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SUMMARY 

Polyriboadenylic acid undergoes a pronounced structural transition in the vicinity 
of pH 6. This may be followed by spectral, hydrogen ion titration, or light-scattering 
methods. An .increase in ionic strength serves to extend the region of transition to 
more acid pH's and also to accelerate the rate of transition at a given pH. 

Aggregation of the acid stable form is favored by increasing ionic strength or 
polymer concentration. 

INTRODUCTION 

In two preceding papers of this series polyriboadenylic acid (poly A) has been shown 
to possess a group which binds a hydrogen ion in the vicinity of pH 61, 2. The corre- 
sponding titration curve was markedly asymmetrical and abnorlnal]y steepened. 
Furthermore, in contrast to the case of adenosine monophosphate (AMP), the 
monomer, titration of this group was found to be accompanied by a pronounced change 
in the ultraviolet absorption spectra 2. Inasmuch as prior blocking of the 6-amino 
group of adenine by formaldehyde pretreatment served to largely eliminate hydrogen 
ion binding in this region, the observed pK was attributed to the adenine group 
itself 2. 

Titration of the adenine group has been found to be accompanied by important 
changes in the physical properties of the polymer, in particular by an increase in 
sedimentation constant, an increase in molecular weight, and, at low ionic strengths, 
by a decrease in the radius of gyration 2-4. FRESCO, DOTY, and coworkers have found 
hydrodynamic and X-ray evidence that when the transition to an acid pH occurs at 

* The opinions expressed herein are those of the writers and are not to be construed as official 
or reflecting the views of the Navy or the naval service at large. 
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fairly high polymer concentration the resultant aggregates appear to have an ordered 
helical structure 4, 5. 

I t  is the purpose of the present paper to explore the effects of several factors 
upon the structural transition, with a view toward clarifying the conditions under 
which the formation of helices can occur and establishing the relationship between the 
optical and structural alterations. 

E X P E R I M E N T A L  

A. Matcrials 

Polyriboadenylic acid was prepared by the action upon adenosine diphosphate 
of the ribonucleotide phosphorylase isolated from M. lysodeikticus. The method of 
enzyme isolation and the details of preparing the polymer have been described 
elsewherer, 7. The copolymer of polyadenylic and polyuridylic acids was prepared in 
an analogous manner, the initial mole ratio of monomers being 3:1. The composition 
of the product was computed from the ultraviolet extinction at 255 mtz of its alkaline 
hydrolysate at  p H  12 and pH 7- The ratio d255, pI~ 1~.0/d255, pH 7.0 is equal to [14.8 x + 
7.1 (I - -  x)] / [14.8 x + 9.0 (I - -  x)] where x = mole fraction of adenylic residues. 

The urea employed was recrystallized twice from ethanol. Analytical grade 
reagents and glass redistilled water were employed for all investigations. 

B. Methods 

Measurements of optical density were made employing a standard Beckman 
model DU ultraviolet spectrophotometer. The latter was equipped with a cell holder 
possessing coils for circulation of fluid from a thermostat, thereby permitting 
temperature regulation between 5 ° and 5 °0 . 

The procedure for obtaining hydrogen ion titration data was as follows. 7.0 ml 
of solvent were introduced into a thermostat ted titration cell, stirred magnetically, 
and equipped with a nitrogen bubbler. The tank nitrogen employed was bubbled 
through two flasks containing o.I M HCI and glass-redistiUed water, in that  order, 
to remove any traces of N H  8. The solvent was t i trated to pH 3.8, flushed with nitrogen 
for 30 minutes to remove any dissolved CO S, and then backtitrated to neutrality with 
standardized o.I M NaOH, using a calibrated microsyringe. The solvent blank 
thereby obtained was subtracted from the corresponding titration figures for the 
polymer solution. To the solvent at pH 7--7.5 was added a small volume (o.I-I.O ml) 
of concentrated polynucleotide solution, an equivalent volume of solvent having been 
first removed. The resultant solution was titrated to pH 3.8 with standard o.I M HCI 
and backt i t ra ted to pH 7 with o.I M NaOH. pH was measured by means of a Beckman 
model G bat tery operated pH meter, equipped with external electrodes. Preliminary 
standardization of the meter  was always made with standard buffers of pH 6.86 and 
pH 4.00. When titration was performed at an elevated temperature the meter was 
first restandardized at tha t  temperature. 

Light-scattering measurements were made with a Phoenix light-scattering 
photometer. The absolute calibration of the latter has been described elsewhere 3. The 
relative scattering intensity as a function of angle was determined using a cylindrical 
cell with planar exit and entrance windows which was furnished by the above 
company. After determination of the scattering envelope the absolute reduced 
intensity at 9 °o was measured in a standard square cell, thereby permitting computa- 

Re/erences p. i7 6. 



I 6 8  R . F .  STEINER, R. F. BEERS VOL. 32  (1959) 

tion of absolute reduced intensity as a function of angle. The scattering envelope was 
corrected for the contribution of the beam reflected by the exit window according to 
the procedure described elsewhere a. Prior to measurement each solution was clarified 
by centrifugation at 20,000 g in a Sorval centrifuge until constant scattering properties 
were attained. 

Concentration of poly A in AMP units was determined by heating I ml aliquots of 
solution plus 0.5 ml of I M NaOH at IOO ° for 3o minutes, diluting to 25 ml, and 
reading the optical density at 259 m/~. The value of 1.54" lO 4 taken from the Pabst  
tables was employed for the molar extinction coefficient of adenosine monophosphate 
(AMP). 

Ultracentrifugal measurements were made with a Spinco model L ultracentrifuge 
equipped with a phase plate. 

When the Archibald technique for computing molecular weights was employed, 
the procedure followed closely that  recommended by SCHACHMAN 9. The lower 
meniscus was obtained by the use of a layer of silicone oil. To avoid the necessity of 
an absolute area calibration, total concentration was determined in arbitrary units 
by means of a separate run with a synthetic boundary cell. The plates were enlarged 
and projected upon millimeter graph paper, and then traced. 

RESULTS 

2. TITRATION DATA 

A. Effect o/ionic strength, concentration, and temperature 

Fig. I compares the rate of hydrogen ion binding of a high molecular weight 
sample of poly A at pH 5.9 as a function of ionic strength. The rate is relatively slow 
at an ionic strength of o.oi and increases markedly with increasing ionic strength. 
At an ionic strength of o.I the rate is immeasurably fast, equilibrium being attained 
within the time of mixing. 

Fig. 2 gives the equilibrium values of bound hydrogen ion at two ionic strengths. 
The data cited were attained by titration from acid to alkaline pH's.  Under these 
conditions equilibrium is attained relatively rapidly. I t  may be seen that  an increase 
in ionic strength has the effect of displacing the characteristically abrupt onset of 
titration to a more acid pH and thus to extend the pH zone of stability of the alkaline 
form of the polymer. 

An increase in ionic strength has thus a two-fold effect upon the hydrogen ion 
binding properties of polyadenylic acid. While it displaces the zone of the abrupt  onset 
of hydrogen ion binding to a more acid pH it also greatly enhances the rate of binding 
at a pH acid to this value. 

Fig. 2 includes data for poly A at three concentrations for an ionic strength of o.I. 
I t  can be seen that  a five-fold variation of concentration had no important influence 
upon the shape of the titration curve under these circumstances and in particular had 
no influence upon the position of the transition zone. 

Fig. 3 compares the titration curves of poly A at two temperatures in o.I M KC1. 
While the general shape of the curve is not markedly altered at the more elevated 
temperature there is a perceptible displacement of the steep onset of titration to more 
acid pH's.  
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Fig. I. The change wi th  t ime in the extent  of 
hydrogen  ion binding by  poly A XV upon ad- 
just ing the p H  f rom 7 to 5.9 at  26 °. 1.99. lO-3 
mmoles  of poly A (in nucleotide units) are 
present  in 7.o ml solution. • o.oi M KC1; 

0 o . o 4 2 M  KC1; • o . I o M  KC1. 
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Fig. 2. The t i t ra t ion curve of poly A XV as a 
funct ion of ioinc s t r eng th  and po lymer  con- 
centration. The ordinate gives the numbe r  of 
moles of hydrogen ion bound per nucleotide 

unit.  The t empera tu re  is 26 °. O o.i M KC1, o . io  mmoles  nucleotide/1; A o.i M KC1, 0.27 mmoles  
nucleotide/1; [] o.I M KC1, 0.46 mmoles  nucleotide/1; • o.oi M KC1, 0.53 mmoles  nucleotide/1. 
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Fig. 3- The t i t ra t ion curve of poly A X I V  at 
two tempera tures  in o. I M KC1. The concen- 
t ra t ion of poly A is 0.52 mmoles  nucleotide/l. 
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Fig. 4" Ti t rat ion curve for poly A X I V  in o.i M 
KC1 and 33% ethanol  (by volume) at  27 ° . 
The concentrat ion of poly A is 0.57 mmoles  

nucleotide/1. 
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B. The egect o/ethanol 

Fig. 4 shows a t i t ra t ion  curve in 33 % ethanol .  The general features  of the normal  
poly  A t i t r a t ion  curve a p p e a r  to be re ta ined  in this mixed  solvent,  a l though the 
apparent region of t rans i t ion  appears  to be displaced s l ight ly  to the alkaline. However ,  
because of inevi table  uncer ta in t ies  in the  behav ior  of the glass electrode in this mixed  
solvent,  l i t t le  quan t i t a t ive  significance can be assigned to  this  l a t t e r  observat ion.  

II. ULTRAVIOLET EXTINCTION 

A. The effect o/ionic strength 

At  a p H  acid to the  t rans i t ion  region for the entire range of ionic s t rengths  the 
effect of ionic s t rength  is to m a r k e d l y  accelerate the  ra te  of the opt ica l  change, unti l ,  
a t  an ionic s t rength  of o.I ,  the change is complete  within the  per iod of mixing. This 
results,  which is i l lus t ra ted  b y  Fig.  5, is in accordance with  wha t  would be an t ic ipa ted  
from the t i t r a t ion  results.  

On the o ther  hand,  an increase in ionic s t rength  also serves to displace the region 
in which the ra te  of t rans i t ion  becomes appreciable  to more  acid pH 's .  Thus the  curve 
of the var ia t ion  of ra te  wi th  p H  is bo th  s teepened and  displaced, unt i l  a t  an ionic 
s t rength  of o.I  the ra te  changes from immeasurab ly  slow to immeasurab ly  fast over 
a ve ry  small  p H  interval  ( <  o.I  p H  unit).  This po in t  is i l lus t ra ted b y  Fig. 6. 
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Fig. 5. Var i a t ion  in ds5 ~ wi th  t i me  a t  p H  5.7 
for poly  A X V I  (o.o33 m m o l e s  nucleotide/1) a t  
three ionic strengths. O o.oi M NaOAc; 
• o.oi M NaOAc, o.oi M KC1; (~ o.oi M 

NaOAc, o.o 3 M KC1. 

B. The effect o/temperature and urea 
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Fig. 6. Relative variation in d257 with pH for 
poly A XVI (0.033 mmoles nucleotide/1) 
iooo seconds after adjustment to the given pH 
from pH 7- O o.oi M NaOAc; (~ o.oi M 
NaOAc, o.oi M KC1 ; 0 o.oi M NaOAc, 0.03 M 

KC1; • o.oi M NaOAc, o.I M KC1. 

Figs.  7 and  8 show the var ia t ion  in ext inc t ion  at  257 m ~  wi th  p H  a t  two tem-  
pera tures  in the presence and  absence of 7 M urea. At  the ionic s t rength  considered 
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(0.I) an  increase in t e m p e r a t u r e  from 26 ° to 45 ° serves to displace the  zone of t r an -  
s i t ion to more  acid  pH ' s ,  bu t  leaves the  general  shape of the  curve unal te red ,  in 
accordance  wi th  the  t i t r a t ion  da ta .  Whi le  the  ext inc t ion  of the  alkal ine form is ap-  
p rec iab ly  sensi t ive to t empera tu re ,  t ha t  of the  acid  is essent ia l ly  una l te red  b y  the 
t empera tu re  increase. 

The presence of 7 M urea  has a pronounced  hyperchromat ic  effect upon the 
alkal ine form of po ly  A. The increase in ext inc t ion  a t  the  higher  t empera tu re  also 
persis ts  in this  medium.  However ,  the general  na ture  of the var ia t ion  in ext inc t ion  
wi th  p H  is una l te red  b y  the presence of urea  except  for a sl ight appa ren t  d isplacement  
of the  zone of t rans i t ion  to more  acid  pH 's .  In  par t icular ,  the  a b r u p t  na ture  of the  
t rans i t ion  remains,  as well as the  d isp lacement  of the  m a x i m u m  to lower wave lengths 
(252 m~).  

The i m p o r t a n t  and  somewhat  surpris ing conclusion follows tha t  the poly  A 
optical  t rans i t ion  is no t  inh ib i ted  to any  i m p o r t a n t  degree b y  the presence of urea  in 
high concentra t ions .  
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Fig. 7. Variation in d~57 with pH for poly A XIV 
in o.I M KC1. The concentration of poly A is 
0.o57 mmoles nucleotide/1. The insert compares 
spectra at 28 ° for pH 6.5 ( ) and pH 5.0 

{ . . . . .  ). O 28°; • 49 ° • 

Fig. 8. Variation in d ~  with pH for poly A XIV 
in o. I M KC1 and 7 M urea. The concentration 
of poly A is o.o57 mmoles nucleotide/1. The 
insert compares the spectra at 28 ° for pH 6.5 
( ) a n d p H  5.1 ( . . . . .  ). O 28°; • 49 ° • 

C. The effect o/alkaline degradation 

Fig.  9 compares  the var ia t ion  of the  ex t inc t ion  a t  257 m F  wi th  p H  for po ly  A a t  
several  s tages  of a lkal ine degradat ion .  

To s t u d y  the behav ior  of re la t ive ly  low molecular  weight  samples  of po ly  A a 
acid pH ' s ,  a high molecular  weight  sample  was subjec ted  to a lkal ine  hydro lys i s  as 
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follows. A o.5 % solution of po]y A in o.I M KC1 was titrated to pH lO.8 and heated 
to ioo ° C. Aliquots were withdrawn at regular intervals and neutralized. 

Fig. 9 compares the behavior of two such degraded samples with a high molecular 
weight preparation. It  may be seen that the sepctral change persists at quite low 
degrees of polymerization (~-~ 30). However, the pH of onset is displaced to the acid. 
In addition, the abrupt character of the change is lost, the transition becoming much 
more gradual. The molecular weight of the degraded samples was determined by the 
ARCHIBALD method. 
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Fig. 9. Relative var iat ion of d ~  with p H  for poly A X I  (o.o58 mlnoles nucleotide/l) at  three 
stages of alkaline degradat ion in o.I  M KCL O mol. wt. = 3.2.1o6; ~ moL wt. = 1.5.ioa; 

O, mol. wt. = 1.2. io  4. 

I II .  MOLECULAR PARAMETERS 

A. Effect o/ pH and ionic strength/or polyadenylic acid 

The ultraviolet spectrum of the acid form of poly A is remarkably independent 
of conditions, suggesting that the environment of the chromophore is similar in all 
cases. However, as Table I shows, the size and shape of the acid form are highly sen- 
sitive to the manner in which the transition is carried out. 

The pronounced increase in molecular weight displayed by poly A at low pH's 
at an ionic strength of o.I suggests the occurrence of aggregation to an important 
degree below pH 5. This is borne out by the detailed Zimm type grids for these 
conditions, as Fig. io and Table I show. 

At an ionic strength of o.I and pH < 5 the predominant molecular effect is 
clearly aggregation. An interesting point is that, despite the demonstrated 
reversibility of the effect, the aggregates show no sign of any pronounced dissociation 
upon dilution. This presumably reflects the very low rate of the dissociation process. 

When the pH is adjusted to an acid value in water, followed by addition of KC1 
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T A B L E  I 

M O L E C U L A R  W E I G H T S  A N D  D I M E N S I O N S  OF P O L Y R I B O A D E N Y L I C  A C I D  AT A C I D  A N D  A L K A L I N E  p S ' s  

v.,p...,~o, pi~ so~.... ~o~..,.,~.*M'i"'" M~,** x.o-, <~ ,g> ' / . *"  

Poly A X I V  6. 5 o.oi  M NaOAc, o.i  M KC1 2.2 840 
4.1 o.o1 M NaOAc, o.i  M KC1 o.o44 13. 3 141o 
4.1 o.oi  M NaOAc, o.i  M KC1, 0.046 6.6 

7.7 M urea 

Poly A XV 6. 5 o.oi  M NaOAc 2.50 lO9O 
4-7 o.oi  M NaOAc 0.028 3.7 69o 
4.7 o.oi  M NaOAc 0.47 4.2 760 

Poly A U I I I  6. 5 o.o1 M NaOAc, o.I  M KC1 0.48 45 ° 
3.3 o.oi  M NaOAc, o.I M KC1 0.083 0.52 240 

Poly A X V I I  6.5 o.oi M NaOAc, o.i  M KCI 2. 4 77 ° 
5.6 o.I  M NaOAc o.115 2.7 83o 
5.6 o.i M NaOAc o.69 5.5 162o 

Poly A X X  6.5 o.oi  M NaOAc, o.i  M KC1 0.44 400 
4.0 o.oi  M NaOAc, o.i  M KC1 0.065 1.54 680 
4.0 p H  altered in HzO, 

t hen  electrolyte added to 
o.oi  M NaOAc, o.i  M KC1 o.065 i.o2 57 ° 

* W h e n  cited this refers to the concentrat ion at  which the p H  was altered to an acid value. 
* * Weight-average molecular weight.  

** * Weight-average radius of gyration, computed  assuming a " r a n d o m "  distr ibut ion of particle 
sizes. 

c_ 
Ro 

.20 

.15 

.10 

.05 

Fig. io. Z imm type  grids for poly A X I V  at  two 
p H ' s  and ionic s t rengths .  O o.ox M NaOAc, 
p H  6.6; • o.o1 M NaOAc, o.1 M KC1, p H  4.i.  

• 5O 1.00 1.50 
Sin2-~ + I O C  
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to an ionic strength of o.I, the increase in molecular weight is less, and the relative 
extension greater, than when the pH is adjusted directly in o.I M KC1 (Table I). 

The increase in molecular weight at pH's  ~ 5 likewise proceeds to a high value 
in 7 M urea, as Table I shows. Thus the intermolecular aggregation process as well as 
the spectral change can proceed in this medium. 

At the lower ionic strength of o.oi aggregation occurs to a much smaller degree 
for comparable poly A concentrations. In addition there is also a considerable 
shrinkage in radius of gyration, as Table I shows. 

B. Behavior o/an adenylic,--uridylio copolymer 

In the case of the adenylic-uridylic copolymer, the variation in Rg0 with pH is 
gradual, paralleling the spectral variation. Furthermore, the increase in Rgo does not 
proceed to an extent comparable to that  observed for poly A, suggesting that  aggrega- 
tion occurs to a much lesser degree. This latter is borne out by the detailed computation 
of the molecular parameters, as Table I shows. No important  increase in molecular 
weight is observed even at pH 3.3, in o.I M KC1, under conditions which in the case 
of poly A itself are accompanied by pronounced aggregation. A considerable 
shrinkage in the radius of gyration is however observed and it is presumably to this 
intramolecular process that  the variation in Ro0 is to be attributed. 

Thus the "dilution" of the po]y A chain by nridylic residues to the extent of 
25 % serves to eliminate the aggregation process, at least at concentrations < o.r g/1. 

C. E~ect o/poly A concentration 

Table I includes data for the molecular parameters of the acid form of poly A 
as a function of the concentration of poly A at which the transition occurred. I t  can 
be seen that  the molecular weight of the product increased pronouncedly with 
increasing poly A concentration, in accordance with the findings of FRESCO AND 
DOTY4, 5. 

At pH 5.6 and an ionic strength of o.I only about a IO % increase in molecular 
weight occurred if the transition was carried out at a concentration of 0.03 g/1. If it 
was carried out at a concentration of 0.69 g/1 a more than two-fold increase occurred. 

From the preceding it can be seen that  the degree of aggregation of poly A at 
pH's  < 5 is a sensitive function of conditions and is favored by  increasing ionic 
strength or poly A concentration. 

DISCUSSION 

There appears to be substantial evidence that  polyriboadenylic acid, in aqueous 
solution at pH 's  > 6.5, exists as largely unorganized Gaussian coils. This follows 
from the available light scattering and mo]ecular kinetic data and from the accessibility 
of the adenine base to hydrogen ions, formaldehyde, and various dyes, as well as from 
the absence of any thermal denaturation effects 1-5. 

Both the hydrogen ion titration and spectral studies are consistent with the 
occurrence of a marked structural transition in the vicinity of pH 6, depending upon 
the ionic strength. Perhaps the best tentative explanation of the seemingly inconsistent 
influence of ionic strength upon the kinetics and equilibria of the process is as follows. 
An increase in ionic strength serves to reduce the pH at which the transition occurs by 
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minimizing the electrostatic term in the free energy of binding of hydrogen ion, 
thereby reducing the effective p K  of the adenine group. On the other hand it also 
serves to reduce electrostatic repulsion between different poly A molecules as well as 
different segments of the same molecule, thus accelerating the structural transition 
once a critical fraction of the adenine groups has been titrated. 

Perhaps the most crucial aspect of the study of polyfiboadenylic acid at acid 
pH's  is the determination of the conditions favorable to the transition to a helical 
structure and in particular to a doubly stranded helix of the type postulated by 
FRESCO AND DOTY and by CRICK et al.~, s. While a final answer can only come from 
X-ray diffraction data it is reasonable to suppose that  an intermo]ecular transition 
to a doubly stranded helix would be reflected by an increase in molecular weight and 
that  only conditions for which this is observed are consistent with the formation of 
such structures by this mechanism. A double strand could also be formed by an 
intramolecular process 2. 

From the present results it appears that  at initial concentrations < o.I g/l the 
formation of multistranded aggregates is feasible below pH 5 at an ionic strength 
of o.oi and at an ionic strength of o.I, and that  in either case their formation is 
favored by an increase in poly A concentration at the pH of transition. At a ten-fold 
higher concentration of poly A the formation of multistranded aggregates is feasible 
at a pH as high as 5.6 at an ionic strength of o.I. 

The markedly reduced extent of aggregation when the transition is carried out 
at an ionic strength of o.oi and a concentration < o.I g/l, suggests that  a competitive 
formation of helices by an intramolecular process may also be important  here 2. The 
decrease in radius of gyration under these conditions probably reflects the presence 
of numerous gaps in the ordered structure, which endow the molecule with sufficient 
flexibility to shrink upon the relief of electrostatic stress through titration of adenine 
groups. 

I t  is of particular interest that  both the spectral transition and the subsequent 
aggregation can occur in the presence of 7 M urea. This finding serves to accentuate 
the importance of electrostatic forces in accounting for the stability of the acid forms, 
as the latter would be relatively uninfluenced by this unfavorable medium for hydrogen 
bond formation. With regard to the acid stable aggregates it is of interest in this 
connection that  the doubly stranded helical structure suggested for the latter by 
CRICK et al. 8, invokes the close juxtaposition of an adenine and a phosphate group. 
If the positive charge on the adenine is localized at either the 6-amino or the 1-nitrogen 
positions, electrostatic forces should make a strong contribution to the stability of the 
structure. 

The evidence presented to date would appear to implicate the 6-amino and the 
primary phosphate groups in both the spectral transition and aggregation effects, 
in view of the effect of formaldehyde pretreatment and the presence of divalent 
cations 1. 

The observation that  an adenylic-uridylic copolymer does not undergo the 
aggregation process characteristic of poly A at comparable degrees of neutralization 
appears to be consistent with the presence of an ordered doubly stranded structure for 
the latter, as the presence of uridine residues to this extent would be expected to 
disrupt seriously the cooperative bonding essential for the stability of such a structure. 
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SUMMARY 

The diffusion constant, D, of Cypridina luciferase was measured by the porous disk 
method of NORTHROP AND ANSON s, and a value of 7.4" lO-7 cm2/sec was found. This 
would indicate an upper limit of about 80,000 for the molecular weight of this enzyme. 

INTRODUCTION 

Cypridina luciferase is the enzyme which catalyzes the blue luminescent reaction of 
the ostracod crustacean, Cypridina hilgendorfii. The animal ejects the enzyme and 
its substrate, luciferin, into the surrounding sea water where, in the presence of dis- 
solved oxygen, the luminescence occurs 1. 

The purpose of this paper is to record the diffusion constant of this enzyme and 
to describe t h e  measurements upon which it is based. Because the luminescent 
reaction in Cypridina is first order s and requires no other components than luciferase, 
luciferin, water and oxygen, the activity, and hence the concentration, of luciferase 
can be determined from the reaction velocity constant with a high degree of precision, 
even in the presence of protein and other impurities. Consequently, NORTHROP AND 
ANsolq's method 3 of measuring the diffusion constant by observing the rate of passage 
through a porous disk is particularly applicable and yields data of a high order of 
reliability. It is, indeed, the only method applicable at the present t ime since Cypridina 
luciferase is not available in any quantity or in a pure form. 

Re/erences p. 181. 


