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SUMMARY The effect  of blue background light on behavioral response 
of Halobacterium halobium to step-like st imulation with green-orange 
a t t rac tan t  light was examined. The results strongly support the 
previously proposed hypothesis that a long-lifet ime photointermediate  of 
s-rhodopsin is the photoreceptor for repellent  light: the step-like increase 
in green-orange light was convert ible from a t t r ac tan t  stimulus to repellent  
one, when the cells were constantly i l luminated with blue light. No 
difference of the threshold intensi ty of the blue background light was 
observed between the mutant  strain that lacks both bacteriorhodopsin and 
halorhodopsin and the wild type strain, suggesting that the two light-driven 
ion pumps are not part icipant  in sensing a t t r ac tan t  light. ® 1985 Academic 
Press. Inc o 

Two sensory photosystems apparently control the behavior of 

Halobacterium halobium (1). One, named PS565, causes the cells to be 

a t t rac ted  to green-orange light that is effect ive for energizing the cell 

membrane through a light-driven H + pump, bacteriorhodopsin (bR) (2), and 

a light-driven CI- pump, halorhodopsin (hR) (3,4). Avoidance of the 

cells from blue-near ultraviolet  light is mediated by the other 

photosystem, PS370, which has maximal sensitivity at 370 nm (1). 

Receptors for both photosystems are still ambiguous (5), although it was 

established earlier that both systems require retinal  (6,8). A step- 

like increase in blue-near  UV light or a step-like decrease in green- 

orange light causes a reversal of the swimming direction of the cells 

(step-up or step-down behavioral response, respectively) af ter  a short 

latent  period that depends on the intensi ty of the stimulus. Inverse 

stimulus either with the repellent light or with the a t t r ac tan t  light 

causes a prolonged period of smooth swimming. 
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The signals f rom PS370 and PS565 a re  i n t eg ra t ed  inside the  cel ls:  

a s t ep - l ike  inc rease  in r epe l l en t  l ight and a s t ep - l ike  d e c r e a s e  in 

the  ce l ls  

when 

a t t r a c t a n t  l ight a re  s imul taneous ly  in t roduced  into the  cells,  

respond more  quickly than to one of  the  s t imulus  alone (9). In 

addition, Denche r  (6) r epo r t ed  tha t  PS370 obeys WeberVs law; i.e., the  

sens i t iv i ty  for the  s tep-up  inc rease  in r epe l l en t  l ight is weakened  by 

cont inuous i l luminat ion  wi th  the  r epe l l en t  light. 

The re fo re ,  as a possibil i ty,  one can e x p e c t  tha t  the  a t t r a c t a n t  

response should be emphas i zed  if PS370 is inhibi ted by cont inuous  

i l luminat ion  with  b lue -nea r  UV light. 

On the  o the r  hand, if the  p h o t o r e c e p t o r  for r epe l l en t  l ight is a 

l ong - l i f e t ime  p h o t o i n t e r m e d i a t e  (denoted as sR373 a f t e r  the  wave l eng th  of 

absorpt ion maximum) of s-rhodopsin (sR) (10-12) as sugges ted  by Bogomolni  

and Spudich (11), p re sence  of the  b lue -nea r  UV background l ight should 

inhibit  the  s tep-down response  of the  cel ls  to a t t r a c t a n t  light, because  

the  a t t r a c t a n t  l ight funct ions  so as to g e n e r a t e  the  p h o t o r e c e p t o r  for 

the  repe l len t  light. 

T h e r e f o r e  the  e f f e c t  of blue background light on p h o t o a t t r a c t a n t  

sys tem (PS565) is a key to dist inguish b e t w e e n  the  two possibi l i t ies  

descr ibed  above. In this communica t ion ,  we descr ibe  tha t  the  resul t  

shows tha t  the  l a t t e r  is the  case.  Fu r the rmore ,  the  e x p e r i m e n t a l  

design is p resen ted  so as to give a c lue  to the  ques t ion  what  is the  

r e c e p t o r  for PS565 or whe the r  bR or hR con t r i bu t e  the  pho tosys tem.  

The resul ts  ob taned  suggest  tha t  the  p h o t o r e c e p t o r  is sR. 

MATERIALS AND METHODS 

The s t ra ins  used were  Flx3 (bR-, - + - + h R ,  sR ), OD2w ( b R ,  hR , sR+) - 
+ + + 

generous  g i f t s  f rom J. L. Spudich, R1 (bR , hR , sR )--a generous  g i f t  
+ + + 

from E. Hi ldebrand and A. Schimz,  and S9 (bR , hR , sR ). Atl t hese  
cel ls  were  used a f t e r  the  se l ec t ion  for mo t i l i t y  (9} .  Cel ls  w e r e  grown 
in 10 ml cu l tu re  tubes. At  s t a t iona ry  growth  phase, 40-50 IJl of the  
cel l  cu l tu re  was t r ans f e r r ed  into 2.2 ml of pepton medium (pH 7.0} 
enr iched  with  t r a c e  me ta l s  (9), and incuba ted  for 2 hours prior  to 
measu remen t .  

Essence  of the  a u t o m a t e d  me thod  for the  m e a s u r e m e n t  of p h o t o t a c t i c  
response  was descr ibed  ea r l i e r  (7). To in t roduce  the  second 

100 



Vol. 127, No. 1, 1985 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

background l ight (from 100W high-pressure  m e r c u r y  lamp), the  mic ro scope  
(Nikon X B - P h - l l )  was modi f i ed  wi th  a half  mi r ro r  so tha t  the  sum of the  
observ ing  l ight (from 12V-50W tungs ten  halogen lamp) and the  second beam 
passed into the  spec imen  through a phase -con t r a s t  condensor .  

M o n o c h r o m a t i c  l ight for ac t in i c  i r rad ia t ion  or for the  second 
background i l luminat ion  was ob ta ined  with  use of  narrow band 
i n t e r f e r e n c e  f i l t e r s  (KL-ser ies ,  Toshiba). 

All m e a s u r e m e n t  w e r e  p e r f o r m e d  at  37 °C, 

RESULTS AND DISCUSSION 

Fig. 1 shows the  e f f e c t  of blue cons tan t  background i l luminat ion  on 

s t ep -down response  of the  ce l l s  to a t t r a c t a n t  l ight.  The blue 

background i l luminat ion  inhibi ted the  response  a lmos t  c o m p l e t e l y  when 

50 % lower  in tens i ty  (photons /mm2s)  than tha t  of  the  g reen  ac t i n i c  l ight 

was applied. The resul t  sole ly  a rgues  against  the  idea tha t  PS370 has 

an independent  p h o t o r e c e p t o r  o the r  than sR373, if fo l lowing t h r ee  

poss ibi l i t ies  can be exc luded  expe r imen ta l ly .  [1] The blue light as 

well  as any o t h e r  background l ight could cause  the  adap ta t ion  of  the  

ce i ls  to a t t r a c t a n t  light. [2] Since  we might  a lways observe  the  

response  to the  i n t e g r a t e d  signals f rom PS370 and PS565, the  blue 

cont inuous  i l luminat ion  leads to e n h a n c e m e n t  of PS370 which g ives  r ise  

to an apparen t  d e c r e a s e  in PS565. [3] The blue light blocks the  

sensory t ransduct ion .  

Poss ibi l i ty  [2] is unl ikely because  we also observed  tha t  the  

s tep-up  response  to b lue -nea r  UV light was inhibi ted or u n a f f e c t e d  by 
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Figure 1 Effect  of blue (407±14 nm) background light on step-down 

• . + + ~ - .  - + + 

responses of H. halobium strain S9 (bR hR sR ), OD2w (bR ,hR ,sR ) 
- - + ~ _ 7  + . 

Flx3 (bR ,hR ,sR ), and Flxwh (bR ,hR ,sR ) to at t ractant  light. 
Flxwh is a spontaneous mutant which contains less ~arotenoids obtained 
from Fix3. Ordinate is the per cent of the reversed cells during 3 
sec after  sudden interruption of actinic irradiation (565+15 nm, 7.3x10 zs 
hv/mm2s). Arrows indicate the levels of the spontaneous reversal of 
the cells. Each point represents average and standard error (vertical 
bars) of the results from 3-4 measurements, during each of which (15 
rain) 100-150 tracks of the cells were counted. Actinic light was 
interrupted for 4 sec in every 15-20 sec. 
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F igure  2. Wave length  dependence of  the background l ight  e f f ec t  on 
step±down response o f  H. halobium st ra in  F'lx3 to  a t t r a c t a n t  l ight .  
The in tens i t y  o f  the background l igh t  was ad justed to  16 W/m 2 w i t h  
neutral density filters. The intensity of the light for observation 
(X,600 nm) and the act inic light (576_.15 nm) were 44 W/m 2 and 6.2x10 la 
h~)/mm2s), respectively. Bars represent  the standard errors from three  
measurements  (100-150 tracks of the cells, each). 

Figure 3. UPPER: Simplified scheme of the photocycle of sR (11). 
LOWER: Timing for the automated measurement  of the step-up and the 
step-down responses. Tracks of the cells were automatical ly  de tec ted  
from 6 consecutive digitized pictures a, b, c, ---, recorded with a video- 
computer  system (7). The step-up responses were obtained from a, c, 
---. and the step-down responses were from b, d, ---. 

b lue  b a c k g r o u n d  i l l umina t ion .  In o r d e r  to  t e s t  t h e  poss ib i l i ty  [I], t h e  

b a c k g r o u n d  e f f e c t  was  m e a s u r e d  a t  va r ious  w a v e l e n g t h  (Fig.2). A l t h o u g h  

red  b a c k g r o u n d  l ight  i n h i b i t e d  t he  p h o t o a t t r a c t a n t  r e s p o n s e  to s o m e  

e x t e n t ,  t h e  e f f e c t  was  f u r t h e r  e n h a n c e d  in b l u e - n e a r  UV reg ion  i n d i c a t i n g  

t h a t  poss ib i l i ty  [I] is no t  t he  case .  

In o rde r  to  e x a m i n e  w h e t h e r  t h e  e f f e c t  c o m e s  f rom sR p h o t o c y c l i n g  

as s u g g e s t e d  in ref .  12 or is due to t he  poss ib i l i ty  [3], we m e a s u r e d  t he  

s t e p - d o w n  and t h e  s t e p - u p  r e s p o n s e s  s i m u l t aneous ly ,  s u b j e c t i n g  r e p e a t e d  

pulses  of  g r e e n - o r a n g e  a c t i n i c  l ight  (see Fig.3 lower).  The  r e su l t  

w i th  b R , h R - d e f i c i e n t  s t r a i n  Flx3 is shown in Fig .4-A.  The  g r e e n - o r a n g e  

l ight  was  c o n v e r t e d  f rom an a t t r a c t a n t  s t imu lus  to  a r e p e l l e n t  one  for  t h e  

cells ,  when  t he  i n t e n s i t y  of  t h e  b lue  b a c k g r o u n d  l ight  was  i nc rea sed .  

The  r e s u l t  no t  only  exc ludes  t h e  poss ib i l i ty  [3] , bu t  s t r o n g l y  

suppor t s  t h e  h y p o t h e s i s  t h a t  t he  long- l ived  p h o t o i n t e r m e d i a t e  (sR373) of 

sR is t he  p h o t o r e c e p t o r  for  r e p e l l e n t  l ight .  The  m e c h a n i s m  of t h e  

c o n v e r s i o n  was  s imply  e x p l a i n e d  as follows. When t h e  p h o t o -  
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Figure 4. Effect  of blue (407_+14 nm) background light on both step-up 
and step-down responses of H. halobium to in te rmi t ten t ly  irradiated 
act inic  light. --O-- , --O-- : step-down responses. -=-0-- , - - I - -  : 
step-up responses. Each point represents  the average from 4-6 
measurements  (40-50 cell tracks, each) with standard errors. Abscissa: 
Intensity of the blue background light (407_+14 nm). A__)_) Responses of 
s train Flx3 to 583nm act inic  light (half width 15nm, intensity 6×1013 
hv/mm2s). Light for observation was red (;~>600 nm, 44 W/m2). Note 
tha t  the red background light may cause the adaptat ion of PS565. B) 
Responses of the s train Flx3 to 550 nm and 626 nm act inic  light (half 
width 15 rim, intensity 6x1013 hv/mm2s). Light for observation was dark 
red (;k>650 nm, 32 W/m2). C) Responses of s train $9 to 583nm act inic  
light (half width 15rim, intensity---6xl013 h ~ / m m 2 s ) ( O , t )  and s t ra in  RI 
to 565nm act inic  light (half width 15 rim, 6x1013 hv/mm2s) (r ' l , i).  Light 
for observation was red ()~>600 nm, 44W/m2). 

i n t e r m e d i a t e  is g e n e r a t e d  upon a b s o r b i n g  t h e  a c t i n i c  l ight ,  i t  

i m m e d i a t e l y  a c t s  as a p h o t o r e c e p t o r  for  b lue  l ight  so as to  e l i c i t  

r e p e l l e n t  r e s p o n s e  of t he  cel ls .  

The  c o n v e r s i o n  induced  by b lue  b a c k e g r o u n d  l ight  c an  be  used as a 

c lue  to t h e  su rvey  of  p h o t o r e c e p t o r  p igmen t ( s )  for  PS565. At  m e d i u m  

i n t e n s i t y  of t he  b lue  l ight,  t h e  g r e e n - o r a n g e  a c t i n i c  l ight  c o n t a i n s  t he  

two oppos i t e  s igna ls  for  t he  cel ls :  a t t r a c t a n t  s ignal  and  t h e  r e p e l l e n t  one. 

B e c a u s e  t he  r e p e l l e n t  s ignal  in th i s  c a s e  is c a u s e d  by 

p h o t o a c t i v a t i o n  of  sR, t he  d e p e n d e n c e  of t he  r e p e l l e n t  s ignal- - i f  i t  is 

d i s t i ngu i shed  f rom t he  i n t e g r a t e d  s ignal- -on a c t i n i c  w a v e l e n g t h  should  be  

equa l  to  t h e  a b s o r p t i o n  s p e c t r u m  of  sR. On t he  o t h e r  hand,  one  can  not  

p r e d i c t  t he  g e n u i n e  a c t i o n  s p e c t r u m  of PS565, un t i l  t h e  e v i d e n c e  is 

o b t a i n e d  which  shows w h a t  is t he  p h o t o r e c e p t o r  of PS565 (5). 

T h e r e f o r e ,  t h e  d e p e n d e n c e  of  t h e  c o n v e r s i o n  of t he  s t e p - u p  and  t he  s t e p -  
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down responses on actinic wavelength is expected to re f lec t  the 

dif ference spectrum between the action of PS565 and the absorption of sR. 

In this point of view, we compared the background intensities 

that causes the crossing of the step-up and the step-down responses 

at the two actinic wavelengths, 550nm and 626nm, where sR has the 

similar extinction coeff ic ient  across the absorption maximum (13). As 

shown in Fig.4-B, these are almost identical. We considered the 

as a support for the hypothesis that sR is the photoreceptor  of result 

PS565. 

Since the l i fe t ime of sR373 is at least about two orders of 

magnitude longer than photointermediates  of bR or hR, it is unlikely that 

the e f fec t  of blue light is also caused by the photointermediate  of bR or 

hR. Therefore  the e f fec t  of blue background light on PS565 in bR,hR- 

containing strain can be used as a measure of the possible contribution 

of bR or hR to PS565, because the contribution of sR to PS565 and that to 

PS370 should be cancel led under the blue background illumination that 

causes the crossing of the step-up and the step-down responses of bR,hR- 

deficient  strain Flx3. 

The e f fec t s  of blue background light on the response of H. 

halobium $9 (bR +, hR +, sR +) and of R1 (bR +, hR +, sR +) are shown in 

Fig.4-C. These were almost indistinguishable from that of bR,hR- 

deficient  strain Flx3. At present, it seemed less likely juding from 

Fig.4 that bR or hR par t ic ipates  in photoa t t rac tan t  sensing. Our data 

on aerotaxis of the cells also supported that there is no A~H + sensing 

mechanism in H. halobium (to be published). Further  studies including 

the ref inement  of the action spectrum of PS565 are in progress in this 

laboratory. 
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