
Retinal Tubulin Binds Macular Carotenoids
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Purpose. To investigate the biochemical mechanisms responsible for the specific uptake, con
centration, and stabilization of the carotenoids lutein and zeaxanthin in the macula.

Methods. Soluble extracts o f bovine retina mixed with radioactive carotenoids were purified 
by hydrophobic interaction, ion exchange, and gel filtration chromatography. Carotenoid- 
associated proteins in these purified preparations were identified through photoaffinity label
ing and protein microsequencing. Similar purifications on hum an m acular tissue without the 
addition of exogenous carotenoids also were perform ed.

Results. Experiments on bovine retinal tissue dem onstrated that tubulin is the major soluble 
carotenoid-binding protein. W hen soluble extracts o f hum an macular protein were examined, 
the endogenous carotenoids lutein and zeaxanthin were found to copurify with tubulin.

Conclusions. Tubulin is found in abundance in the receptor axon layer of the fovea, where it 
can serve as a locus for the deposition of the high concentrations of macular carotenoids 
found there. The binding interaction of carotenoids and tubulin in the H en le’s fiber layer 
could play an im portant role in the photoprotective effects of the macular carotenoids against 
the progression of age-related macular degeneration. The association of carotenoids with 
tubulin, a protein that can form highly ordered linear arrays, may provide an explanation 
for the dichroic phenom enon of H aidinger’s brushes. Invest O phthalm ol Vis Sci. 
1997;38:167-175.

T h e  h u m a n  m acu la , th a t specia lized  reg io n  o f  th e  
re tin a  resp o n sib le  fo r h ig h -re so lu tio n  visual acuity , se
lectively accu m u la tes  two x an th o p h y ll c a ro te n o id s  d e 
rived fro m  th e  d ie t, lu te in  a n d  z e a x a n th in .1-4 A re c e n t 
ep id em io lo g ic  study  has d e m o n s tra te d  a s tro n g  in 
verse co rre la tio n  b e tw een  d ie tary  in tak e  o f  lu te in  a n d  
z e ax a n th in  an d  th e  risk o f  p ro g re ss io n  o f  age-re la ted  
m a cu la r  d e g e n e ra tio n  (AM D), th e  le ad in g  cause o f  
b lin d n ess  a m o n g  th e  e lderly  in  th e  U n ite d  S tates.5 I t is 
th o u g h t th a t th e  m a cu la r  c a ro te n o id s  p ro te c t ag a in st 
lig h t-in d u ced  d am ag e  to  th e  re tin a  by f ilte rin g  o u t 
d am ag in g  w avelengths o f  lig h t o r  by ac tin g  as an tiox i- 
d a n ts .1’

Extensive w ork  has show n th a t lu te in  a n d  zeaxan 
th in  a re  c o n c e n tra te d  specifically in  th e  foveal recep-
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to r  ax o n  layer (H e n le ’s fibers) a n d  th e  in n e r  plexi- 
fo rm  layer, w ith z e a x a n th in  m o re  c o n c e n tra te d  in th e  
foveal c e n te r  a n d  lu te in  sp re a d  m o re  diffusely 
th r o u g h o u t th e  r e t in a .1-4 T h is type o f  d is trib u tio n  im 
p lies th a t th e re  m u st be  a system specifically  to  take 
u p , c o n c e n tra te , a n d  s to re  th e  m a cu la r  c a ro te n o id  p ig 
m en ts , especially  b ecau se  lu te in  a n d  z e ax a n th in  a re  
relatively m in o r  c o n s titu e n ts  o f  th e  to ta l c a ro te n o id  
p o o l in  th e  b lo o d stre am . M oreover, b ecau se  a p p ro x i
m ately  50%  o f  th e  z e ax a n th in  in  th e  re tin a  is p re se n t 
as th e  m eso-d ia s te re o m e r , a fo rm  n o t fo u n d  in th e  
h u m a n  d ie t a n d  u n d e te c ta b le  in  h u m a n  se ru m , it has 
b e e n  su g g ested  th a t th e  re tin a  m ay be a site fo r  d ie  
enzym atic  in te rco n v e rs io n  o f  lu te in  to  rneso-zeax an 
th in .7

A b n o rm alitie s  o f  th e  u p ta k e , c o n c e n tra tio n , an d  
m e tab o lic  system s fo r  c a ro te n o id s  co u ld  have p ro 
fo u n d  effects o n  m a c u la r  fu n c tio n  a n d  co u ld  be  in 
volved in  th e  p a th o g en e s is  o f  AM D. O n e  study  in  m o n 
keys has show n th a t a ca ro ten o id -fre e  d ie t resu lts in 
th e  ab sen ce  o f  th e  m a c u la r  yellow  p ig m e n t, as well as 
in  ch a n g es  c o n s is te n t w ith early  AM D, such  as in 
c reased  d ru se n .8 T h e  c o n c e p t th a t som e h u m a n  tis
sues selectively ac cu m u la te  c e rta in  ca ro te n o id s  is n o t
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u n iq u e ; th e  co rp u s  lu te u m  o f  th e  ovary, u n d e r  th e  
in f lu e n c e  o f  lu te in iz in g  h o rm o n e , c o n c e n tra te s  h ig h  
levels o f  a c a ro te n o id  ten tatively  id e n tif ied  as /?-caro- 
te n e .9,10 T h e  b io ch em ica l basis fo r  this c a ro te n o id  u p 
take system  has n o t  yet b e e n  d e f in e d  e ith e r .

T h e  s tru c tu re  a n d  fu n c tio n  o f  c a ro te n o p ro te in s , 
p ro te in s  th a t b in d  ca ro ten o id s , have b e e n  ex a m in e d  
in  d e ta il in  n u m e ro u s  in v e rte b ra te  systems. T h e  bes t 
s tu d ie d  c a ro te n o id  b in d in g  p ro te in  is cru stacyan in , 
th e  a s ta x a n th in -b in d in g  p ro te in  resp o n sib le  fo r  th e  
co lo r  o f  lo b s te r  shells. T h is m u ltim e ric  p ro te in , w hose 
su b u n it se q u en c es  a re  re la te d  to  re tin o id -b in d in g  p ro 
te ins, has b e e n  se q u e n c e d  co m p le te ly  a n d  crystal
liz e d .1 1,12 N u m e ro u s  o th e r  c a ro te n o id -b in d in g  p ro 
te in s fro m  p lan ts  a n d  m ic ro o rg an ism s have b e e n  p u r i
fied , ch a rac te rize d , a n d  c lo n e d .13,14 M any o f  these  
seem  to  be  involved in  p h o to p ro te c tio n . By co n tra st, 
little  is know n a b o u t c a ro te n o p ro te in s  in  v e rteb ra te s  
b ey o n d  th e  know ledge th a t low -density lip o p ro te in  
(LD L ), tran s th y re tin , /3 -lactog lobulin , a n d  a lb u m in  
can  carry  ca ro te n o id s  in  th e  b lo o d s tre a m .10-18 T h e re  
also has b e e n  a p re lim in a ry  re p o r t  o f  a /0-carotene- 
b in d in g  p ro te in  fro m  ra t liv e r.19 I t also is th o u g h t th a t 
a s tax a n th in , a  c a ro te n o id  c o lo ra n t u sed  in  c o m m er
cial fish food , b in d s  to  m uscle  ac tin  in  s a lm o n .18 In  
lig h t o f  th e  e x tra o rd in a ry  c o n c e n tra tio n s  o f  lu te in  a n d  
ze a x a n th in  fo u n d  specifically  in  th e  p r im a te  m acu la , 
it is h y p o th esized  th a t  m a c u la r  ca ro te n o id -b in d in g  
p ro te in s  m ay b e  re sp o n sib le  fo r  this specificity.

B esides lu te in  a n d  ze ax a n th in , o n e  o th e r  ca ro t
e n o id  is know n to  b e  ta k en  u p  by th e  h u m a n  re tin a . 
C a n th a x a n th in  is a relatively ra re  d i-keto  c a ro te n o id  
in  th e  h u m a n  d ie t, a n d  it is no rm ally  u n d e te c ta b le  in 
th e  b lo o d  o r  in  th e  eye. W hen  in g e s te d  in  la rg e  q u a n ti
ties fo r  a p ro lo n g e d  p e r io d  fo r ta n n in g  p u rp o ses , it 
causes a  crysta lline re tin o p a th y .20 Surprising ly , d esp ite  
th e  m assive d e p o s itio n  o f  crystals in  th e  re tin a , p a 
tien ts  a re  usually  asym ptom atic . O th e r  v e rteb ra te s , 
such  as b ird s, rep tiles, a n d  am p h ib ia n s , ac cu m u la te  a 
variety  o f  ca ro te n o id s  in  c o n e  oil d ro p le ts , w hich m ay 
ac t as o p tica l filters fo r  ind iv idual co n e s .21 C o n e  oil 
d ro p le ts  a re  n o t fo u n d  in  p la ce n ta l m am m als.

In  th e  stud ies  re p o r te d  h e re , p ro te in -c a r o te n o id  
in te rac tio n s  w ere investiga ted  by in c u b a tin g  so lub le  
b ov ine re tin a l ex trac ts  w ith rad ioactive  ca ro ten o id s . 
P ro te in -b o u n d  c a ro te n o id s  w ere p u r ifie d  by hy
d ro p h o b ic  in te ra c tio n , a n io n  e x c h an g e , a n d  gel f iltra
tion  ch ro m a to g rap h y . T u b u lin  was id e n tif ied  as th e  
m a jo r c a ro te n o id -b in d in g  p ro te in  in  these  p u rified  
m ix tu re s  o f  p ro te in s  by p h o to a ffin ity  la b e lin g  a n d  p ro 
te in  m ic ro seq u e n c in g . S im ilar s tud ies  p e r fo rm e d  on  
tissue d e riv ed  f ro m  h u m a n  m acu la  u s in g  e n d o g e n o u s  
c a ro te n o id s  w ere co n s is te n t w ith th e  f in d in g  th a t  re ti
nal tu b u lin  b in d s  m a c u la r  ca ro ten o id s .

T h e  b in d in g  o f  ca ro te n o id s  by tu b u lin  in  th e  eye 
has n o t  b e e n  re p o r te d  b efo re . T h is  b in d in g  in te ra c 

tio n  m ay play a n  im p o r ta n t  ro le  in  th e  physio logy o f  
th e  m acu la  a n d  o f  o th e r  b io log ic  systems.

M A T E R IA L S  A N D  M E T H O D S

U nless otherw ise n o te d , all p ro ce d u re s  w ere p e rfo rm e d  
u n d e r  su b d u e d  light, w ith coo ling  to  4°C w henever 
possible to  p rev e n t ca ro ten o id  p h o to o x id a tio n . L u te in  
was o b ta in ed  fro m  K em in Industries  (Des M oines, IA). 
Z eax an th in  was p u rch a sed  from  In d o fin e  C hem ical 
C om pany  (Som erville, NJ). R adioactive ca ro teno ids , 
[7 ,7 ',8 ,8 '-14C ]-(5 i? ,3 /? ')-zeaxanth in  (specific activity, 
126.9 ^ C i/m g )  a n d  [6 ,6 ',7 ,7 '-14C ]-ca n th ax a n th in  (spe
cific activity, 105.5 //C i/m g )  w ere g en e ro u s  gifts from  
H o ffm a n n -L a R o c h e  (Basel, Sw itzerland). B o th  ca ro t
eno ids h a d  > 9 0 %  rad iochem ica l p u rity  by h ig h -p erfo r
m an ce  liqu id  ch ro m a to g rap h y  (H P L C ). P ro te in  p u ri
fication  co lum ns w ere p u rch a sed  fro m  P h arm ac ia  Bio
tech  (Piscataway, N J), a n d  H PL C  co lum ns w ere 
p u rch a sed  from  R ain in  (W oburn , MA). L abora to ry  
chem icals a n d  im m u n o ch em ica ls  w ere p u rch a sed  from  
Sigm a (St. Louis, M O ). P ro te in  assays w ere p e rfo rm e d  
using  th e  P ierce (R ockford , IL) b ic in ch o n ic  acid  
m e th o d .

Tissue Preparation

S o lub le  bov ine re tin a l p ro te in s  (ap p ro x im a te ly  5 m g /  
m l) w ere p re p a re d  as p rev iously  d esc rib ed  in  a study  o f  
re tin o ic  ac id -b in d in g  p ro te in s .22 Briefly, this involved 
h o m o g e n iz a tio n  an d  so n ic a tio n  o f  fre sh  o r  fro zen  re ti
nas in  20 m M  Tris b u ffe r  (p H  7 .5), w hich was fo llow ed 
by c e n tr ifu g a tio n  a t 100,000g a t 4°C fo r  o n e  h o u r . T h e  
s u p e rn a ta n t was s to re d  a t —80°C u n til la te r  use.

H u m a n  re tin a l tissue p ro cess in g  was b ased  o n  p re 
vious stud ies th a t ch a ra c te riz e d  th e  m a cu la r  ca ro t
en o id s .4 D o n o r  eyes usually  w ere  co llec ted  w ith in  12 
h o u rs  o f  d e a th  a n d  w ere p ro cessed  im m ed ia te ly  to 
rem ove th e  c o rn e a  fo r  tra n sp la n ta tio n . T h e  re m a in in g  
p o r tio n  o f  th e  g lobe  was o p e n e d  a t th e  e q u a to r , a n d  
th e  a n te r io r  p o r tio n  was d issected . U sing  th e  dis
sec tin g  in s tru m e n ts , th e  v itreous was rem o v ed  as m u ch  
as possib le. A  tre p h in e  was u sed  to  p u n c h  o u t a 4- to 
5-m m  circ le  o f  tissue c e n te re d  o n  th e  fovea, a n d  th e  
c irc u la r  p iece  o f  re tin a l tissue was tra n s fe rre d  w ith a 
fo rcep s to  a  m ic ro cen trifu g e  tu b e . A lternatively , th e  
re tin a  c o u ld  be d e ta c h e d  a n d  its c o n n e c tio n s  to  th e  
o p tic  nerve severed. T h e  re tin a  was f la tm o u n te d  o n to  
a p iece  o f  plastic, a n d  th e  m a cu la r  a re a  was d issected  
w ith a  tre p h in e  as d esc rib ed  above.

C o llec ted  h u m a n  m acu lae  fro m  o n e  to  six eyes 
w ere c o m b in e d  in  a  m ic ro cen trifu g e  tu b e , a n d  0.5 to
1.0 m l o f  T ris b u ffe r  was a d d e d . H o m o g e n iz a tio n  was 
ach ieved  w ith a m ic ro tip  p ro b e  o f  an  u ltra so n ic  cell 
d is ru p te r  fo r several seconds o n  ice. Typically, o n e  
h u m a n  m acu la  yields ap p ro x im ate ly  0.5 m g o f  to ta l 
p ro te in  a n d  0.2 to  0.3 m g  o f  so lub le  p ro te in . All re 
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sea rch  p e r fo rm e d  o n  th e  d o n a te d  p o s tm o rte m  h u m a n  
m a te ria l a d h e re d  to  th e  te n e ts  o f  th e  D ec la ra tio n  o f  
H elsink i.

Ion Exchange Chromatography of Bovine 
Retinal Carotenoid-Binding Proteins
Five m illig ram s o f  so lub le  bov ine re tin a l p ro te in  in  1 
m l o f  20 m M  Tris b u ffe r (p H  7.5) was m ix e d  w ith 10 1 
o f  a stock  so lu tio n  o f  1 fiC i o f  2 m M  14C -ca n th a x an th in  
(CTX ) o r  l4C -zeaxan th in  (ZX) in  te tra h y d ro fu ra n  fo r 
a final c o n c e n tra tio n  o f  20 //M /1  CTX  o r  ZX. A fter a 
1-h o u r  in c u b a tio n  in  th e  d a rk  a t ro o m  te m p e ra tu re , 
th e  m a te ria l was passed  th ro u g h  a sm all h y d ro p h o b ic  
in te ra c tio n  c o lu m n  (hydroxyalkoxypropyl d e x tra n , 
type IV, su b stitu te d  10% by w eigh t w ith alkyl cha in s  
o f  C i5-Ci8) to  rem ove u n b o u n d  c a ro te n o id  fro m  th e  
so lu tio n . T h e  sam ple  was lo a d e d  o n to  a H iT ra p  Q  
a n io n  e x c h an g e  co lu m n  (P h a rm ac ia ) e lu te d  w ith a 
g ra d ie n t f ro m  0 to  1 M N aC l a t 1 m l/m in u te .  O ne- 
m illilite r frac tio n s w ere co llec ted . E lu te d  p ro te in  was 
m o n ito re d  a t 280 n m , a n d  0.5-m l p o r tio n s  o f  each  
fra c tio n  w ere c o u n te d  fo r  radioactiv ity  in  H y d ro flu o r 
(N atio n a l D iagnostics, Som erville, NJ).

Photoaffinity Labeling of Carotenoid-Binding 
Proteins
P eak  frac tio n s o f  rad ioactiv ity  fro m  th e  io n -ex ch an g e  
step  u sin g  14C-CTX as th e  ligand  w ere c o m b in e d  a n d  
ex p o sed  to  an  in te n se  visible lig h t so u rce  fro m  a p h o 
to ch em ica l re a c to r  f itted  w ith a u ra n iu m  filte r (Ace 
Glass, V in e lan d , NJ) a t 4°C fo r  1 h o u r. P o rtio n s  o f  th e  
p h o to la b e le d  m a te ria l w ere e x tra c te d  w ith c h lo ro 
f o rm - m e th a n o l  to  rem ove u n b o u n d  radioactiv ity  us
in g  prev iously  p u b lish e d  m e th o d s ,22 a n d  they  w ere 
c o n c e n tra te d  b e fo re  so d iu m  d o d e c y lsu lfa te -p o ly 
ac ry lam ide gel e lec tro p h o re s is  (S D S -P A G E ) a n d  au 
to ra d io g ra p h y  on  a P h o sp h o rim a g e r  (M olecu la r Dy
nam ics, Sunnyvale, CA) w ere p e rfo rm e d .

P h o to la b e le d  m a te ria l was c o n c e n tra te d  a n d  fu r
th e r  p u rified  by gel f iltra tio n  c h ro m a to g ra p h y  o n  a 
S u p ero se  12 co lu m n  (P h a rm a c ia ) . O n e  q u a r te r  o f  
ea ch  fra c tio n  was c o u n te d  fo r  radioactivity , a n d  th e  
re m a in d e r  o f  th e  frac tio n s c o n ta in in g  th e  p e a k  o f  ra 
dioactivity  was p ro cessed  fo r S D S -P A G E  a n d  a u to ra d i
ography .

Peak  frac tio n s w ere c o m b in ed , c o n c e n tra te d , a n d  
tra n sfe rre d  to  P ro -B lo t t  po lyviny lidene d if lu o rid e  
m e m b ra n e s  (A pp lied  Biosystem s, F o ste r City, CA) 
a f te r  S D S -P A G E . A fter s ta in in g  w ith P o n c e a u  S, th e  
m a jo r p ro te in  b a n d  id e n tif ied  by a u to ra d io g ra p h y  was 
exc ised  a n d  se n t fo r p ro tease  d ig estio n  a n d  p e p tid e  
seq u en c in g .

Purification of Carotenoid-Binding Proteins 
From Human Macula
S olub le  p ro te in s  from  o n e  to  six h u m a n  m acu lae  w ere 
se p a ra te d  by io n -ex ch an g e  c h ro m a to g ra p h y  o n  1 m l

H iT ra p  Q  o r  R eso u rce  Q  co lu m n s (P h a rm ac ia ) w ith
o u t th e  a d d itio n  o f  ex o g e n o u s  ca ro te n o id s  u sin g  a 
B ioLogic p ro te in  p u rifica tio n  system  (Bio-Rad, H e r 
cules, C A ). A b so rb an ce  m e a su re m e n ts  a t 280 nm  (p ro 
te in ) a n d  436 n m  (ca ro te n o id )  w ere d e te rm in e d  si
m u ltaneously . P o rtio n s  o f  frac tio n s w ith s ig n ifican t ab 
so rb an c e  a t 436 n m  w ere e x tra c te d  in to  h e x a n e  a n d  
in je c ted  o n to  an  H PL C  system (W aters, M ilford , MA) 
fitted  w ith a  R a in in  M icrosorb-M V  cyano co lu m n  (5 
fim , 4.6 m m  X  25 cm ) fo r  c a ro te n o id  analysis. T h e  
isocra tic  e lu tio n  so lven t was 20%  m e th y le n e  ch lo rid e , 
0 .25%  m e th a n o l, 0.1%  d iiso p ro p y le th y lam in e , 80%  
h e x a n e  a t 1 m l /m in u te  w ith d e te c tio n  a t 450 n m , a 
system  th a t allows base lin e  se p a ra tio n  o f  lu te in  a n d  
z e a x a n th in .23 F rac tio n s w ith s ig n ifican t a m o u n ts  o f  ca
ro te n o id  associa ted  w ith p ro te in  w ere analyzed  f u r th e r  
by S D S -P A G E  a n d  w estern  b lo ttin g .

Western Blots

P ro te in  sam ples w ere c o n c e n tra te d  in  M icrocon-10  
ce n trifu g a l c o n c e n tra to rs  (A m icon , Beverly, MA) a n d  
d issolved in  S D S -P A G E  sam p le  b u ffe r c o n ta in in g  (3- 
m e rc a p to e th a n o l. A fter S D S -P A G E , se p a ra te d  p ro 
te in s w ere tra n sb lo tte d  to  n itro c e llu lo se  u sin g  a Bio
R ad  sem id ry  ap p a ra tu s . A fter b lo ck in g  w ith 5%  n o n fa t 
m ilk, th e  b lo ts w ere p ro b e d  w ith a 1:1000 d ilu tio n  o f  
th e  p rim a ry  m o u se  m o n o c lo n a l an tib o d y  to  a - tu b u lin  
(c lo n e  B-5-1-2). T h e  seco n d ary  an tib o d y  was g o a t an ti
m o u se  IgG (F c) lin k ed  to  a lka line  p h o sp h a ta se . V isual
ization  was by 5-brom o-4-ch loro-3-indoloyl p h o s
p h a t e - n i t r o  b lu e  te trazo liu m  rea g en t.

R E SU LT S  

Purification of the Major Carotenoid-Binding 
Protein From Bovine Retina

In itia l s tud ies  to  iden tify  possib le  o c u la r  c a ro te n o id -  
b in d in g  p ro te in s  u sed  bov ine re tin a  as th e  tissue 
so u rce  to  conserve scarce  h u m a n  a n d  p r im a te  m a cu la r  
tissue u n til su itab le  p u rifica tio n  p ro c e d u re s  a n d  co n 
d itio n s  h a d  b e e n  e s tab lish ed  m o re  firm ly. B ovine o c u 
la r m a te ria l is easily available in  la rge  q u an titie s . N o 
m a cu la  was p re se n t, how ever, so th e  focus o f  these  
p re lim in a ry  e x p e r im e n ts  h a d  to  be  on  g e n e ra l m e c h a 
nism s o f  c a ro te n o id  a c cu m u la tio n  by th e  re tin a . L u 
te in  a n d  ze a x a n th in  a re  p re s e n t in  th e  bov ine re tin a  
in  sm all q u an titie s , co m p a ra b le  to  th e  a m o u n ts  fo u n d  
in  h u m a n  p e r ip h e ra l re tin a . T h u s , we fo u n d  it advan 
tag eo u s to  a d d  ex o g e n o u s  rad ioactive  ca ro te n o id s  d u r 
in g  th e  p u rifica tio n  p rocess to  e n h a n c e  d e te c tio n  sen 
sitivity.

A  rad ioactive  c a ro te n o id  ligand , e i th e r  MC-ZX o r  
l4C-CTX, was m ix e d  w ith so lu b le  bov ine re tin a l p ro 
te ins a n d  in c u b a te d  in  th e  d a rk  fo r  1 h o u r  a t ro o m  
te m p e ra tu re  to  allow  fo r  c a ro te n o id  b in d in g . A fter



170 Investigative Ophthalmology & Visual Science, January 1997, Vol. 38, No. 1

fraction

FIGURE l. Ion exchange chrom atography o f ' C-canthaxan- 
thin (CTX) bound to bovine retinal protein. Soluble protein 
from bovine retina (5 mg) was incubated with 20 jjM  can- 
thaxanthin labeled with l4C (1 p,Ct). After passing through 
a hydrophobic interaction colum n, the sample was loaded 
onto  a H iTrap Q  anion exchange column; this was followed 
by elution with a gradient from 0 to ] M NaCl. (line) Protein 
(A280). (boxes) Radioactive counts.

passage th ro u g h  a sm all h y d ro p h o b ic  in te ra c tio n  co l
u m n  to  rem ove excess u n b o u n d  c a ro te n o id , th e  sam 
ples w ere  lo a d e d  o n to  a n  a n io n  ex c h a n g e  co lu m n  
u n d e r  low sa lt co n d itio n s . E lu tio n  w ith a  l in e a r  g rad i
e n t  fro m  0 to  1 M N aC l y ie ld ed  a sing le d isc re te  p ea k  
o f  rad ioactiv ity  th a t  e lu te d  a t ap p ro x im a te ly  0.5 M 
NaC l (Fig. 1). H ig h -p e rfo rm a n c e  liq u id  c h ro m a to g ra 
phy  analysis o f  o rg a n ic  ex tra c ts  o f  th e  p ea k  rad ioactive  
f ra c tio n s  rev ea led  th a t  th e  a d d e d  rad ioac tive  ca ro t
e n o id s  in d e e d  w ere re sp o n s ib le  fo r  th e  rad ioactiv ity  
in  th e se  fractions.

C oom assie  a n d  silver s ta in in g  o f  S D S -P A G E  gels 
o f  th e  p e a k  rad ioac tive  fra c tio n s  a f te r  io n  e x c h a n g e  
c h ro m a to g ra p h y  rev ea led  a co m p lex  m ix tu re  o f  p ro 
te ins. P h o to affin ity  la b e lin g  was p e r fo rm e d  to  iden tify  
th e  p ro te in s  in  th e  m ix tu re  re sp o n sib le  fo r  c a ro te n o id  
b in d in g . T h e  p e a k  fra c tio n s  ca rry in g  l4C-CTX  w ere 
c o m b in e d  a n d  ex p o sed  to  in te n se  visible lig h t in  a 
p h o to c h e m ic a l re a c to r  a p p a ra tu s  to  p h o to la b e l th e  
b in d in g  p ro te in s . S im ilar p h o to a ffin ity  la b e lin g  e x p e r
im e n ts  u sin g  bov ine re tin a  cytosol also w ere  c a rrie d  
o u t. E x trac tio n  w ith c h lo ro fo rm —m e th a n o l,  fo llow ed 
by S D S -P A G E  a n d  au to ra d io g ra p h y , d e m o n s tra te d  
fo u r b a n d s  o f  rad ioactive  la b e lin g  in  th e  25- to  60-kDa 
ra n g e  in bov ine re tin a  cytosol, w hereas a sing le  m a jo r  
b a n d  o f  rad ioactiv ity  c o r re sp o n d in g  to  55 kD a, as well 
as several m in o r  b an d s , w ere p re s e n t  in  th e  ion-ex
c h a n g e  p u rifie d  fra c tio n s  (Fig. 2).

F u r th e r  p u rifica tio n  by gel f iltra tio n  o f  th e  p h o to 
affin ity -labeled  p ea k  frac tio n s from  th e  e x p e r im e n t in 
F ig u re  2 d e m o n s tra te d  a  sing le  p ea k  o f  rad ioactiv ity  
th a t e lu te d  ju s t  a f te r  th e  void  vo lum e o n  a S u p e ro se  
12 c o lu m n  (P h a rm ac ia ) (Fig. 3). E x trac tio n  w ith  ch lo 
ro fo rm - m e th a n o l ,  fo llow ed by S D S -P A G E  a n d  a u to 
rad io g rap h y , show ed  th a t  th e  p h o to a ffin ity -lab e led  55- 
kD a p ro te in  e lu te d  in  th e  p e a k  fra c tio n s  o f  rad ioactiv 
ity (Fig. 4).

A  su ffic ien t a m o u n t o f  th is la b e le d  p ro te in  was 
p u r if ie d  a n d  tra n sb lo tte d  to  po lyv iny lidene d if lu o r id e

Cytosol HiTrap Q Cytosol HiTrap Q

97 
66 
45

kDa 31 

21 

14

FIGURE 2. Photoaffinity labeling o f carotenoid-binding pro
teins. Two samples of bovine retina cytosol (approximately 
500 p.g) were incubated with 0,5 /LtCi o f 14C-canthaxanthin 
(CTX) for 1 hour in the dark (20 ijM). O ne sample was 
exposed to intense visible light for 1 hour (LT), whereas 
the o ther was kept in the dark (DK). Portions of fractions 
21 to 23 from the experim ent in Figure 1 were treated in a 
similar m anner, except that no supplem entary radioactive 
CTX was added. All samples were extracted with CHC13-  
MeOH and were analyzed by sodium dodecylsulfate-poly- 
acrylamide gel electrophoresis with Coomassie staining and 
autoradiography. Several bands of pro tein  were photoaffin
ity labeled in bovine cytosol, and the purified radioactive 
protein peak from the H iTrap Q, column showed predom i
nant labeling of a protein band at 55 kDa.

a n d  se n t fo r p ro te in  se q u en c in g . P ro te ase  d ig es tio n  
a n d  p e p tid e  se q u e n c in g  d e m o n s tra te d  a m ix tu re  o f  a-  
a n d  ,0 -tubulin  (TIG G G D D SFN TFFSETG A G  (a - tu b u lin  
41-59), LA V N M V PF(P)R  (0 -tu b u lin  253-262), a n d  
IREEYPDR (/0-tubulin  155-162)). All th re e  se q u en c es  
w ere 100%  m a tch e s  to  h ig h ly  co n serv ed  reg io n s  o f  
tu b u lin . P u rified  bov ine b ra in  tu b u lin  (S igm a) c o u ld

2 0 0  

150 
cpm 100 

50 
0

0 20 40 60 
fraction

FIGURES. Gel filtration of bovine retinal carotenoid-binding 
protein. Photoaffinity-labeled protein derived from fractions 
21 to 23 of the experim ents in Figures 1 and 2 were concen
trated and loaded onto a Superose 12 gel filtration column 
eluted with 0.2 M NaCl and 20 mM Tris buffer (pH 7.5) at 
0.45 m l/m inute . One quarter o f each 1-minute fraction was 
counted for radioactivity. A single major peak of radioactiv
ity eluted ju st after the void volume.

DK LT DK LT DK LT DK LT

SDS-PAGE Autoradiography
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S 15 17 18 19 20  21 22 24 26

FIGURE 4. Photoaffinity label
ing of purified bovine retinal 
carotenoid-bincling protein. 
Photoaffinity-labeled samples 
of the indicated fractions from 
the experiment in Figure 3 
were analyzed by sodium do- 
decylsulfate-polyacrylamide 
gel electrophoresis arid auto
radiography. The protein 
band at 55 kDa was strongly 
labeled.

S 15 17 18 19 20 21 22 24 2fi

' * k MR ' —, 5* r;

C o o m a s s ie A u to ra d io g ra p h y

indeed be photolabeled with radioactive canthaxan- 
thin (Fig. 5 ).

Absorbance spectra o f  the carotenoid-binding 
protein with canthaxanthin, lutein, or zeaxanthin 
bound to it were obtained by incubating the nonradio
active carotenoids with soluble bovine retinal extract 
and purifying the protein through the ion exchange 
step. Spectral shifts and peak splitting, similar to those 
seen in carotenoid-binding proteins from  lower organ
isms, were observed (Fig. 6). It should be noted that 
these protein-bound carotenoid spectra are similar to 
hum an m acular pigm ent spectra obtained by m icro
spectrophotom etry and p s y c h o p h y s ic a l m ethods.1 
Spectroscopy o f  these carotenoids bound to purified 
bovine brain tubulin dem onstrated identical shifts.

P u r i f i c a t i o n  o f  C a r o t e n o i d - B i n d i n g  P r o t e i n s  
F r o m  H u m a n  M a c u l a

Based on the encouraging results o f  the experim ents 
using bovine retinal tissue and exogenous radioactive

LT DK

m i  p m
t 1*'

Tubulin M m  • « -  55 kDa

FIGURE 5. Photoaffinity labeling of bovine brain tubulin by 
14C-canthaxanthin (CTX). Two 100-fjg portions of bovine 
brain tubulin were incubated with 20 fj,M ;''C-CTX (1 //Ci) 
for 1 hour in the dark. One sample was exposed to intense 
visible light for 1 hour, whereas the other was kept in the 
dark. Both samples were extracted with CHCl3-M eO H  and 
analyzed by sodium dodecylsulfate-polyacrylamide gel elec
trophoresis and autoradiography. The sample exposed to 
light (LT) showed strong labeling, whereas the sample kept 
in the dark (DK) did not.

carotenoids to detect potential carotenoid-binding 
proteins, attention was turned to the hum an m acular 
system, which selectively concentrates very high levels 
o f lutein and zeaxanthin. Typically, a single human 
macula contains 5 to 40 ng o f  each carotenoid, an 
am ount that easily permits detection and quantifica
tion by H PL C  analysis, in which the lim it o f  detection 
is below 1 ng.'1 T h e endogenous carotenoid content 
was thought to be sufficient to allow for detection 
o f  potential carotenoid-binding proteins without the 
addition o f  exogenous carotenoids.

Soluble extracts o f  hum an maculae were loaded 
o n t o  an  a n io n  exchange colum n in a m anner similar 
to the experim ents on bovine retinal tissue described 
in Figure 1, except that no exogenous carotenoids 
were added. Absorbance was m onitored at 280 nm for 
protein and 436 nm for carotenoids. T h e experim ent 
described in Figure 7 showed that it is possible to 
detect peaks o f  protein with absorbance at 436 nm

450 476

figure 6. Zeaxanthin-binding protein absorption spectra. 
The visible absorption spectrum of HC-zeaxanthin (ZX) in 
methanol is compared to the spectrum of bovine retinal 
cytosol that had been incubated with exogenous zeaxanthin 
and purified through the ion exchange step (see Fig. 1 for 
a comparable purification using CTX). Note the broadening 
of the peaks and the shifts to absorbance at longer wave
lengths. A spectrum of the 45-kDa carotenoid-binding pro
tein from the cyanobacterium Synechococcus is strikingly 
similar.14

< 1 3  s y n e c h o c o c c u s  
45 kDa ca ro te n o id  
b in d in g  protein

<JziZX  + b in d in g  protein

<C j ZX  in m ethanol
600
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Minutes

FIGURE 7. Purification o f carotenoid-binding proteins 
from human macula. Soluble proteins from three human 
maculae were loaded onto a HiTrap Q ion exchange col
umn and eluted with a gradient from 0 to 1 M NaCl with 
monitoring at 280 nm for protein ( broken line) and 436 
nm for carotenoids (solid line). Extraction and high-per
formance liquid chromatography analysis o f the 436-nm 
peak at 21 minutes showed that lutein and zeaxanthin 
were present in substantial amounts (see companion ex
periment in Table J). The peak at 7 minutes had no de
tectable carotenoids associated with it, and the double 
peak at 25 minutes contained only trace amounts of carot
enoid. Carotenoids were detected in no more than trace 
amounts in all other fractions examined.

from soluble extracts o f hum an maculae. T he peak 
eluting at 21 minutes with 0.5 M N aCl has retention 
characteristics nearly identical to the peak o f radioac
tivity seen when radioactive canthaxanthin is incu
bated with soluble bovine retinal extracts (Fig. 1). Ex
traction and H PLC analysis confirm  that endogenous 
lutein and zeaxanthin are bound to this protein frac
tion from human macula. Carotenoid analyses o f the 
other fractions, with significant absorbance at 436 nm, 
dem onstrated that the peak o f unbound protein elut
ing at 7 minutes had no carotenoid, whereas trace 
amounts o f lutein and zeaxanthin were associated with 
the broad double peak at 25 minutes. W estern blots

using a m onoclonal antibody to tubulin dem onstrated 
that the m ajor peak o f carotenoid-associated protein 
coincides with the elution o f tubulin immunoreactivity 
(Table 1).

DISCUSSION

Age-related m acular degeneration is the leading cause 
o f legal blindness am ong the elderly in the U nited 
States. Initially, patients may have the the atrophic or 
“ dry” form o f AMD, with the gradual progressive loss 
o f visual acuity associated with retinal pigm entary 
changes and the form ation o f subretinal deposits o f 
oxidized lipid material known as drusen. A t virtually 
any time, the disease can convert to the exudative or 
“ wet”  form  characterized by subretinal neovasculari
zation and lipid exudation, which can lead to devasta
ting and perm anent loss o f central vision in a matter 
o f days. T he lack o f truly effective interventions to 
prevent or treat AMD has m ade it one o f the most 
frustrating diseases com m only encountered in oph
thalm ologic practice.

Carotenoids may play an im portant role in the 
pathogenesis and prevention o f AM D .6 W ithin the ret
ina, light and the high levels o f oxygen create an envi
ronm ent in which reactive free-radicals o f oxygen and 
related species may cause dam age to the highly poly
unsaturated lipids o f the photoreceptor outer seg
m ent membranes, as well as proteins, DNA, and carbo
hydrates. Recently, it has been shown that persons 
with high dietaiy intakes o f carotenoids and with high 
serum carotenoid levels are at lower risk for m acular 
degeneration.5,2a T he correlation between high carot
enoid levels and decreased relative risk for AM D is 
particularly provocative in light because o f the integral 
role o f carotenoids in normal retinal function. (5-caro
tene is an effective antioxidant, and it is a m ajor di
etaiy precursor for the vitamin A  used in the visual

t a b l e  l. Copurification o f  Macular Carotenoids With Tubulin*
Fraction
Number

Lutein 
( fJ - V /second)

Zeaxanthin
(fiV/second)

Tubulin
Immunoreactivity

18 Undetectable Undetectable Undetectable
19 Undetectable Undetectable Undetectable
20 Not determined Not determined Undetectable
21 1850 1160 Trace
22 1890 1190 Positive
23 2247 2970 Positive
24 1410 720 Positive
25 1200 680 Trace
26 Undetectable Undetectable Trace

* Soluble proteins from six human maculae were purified by ion exchange chromatography as 
described in Figure 7. Fractions corresponding to the major peak o f  absorbance at 436 nm eluting at 
0.5 M NaCl were analyzed for carotenoid content by HPLC and for tubulin immunoreactivity by 
Western blotting with a monoclonal antibody to ar-tubulin.
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cycle. Two other dietary carotenoids, lutein and zeax
anthin, though unable to act as precursors for vitamin 
A, appear to be especially im portant for normal macu
lar function. These two com pounds, o f the approxi
mately 10 carotenoids found in norm al human serum, 
are concentrated in high amounts in the cells o f the 
hum an m acula.1-4 These pigments account for the 
characteristic yellow coloration o f the primate macula, 
and it is thought that they may function as filters to 
attenuate photochem ical dam age, im age degradation 
associated with bright short-wavelength light, or both, 
and that they may function as a large store o f antioxi
dant power within the retina.

The biochem ical mechanisms that mediate the 
selective uptake, concentration, and stabilization o f 
the m acular carotenoids are unknown. In lower ani
mals, such as lobsters and cyanobacteria, specialized 
carotenoid-binding proteins perform  these tasks. It is 
hypothesized that com parable carotenoid-binding 
proteins may have a similar role in the hum an macula.

To  study the interactions o f carotenoids and pro
teins in the vertebrate eye, initial experim ents focused 
on the bovine retina, which contains lutein and zeax
anthin at levels com parable to those found in human 
peripheral retina. Exogenous radioactive carotenoids 
were added to soluble bovine retinal extracts to en
hance the sensitivity o f detection. As shown in Figure
1, purification by hydrophobic interaction chrom atog
raphy, followed by anion exchange chrom atography, 
dem onstrated that the radioactive carotenoid ligand 
eluted as a single discrete protein-associated peak.

T h e partially purified carotenoid-binding protein 
preparation obtained in Figure 1 was a com plex mix
ture o f proteins. It was thought that photoaffinity la
beling with the bound radioactive carotenoid ligand 
would be an exceedingly useful means to help identify 
the proteins within the m ixture that were responsible 
for carotenoid binding. This m ethod has been used 
to identify retinoic acid-binding proteins in bovine 
retina.22 An im portant aspect o f  this purification tech
nique relies on the fact that canthaxanthin fits a key 
criterion o f a photoactivatable com pound with its a, (3- 
unsaturated carbonyl structure. This allows for the co
valent photolabeling o f proteins that interact with the 
carotenoid. Covalently labeled proteins thus can be 
followed during the purification process without worry 
about the loss o f ligand from the protein, and the 
m olecular weight o f the labeled protein is assessed 
easily by SD S-PA G E  and autoradiography. Using ra
dioactive zeaxanthin rather than canthaxanthin in the 
purification process yielded similar results; however, 
it proved to be m ore susceptible to degradation, and 
it did not work efficiently as a specific photoaffinity- 
labeling agent.

Photoaffinity-labeling experim ents (Fig. 2) dem 
onstrated that four m ajor bands o f photoaffinity-la

beled protein were present in bovine retina cytosol. 
T he most heavily labeled o f these proteins had an 
apparent m olecular weight o f 55 kDa and was respon
sible for the majority o f carotenoid-binding activity in 
the peak fractions after ion exchange chrom atogra
phy. A fter further purification by gel filtration chro
m atography (Figs. 3, 4), a sufficient am ount o f this 
protein was harvested and submitted for proteolysis 
and peptide sequencing, which dem onstrated that the 
labeled material consisted o f a m ixture o f a- and /?- 
tubulin. Purified bovine brain tubulin (Sigma) was 
successfully photoaffinity labeled by I4C-CTX (Fig. 5).

Attention was then turned to human m acular tis
sue, which concentrates many times m ore lutein and 
zeaxanthin on a per milligram basis than hum an pe
ripheral retina or bovine retina.4 It was feasible to 
study m acular carotenoid-binding proteins that had 
no added exogenous carotenoids. T h e experim ent de
picted in Figure 7 showed several m ajor peaks with 
absorbances at 436 nm eluted from the anion ex
change colum n. O f  course, it cannot be assumed that 
m acular carotenoids are the only chem ical com 
pounds in the fractions responsible for absorbance at 
this wavelength. H igh-perform ance liquid chrom atog
raphy analysis o f  portions o f the peak fractions showed 
that the early peak o f unbound material contained no 
detectable carotenoid. T h e peak eluting at 21 minutes 
contained substantial amounts o f lutein and zeaxan
thin, whereas the double peak at 25 minutes con
tained only trace amounts o f carotenoid. Western blot 
analysis o f a subsequent hum an m acular preparation 
showed that tubulin im munoreactivity coincided with 
the peak o f carotenoid-associated protein (Table 1).

T h e finding that carotenoids can bind to retinal 
tubulin has not been described before. It is expected 
that H en le ’s fiber layer o f the m acula is particularly 
rich in tubulin because the fibers consist primarily o f 
cone axons. Im m unocytochem ical studies have shown 
that m icrotubules are oriented axially along the cone 
myoid and axon and are virtually nonexistent in the 
outer segm ent.26 Interestingly, the association o f carot
enoids and m icrotubules has been docum ented in the 
squirrelfish erythrophore. In these nonocular pig
m ent organelles, droplets o f carotenoid migrate along 
m icrotubular structures.27

It has been speculated that m acular carotenoids 
are located primarily in the axonal m em branes24,28; 
however, there is no direct evidence for this, and it 
could not explain the selective accum ulation o f carot
enoids into the H en le ’s fiber layer o f the macula. On 
the other hand, an abundant structural protein, such 
as tubulin, could bind and stabilize the enorm ous con
centration o f lutein and zeaxanthin in the fovea in 
m uch the same way that astaxanthin is deposited on 
the actin o f salmon muscle fibers.18

T he association o f carotenoids with a protein such
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as tubulin, which can form  highly ordered macromo- 
lecular arrays, provides a possible explanation for the 
phenom enon o f H aidin ger’s brushes. Psychophysical 
and m icrospectrophotom etric investigations have 
dem onstrated that carotenoids in H en le ’s fiber layer 
are the likely chrom ophore for the dichroic ab
sorbance properties o f the hum an m acula.28-30 If the 
protein-bound m acular carotenoids are perpendicular 
to the long axis o f the m icrotubules, they are properly 
oriented to generate H aidinger’s brushes. In addition, 
a protein-bound m echanism  for H aidinger’s brushes 
provides a better explanation than does a pure m em 
brane m echanism  because there is evidence that the 
num ber o f dichroic chrom ophore sites in the macula 
is subject to saturation.29 Support for the protein- 
bound carotenoid m echanism  for H aidin ger’s brushes 
would likely require crystallography o f lutein or zeax
anthin bound to tubulin to determ ine whether the 
carotenoid is bound in the correct orientation.

T he interaction between carotenoids and tubulin 
may have im plications for cancer chem otherapy: Ca
rotenoids have anti tum or activities that appear to go 
beyond their antioxidant effects, and tubulin is the 
target o f a num ber o f im portant antitum or agents, 
such as taxol, vincristine, vinblastine, and colchicine. 
Further studies to identify and characterize the carot
enoid binding site or sites on tubulin and to investi
gate the effect o f  carotenoids on cycles o f m icrotubule 
polym erization and depolym erization should prove in
teresting.

Preliminary binding-affinity and specificity studies 
using bovine brain tubulin have indicated that many 
carotenoids, including /5-carotene, can bind to tu
bulin. Unless cone tubulin has a particularly high af
finity and specificity for zeaxanthin and lutein, it is 
unlikely that tubulin is the m ediator o f the specific 
uptake o f the m acular carotenoids. It would not be 
surprising to find that the proteins responsible for the 
specific uptake o f carotenoids are m uch less abun
dance. Because the hum an m acula is only several milli
meters in diam eter, the relatively small am ount o f 
starting biologic material is a m ajor problem  in at
tem pting to identify additional m acular carotenoid- 
binding proteins. It is likely, too, that some carot
enoid-binding proteins are m em brane-bound insolu
ble proteins whose purification is m ore difficult. Only 
fellow primates have an equivalent m acular anatomy, 
and m acular cells cannot be grown in culture. H ence, 
certain mammalian m acular proteins that m ight be in 
low abundance, such as receptors or transport pro
teins, are m ore challenging to identify. Further studies 
to identify additional carotenoid-binding proteins are 
in progress.

T he experim ents discussed here provide new in
sights into the biochem ical basis o f  the specific uptake 
and concentration o f lutein and zeaxanthin into the

macula. Derangem ents o f the mechanism s o f uptake 
and stabilization o f the m acular carotenoids could 
have profound im pact on the progression o f age-re
lated m acular degeneration and inherited retinal dys
trophy. Anticipated interventional clinical studies may 
use the specific uptake systems to increase the level 
o f  m acular carotenoid pigm ent and perhaps to retard 
or prevent the progressive blindness produced by 
these diseases.
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