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- I  - I  Summary: The low f requency  Raman spectrum from 20 cm to 350 cm of  
tRNA from E s c h e r i c h i a  c o l i  in  an aqueous s o l u t i o n  is  s t u d i e d .  

A band at ca. 115 cm zl i s  a s s i g n ~ o  d isp lacements  of  atoms in hydrogen 
bonds b e t w ~ n  Watson-Cr ick  base p a i r s .  Temperature s t u d i e s  between room 
tempera ture  and ca. 90°C are performed showing near r e v e r s i b i l i t y  o f  the 
base p a i r i n g  upon tempera tu re .  The coup l i ngs  between low f requency  v i -  
b r a t i o n s  of  tRNA and formamide, N-methyl formamide and N ,N -d ime thy l f o rm-  
amide are d iscussed in  terms of  p h y s i o l o g i c a l  e f f e c t s .  

The concept  of  low f requency  v i b r a t i o n s  and coup l i ng  between 

these have been though t  to be of  impor tance f o r  s t r u c t u r a l  changes 

and r e a c t i o n s  of  b i o l o g i c a l  systems ( I - I 0 ) .  I n v e s t i g a t i o n s  have 

been performed to determine e x p e r i m e n t a l l y  v i b r a t i o n a l  f r e q u e n c i e s  

f o r  b i o l o g i c a l l y  a c t i v e  molecules (11 -13 ) .  Most of  the i n t e r e s t i n g  

in  v i vo  r e a c t i o n s  are performed in aqueous s o l u t i o n s  or gel s t a t e s ,  

which u n f o r t u n a t e l y  are very unsu i t ed  f o r  i n v e s t i g a t i o n s  by o r d i n a -  

ry IR and Raman methods at  f r e q u e n c i e s  below 200-300 cm - I .  In o rder  

to so lve  t h i s  problem we used an R(~) r e p r e s e n t a t i o n  of  the low 

f requency  Raman spectrum in s t u d y i n g  water  (14) and aqueous s o l u -  

t i o n s  of  y - a m i n o b u t y r i c  ac id  ( 1 5 ) , n u c l e o s i d e s  (16 ) ,  n u c l e o t i d e s  (17- 

19) and formamides ( 20 ,21 ) .  The R(~) r e p r e s e n t a t i o n  cou ld  be used 
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even to ob ta i n  i n f o r m a t i o n  about the low f requency  v i b r a t i o n a l  

spectrum of  water  in aqueous ge ls  o f  agarose and K~arrageenan (22) 

and c e l l u l o s e  (23 ) .  We proposed the impor tance f o r  in v i vo  systems 

o f  i n t e r m o l e c u l a r  c o u p l i n g  f o r  some of  the e x p e r i m e n t a l l y  observed 

f r equenc ies  ( 1 5 , 1 8 ) .  Most o f  the low f requency  bands observed were 

broad,  but o f  p a r t i c u l a r  i n t e r e s t  was the ass ignment  o f  a r a t h e r  sharp 

- I  band at  ca. 115 cm to a s e l f a s s o c i a t e  of  guanos ine-5 ' -monophosphate  

( 1 8 , 1 9 ) .  A more p r e c i s e  d e s c r i p t i o n  o f  these modes is  d e s i r a b l e  and 

s t u d i e s  of  some model compounds i n c l u d i n g  i s o t o p i c a l l y  s u b s t i t u t e d  

a c e t i c  ac id  ( 24 ) ,  formamide and o the r  s i m p l e r  amides have been under-  

taken ( 2 0 , 2 1 , 2 5 ) .  Between I00 cm - I  and 200 cm - I  was observed a mode, 

which could be ass igned to an "ou t  o f  p lane"  mot ion o f  atoms i n v o l v e d  

in hydrogen bonding between s e l f a s s o c i a t e d  mo lecu les .  

The aim o f  the p resen t  paper is  to show tha t  the R(~) r e p r e s e n t a -  

t i o n  pe rm i t s  i n v e s t i g a t i o n  o f  low f requency  v i b r a t i o n a l  modes o f  aque- 

ous s o l u t i o n s  of  tRNA from E s c h e r i c h i a  c o l i .  Rep resen ta t i ons  s i m i l a r  

to the R(G) r e p r e s e n t a t i o n  are g e n e r a l l y  use fu l  in s t u d i e s  o f  low f r e -  

quency v i b r a t i o n s  as d iscussed in r e f s .  24 ,26 ,27 ,  and 28 and r e f e r e n -  

ces c i t e d  t h e r e i n .  

METHOD 

A sample of tRNA from Escherichia col i  was obtained from Boehringer 
Mannheim (no. 15518 in the 78/79 catalo-g-~. An aqueous solution was ob- 
tained by dissolving 80 mg of tRNA in 800 ul red i s t i l l ed  water (pH ~ 7). 
This solution was cleaned for part icles by ul t racentr i fugat ion at 
85.000 rpm for ½ hrs. using a Beckman Airfuge ul tracentr i fuge. Ca. 400 
~l of the centrifuged solution was transferred to a lO mm (o.dl~--NMR 
tube, which was used as ce l l .  Raman spectra from 20 to 350 cm were 
recorded on a Coderg PHI spectrometer using perpendicular i l luminat ion,  
cooled PM tube (EMI 9558) and a Coderg CPH lO0 photon counting system. 
The ve r t i ca l l y  polarized 514.5 nm line of a Spectra Physics model 165 
Ar+-laser (400 mW) was used as excit ing source in a horizontal scatter- 
ing plane (I configuration). A microprocessor sampled the number of 
counts per s~p in frequ'ency (8.4 step per cm-l) with a 24 bits dynami- 
cal range. Calculations were performed on eitherlan RC 4000 or an RC 
8000 computer. The spectral s l i t  width was 4 cm and the registrat ion 
speed lO cm-l per minute. Temperature experiments were performed by 
thermostatting the cel l  with water and the temperature should be accu- 
rate to ~ loC. R(~) curves were calculated from the intensi ty  in the 
Stokes side of the Raman spectrum, I (~) :  
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R(~) ~ ~ [ I  - e x p ( - h ~ c / k T ) ] l ( ~ }  

where the symbols have t h e i r  usual meaning ( 1 4 - 2 6 ) .  A l l  spec t ra  showed 
some f l u o r e s c e n c e  and a background c o r r e c t i o n  was performed as de- 
sc r i bed  p r e v i o u s l y  ( 1 4 - 2 2 , 2 3 , 2 6 )  by s u b t r a c t i n g  a mean i n t e n s i t y  va lue 
found in a I0 cm-I i n t e r v a l  around the lowes t  i n t e n s i t %  from a l l  i n -  
t e n s i t i e s  in the I ( ~ )  curve p r i o r  to c a l c u l a t i o n  of  R(~) .  The R(G) curves 
were smoothed by a runn ing  mean smoothing procedure (29) and in o rder  to 
improve the s igna l  to no ise r a t i o  two R(~) curves from separa te  runs 
were f i n a l l y  added f o r  each tempera tu re .  The r e s u l t s  are shown in F ig .  1 
where the h i ghes t  i n t e n s i t y  in an R(~) curve f o r  each tempera tu re  was 
normal ized  to the same he igh t  and curves at d i f f e r e n t  tempera tu res  (A-C) 
were then p laced above each e t h e r .  

RESULTS AND DISCUSSION 

F ig .  IA (26°C) and F ig .  IB  (50°C) show a r a t h e r  sharp band w i t h  a 

maximum at 115 cm - I  and a weaker and broader  shou lde r  at 70-80 cm - I  

The band at  115 cm - I  has d isappeared comp le te l y  at  92°C (F ig .  IC) at 

which tempera tu re  the R(~) curve is  dominated by the broad band w i th  

- I  maximum at ca. 70 cm . Recen t l y  ( 1 7 - 1 9 ) ,  we ass igned broad bands w i th  

maxima between 65 and I00 cm - I  to modes i n v o l v i n g  d isp lacements  o f  water  

as we l l  as d isp lacements  of  atoms in the n i t r o g e n  c o n t a i n i n g  bases of  

the n u c l e i c  ac i ds .  By hydrogen bonding between 5'-GMP molecules ( s e l f -  

a s s o c i a t i o n )  a r a t h e r  sharp band appeared at ca. 115 cm - I  and t h i s  band 

was p r e l i m i n a r y  ass igned to a mode i n v o l v i n g  atoms in the hydrogen bond. 

Our recen t  i n v e s t i g a t i o n s  of  model compounds (20,  21 ,24 ,25 )  con f i rm  

t h i s  ass ignment .  I t  is  thus s t r a i g h t f o r w a r d  to ass ign  the band at 115 

- I  cm in F ig .  IA and F ig .  IB to a mode i n v o l v i n g  atoms in the Watson- 

Cr ick  hydrogen bonds between bases w i t h i n  tRNA, and most p robab ly  an 

" o u t - o f - p l a n e "  mot ion as shown in F ig .  2, in analogy w i t h  r e s u l t s  from 

the model compounds ( 2 0 , 2 1 , 2 4 , 2 5 ) .  The hydrogen bonds are know to break 

at  tempera tu res  between 40°C and 60°C (11 ,30)  and the d isappearance 

of  the 115 cm - I  band in the spectrum at ca. 90°C thus s t r o n g l y  c o r r o -  

bora tes  the ass ignment  o f  t h i s  band to a mode i n v o l v i n g  hydrogen bond- 

ing between the bases. The broad band at  ca. 70 cm " I  is  ass igned to 

s tacks  of  bases non hydrogen bonded to each o the r  in complete agree-  

ment w i th  our p rev ious  o b s e r v a t i o n s  on mononuc leo t ides  (17 -19 ) .  
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0 100 200 300 cm -1 

Figure I Smoothed R(~) curves of a ca. 10% aqueous so lu t i on  of tRNA 
from Escher ichia c o l i .  A l l  s-pectra were obtained in I - c o n f i -  

gu ra t ion .  The maximum i n t e ~ y  in a given curve was normalize~Vto the 
same ~eight  fo~ a l l  curxes and t~e curves wer~ placed above each o ther .  
A: 26vC, B: 50vC, C: 92vC, D: 26 C, and E: 90 C, see t e x t .  

Th is  band at  a reduced i n t e n s i t y  is  a l so  p r e s e n t  a t  26°C and 50°C 

i n d i c a t i n g  the p resence  o f  some bases non hydrogen bonded to each 

o t h e r .  

The band at  ca. 170 cm - I  in  F ig .  IA-C is  in  accordance  w i t h  p re -  

v ious  r e s u l t s  ( 14 ,28 )  ass i gned  to w a t e r .  The i n t e n s i t y  was r e p o r t e d  

to dec rease  d r a s t i c a l l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e ( 2 7 , 3 1 , 3 2 ) ,  where -  

as the  f r e q u e n c y  was lowered  on l y  I0 cm - I  f rom room t e m p e r a t u r e  to 

80°C (28 ) .  A c c o r d i n g l y ,  the  i n t e n s i t y  o f  the  170 cm - I  band decreases  

from F ig .  IA to F ig .  IC. 

The band w i t h  a maximum at  115 cm - I  ass igned  to the  Wa tson -Cr i ck  

base p a i r i n g  appears aga in  in F i g .  ID, which shows the  R(~) cu rve  

a f t e r  c o o l i n g  down from 92°C to 26°C w i t h i n  a p e r i o d  o f  ca. 12 h rs .  

and the p r e v i o u s l y  r e p o r t e d  ( 11 ,30 )  r e v e r s i b i l i t y  upon t e m p e r a t u r e  

seems s u p p o r t e d .  However ,  the  band at  115 cm " I  in  F ig .  ID is  somewhat 
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rib H rib 

Figure 2 An approximate descr ip t ion  of an out of plane motion invo lv ing 
atoms in the hydrogen bond. The plus and minus signs mean in 

and out of the plane, respec t i ve ly .  

b roader  than the co r respond ing  band before  hea t ing  (F ig .  I A ) ,  which 

might  i n d i c a t e  t h a t  a l though  hydrogen bonds again are formed between 

bases, some minor  s t r u c t u r a l  d i f f e r e n c e s  may e x i s t  between heated and 

non heated tRNA ; The sample was again heated to 90°C and as shown 

- I  - I  in F ig .  IE the i15 cm band d isappeared and on ly  the band at 70-80 cm 

due to s t a c k i n g  is  observed.  

The high f requency  pa r t  o f  the i n d i v i d u a l  R(~) curves d i f f e r  some- 

what.  This  i s  due to a smal l  change in f l u o r e s c e n c e  upon h e a t i n g ,  chang- 

ing the background c o r r e c t i o n  a l i t t l e .  The i n t e n s i t y  o f  the water  band 

at  ca. 170 cm " I  may a lso  depend somewhat upon t h i s  background c o r r e c t i o n  

whereas the i n f i u e n c e  upon bands at lower f r equenc ies  is  i n s i g n i f i c a n t  

(26 ) .  

The method desc r ibed  in t h i s  communicat ion a l lows  a d i r e c t  expe r imen ta l  

o b s e r v a t i o n  of  a v i b r a t i o n  of  atoms d i r e c t l y  i n v o l v e d  in the Watson-Cr ic  

base p a i r i n g  of  tRNA from E s c h e r i c h i a  c o l i  and the s t r u c t u r a l  changes 

could d i r e c t l y  be f o l l o w e d .  S i m i l a r  modes (F ig .  2) are expected f o r  

o the r  RNA molecules w i t h  base p a i r i n g .  A l though the impor tance of  

v i b r a t i o n a l  coup l i ng  between low f requency  modes, even at f r equenc ies  

lower than those i n v e s t i g a t e d  in t h i s  work has been emphasized from 

t h e o r e t i c a l  v i e w p o i n t s  ( I - 1 0 )  we b e l i e v e  t h a t  the expe r imen ta l  d e t e r -  

m ina t i ons  of  low f requency  modes by R(~) techn ique  may be h e l p f u l  in 

c l a r i f y i n g  these aspec ts .  A s p e c i f i c  example s h a l l  be g i ven .  In o rder  

to ach ieve a maximal dynamical  coup l i ng  between d i f f e r e n t  mo lecu les ,  

these should show n e a r l y  c o i n c i d i n g  f r e q u e n c i e s .  Neat l i q u i d  formamide 
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- I  (20 ,21)  e x h i b i t s  two bands o f  n e a r l y  equal i n t e n s i t y  at 192 cm and 

- i  - I  I I 0  cm N-methy l formamide (20 ,25)  shows below 200 cm a s t rong  band 

at 112 cm - I  and N,N-d imethy l fo rmamide  (20 ,25)  a s t r ong  band at 65 cm - I  

The l lO  cm - I  band f o r  formamide and the 112 cm - I  band f o r  N-methy l fo rm-  

- I  amide are both very  c lose  to the v i b r a t i o n a l  f requency  at  I i 5  cm f o r  

the mode shown in F ig .  2. Formamide and e s p e c i a l l y  N-methyl formamide 

are known to show t e r a t o g e n i c  e f f e c t s  (33-35)  and a p l a u s i b l e  mechanism 

f o r  the p h y s i o l o g i c a l  e f f e c t  o f  these molecu les  is  a v i b r a t i o n a l  c o u p l -  

ing th rough the 110-115 cm - I  bands, which would p e r t u r b  the hydrogen 

bonding between the bases in  n u c l e i c  a c i d s .  Th is  hypo thes i s  is  suppor ted  

by the f a c t  t h a t  N ,N-d imethy l fo rmamide  (20) and tRNA show no resonance 

f r e q u e n c i e s  in  t h i s  f requency  reg ion  and a c c o r d i n g l y  N , N - d i m e t h y l f o r m -  

amide is  repo r ted  to show no t e r a t o g e n i c  e f f e c t s .  Fu r the rmore ,  many che- 

mica ls  and d e r i v a t i v e s  o f  these are known to show mutagenic e f f e c t s  f o r  

which the d e t a i l e d  mechanism is  unknown, but v i b r a t i o n a l  c o u p l i n g  might  

e x p l a i n  some of  these e f f e c t s ,  and an expe r imen ta l  d e t e r m i n a t i o n  of  the 

low f requency  v i b r a t i o n s  is  thus i m p o r t a n t .  Formamide and N-methy l fo rm-  

amide are known to show an a n t i c a n c e r  e f f e c t  ( 3 6 - 4 5 ) ,  which is  e a s i l y  

unders tandab le  from the c o u p l i n g  mechanism desc r ibed  above. We hope t h a t  

f u r t h e r  aspects  o f  a d e t a i l e d  knowledge of  the low f requency  v i b r a t i o n s  

due to hydrogen bonding might  g ive  a b e t t e r  s e | e c t i o n  o f  drugs used in  

the rapy  of  some cancer  forms. 
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