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Summary 

Insulin degradation by glutathione-insulin transhydrogenase has been 
studied using three different assay procedures: the measurement of  the change 
in insulin immunoreactivity;  the formation of  5% trichloroacetic acid-soluble 
radioactivity from 1 2 s I-labeled insulin and the formation of  GSSG via coupling 
to the oxidation of  NADPH with the use of  glutathione reductase. The extent  
o f  reaction as measured by  each assay was different, and the ratios between the 
assays were no t  constant  with time. Kinetic experiments with the NADPH- 
coupled assay and the trichloroacetic acid assay yielded similar results: Line- 
weaver-Burke plots with insulin as variable and GSH as fixed substrate gave a 
set of  straight, intersecting lines, and such plots with GSH as variable and 
insulin as fixed substrate were parabolic. Apparent  Km values for insulin at 
1 mM GSH were found to be quite similar by three assay techniques; however, 
the V values per unit of  enzyme protein varied considerably with different 
procedures. The results are interpreted as indicating that  immunoreactivity is 
lost after reduct ion of  only one of  the disulfide bonds of  insulin whereas the 
two interchaln disulfide linkages must be broken to produce the trichloroacetic 
acid-soluble A chain. The results of  the NADPH-coupled assay suggest that  all 
three disulfide bonds of  insulin are possible substrates for  the enzyme. The 
trichloroacetic acid precipitation assay seems to be the most  practicable techni- 
que for  general use because of  the greater ease in performing large number  of  
samples, precision and sensitivity. 

* For the preceding paper in the series, see ref. 46. 
** Current address" Biosc ience  Research,  Dow Coming Corp., Midland, Mich. 48640. 
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Introduction 

Insulin degradation may be measured in a variety of ways, such as by 
bioassay [1] or immunoassay of residual insulin [1--6], by immunoassay of A 
and B chains formed from insulin [7--9], by paper or gel chromatography of 
the products of degradation [3,5,8--13], by precipitating intact insulin (plus B 
chain aggregate) with 5% trichloroacetic acid (in which A chain is soluble) 
[10,13--28], by adsorption of intact insulin to talc, charcoal, or cellulose [29], 
or by measuring the GSSG formed concommitantly with insulin degradation by 
glutathione-insulin transhydrogenase (thiol: protein disulfide oxidoreductase, 
EC 1.8.4.2) via coupling the reduction of GSSG to the oxidation of NADPH 
with glutathione reductase [1,2,17--19,25,26,30,31]. In practice, only three of 
these assays have been used routinely: precipitation by trichloroacetic acid, 
immunoassay of insulin and the glutathione reductase-coupled reaction. How- 
ever, each of the other assay techniques have been used for specific purposes; 
for example, both gel chromatography and immunoassay of A chain have been 
used to demonstrate that glutathione-insulin transhydrogenase provides the 
obligatory first step in insulin degradation in several tissues [8,9,13]. 

Glutathione-insulin transhydrogenase catalyzes the cleavage of disulfide 
bonds of insulin and can utilize a variety of thiol cosubstrates including GSH; 
the reaction has been found to proceed via a complex random mechanism [32] 
with uncertain overall stoichiometry. Each of the commonly used assays pos- 
sibly measures a different facet of the reaction: loss of immunoreactivity might 
result from breaking any of the three disulfide bonds of insulin, the formation 
of the trichloroacetic acid-soluble product A chain requires the disruption of 
both interchain disulfide bridges and the glutathione reductase-coupled spectro- 
photometric assay might measure the GSSG formed concommitant to reduction 
of any disulfide bond during insulin degradation. No direct comparison of the 
three assays has been reported. The present study was undertaken to assess, 
with the use of purified glutathione-insulin transhydrogenase, the relative 
merits of the assays. 

Results indicate that the trichloroacetic acid precipitation assay is prob- 
ably the most convenient procedure for routine use. The data suggests the 
following conclusion about the stoichiometry and mechanism of the reaction 
catalyzed by glutathione-insulin transhydrogenase: Consistent with the classic 
observation that the destruction of one disulfide bond results in total loss of 
hormonal activity [33--35], the cleavage of one disulfide bond of insulin by 
transhydrogenase probably results in the total destruction of insulin immuno- 
reactivity, the formation of the trichloroacetic acid-soluble product A chain 
requires the disruption of both interchain disulfide bridges, and in agreement 
with the report of Katzen et al. [1], all the three disulfide bonds appear to be 
susceptible to the action glutathione-insulin transhydrogenase. 

Methods 

Glutathione-insulin transhydrogenase purified from bovine pancreas as 
previously described [18,36,37] was used in all experiments. 12 s I-labeled in- 
sulin was prepared by the chloramine-T method [38--40], and was purified by 
chromatography on Sephadex G-50 [23]. The procedure used yields insulin 
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with an average of  0.6 a tom 12 s I per insulin molecule, with 90% of  the label 
at tached to the A chain and 10% to the B chain. Yeast glutathione reductase 
was obtained from Sigma or Boehringer-Mannheim. Spectrophotometr ic  mea- 
surements were done with a Beckman DB-G spect rophotometer  coupled to 
Photovolt  logarithmic recorder (1.0 absorbance unit  full scale). 

The standard incubation buffer  was 0.15 M potassium phosphate/25 mM 
EDTA (pH 7.5). In experiments at insulin concentrations greater than 27 pM, 
this buffer  was diluted 1 : 3 to avoid turbidity;  no differences in velocities were 
observed between these two buffer systems. All incubations were carried out  at 
37 ° C. 

For measurements by immunoassay or trichloroacetic acid precipitation, 
the reaction mixture (containing 4 mg bovine serum albumin, 1 #mol  GSH and 
2 pg of  glutathione-insulin transhydrogenase in 0.9 ml of  buffer) was prein- 
cubated for 5 min at 37°C; the reaction was started by the addition of  0.037--  
27 nmol of  insulin (with a trace amount  of  12 s I-labeled insulin in the case of  
the trichloroacetic acid precipitation assay) in 0.1 ml of  buffer. In the trichlo- 
roacetic acid precipitation assay [23 ,24] ,  the reaction was s topped by the 
addition of  1.0 ml of  10% trichloroacetic acid, the precipitate was collected by 
centrifugation for 5 min at 1000 × g and washed once with 2 ml of  5% trichlo- 
roacetic acid and the radioactivity in both the precipitate and the combined 
supernatants was measured. 

For immunoassay, the reaction was s topped by  diluting an aliquot 
(10--100 #1) of  the reaction mixture in a minimum of 37 volumes of  diluent 
(0.1 M Tris(hydroxymethyl)-aminomethane-HC1 (Tris) buffer, pH 7.7 at 5°C, 
with 0.1% bovine serum albumin and 2 mM N-ethylmaleimide). Each sample 
was diluted to a final insulin concentration of  1 nM (assuming no degradation). 
The immunoassay utilized cellulose powder  to separate ant ibody-bound from 
free insulin [41] : 0.1 ml of  sample (or standard pork insulin) was incubated for 
24 h at 5°C with guinea pig anti-insulin serum in 1.25 ml of  Tris buffer with 1 %  

albumin, 0.25 ml of  1 nM ~ 2 s I-insulin was added; after a further 24-h incuba- 
tion 1.0 ml of  cellulose suspension (10 g MN-cellulose + 100 ml Tris buffer  
with 1% albumin) was added; the cellulose was collected by centrifugation at 
1000 X g for 5 min and the cellulose-bound radioactivity was determined. 

For the spectrophotometr ic  assay [17 ,19] ,  the standard incubation mix- 
ture consisted of  25 #g glutathione reductase, 0.10 mM NADPH, 1 mM GSH, 
20 pg glutathione-insulin transhydrogenase and 25 pM insulin in a final volume 
of  1.40 ml. The reaction mixture wi thout  insulin was preincubated at 37°C for 
3 rain in the thermostated cuvette holder. The reaction was started by the 
addition of  the insulin and the absorbance at 340 nm was recorded for 8 min. 
It should be noted that in order to maintain the same incubation conditions for 
the three assay techniques, the procedure for the spectrophotometr ic  assay in 
the current s tudy differed from the previous studies in temperature and ionic 
concentrat ion of  incubation medium. For concurrent  use of  the  trichloroacetic 
acid precipitation assay, a tracer amount  of  ~ 2 s I-labeled insulin was included in 
the insulin solution. The reaction mixture was sampled at various times by  
withdrawing a 50 #1 aliquot from the cuvette with an Eppendorf  pipet. The 
aliquot was rapidly diluted in 0.95 ml of  phospha.te buffer containing 4 mg 
albumin, and 1 ml of  10% trichloroacetic acid was added to the diluted sample. 
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Further sample t reatment  was as noted above. 
Statistical evaluation of the kinetic parameters was done by means of 

nonlinear least-squares curve fitting [32,42,43].  Data obtained by the spectro- 
photometric assay had a constant variance in velocity and so was fitted directly 
with the Michaelis-Menten equation (v = V " S / ( S  +Km )). The variance is not  
constant with velocity in either the trichloroacetic acid assay or immunoassay, 
however (see ref. 32 for a more detailed discussion of this point). In the 
precipitation assay the measured quanti ty is the percent change in trichloro- 
acetic acid solubility of a constant amount  of tracer with varying amount  of 
insulin and in the immunoassay samples at various insulin concentrations are 
diluted to a constant insulin concentration before assay. Thus in either of these 
assays the variance should be expected to be constant in v / S  (the fractional 
amount  of insulin degraded); this expectation was confirmed experimentally. 
Therefore the data from these assays were fitted to the transformed equation, 
( v / S  = V / ( S  + gn~ )). 

Results and Discussion 

Initial experiments with the spectrophotometric assay were directed 
toward defining an optimal assay system. The conditions used were kept as 
close as possible to those used previously for the trichloroacetic acid assay 
[23,24,32].  Use of the same buffer system (0.15 M potassium phosphate/25 
mM EDTA) was possible except at the higher concentrations of insulin where 
turbidity occurred; this problem did not  occur after three-fold dilution of the 
buffer. Measured velocities at the lower insulin concentrations were not  ob- 
servably different in the two buffers. 

Experiments with varying amount  of glutathione reductase indicated that  
it was desirable to keep the amount  of glutathione reductase as low as possible: 
When the amount  of  reductase was increased, both the control (transhydro- 
genase omitted) and the apparent enzymatic rates of NADPH oxidation were 
increased, but the net enzymatic rate (the difference between the two measure- 
ments) remained essentially constant. Thus the only effect of increasing the 
amount  of glutathione reductase beyond 25 pg was to increase the nonspecific 
oxidation of  NADPH. Conversely, when the amount  of reductase was decreased 
to 10 #g, a noticeable lag occurred in the oxidation of NADPH after the 
addition of GSSG, i.e. the amount  of reductase was insufficient to assure the 
rapid formation of NADP from the GSSG formed by the action of the transhy- 
drogenase. 

Albumin has been routinely included in the trichloroacetic acid precipita- 
tion assay for three reasons: to prevent possible adsorption of insulin to tube or 
pipet surfaces, to minimize the effect of non-specific proteases (in crude tissue 
extracts [12,23] ) and to facilitate collection of  the protein precipitate. Experi- 
ments with varying amounts of  albumin have shown that  its presence does not  
affect insulin degradation by glutathione insulin transhydrogenase but that  
levels in excess of  4 mg/ml can lead to co-precipitation of some of the A chain 
produced in the reaction [23].  However, it was found that  in the spectropho- 
tometric assay, albumin could not  be included since addition of it caused 
oxidation of  NADPH in the absence of transhydrogenase or insulin. This effect 
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was dependent  both  on the amount  of  albumin added and on the concentration 
of  GSH present, and so is probably due to nonenzymatic  interchange reaction 
between GSH and the labile mixed disulfide group which is known to be 
present in albumin [44] .  The loss of  GSH occasioned by this reaction is not  
significant in the nonspectrophotometr ic  assays, however, as the GSSG formed 
with 1 mM GSH and 4 mg/ml albumin was equivalent to less than 1% of  the 
GSH present. 

In all three assay systems, the control  rate of  reaction (glutathione insulin 
transhydrogenase omitted) was dependent  on the concentrations of  both in- 
sulin and GSH; thus it was necessary in each case to measure the rate of  
reaction with and without  the transhydrogenase so that  the net  enzyme-depen- 
dent  rate could be expressed as the differences between the two. Conversely, 
the presence or absence of  the transhydrogenase had no effect  on control 
reaction rates with insulin omit ted (spectrophotometr ic  assay) or GSH omit ted 
(trichloroacetic acid precipitation assay and immunoassay).  

The reliable lower limit for the sensitivity of  the spectrophotometr ic  assay 
was found to be about  20 pg of  transhydrogenase, since at levels of  enzyme 
lower than this the net  enzymatic rate of  NADPH oxidation was less than the 
nonenzymatic  control. The actual net  changes in absorbance are small, conse- 
quently the precision of  the assay could probably be improved with the use of  
a more sensitive spectrophotometer .  However,  the sensitivity of  the assay 
would still be limited by  the rate of  the non-enzymatic oxidation of  NADPH. 

Concurrent assays by  the spectrophotometr ic  and by the trichloroacetic 
acid precipitation technique were performed by repeated sampling from the 
reaction cuvette. As can be seen in Fig. 1A, these experiments showed that the 
NADPH oxidation remained linear with time much longer than the reaction 
measured by precipitation; no slowing of the rate of NADPH oxidation was 
apparent until more than 40% of the 1251 was solubilized. Concurrent im- 
munoassay and NADPH assay (Fig. 1B) confirmed this result, with no nonline- 
arity being apparent in the NADPH oxidation until less than 20% of the insulin 
immunoreactivity remained. Thus the ratios between the reaction rates for the 
three assay procedures were not  constant  with time; the ratio of  NADP to ~ 2 s I 
trichloroacetic acid-soluble ranged from 0.8 to 1.5, and the ratio of  the oxida- 
tion of  NADPH to the loss of  immunoreactivity ranged from about  0.1 to 1. In 
contrast, although neither the immunoassay nor the precipitation assay were 
linear with time after 3 min under the conditions used (Fig. 1C), the ratio 
between the two assays stayed fairly constant  and changed only in the range 
from 1.6 to 2.0. 

There are several possible explanations for these results. One possibility is 
that  there is a delay between the formation of  GSSG and its reduction; this 
could conceivably result either from a slow reaction with glutathione reductase 
or from a delay in the release of  GSSG from glutathione-insulin transhydro- 
genase. As noted above, however, the amount  of  the reductase used was found 
to be sufficient to reduce added GSSG rapidly and quantitatively. No informa- 
tion is available on the rate of  release of  GSSG from the transhydrogenase; 
however, if GSSG was indeed released slowly from the enzyme, an initial lag 
before NADPH oxidation should be apparent, no such lag was evident. Another  
possible explanation is the incorporation of  released A chain into B chain to 
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Fig. 1. (A)  C o n c u r r e n t  assay of  insulin de g ra da t i on  by  the  s p e c t x o p h o t o m e t r i c  assay an d  the  t r ichloro-  
ace t ic  acid p rec ip i t a t i on  assay. The  e x p e r i m e n t s  were  p e r f o r m e d  as descr ibed  in the  t e x t  w i t h  0.1 m M  
N A D P H ,  25  /Jg g lu ta th ione  reduc tase ,  20 ~g g lu ta th ione- insul in  t r anshydzogenase  and  1 m M  GSH in a 
to t a l  v o l u m e  of  1.4 m L  T he  values given axe the  ne t  e n z y m a t i c  ra tes ,  an d  e i the r  25  ~M insulin (A and  B). 
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o r  50  /~M insu l in  (C a n d  D).  The  m e a s u r e m e n t  was  m a d e  b y  the  p r e c i p i t a t i o n  assay  (A a n d  C) a n d  
s p e c t r o p h o t o m e t r i c a l l y  (B a n d  D) .  (B) C o n c u r r e n t  a ssay  o f  i n su l i n  d e g r a d a t i o n  b y  the  s p e c t r o p h o t o m e t r i c  
a s say  a n d  b y  t h e  i m m u n o a s s a y .  T h e  e x p e r i m e n t  was  p e r f o r m e d  as d e s c r i b e d  in  t he  t e x t  w i t h  0 .1  m M  
N A D P H ,  25 /~g  g l u t a t h i o n e  r e d u c t a s e ,  1 m M  G S H  a n d  5 ~M insu l in  in  1 .4  m l  o f  t he  p h o s p h a t e  b u f f e r .  T h e  
r e a c t i o n  w a s  c a r r i e d  o u t  w i t h  e i t h e r  10  # g  (A a n d  B) o r  2 0  # g  (C a n d  D)  o f  g l u t a t h i o n e - i n s u l i n  t r a n s h y d r o -  
genase ;  m e a s u r e m e n t  was  b y  t h e  s p e c t r o p h o t o m e t r i c  assay  (A a n d  C) a n d  b y  i m m u n o a s s a y  (B a n d  D).  
N o t e  t h a t  t he  d e g r a d a t i o n  o f  5 n m o l e s  w o u l d  r e p r e s e n t  1 0 0 %  o f  t h e  insu l in  p r e s e n t .  (C) C o n c u r r e n t  a ssay  
o f  i n su l i n  d e g r a d a t i o n  b y  the  t r i c h l o r o a c e t i c  ac id  p r e c i p i t a t i o n  assay  a n d  b y  i m m u n o a s s a y .  T h e  exper i -  
m e n t  was  p e r f o r m e d  as d e s c r i b e d  in  t h e  t e x t  w i t h  4 m g  a l b u m i n ,  1 m M  G S H  a n d  1/~M insu l in  in  1 .0  m l  o f  
p h o s p h a t e  b u f f e r .  E i t h e r  5 # g  (A a n d  B) o r  1 0  /~g (C a n d  D) o f  g l u t a t h i o n e - i n s u l i n  t r a n s h y d r o g e n a s e  w a s  
p r e s e n t ;  m e a s u r e m e n t s  were  m a d e  b y  the  t r i c h l o r o a c e t i c  p r e c i p i t a t i o n  assay  (A a n d  C) a n d  b y  the  
i m m u n o a s s a y  (B a n d  D).  N o t e  t h a t  t h e  d e g r a d a t i o n  o f  1 n m o l  w o u l d  r e p r e s e n t  1 0 0 %  o f  t h e  in su l in  
p r e s e n t .  

form B chain rich-A chain complex [8,9,12,45].  The most likely explanation 
depends on the fact that  the different assays measure different aspects of  the 
reaction: breaking only one insulin disulfide bond might destroy the immuno- 
reactivity, freeing A chain from the molecule requires splitting of  both inter- 
chain disulfide bridges, but  GSSG might be formed via the attack of gluta- 
thione-insulin transhydrogenase on any or all of  the three disulfide bonds in 
insulin [ 1 ].  Thus it is possible that  total destruction of  the insulin immunoreac- 
tivity present (by breaking one disulfide per molecule) might represent the 
utilization of  only one third of the substrate for GSSG formation. The ratio of  
insulin degradation measured by immunoassay to that  measured by the trichlo- 
roacetic acid precipitation assay is consistent with the expectation of  loss of 
immunoreactivity with reduction of  one disulfide bond as opposed to the 
reduction of  two interchain disulfides to free A chain, provided the disulfide 
bonds are equally accessible to the transhydrogenase. However, these conclu- 
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sions should be confirmed by additional, more direct evidence, such as by 
titration of sulfhydryl groups on the insulin molecule at various stages of 
reaction. 

The ratio of NADPH oxidized/ '  2 s I solubilized is lower than the expected 
ratio of  2/1 for breaking the interchain disulfides or 3/1 for complete reduction 
of insulin. Similarly, the ratio of NADPH oxidizefl to immunoreactivity lost 
was lower than the expected range of 1 : 1 to 3 : 1. Thus there seems to be 
poor correlation between the extent  of the reaction measured spectrophoto- 
metrically and the actual amount  of  insulin degraded. 

Kinetic studies afford another means for comparing the various assays. 
With the spectrophotometric assay, when each substrate was varied at fixed 
levels of the other substrate (Figs 2A and 2B), the kinetic patterns were found 
to be the same as previously observed with the  trichloroacetic acid precipita- 
t ion assay [32]:  reciprocal plots with insulin as substrate gave a family of 
intersecting straight lines; while such plots with GSH as substrate were para- 
bolic. Measurement by the immunoassay technique also gave a linear reciprocal 
plot with insulin as variable substrate. 

The results of kinetic experiments with each of the three assays are given 
in Table I: the parameter values were derived by nonlinear least-squares fitting 
of the Michaelis-Menten equation as discussed above. With 1 mM GSH, the 
apparent Km values for insulin were found to be very similar with each assay. 
These values are similar to those previously found with the trichloroacetic acid 
precipitation assay [23,32],  but are different from the previously reported 
values (21--64 pM) for the spectrophotometric assay [18,19,22] ; these differ- 
ences with the spectrophotometric assay are probably related to the different 
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Fig. 2. Kinet ic  s tudies  of  insulin de g ra da t i on  wi th  the  s p e c t r o p h o t o m e t r i c  assay. Th e  e x p e r i m e n t s  were  
p e r f o r m e d  as descr ibed  in t h e  t ex t ,  w i th  0.1 m M  N A D P H ,  25/~g g lu ta th ione  reduc tase ,  20 pg  g lu ta th ione-  
insul in t r an shyd rogenase ,  1 .0 - -100  /~M insulin and  0 . 75 - -5 . 0  m M  GSH in 1.4 m l  of  p h o s p h a t e  buf fe r .  Th e  
lines s h o w n  were  de r ived  b y  non l inea r  least-squares  f i t t ing as descr ibed  in the  t ex t .  A. Rec ip roca l  ( 1 / v  
versus  l / S )  plo t  w i th  insulin as var iable  substzate .  GS H (raM) was p re sen t  at  d i f f e ren t  f ixed  levels as 
ind ica ted .  T he  lines axe f r o m  fits t o  the  Michael is-Menten e q u a t i o n  (v = V .  S / S , ( S  ÷ K m ) ) .  B. Rec ip roca l  
p lo t  w i th  GSH as var iable  subs t ra te .  Insul in (/zM) was p re sen t  at  d i f f e ren t  f ixed levels as indica ted .  The  
l ines were  der ived  by  f i t t ing the  rec iproca l ly  parabol ic  equa t ion ,  v = V / ( 1  + b l / S  + b 2 / $ 2 ) .  

T A B L E  I 

K I N E T I C  C O N S T A N T S  OF G L U T A T H I O N E - I N S U L I N  T R A N S H Y D R O G E N A S E  

Each assay was p e r f o r m e d  as descr ibed  in the  t ex t ;  the  reac t ion  was carr ied o u t  wi th  1 mM GSH and 2 pg 
t r a n s h y d r o g e n a s e  (p rec ip i t a t ion  assay and i m m u n o a s s a y )  or  20 pg  t r a n s h y d r o g e n a s e  ( s p e c t r o p h o t o m e t r i c  
assay).  The  p a r a m e t e r  values  were  der ived  by  non l inea r  least-squaxes f i t t ing of  the  Michael is -Menten 
equa t ion .  The  m a x i m u m  veloci ty  is given in p m o l  pe r  ra in pe r  ~g t r anshyd rogenase ,  the  K m for  insulin is 
pM. The  e r ro r  figures given are e s t ima tes  of  the  s t anda rd  errors  ob ta ined  f rom the  f i t t ing p rocedu re .  

Assay m e t h o d  V K m 

I m m u n o a s s a y  216 -+ 52 6.2 + 1.7 
Tr ich lo roace t i c  acid p rec ip i t a t i on  80 + 4 7.4 +- 0.4 
S p e c t r o p h o t o m e t r i c  41 + 2 4.5 ± 1.0 
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experimental conditions employed in the current s tudy from those used in the 
previous studies. In view of the well-known dependence of  the apparent Km 
values on the precise conditions studied, these differences in the apparent Km 
values are no t  surprising for an enzyme involving a complex random mecha- 
nism. The values for the apparent V per pg of  enzyme, however, were signifi- 
cantly different. The ratio of  the V values from the precipitation assay and the 
immunoassay is consistent with t he  ratios of  the two assays found in the 
concurrent  time studies; thus, the rate of  loss of  immunoreactivity (i.e. inac- 
tivation) proceeds faster than the rate of  reduction and supports the possibility 
that  the splitting of one disulfide bond results in total inactivation of insulin 
[33--35] .  The relative V found by  the spectrophotometr ic  assay was however 
lower than expected. This difference is probably because the experiments were 
performed under non-steady state kinetic conditions (i.e. due to the use of 
relatively high concentration of  enzyme in this assay procedure);  especially at 
the lower insulin concentrations, this amount  of  enzyme might not  be rate- 
limiting. 

The precisions of  the three assay systems were quite different. Both the 
trichloroacetic acid precipitation assay and the immunoassay were found to 
have an approximately constant  coefficient of  variation in (v), while the spec- 
t rophotometr ic  assay gave a constant variance in (v); these differences are 
consistent with the differences in the assay techniques. The coefficients of  
variation for the entire range of  insulin levels used calculated from the residuals 
after fitting to the Michaelis-Menten equation were +3.8% for the precipitation 
assay and +33.1% for the immunoassay. The standard deviation calculated 
similarly for the NADPH assay was 3.9 pmol/min/pg of transhydrogenase 
(equivalent to a coefficient of  variation of  18% at 5 pM insulin). 

These results indicate that  for most purposes the trichloroacetic acid pre- 
cipitation assay is better  than the two other assays: the precipitation assay is 
much less time-consuming than the other  assays for large number  of  samples, it 
is at least 10 times more sensitive than the spectrophotometr ic  assay, and it 
yields much better  precision than either of  the other two assays. While the 
immunoassay should be nearly twice as sensitive as the precipitation assay 
(judging from the ratio of  measured insulin degradation in the concurrent  
assays) this increased sensitivity is in practice not  achievable due to the much 
worse precision of  the immunoassay for the following reasons: by immuno- 
assay residual insulin is measured, i.e. one is measuring, by  difference, the small 
change in a large quanti ty of  insulin. The trichloroacetic acid precipitation 
assay measures the product  of  insulin degradation (A chain) directly. Since an 
immunoassay technique requires a greater number  of  steps than the trichloro- 
acetic acid precipitation assay, it is expectable that  the simpler assay technique 
will be more precise. 
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