anomaloscope.
pigments predicted to have identical absorption spectra. The array structures deduced from the genetic data for each

If exon 2 polymorphisms produce a difference in spectral ab-subject are summarized in Fig. 3 and the arrays are grouped
sorbance, we expect to find protanomalous subjects who have genascording to the three categories predicting dichromacy listed
encoding M-class pigments that differ only at exon 2-encoded polyabove and an additional category where the genes predicted pig-
morphic positions. Thus, for comparison with the dichromats thatments with a small spectral difference. Single-gene arrays were
are the focus of this study, we have included a sample of individual$ound in 64% of the deuteranopes and 33% of the protanopes,
who tested as protanomalous trichromats under the same testiwghereas multigene arrays were found in 36% of the deuteranopes
conditions in which the dichromats were identified. Table 4 sum-and 67% of the protanopes.
marizes the genetic data and color-matching results for eight males The arrays in 85% of multigene deuteranopes had both L and M
identified as protanomalous on the basis of their Rayleigh matclyenes, 15% (4 individuals) lacked M genes. All four multigene
results. Five of the subjects (31, 40, 46, 146, & 159) had genesleuteranopes who lacked M pigment genes had L genes encoding
encoding M-class pigments predicted to diffenip.y, thereby ex-  spectrally identical pigments (category lll, Fig. 3), thus a dichro-
plaining why they behave as anomalous trichromats. Three subjectsatic phenotype was expected.
(240, 226, & 288) had genes encoding pigments that differ only in  Of the deuteranopes who had M genes, 50% had one L pigment
exon 2-encoded positions, but not at positions that shifiths, gene, and M genes that encoded defective pigments (category Il,
which is consistent with the hypothesis that exon 2-encoded amin&ig. 3). The most common defect was the C203R mutation, which
acid differences produce a difference in the pigment optical densityvas found in 31% of the multigene deuteranopes and 11% of all
that can be used for color discrimination. deuteranopes in this study. Two novel inactivating mutations were
also identified; P187S and a specific combination of polymorphic
amino acids encoded by exon 3.

The other 50% of the deuteranopes who had M genes had
In this study, we tested the hypothesis that dichromatic behavior omultiple L genes (categories Il & 1V, Fig. 3). The identity of the
a clinical anomaloscope could be explained by the specific comfirst gene in each array was determined directly for all subjects,

Discussion

Table 4. Protanomalous subjects with M genes differing only in exon 2

M gene sequencés

% Predicted Rayleigh

% L Downstream  No. L No. M Exon 2 Exon 3 Exon 4 Admax match

Subject ID  genes genes genes genes 65111116 153171174178180 203230233236 (nm) rang®
240 0 48.92 0 2 VIRVAYASTAY MVAIA CTSV 0 62—-63
226 0 56.81 0 2 Mmi/Vvs/y MVAIA CTSV 0 54—-65
288 0 83.78 0 5 VIRVAYASTAY MVAIA CTSV 0 55-69
31 0 71.73 0 3-4 VY MVAIS CTI S/AV/M 2-3 45-55
40 0 62.38 0 3 ni/vs/y L/MVAIA/S CTIS/AV/M 2-7 50-63
46 0 47.19 0 2 ni/vs/y L/MVAIA/S CTSV 4 51-67
146 0 41.68 0 2 mi/vs/y MVVVA CTS/AV/M 2-3 56-60
159 0 56.05 0 2 VIRVAYASTAY L/MVAIA/S C I S/AV/M 2-7 53-65

aSingle letter amino acid code: A alanine, C= cysteine, |= isoleucine, L= leucine, M= methionine, S= serine, T= threonine, Y= Tyrosine, V=
valine.
bNagel Units, Rayleigh match done on Nagel Type 1 anomaloscope.
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Fig. 3. Summary of genotypes in dichromats and the phenotypes predicted from genetics. See the text in the Discussion for description
of category I, Il, and 1l designations. Category IV contains arrays that did not fall into one of the other three categories. Black arrows

represent genes encoding L pigment, white arrows represent genes encoding M pigments, arrows that are both black and white with
a black arrowhead indicate genes encoding L-class pigments that differ in peak sensitivity compared to the pigment encoded by the
black arrow, arrows that are black and white with a white arrowhead indicate genes encoding M-class pigments that differ in peak

sensitivity compared to the pigment encoded by the white arrow. The numbers in parenthesis to the left of the arrays indicates the
number of subjects with the given array structure. Arrows enclosed within parentheses indicates that subjects varied with regard to the
number of genes of the type indicated by the arrow over the range of numbers given in the subscript to the right outside the parentheses.

and the identity of the last gene in the array was determined for apectrally identical pigments, then a dichromatic phenotype would
subset of subjects. The identity of the second gene was assigned bg predicted.

a combination of deductive reasoning in interpreting the genetic Only 1% of all protanopes (55) and ~5% of multigene
results and parsimony. For example, if a subject had a three-germotanopes had arrays with L pigment genes. In one case the
array, with two L and one M genes, and the first and last genesrray contained one L and one M gene, and the L gene con-
encoded an L and an M pigment, respectively, then by deductiomained an inactivating mutation (category I, Fig. 3); in the other
the second gene in the array must encode an L-class pigment. If@ase the array contained four M genes that encoded identical M
subject had two M and two L genes, and the first and last genepigments, and the L gene was in a nonexpressed position (cat-
encoded L and M pigments, respectively, and an inactivatingegory lll, Fig. 3).

mutation was not found in the M genes, then the most parsimoni- Six percent of all protanopes in this study and 8% of the
ous explanation for the color-vision defect is that the second genenultigene protanopes had the C203R mutation in an M gene
in the array encodes an L pigment. There were 12 deuteranopiEategory I, Fig. 3). This is the first report of the C203R mutation
subjects with multiple L genes and one or more M genes; thén protan gene arrays. One protanope had only two genes in his
position of the M genes in a nonexpressed position was directharray, one with the mutation and one without it, thus dichromacy
shown for six subjects (Table 3), and presumed for the rest. Fois the expected phenotype. Two protanopes had one gene with the
four of these subjects (categories Il & Ill, Fig. 3), the L genes mutation and two without it. For one of them (48), the encoded
encoded spectrally identical pigments, thus accounting for theipigments did not differ at amino acid positions expected to alter
dichromatic behavior. One of these subjects (category I, Fig. 3spectral absorbance, and dichromacy is the expected phenotype.
also had a novel nucleotide substitution upstream of one of higor the other, the first gene in the array does not have the C203R
downstream genes, which potentially could interfere with expresimutation, and there are three possible arrangements of the genes,
sion of the second gene in the array, thereby producing a dichrawo of which would result in dichromacy. That is, if the first gene
matic phenotype. For the other eight subjects (category 1V, Fig. 3)encodes a functional pigment and the second one encodes the
the L genes encoded pigments predicted to differ in spectral peakC203R pigment or the first two genes encode functional pigments
For most, the predicted spectral separation between the L-clasgith the same amino acid sequence, a dichromatic phenotype is
pigments was=2.5 nm, and for two we could not determine a expected.

precise value, except that the spectral separation was predicted to Two protanopes (category Il, Fig. 3) had novel nucleotide
be=1 nm). Two of these subjects in category IV (Fig. 3) may havesubstitutions upstream of the downstream genes. Both had arrays
more than two L genes, and if the first two in the array encodecontaining only two genes, so dichromacy is the predicted pheno-
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type if the promoter mutations interfere with expression of themance issues, physiological factors must also underlie true
downstream genes. Alternatively, if the promoter mutations havalifferences in discrimination ability among people who have pig-
no effect on expression, the encoded pigments will differ only atments with small spectral differences. For example, a huge skew in
exon 2-encoded sites, which is also the case for 15 other multigeneone ratio does not seem to produce a large loss in color-
protanopes. Seven of the 15 had three-gene arrays, and thus itdsscrimination performance in a person with normal L and M
possible that the first two genes in the array encode pigments witpigments (Neitz et al., 2002); however, the same skewed cone ratio
identical amino acid sequences, and therefore identical spectréth a person with a very small pigment spectral sensitivity differ-
properties (category Ill, Fig. 3). The remaining eight subjects hadcence may diminish the color signal enough to cause the person to
two-gene arrays that differed in exon 2 (category IV, Fig. 3).behave as a dichromat rather than an anomalous trichromat on a
Fourteen of the protanopes had multiple M genes that encoded thainical anomaloscope.
identical M pigments (category lll, Fig. 3), thus explaining their
dichromatic phenotype.
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