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SUMMARY 

I. The conformation in solution of eye-lens proteins obtained from cortical 
extracts of adult bovine lenses, was studied by means of the optical rotatory 
dispersion method. 

2. The rotatory data were analysed according to the modified two-term Drude 
equation, the MOFFITT-YANG equation and the one-term Drude equation. 

3- The lens proteins appeared to consist of a mixture of e-helix, random coil and 
some other structure, which disappeared upon denaturation by acid, alkali or 8 M 
urea, and also in 2-chloroethanol. 

4. From a comparison with other proteins it seems probable that this other 
structure has afl  conformation. 

INTRODUCTION 

The ORD method has proved to be very important for the study of protein 
conformation. Most previous workers in this field have treated their visible and near- 
ultraviolet ORD data according to the MOFFITT--YANG equation I or the one-term 
Drude equation. These equations provide information about the conformation of the 
protein molecules in solution and where no structures other than e-helical and 
random or a mixture of these are present, also give the helix content of the molecules. 
BLOUT, SCHMIER AND SIMMONS 2 found that ORD measurements in the far ultraviolet 
give the same information, making use of the conformation-dependent Cotton effects 
in the I9O-24o-mt~ region. The recent analysis of SHECHTER and co-workers a-5 of 
these Cotton effects led to the introduction of a new equation : the modified two-term 
Drude equation which gives a very good fit of visible and near-ultraviolet rotatory 
dispersion. The advantage of this method is that it not only allows the determination 
of e-helix content of proteins in solution, but also permits the detection of other 
ordered structures. 

The present work describes the ORD of some eye-lens proteins in water and 

Abbrev ia t ion :  ORD,  optical  r o t a t o ry  dispersion.  
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other solvents over a wavelength range of 22o to 55o m~. The rotatory properties of 
poly-L-glutamic acid, bovine serum albumin, fl-lactoglobulin and y-globulin were 
measured for comparison. The results suggest that  the lens proteins do not consist of 
either a-helices, random conformations or mixtures of these two conformations, but  
that  other conformations are involved, which disappear upon denaturation by  urea, 
acid or alkali. In the light of recent publications 6-9 it seems probable that  these 
protein molecules consist of a mixture of a-helices, random conformations and 
structures. 

EXPERIMENTAL PROCEDURE 

Materials 
Poly-L-glutamic acid, crystalline bovine serum albumin, fl-lactoglobulin and 

bovine ~,-globulin were commercial preparations. The lens proteins were obtained 
by  one of us (A.F.V.D.) from cortical extracts of adult bovine lenses1°, n. 

a-Crystallin was prepared by repeated gel filtration on Sephadex G-2oo and 
was shown by  immunoelectrophoresis to be essentially free from the other lens 
proteins. 

Some other fractions, designated by the symbols B, C, D and E, were obtained 
in the same way. Agar-gel electrophoresis revealed that  B, C and D represented most 
of the fl-crystallins. 

Fraction E contained the lens proteins of low molecular weight and was found 
to consist of the y-crystallins, fls- and some other fl-crystallins and pre-a-crystallin. 

fls-Crystallin was obtained in homogeneous form from Fraction E by repeated 
chromatography on DEAE-Sephadex A-5o. 

ORD measurements 
The measurements were made with an automatic recording spectropolarimeter, 

Polarmatic 62 (Bendix Electronics Ltd.) at room temperature in the wavelength 
range of 220 to 550 m~ with an Osram I5o-W xenon lamp. The entrance slit and 
the exit slit were set, respectively, at 0.5 and 0.4 mm in the near ultraviolet and 
at I.O and 0.8 mm in the far ultraviolet. The cells had a pathlength of IO mm and 
the instrument was calibrated at 546 m/z with high-grade sucrose, dissolved in water. 
All solutions were filtered through sintered glass or centrifuged before use to remove 
dust and fibers. 

Concentration 
The protein concentration in the solutions was about o.5 % for measurements 

in the visible and near-ultraviolet region and o.oi To for far-ultraviolet measurements 
and was determined from the absorbance at 280 m~. The extinction coefficients 
(E~°/°m at 280 m/~) were based on dry weight determination after evaporating and 
drying a known amount of solution of the protein in water at IiO ° and cooling in 
a desiccator over PzO s. In some experiments (e.g. with poly-L-giutamic acid) the 
solution was made by dilution of a standard solution, the concentration of which was 
found by  dry weight determination. The uncertainty in the protein concentration was 
estimated at about 2 % and was of the same order or somewhat greater than the 
uncertainty in the rotation, except in the far-ultraviolet region (below 25o m~). 
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Analysis of ORD data 
The observed rotations % were expressed in terms of the reduced mean residual 

specific rotation, IR'~2, i.e. the specific rotat ion I ~ ,  corrected for the mean residual 
molecular weight :1//0 and the refractive index n of the solvent 

3 Mo 
[R'],~ - -  E~].~. ( , )  

IOO(TZ 9 @ 2)  

where [~j~ = IOO %/1c, l is the path length (dm) and c is the concentrat ion of the 
protein (g/zoo ml). For the lens proteins M o was assumed to be 116 (except for fls- 
crystallin, for which M o = 117)  for fl-lactoglobulin and y-globulin 112, for bovine 
serum albumin 118 and for poly-L-glutamic acid 169, according to the observation 
that  poly-L-glutamic acid after drying retains I mote of hydrat ion water  per amino 
acid residue ~2,~a. The refractive indices were taken from Foss AND SCHELLMAN 14. 
The ORD data,  measured in the 3oo-55o-m/~ region were analyzed according to the 
one-term Drude equation 

K 
E'~].~ - (2) 

the MOVHTT-YANo equation 

ao2o 2 bo~.o 4 

JR'I) = ,l" --  ,to ~ + (,t2 _ 202)2 (3) 

and the modified two-term Drude equation 

Al.~aI93  e A2252252 
[R']~, -- + (4) 

~2 __ 1932 ,~2 _ 225') 

RESULTS 

To test the experimental procedure a SHECHTER AND BLOUT plot of helical 
poly-L-glutamic acid in water was made. The coefficients A 225 and A 19a, found from 
this plot, are in excellent agreement with those of SHECHTER AND BLOUT (A2z  5 ~ -  

- - 2 0 5 0 ,  A10 a = + 2900 ). Fig. I shows the common Drude plots of ~-crystallin in 
Tris buffer (o.I M; pH 8.0) and in water. Fig. 2 represents the MOFFITT--YANG plot 
of ~-crystallin in water and Fig. 3 the SHECHTER AND BLOUT plot of a-crystallin in Tris 

,0o y 
• °o "i ./.$..~ - / / S  

..<-2./" 

200 ..,..;:.-;;..- '" 

'm 

100 
I t 1 

100 200 300 ~00 -[~]). 

Fig. i .  ORD data of ~-crysta]]in, plotted according to the one-term Drude equation, i , ~-crysta]]in 
in water; 2, :(-crystallin in o. i  M Tris buffer (pH 8.o). 
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buffer. For the other lens protein fractions the rotatory parameters were determined 
using only the ORD data down to 333 mt~. These measurements were not extended 
down to 300 mt~, because of the appearance of a Cotton effect around 280 mt~, associated 
with the aromatic absorption bands of tryptophan and tyrosine. This Cotton effect 
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Fig .  2. MOFFITT--YANG p l o t  o f  ~ - c r y s t a l l i n  i n  w a t e r .  ~o = 212 m/t .  
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Fig .  3. SHEC~ITER AND BLOUT p l o t  o f  • - c r y s t a l l i n  i n  o. I  M T r i s  b u f f e r  ( pH  8.o). 

has also been reported for some other proteins, e.g. for ribonuclease (cf. GLAZER AND 
SIMMONS15). The ORD curves of the lens proteins between 220 and 300 mt~ are shown 
in Fig. 4. The proteins had to be dissolved in water instead of in o.I M Tris buffer 
because of the high absorption of the buffer in the far ultraviolet. Around 280 m/z 
the anomalous behaviour, corresponding to the aromatic absorption bands, can be 
seen. All proteins showed a slight trough with the minimum value lying between 
233 and 236 mt*. Since polypeptides and proteins of the ~-hel ix-random coil type 
always show a trough at 233 mr* and the magnitude of the rotation at this wavelength 
permits the estimation of ~-helix content of the molecules 2 we derived also from 
Fig. 4 the value of [R']2s3mt~ for the various lens proteins. The optical rotation 
measurements below 220 mt~ became very questionable, ~ e ,  to the high absorbance 
of the proteins and are therefore not rep0rted h e r e ,  i~ • 

The rotatory parameters of the lens proteins and i the three other proteins in 
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some solvents and in various states of denaturation are collected in Table I. The 
coefficients Az93 and A225 from the first and the second column of this table are 
plotted according to the method of SHECHTER AND BLOUT in Fig. 5. The results 
suggest that  the lens proteins do not show great differences in conformation among 
themselves and are not made up of a mixture of ~-helix and random coil alone, because 
they do not fall on the line determined by SHECHTER AND t3LOUT for ~-helical proteins, 

_ i  

i 
*2000 i . . . .  ca- crFstat[in 

- - -  - fraction 8 
. . . . . .  fraction C 

! .................. fraction 0 
! . . . .  fraction E 
! I J3-tact0gt0buLin 

- 11!! ; : ; ¢ - / + "  .... 

1~!,1 ~', ¢i 
i/!~ 1,,; / 
i Itx'.t~ # 

i !  , i  

! i  I i  
i 

-3000 

Fig. 4. ORD curves of the lens proteins and/~-]actog]obutin in the far u l t rav io let .  The proteins 
are dissolved in water. 
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Fig. 5- :Plot of A ==5 v e r s u s  A z~8 for poly-L-glutamic acid, the lens proteins and some other proteins. 
The numbers correspond to the entries in Table I. Poly-l.-glutamic acid in aqueous solution, 
pH 4.66 (m), pH 5.34 (~) ,  pH 8.14 (D). ,e-Helical proteins in aqueous solution and in organic 
solvents are represented respectively by the broken line and the dashed line according to SI~ECHTER 
A~D BLOUT. The inset graph represents ~¢-crystallin in various solvents. 
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e ,, bovine serum albumin,  in water.  The same phenomenon is ot)served for fl-la(:t()- 
globulin and ?,-globulin. All of these prote ins  nmst  therefore contain some other  s truc-  
tures, the ORD of which is different from tha t  for the helix or the random confor- 
mation.  As can be seen in Fig. 5, this s t ruc ture  d i sappeared  for the grea ter  par t ,  or 
completely ,  upon dena tu ra t ion  of ~-crystal l in  by  8 M urea, acid or alkali ,  since the 
d a t a  for the dena tu red  pro te in  fail on or near  the line for co-helix and random-coi l  
proteins.  The dena tu ra t ion  b y  urea  showed a t ime dependence;  af ter  24 h e-crys ta l l in  
seemed to become a mix ture  of c¢-helix and r andom conformat ion only, with a very 
low a-helix content .  The dena tu ra t ion  b y  urea  seemed also to be reversible,  since 
the original s t ruc ture  largely r eappea red  af ter  dialysis  against  Tris buffer. For/3-1acto- 
globulin, the other  s t ruc ture  also d i sappeared  upon dena tu ra t ion  by  urea. I t  is known 
tha t  ~-crystal l in spli ts  up into subuni ts  when it becomes denatured ,  because the 
sed imenta t ion  coefficient s2o,w is 1.8 S in 7 M u r e a  (BLOEMENDAL et al. 16) in cont ras t  
wi th  the  value 19. 4 S in wate r  at  pH 8.1 (SPECTOR AXD KATZ~7). Since the dissociat ion 
into  subuni ts  para l le led  the  d i sappearance  in 8 M urea  of the  non-hel ical  ordered  
s t ructure ,  it  seems ve ry  probable  tha t  this  s t ruc ture  keeps the  subuni ts  together  
in the  na t ive  protein.  The subuni ts  themselves  can fur ther  consist of a mix ture  of 
a-helix and r andom coil. 

The same phenomenon was observed for the  act ion of acid and alkal i  on c¢- 
crystal l in,  which was very  similar  bu t  did  not  show a t ime dependence.  In  these 
solvents too, the  prote in  consisted of a mix ture  of helix and random conformation 
only, with a higher helix content  t han  in 8 M urea. SPECTOR AND KATZ 17 found for 
~-crystal l in  at  p H  2.1 two components  wi th  s20,w values of 1.3 S and 5.9 S, so under  
these c i rcumstances  the  prote in  also dissociates in to  subuni ts .  

The da t a  for ~-crystal l in in 2-chloroethanol  fall near  the line, de te rmined  by  
SHECHTER AND BLOUT, for a-helical  proteins  in organic solvents. The devia t ion  from 
the s t ra ight  line is not  more than  observed by  SHECHTER AND BLOUT for various 
prote ins  in organic solvents.  This means tha t  in chloroethanol  also the original confor- 
ma t ion  which was not  helical or random,  d i sappeared  and was p resumably  t rans-  
formed into a helix, since the  helical content  was much higher in chloroethanol  than  
in wate r  or Tris  buffer solution. The d i sappearance  of this o ther  s t ruc ture  was again 
accompanied  by  a dissociat ion into subunits ,  because we found tha t  s2o,~, was 1.2 S 
in 2-chloroethanol.  

In  conclusion we th ink  t ha t  c¢-crystallin in the na t ive  s ta te  consists of a mix tu re  
of ~-helix, r andom conformat ion and another  s t ructure ,  which keeps the subuni ts  
toge ther  in the  na t ive  protein.  In  8 M urea, acid, alkal i  or 2-chloroethanol  this  s truc-  
ture d isappears  and  the prote in  dissociates into subunits .  The subuni ts  are composed 
of both  helices and random conformations.  The helix content  of the  indiv idual  sub- 
uni ts  decreases b y  the dena tur ing  act ion of urea, bu t  increases b y  the he l ix-promot ing  
solvent  2-chloroethanol.  

As can be seen from Fig. 5 and Table  I, there  was some difference between the 
ORD measurements  for bovine serum albumin,  /5-1actoglobulin and c~-crystallin in 
pure  wate r  and  in Tris  buffer solutions. The results  for bovine serum a lbumin  lead 
to the  conclusion tha t  the  helix content  in water  was somewhat  higher than  in the  
buffer solutions. We th ink  this was an effect of ionic s t rength  ra the r  than  a slight 
dena tur ing  act ion of the  Tris  buffer, since the same effect was found in o.I  M NaCh 
T h e  smallest  effect was shown b y  a-crys ta l l in  and the greates t  by /~- lac toglobul in .  
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Our values for fl-lactoglobulin in water also differ a little from those of SHECHTER 
AND BLOUT. This may have been caused by a small difference of the protein samples. 

The values of b 0 from the MOFFITT-YANG equation, collected in Table I, are 
near zero for the crystallins, suggesting that these proteins have a very low helix 
content. In 2-chloroethanol the helix content was much higher and almost the same 
as that of bovine serum albumin in water, because b 0 was strongly negative and nearly 
the same for both. However, when the protein contains another structure than 
a-helix and random coil only, it is not possible to calculate the helix content from b 0, 
unless the contribution of the other structure to b o is known. 

2c was also very low for the lens proteins. This is typical for a denatured protein, 
e.g. bovine serum albumin or fl-lactoglobulin in 8 M urea. For bovine serum albumin 
in aqueous solutions, and for ~-crystallin in 2-chloroethanol, 20 could not be de- 
termined with any accuracy because the plot of [~]a~2 versus  [al~ did not give a 
straight line. This means that the dispersion was not simple and that the proteins 
presumably contained a rather high a-helix content. For this reason, the ~c values 
for these samples in Table I are placed in parentheses. For Fraction B, 2c was some- 
what lower than for the other lens proteins, although the difference was in the order 
of magnitude of the accuracy (about 2 m~). 

The published [R'123smu values for the helical and the random conformation 
are very uncertain (YANG AND McCABE 12) and vary from --12000 to --18000 for 
a complete a-helix and from --18oo to --2000 for a random coil. In spite of this 
uncertainty, the values for the crystallins in Table I suggest that these proteins did 
not contain a-helix at all, or only a very small fraction. This conclusion, however, would 
be justified only if no structures other than helical and random were present, since 
these structures presumably give a contribution to the rotation at 233 m~. Moreover, 
the value for Fraction B was so low that it seemed not to be a random protein only. 

DISCUSSION 

The most interesting question now is, what other structure or structures may 
be present in the lens proteins and particularly in a-crystallin. Comparing the ORD 
properties of the crystallins with those of other proteins and polypeptides, for example 
fl-lactoglobulin, y-globulin, ovalbumin, lysozyme and poly-L-serine, the conformation 
of which has been studied previously by means of the ORD method and other tech- 
niques, we found it very likely, that fl structures are also present. 

To correlate the rather low levorotation and the low b 0 of fl-lactoglobulin, 
URNES AND DOTY TM supposed that in these protein helices, random conformations and 
fi structures were present. A different explanation is given by TANFORD, DE AND 
TAGGART TM who proposed the occurrence of hydrophobic-bonded areas in fl-lacto- 
globulin. TOMIMATSU AND GAFFIELD e studied the ORD properties of ovalbumin, con- 
albumin and lysozyme in 0.05 M NaC1 and found that the data for these proteins, 
analyzed by the method of SHECHTER AND BLOUT, do not fall on the line for helical 
proteins in aqueous solution. According to these authors it is most likely that the 
three proteins also contain hydrophobic-bonded segments. The occurrence of fl confor- 
mations seems not very probable to these authors, since if these conformations were 
present, they would have to be present as aggregates of denatured protein which is 
not very likely in this case. On the other hand, it is reasonable to conceive the native 
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~-crystallin molecules as aggregates build up of a rather large number  of subunits,  
so tha t  the presence of fi structures is quite possible. 

Concerning the structure of lysozyme, PHILLIPS 9 reported tha t  in this protein 
fl conformations are most  likely present. Thus we think tha t  the structure, found by  
TOMIMATSU AND GAFFIELD in aqueous solutions of lysozyme, which is not  helical or 
random, can at least par t ly  be a fl conformation. 

Recently TIMASHEFF AND TOWNENr) 7 reported that  it is very probable tha t  
in fl-laetoglobulin ,8 structures are present, since the infrared spectrum of an aqueous 
solution of this protein in the native form displays an amide I band  with a max imum 
at 1632 cm -1, a frequency normally associated with the fi conformation, while upon 
denaturat ion a shift to 1643 cm -1 is observed, pointing to a transformation into 
random-coil protein. Preliminary studies of the infrared spectrum of a-crystallin in 
KBr  discs showed an amide I band at 1629 cm -1 supporting the presence of a fl confor- 
mation. For  the c~-helix this band  lies at about  165o cm -1. 

BOHAK AND KATCHALSKI 2° measured the ORD of poly-L-serine and their results 
point to the presence of a/3 conformation. These results were confirmed by  the X- ray  
powder diagram and the infrared data  for poly-L-serine in KBr  discs. The amide I 
band  was found at 1634 cm-h  Remarkable in this respect is the finding of SHECHTER 
AND BLOUT that  poly-L-serine in water also must  contain structures other than 
c~-helix and random coil only. 

TROITSKn s applied the MOFFITT equation, as extended by WADA, TSUBOI AND 
KONISHI 2~ to the conformational analysis of a number  of proteins including/3-1acto- 
globulin, ,/-globulin and ovalbumin. He found that  in all these proteins, except serum 
albumin, fl structures are present. I t  is possible to employ the method of WADA, 
TS~JBOI AND KONISHI for calculating the content of/3 conformation. The results, how- 
ever, are in our opinion not very certain since the measurements of WADA, TSUBOI 
AND KONISHI were carried out in organic solvents and the ro ta tory  constants of 
the fl form, determined by  these authors, are not  in agreement with the results of 
other investigators. (For a detailed review see URNES AND DOTYlS.) Using the data  
of WADA, TSUBOI AXD KONISHI we calculated the fraction of ~-helix (fll), t3 confor- 
mation (fa) and random coil (fR) for e-crystallin in the native form and in some states 
of denaturat ion,  by  means of the following equations proposed by  IMAHOR122. 

a0 = a0 ~ + / ~  ~0 ~ + & ~0a (5~ 

b0 = / H  bY + & bo a (6) 

/ i ~ + / ~ + / a =  i (7) 

Here ao 1~ means the contribution to a 0 from the completely disordered protein, ao H, aofl , 
b011 and be 8 are the values of aoand bofor the co-helix and the ~ conformation, respectively. 
The random coil does not  give a contribution to b o. For  these constants we used the  
following values : a0~ = - -  730, a0 H -= + 650, ace = + 840 , b0ll = - -  630 and b0~ = 
+ 42o. The results of the calculation are collected in Table II .  The low absolute value 
of b o for the lens proteins can be explained by  supposing tha t  the proteins contain both 
helices and fl structures, because the contribution to b o is negative for the helix and 
positive for the fl conformation. For  both  structures the contribution to a 0 is positive 
bu t  for the random coil s trongly negative. This explains why, on denaturat ion of 
~-crystallin, b0 does not  change much but  a o becomes more negative since helices and 
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structures may  be broken by  the denaturing agent. For a0 R we used the value 
found for a-crystallin in Tris buffer plus 8 M urea after 65 h. However, it is not certain 
that  the protein was completely disordered in this case. Moreover, it is not certain 
either that  in other solvents (e.g. in Tris buffer without 8 M urea) a0R does not alter. 
So the data in Table I I  must  be considered with some reserve. 

T A B L E  I I  

FRACTIONS OF THE HELIX,  RANDOM COIL AND ~ FORM OF 0~-CRYSTALLIN IN VARIOUS SOLVENTS 

Solvent bo ao f H ft~ f R 

Tris  --13 --295 0.24 0.33 0.43 
Tris  + 8 M urea  --  2 --457 o.15 0.22 0.63 
Tris  + 8 M urea  (24 h) - -  6 --639 o.05 o.06 0.89 
Tris  + 8 M urea  (65 h) + 3 --731 o.oo o.oo i .oo 
Tris  (urea r emoved  by  dialysis)  --32 --323 0.25 o.29 o.46 
HC1 (pH 2.7) --47 --625 o . Io  0.o 4 0.86 

In conclusion we can say that  the eye-lens proteins must contain other structure 
or structures than ~-helical or random conformations only. I t  seems very probable 
that  this other structure (or at least one of them) is the fl conformation. We are aware 
of the fact that  the presence of fl structures has not been proved and that  this confor- 
mation is not per se the only possibility, but we think it gives a reasonable explanation. 

I t  is known that  the eye lens has a layered structure ~3 and that  fl conformations 
in proteins can lead to the formation of flat structures. When these flat frames indeed 
give rise to the forming of layers it would be possible for the/3 conformation in the 
lens proteins to be responsible for the particular structure of the eye lens. Moreover 
the transformation of ~-crystallin into insoluble albumoid during aging of the eye 
lens may  be ascribed to the known tendency of fl structures to aggregate (cf. ref. 24). 
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