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Summary

The red - peen color ... , 11 IN ....
tic" .. . but 15 of their :J64 ... ,. ....
dtorptlon maxima cftffer by 31 nm. 1ft .. "'" ....
tlpn.." study, Inc"""." of Z8 chIIMric pre'.nII
"',d piameftb 1ft the coior-deRdent human
popuIItlon llId In ~- 31 ... ...........
paint the .-carll b8tw... 1
p6amenh it shown to be *-""111" by 7 .. only 7

Kill 1111". , 1M'" pIpIIAt..
the """"'1It, the 7 , IN ser'. - Tyr,
58 - - All. - 11w, AJ8III - Ser, T Y'*" - ....
nw- - Ala, Iftd T yr* - .

Introduction

r

,
Human color villon Is mediated by 3 visual pllments
located In cone photoreceptor celli of the retina: the
blue. green, and red color vision ptame"¥ (Boynton,
1919). The absorption maxima 01 the IIoIaIed ...
IMftts are 410, m. and 56S nm for the blue, Ir"",
and ~ ""1Mf.1., NIp8C1I..eI)" tOpri8n et aI., 19t1;
M8rbs and N8IhIns, 19921; 1M Abtorpdon SpecttoI-
copy section of Expertment81 Procedur8S). IeauM 3
YtsuaI piaments are UI8d. humans Ind other okt world
prlmat.. are trichromatic; we require three primary
colors to match all 0Ihen.

Inherited color vision defects are known for blue,
lreen, and red cob ~Iion (Pokorny 8t II., 1979).
Whereu inherited d8Mcts In blue cob vision are
very rlre, affectlnllbout 1 in 100,000 Individuals, de-
f8cts In the red and f'8IIonl of the spedIUm
are common. They are X-tlnk8d and aff8ct about ."
of the male c.'fOMIn population. IncIvIduIh with
Ndllreen color vllkM'l defects are dichromat. Of
anomalous trichromlb. Dkhromatl lack eIIher the
red pllment MIf'Ilitivtty (protanop8l) Of IN8n pllment
wnsitlvtty ldeuteranopn) and ute only two prim.,.,
colon to match all others. Anomalous trichromMl re-
quire three primaries In coIor-matchlnl teStS, but they
do not accept the proportions ttt.t S8thfy color nor.
mM subjects. They require elthef more red (pfotan-
OfNlous) or more I'"" (deuter8nomeIouW than the

ncwm8IsutJtecb.
In '., Nathan. 8t aI. (19168) cloned the ... for

the 3 cob vision tts. Ihus open", the WIlY for
. molecular ..netlc analysis of Inhertted redlsreen
color vision defidenciet. The red and ., .....
~re louted on the X<hromosome with the red leM

1
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upstretm of one Of more Breen pi&ment pnII tV'"
rath at IL, ,... The m.deotlde ~ of the Nd
8nd I"'" ,e hlply 11m"", shawl..." iden-
tity. 80th consist of ... 8*MK; 8IIOftI 1 Met 6
are kMndaJ lot both ...,... In an analysll of pnomic
South8m blocs, the lot the Nd Md PI-
ments from 1ndMdu818 wtth Inherhed up.n color
-Alton defldend8s fdlchromltl and enomIIous tri-
chRMlNlll) obM8wed to ... """" NII-
ranpmenu (NUhanI It II., 1~~. The rranp.
menu were ptOpOMd to produce chlm8ric P"*'ns
conganln. HIfMMI from both the red and the Breen
Pl8ments. The fld that the pnes are hlthly similar
and th8t they are Ioca8ed on the X<hromoIome as .
tandem amy Wuestl that the chimeric pismentl are
formed .. a result of uneqUII homoIopas recombi-
nItJon 8\l8ntl beCw8ln the two pnes (Nathln, et II.,
ft86b).

Accord'" to this model. 2 or more of the amino
add ruktuel that are d~ In the 2 pnltetnl deter-
mine the Ip8Ctr8I cliff... Ke betw the 2 ptaments
(532 nm for the Breen venus 563 nm few the red). If
the entire Nt of residues respM'" for the ~
difference 18 transferred from 1 plam.nt to the othef
I n the fonn8Cion of I chimera. then alto Is the abIcwp-
don maximum of th8t ~ converted from one
to the other. An indMduaI wIth this ,.rranpment
would h8we eH8ctMty lost one of the 2 pisments and
would therefore beh8v8ln color-match I.. ""'15 .
dichrom& If InI8e8d, only a IUbMt of the _no adds
was transferred, the chimeric piament would haw
Ip8Ctrai properties not of the Nd or I"'" pArenti,
but r8Iher It would h8ve . spectrum wtth . maximum
Intermediate between that of the red and Breen pia-
rnents. An indMdual wtth this rranpment would
stili posse" 3 different pismentl Ind would, there-
fore, still require th.. primaries in coIoMN8chi"l
tests. Recently, Merbt and N.thanl (1992b) haw
shown that chimeric proI8Ins produced bv the ..-
ch8np of ..ons b8tw 8M the red and lreen ....
do Indeed have spectral properties whk:h ..1........
di888 betw Ian thole of the pII'8ftt Nd and ..-n PI-
mentl and that 8On12, 3, 4, and 5 make contributions
to the It*tral difference betwMn the 2 pIOI8Ins.

To identify the IndMdual ammo acid reslduel that
are responsible for the spectral difference betw..n
the Nd and peen pipnents, we have carried out an
extensive mutapnesls study which Indudes all 28
pouible chimeric pIpIents th8t coukI result from I
sin'" recombination 8\l8nt between the red and
IN8n pnes (14 wtdt I8qU8ftC8I SO u, 01
the red and 14 with red sequences 5' upstream of the
118In). We show here th8t 7 _no adds are retponsi-
bIe for the difference betw88n the 2 pfpMntI and that
If these 7 amino Kids, and onlythele 7, arechanpd In
the Breen P'iment the Ibtotptlon spectrvm b«omeI
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1. Sch8nIIk DII8r8m ShowInt the Scrudu.. of the Hu-
1M er.n Color VWon ...........

11w ... 1M are Id8ndc:8I .. .. but 15 01 dw 3M
8dd r8ktI8 1ft 1M P"*ina. The 15 IMIno 8dd dIft8r.

-- .. by IOIIcI dIdeIln dw for 88dI 01
..15 """Idds. 1M Id8ndty of dw 8ftIno 8dd , In dw

illncIkaI8d, foIow8d by dw poIIdon In dw IMIno
8dd ~ faIowecI by the Idendty 01 dw 8mIno Idd ......
In .. ro.Idon ,. II . of ~ tor
the NIl p/pI8nt In die CDIor nonuI popldl1lon CNIItI .. ..
cdI8, ,. N8IIa .. 81., WtadIrtc:b .. 81., 1tQ. About ..
oldie poptJT.1I~n CGftIIIn8 811 Ala .. ... end .. . Ser.
Ab8orpIIon Ip8dJa far die 2 UrIlllJlDo"" 8D ...
~ ..1hcMn In "",,1M 8IId ... a.n NpOftId
by M8bI 8nd N8IhaN (1taa).

~

IndistJn8uishabie from the red pi8ment spectrum.
The.. amino acids are (red - Breen): 58r'" - Tyr,
s.r- - AI.. lieD' - l1Ir, Alam - Set, Tyr" - Phe,
111..- - Ala, and Tyr8 - PM.

Results

The human red and Breen plBments differ by 15 am lno
add. (Nathan. et aI., 1986a). The poslt6on number and
corresponding amino add Identity at the.. 15 1oca-
tions in the green and red pigments are Indicated in
Apre 1. To identify which of these amino acids are
responsible fof the spectral difference of the red and
green plsments, we constructed 28 chimeric piS-
ments (fiCure 2). One set of chimeras was constructed
by incrementally increulnB the number of amino- t into the red plament

rW end of the procein.
nino acid 65 from the
rtln8 amino acids from
md chimera contains
the green and the ...
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Aplre 2. ScMm81f: I8pr8MtIClllion 01 dt8 ~ CtMM.nc

It8c8peon

For 8ICh ~ the Id8ndty 01 dt8 U MIoIno IddI ... cMIf

b8IwMn the r8d and .,..., ~ Idtr~ . the
lOp 01 the """'11 r Md by I. or open drde. A IGId

dn:Ie Indk:a88I thet the amino 8dd 18 hili the r8d ~

an ap8ft drd8 that the amino 8dd II from chi .,..

to ffpre1j. """""'" for the .....-

are Ihown In the rtsht-hand c:oIu.n. , Ire Ihown only

for P'lmenIIltnderJoinlllplCtrlllhllt.. The muima Ire pNdN

to within i: 1 nm.

malnlng from the red (~mR""->, and &0 on, as 15

shown schematically in Fi8ure 2. The otMr set of chi-

meras was constructed similarly by IncrementaJly In-

creasing the number of red amino acids in the green

pl8ment <Asure 2).

Absorption spectra for the purified and reconstitu-

ted chimeric pigments are shown In Fisure 3 and F18.

ure <t. The predomiMnt spectral ml1ts In both sets of

chimeras W«e observed for change. at positions 277

and 285. However, slNller shifts were observed from

chanps at other positions, although the changes

were not necessarily Identical in the two sets of mu-

tants. For eJWnJ*, In the first set (amino-terminal

greenicarboxy.termiMi red chimeras; Figure ), spec-

tral shifts were observed for chanps at positions 116,

180, 230, 277, and 285, whereas In the second set

(amJno-terminai redfcarboxy-termlnaJ sreen chlm.

ras; Fisure 4), spectral shifts were obleMld for

chans.. at positions 180, 230, 277, 285, and 309. Thus,

there are 6 amino add posJtions that sJgnificantly af-

fect the spectral properties of the chimeric pigments:

116, 180, 230, 277, 285, and 309.
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To determine the minimum subset 01 -.nIno adds
which could comptetely conwrt the spectrum 01 the
peen pltment Into thIt of the red piJtMnt, we con-
struct8d the - 01 mut8nb numbered 1-14 In filure
S-fipft 7. Surprtstntfy, sub8dtudon 01 the 6 _Ino
8dds identlfted In the chimeric studies (116, 1., DO,
271,285, and]()9) was Insufficient to shiff the a~
tion spectrum from that 01 the peen pItment to th8t
01 the r8d (mutant 13). The complete shift requlNd
In addition. ch.".. at position m (mutant 14; Filure
5 and Filure 7). Therefore, within our ability to r_ve

~
u

WAVELENGTH (nm)

~

). Hifi rill. "... .. .. S8I of
a CIwn I fICII ,. ~

01 the I8d
W .. . 81p8O-till .. ... wid It. (Ji' 1>4 . . ,
C, ~ .. 8; If. (Ji' .. ""'... ~---
8; and t, (Ji' J. " .. .......
ncM 8 INft IN Ihawn In
. QIIR"WII, Q804.-, NIl ...
..,. to (Ji' -4 .lI. - ... (Ji' "18., a
C1" .. ., C1" .. ..., C1" .. ., ~

, and C1" 8; 8) (Ji' I~l-
Iftd v 8; and 1ft (JII .. . , ~
..-, ... ... will.".. n. .........
.. 0 .. a 8 ....... .. In ... ....... .. MI.,," ... of the

" II fauftd o"'r' In the dlfllr.
- ... 1ft ........

.. .. "-
.. .. In a ..

I ... 1Mtl1IIIIIte-

~~

differ8ncet in the .&.orption maximum of theM pia-
menU, th.re.,. 7 end only 7 amino acid Idu.. th8t
are r8IpOftIibI8 for the endre epettraI dttt..a of
the human red and peen color ~ """"'IIS.
TheM imino 8CIdI .. (red - peen): Set'" - Tyr,
Ser- - Ala, I'" - Thr, AI.- - Ser, TyY8" - Phe,

Th'- - Ala. and Tyr8 - Phe.

The effect of *'lie amino acid IUbIdtutIonI 81 pae6-
tlons 65, 180, DO, m, 771, 2M, and 309 in the red and
Breen ptam8ntI was examined becau.. the chanps
at theM positlonl nonhomolotouli the lide chain

~ . . r .. , .. .. s. .,
c:iiIM.8e.. ~ICII r U,.....
f1I .. c.-w .. . . .-0-
... *::-.&::. ... 1WI* Ia, .. IV8
8j Co , II. "l~ .,.. ...
-0--, end f, ... .., Sp8cIra ..

... = J 8hIft IN
In . , P-C--, ...

tIIIC88." -C-.,' """"
to .. .I.ttO8IIV, .. ~ At, .. rJf4(;T -,
.. 8IIQIII -, end" n ('T ~ Q .. ~
. MIl c;8 At; end I)" 8IOR . and
c- .
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I end C 80 the wllcHype red Iftd .-. ~-- I'8fI8C"
...,. Ab8orpdon far the pPMnII shown In the ......
!wid column... pr8dH eo"""n t 1 MI.

be8rs a hydroxyl ,roup In 1 ptsrMnt, but not in the
other. As Is shown In Fllure 8-Fllure 10, spectral shifts
were obseNed for substitutions It positions 180, 230,
233, 771, 285, and 309. In leneral, the spectral shifts
were readily apparent In the red plpent and smaller
or unresolved in the .,..". No CMnle was observed
upon substitution It position 65.

-
DiIcu88ion

From a comparative study of new world monkeys,
NeItz It aI. (1991) propo88d th8t the spectnJ difference

1\
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between the human red and Breen color vision pig-
ments could be attributed entirety to the amino acid
residues at positions 180, 277, and 285. The involve-
ment of these '"liOO acids was also suuested by Yo-
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koyama and YokoyarN (1990) on the basis of a study
of the blind ~ fish Astyanax fuelatus and by Hen-
derson and Schertler (1990) on the b8sis of a comparison
of the structure of rhodopsin and the coIot vision pis-
ments with that of b8c:teriofhodopsln (tfenderson et
aI., 1990). Subsequent mutapnesis experiments by
eNn et al. (1992> showed that these three positions,
when substituted with hydroxyl-bearins amino add
side chains In the rod pisment rhodopsin, do indeed
cause a red shift in the spectral absorption maximum
of the plsment. These results are consistent with the
data presented here in that a major portion of the

to ~ SfJ8dra for SInp
MvIaneI .. PoiIIdoN 65, 2JO. 233, and -
E8ch pIIII( 8howI the of I ......
MIIno add ~ In both the NId and
"..,. ,...IMU .. poeIdon8 6S fA). 23D an.
m co. end - CD). 0, wIckype I'WIft; It.
wIIcMype NId. IchIm8Ik '.. ...madoI1i
of the .. Ihown In Ff8ure ..

Abeofpllon Spedra for SInate
MIIIInII It , - 7:11, and .,
I8dI 8howI the 6ct of . ......

In batt the ,.. and
""-"""""" Ww. 7:11l1li,

and - 4Q. G, wIIkyp8 IN"" R, wtIckype
SchImadc ~1t8IIOI11 of the mu-

tINS aN 8howft In "",.. L



........
106

n. sa IIIIIIk 0 of the lid ... c .......
GIMIShowInt of the 1S ,... AddI.....
EmM 2-5

ment study from Merbs and Nathans (1992b) In which
a spectral shift was observed for any chimera con-
structed with an exon contaJnlns at te&st 1 of the 15
amino acids that are different between the 2 proteins
(i.e., exons 2, 3, 4, and 5; FiJure 11). We attribute the
shift from DOn 2 to be I result of the amino acid at
position 116, the shift from DOn 3 to be due to 180,
the shift from exon 4 to be due to 230 and 233, and
the shift from exon 5 to be due to 277, 285, and 309.

Finally, we have shown that the absorption spec-
trum of the Breen pigment can be converted co..
"'etely to that of the red pigment If and onJy if the
amino acids at positions 116, 180, 230, 233, 211, 285,
and 309 are changed to those found In the red

pl,ment.
The mechanism bywhich these amino acid residues

determine the spectral properties of the protefnl II
not known. They may affect the spectrum by a direct
interaction with the chromophore or by an Indirect
effect on the structure of the chromopho,.bindins
pocket. The effect of position 116 Is molt probably
indirect since this residue Is located outside of the
membrlne-embedded region of the protein In the ex-
tracellular loop between tranlmembrane segments II
and III (I.e., it is unlikely to be In dlrecteontact with
the chromophore). As has been shown previously, Ct'
also Induces I spectral shift in these pigments by an
Indirect mechanism since the C.- -blndlnl site Is lo-
cated in the extracellular loop between transmem-
brane sesments IV and V (WIns et "., 1993). On the
other hand, the correlation of hydroxyl-bearlnslmino
acids with a red sh ift in the absorption spectrum is
generally Interpreted in terms of a direct eJectrostMlc
interaction of the polar lide chains with the excited
state of the chromophore (MathIes and Stryer, 1976;
Chen et aI., 1989). Even with ThrD' and serDJ, the o~
servatlon that removal of the hydroxyi-bearinilide
ch~ns results In I spectral red shift (e.I., compare
mutants 1, 8, Ind 9) can be explained by a specific
interaction with the chromophore aJons the lines pto-
posed In the "polnt<harse" model of Honll et al.
(1979) if the hydroxyt lroups IntetaCt with carbon cen-
ters In the retin" polyene chain which underso In
Increase In cha,.. density In the photoexdted state.
Further studies will be required to elucidate the mech-
anistic details of these InteractionJ.
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befaN and .. b8I8chI,. of .. II¥ 10 ....

Mutdple IpICb'a were ...rmin8d from It two IndIp8n-
dent cas CII 8nMfect1oni for 88dt mut8nI .. as ncM8d
In the "teftd 110 fIJu.. I). The NpOf18d In fIpue Z.
FIp,. 5. and FIpf8 8 were 18d fretA the derMdw
Of . fOurUHNdlr poIyftomial fit to . 40 1ft ,.. eunoundl.,.
8ICh 1ft8Idnwm. The , of obIII-.d fof . .,.., mu-
1iInt did noc eIIICII8d :t 1 M'I 01 IN IMIn. Howewr, It II hnpoft.InI
to noli! that IN did not ~ Oft IN abeofpdon eo.....
mine wh8Ih8r . 8p8C.1rII 8hIft , two In

tI two -- had *y ... It ... cIIfIcIut8
ID ~ . ...,., 8hIft 8II8IId
between IhMlIOIeIy Oft the bull 01 . dNrmtn811on of the posi-
tions of their abIorpdoft II'I8Idma. HcJw8wr. In II mMI . Ihlft
- aacmpanied by. aott-O\lW point ~ the two 1p8CtrI.
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At 81. IbcM the CraeMV8r point. the IIpIdnIIft far
OM IftUIInr .. hIa'w 8bIorbMce dwI the .......
al ... """nl'hs -- thin the CI'OIHW8r poMt, the ..
IOItIInce of the MCOnd mutlnt WII hIper.

The yield of ".., .. all8d by the 111M -.of . - Jd pie from tin of trIM" ~8d (OS
c8II ranpd from G.OOI far mutIM » . to .. 12 far ...
tanl 11ft8ure 7). A -- of the yt88d of adw ~ eM be
pin8d by YIlu81 compIriIon of the nolle In the ......
that ob-* few mut8nb 1 Ind JO.

The 8bIcwptIon mulma qUO88d tor the blue. Ind ...
piplenu In the .~ ~ fumier CIOIIIIII8IIL The

few the.,...1nd ... mind'" c-
dwIIy"" from tMWOI't In tt.- ,.."" II.I!!--'"
dlft8Nnc8 ~. Th8y ... ~ .. ........
NpOrt8d In our I8ucIy CS3O !II NIl for the ...
8nd red, ~ 0prtIn .. II.. 1It1), wNdI ... ......
mlMd traM Ib8ahM IpIdrL w the ""'ICII to 1M
.,.. of 'Ipt 1C8tt8r'.:a, In IM"""'.-ctrL 0Mna to.....
tr8I ~ wtth fN8 I'IIIInII, the ... IIIIIIdIftum for the blue
pIpMftt cannot be """Ined dl""" '""" . ""'..Ia Ip8C-
trum. The 410 nm IMIdmum quaead for the bfue pIpIant II ham
abaoIu.. Ip8Ctra of the blue , a.. and Oprtan. unpu~
lished data) Is (01" .1 wfdt the G6 ... .ff8r8nca mui-
mum I'8pOIt8d In our prwwtauIlIudy (Oprtan .. II.. 1W1). T1we
maxima 1410. m. and !Q to be """"Idy .......
traM thole NpOftId .., M8ttI8 and CCI6. - and 557;
Mertta and ",.. W. curNndy haft no ..........
for ... ""NlICt.
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