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Evidence for Dispensable Sequences Inserted into a 
Nucleotide Fold 

Previous experimental results along with the structural modeling presented indicate 
that a nucleotide fold starts in the amino-terminal part of Escherichia coli isoleucyl- 
transfer RNA synthetase, a single chain polypeptide of 939 amino acids. Internal 
deletions were created in the region of the nucleotide fold. A set of deletions that 
collectively span 145 contiguous amino acids yielded active enzymes. Further exten- 
sions of the deletions yielded inactive or unstable proteins. The three-dimensional 
structure of an evidently homologous protein suggests that the active deletions lack 
portions of a segment that connects two parts of the nucleotide fold. Therefore, the 
results imply that removal of major sections of the polypeptide that connects these two 
parts of the fold does not result in major perturbation of the nucleotide binding site. 

I T IS POSSIBLE TO DISSECT PROTEINS 

into pieces and to investigate activities 
and structures of fragments (1-3). The 

delineation of substructures within a struc- 
ture provides a starting point for making 
chimeric enzymes, in which components of 
two or more enzymes are recombined to 
give a new species. There is evidence that 
such recombination occurs in nature (4, 5). 

Aminoacyl-transfer RNA synthetases are 
a class of proteins that catalyze aminoacyla- 
tion of specific transfer RNAs in a two-step 
reaction: condensation of adenosine tri- 
phosphate (ATP) with amino acid to give an 
enzyme-bound aminoacyl adenylate, and re- 
action of the bound adenylate with transfer 
RNA (tRNA) to give aminoacyl-tRNA (6). 
Although these enzymes catalyze the same 
reaction for each amino acid, there is consid- 
erable variability in the gross structural fea- 
tures of the proteins (for example, different 
quaternary structures or subunit sizes). 

Structural analysis has shown that a domain 
resembling a nucleotide binding fold (Ross- 
mann fold) (7) occurs in the NH2-terminal 
part of the Escherichia coli methionine (8-1 0) 
and Bacillus stearothewnophilw tyrospl-tRNA 
synthetases (11, 12). There is further evi- 
dence that a similar fold occurs in the NH2- 
terminal parts of several other aminoacyl- 
tRNA synthetases (6). 

Apart from the delineation of dispensable 
sequences in the COOH-terminal halves of 
two aminoacyl-tRNA synthetases (1, 13, 
14), there is no evidence for insertions of 
expendable sequences that interrupt a struc- 
tural or functional domain within these en- 
zymes. We now present evidence that a 
large, dispensable sequence is inserted into 
the nucleotide fold of a large aminoacyl- 
tRNA synthetase. 

The a-p  structure that forms the nucleo- 
tide binding fold ofE. coli methionyl-tRNA 
synthetase (8-10) (Fig. 1) is made up of 

approximately the first 360 residues of the 
677 amino acid subunit (10, 15, 16). We 
adopted the nomenclature for lactate dehy- 
drogenase and assigned letter designations 
to the individual elements of P structure and 
a helix (7). In this prototypical representa- 
tion of the Rossmann nucleotide fold. there 
are six strands of parallel sheet with two (Y 

helices on either side of the P structure (7). 
The secondan7 structural element bound- 
aries indicated in Fig. 1 are in accordance 
with the most recent structural analyses by 
Brunie and co-workers (10). 

The nucleotide fold is divided more or 
less into two halves, each of which com- 
prises three p strands and two (Y helices. The 
first half is made up of approximately the 
NH2-terminal 97 amino acids and the sec- 
ond half starts around amino acid residue 
226 and continues to about amino acid 
residue 361. The two halves are separated by 
a segment of roughly 127 amino acids 
which starts at the COOH-terminal end of 
PC. We designate this segment connective 
polypeptide one (CP1). While this segment 
contains elements of defined secondan1 
structure, which includes a helix that lies 
parallel to the P sheet, it is not part of the 
prototypical nucleotide fold of Fig. 1. The 
second half of the methionine svnthetase 
nucleotide fold is further interrupted by a 
segment (designated CP2) of about 70 ami- 
no acids, which starts at the COOH-termi- 
nal end of pD. 

In contrast to the dimeric methionyl- 
tRNA synthetase (6), isoleucyl-tRNA syn- 
thetase is a monomer of 939 amino acids (6, 
17). While there is no three-dimensional 
structural information on this enzvme. ami- 

2 ,  

no acids 58 to 68 have ten identities and one 
conservative substitution when aligned with 
amino acids 14 to 24 of the methionine 
enzyme (17) (Fig. 1). The match includes 
the connecting segment between the 
COOH-terminal end of PA and the NH2- 
terminal end of (Y* and extends somewhat 
into the latter structure. 

This element is a signature sequence for a 
subclass of aminoacvl-tRNA svnthetases and 
is likely to correspond to the same three- 
dimensional structural component in these 
enzymes (1 7, 18). In the case of the B. 
stearothemnophilw tyrosine enzyme, close 
structural homology with the E ,  coli methio- 
nyl-tRNA synthetase in this general region 
has been demonstrated. This homology of 
structure extends over PA, ag, and PB, even 
though the two enzymes have no significant 
sequence match beyond that of the signature 
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sequence. In the methionine enzyme, Gly23 
(in the signature sequence) structurally cor- 
responds to the last glycine (19) of the 
GXXGXG sequence at the corner between 
PA and ae of the Rossmann fold (7-9,20). 

A second region of sequence similarity 
between the methionine and isoleucine en- 
zymes occurs at positions 329 to 338 and 
599 to 608, respectively (21-23). This con- 
tains seven identities and one conservative 
change out of ten residues. This stretch 
includes a lysine that is labeled by 
the 3'-adenosine dialdehyde derivative of 
~ R N A ~ " '  (21). It forms part of the connect- 
ing loop between PE and a~ (Fig. 1).  

We attempted to model the unknown 
isoleucyl-tRNA synthetase structure with 
the known nucleotide fold of the methio- 
nine enzyme. The enzyme polypeptides dif- 
fer by 262 amino acids, and it occurred to us 
that some of this length variation might 
occur in CP1 and CP2. We found an inter- 
rupted alignment of sequences across 15 1 
amino acids of methionyl-tRNA synthetase 
that begins just before the signature se- 
quence and ends just after the aforemen- 
tioned sequence similarity at positions 329 
to 338 (Fig. 2). The identical or similar 
amino acids are boxed and extend from 
position 4 to 358 of the methionine enzyme 
to give a 53% similarity between the two 

CP1 and somewhat beyond. The individual deletions, each deletion protein is synthe- 
deletions range in size from 44 to 321 sized in amounts comparable to wild-type 
amino acids. Ile-tFWA synthetase. The sizes of each pro- 

Maxicell synthesis of the deletion proteins tein correspond to the expected size based 
(24) gives an enhanced visualization of plas- on the particular deletion that was created. 
mid-encoded polypeptides (Fig. 4).  With This suggests that most of the truncated 
the exception of the two largest internal proteins are, at least in maxicells, relatively 

tRNA (3' end) 

COOH ; -  '.. [329] 
terminus 

Connective '*.. 
polypeptide 2 j''... f 

Connective polypeptide 1 

sequences. This alignment, however, is in- 
Fig. 1. Schematic representation of the E. coli Met-tRNA synthetase nucleotide fold. Boundaries for the terrupted at places. In the methionine 
a helices (cylinders) and P strands (arrows) are indicated with preliminary assignments of amino acids 

sequence, one interruption occurs between in brackets. Corresponding amino acids in Ile-tRNA synthetase are numbered in parenthesis. Regions 
positions 89 and 208 and spans PC and of amino acid sequence similarity from Fig. 2 are shown by shading. [This figure is a modified version 
almost all of CP1 (Fig. 1). The length of this of Fig. 7b of (9).1 

gap in the alignment is 118 and 316 amino 
acids, respectively, for the methionine and . A 

isoleucine enzymes. The occurrence of large, 
nonhomologous segments of markedly un- 
equal sizes could explain why more extensi~~e 
sequence relations between synthetases have 
not previously been identified by us or 
others. 

The second gap starts at the COOH- 
terminal end of pD and continues through 
CP2 and a~ to the NH2-terminal end of pE. 
This gap corresponds to 87 and 115 amino 
acids, respectively, in the methionine and 
isoleucine enzymes. 

Only pc and a~ with its connecting loop, 
in addition to CP1 and CP2, show no 
discernible amino acid sequence homology 
(Fig. 1). Much of the large length difference 
between the two enzvmes can be attributed 
to the segment designated CP1. To test 
further the structural relationship between 
the two synthetases, and the significance of 
CP1, we created seven internal deletions 
within ileS (Fig. 3). These deletions collec- 
tively span the region between codons 177 
and 499 so that each starts after ac of 
methionyl-tRNA synthetase and collecti\~ely 
encompass the entire region designated as 

Fig. 2. Comparative sequence 
analysis of E. coli Met- and Ile- 
tRNA synthetases. The stan- 
dard dynamic programming se- 
quence comparison method 
(30) was executed by LOCAL 
(31) to generate local optimal 
alignments and their corre- 
sponding similarity scores be- 
tween Met- and Ile-tRNA syn- 
thetase. Similarity scores for the 
matches involving residues 1 to 
100 (PA-PC) and 302 to 360 
(aE-PF) of Met-tRNA synthe- 
tase are potentially significant 
(z = 7.7 and 3.9, respectively) 
(32). Functional significance for 
Ile-tRNA synthetase residues 
450 to 472 is suggested by the 
match to Val-tRNA synthetase 

ty-labeled by an lsoleuclne ana- 

tion) (19): L=G, D=E, N=Q, 
I=L=V,  F=W=Y, H = K = R ,  S=T, C, M, P. The Lys335 ofMet-tRNA synthetase, which is labeled 
the 3'-adenosine dialdehyde derivative of tRNAme' (21), is circled. 
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stable. In the case of the deletion from 177 
to 499 (A177-499), the diminished intensi- 
ty of the resulting deletion protein is per- 
haps due to protein instability. There is a 
somewhat decreased intensity for the A328- 
444 protein. 

In-extracts that contained the deletion 
proteins, the Ile-tRNA synthetase activity 
was checked by the aminoacylation assay 
and, in some cases, by the isoleucine-depen- 
dent ATP-pyrophosphate exchange assay. 
Aminoacylation requires both amino acid 
activation and transfer of the activated ami- 
no acid to tRNA. The exchange assay moni- 
tors only the activation step. These assays 
were done with deletion plasmid constructs 
in a r e d -  version of strain MI1 which 
harbors a mutant Ile-tRNA synthetase that 
has a 300-fold higher Michaelis constant 
(K,) for isoleucine than that for the wild- 
type strain (25). Under the assay conditions, 
crude extracts of MI1 have no isoleucine- 
dependent aminoacylation of tRNA (see 
below). 

We 'compared the activities in extracts of 
MI1 transformed with various deletion plas- 
mids versus untransformed MI1 and versus 
extracts of an untransformed control strain 
DH1 (Fig. 5) (26). Activities were normal- 
ized to a constant amount of extract protein. 
Extracts of cells with three of the deletion 
plasmid constructions had sipficant activi- 

ty that was well above the amount contrib- 
uted by the single wild-type ileS allele of 
DH1. The active extracts were from cells 
that harbor deletions A231-276, A276- 
329, and A276-377. Each remaining dele- 
tion protein showed no activity because it 
was either intrinsically inactive or unstable 
(as is suggested for the A177-499 protein in 
Fig. 4). 

Since Ile-tRNA synthetase is a monomer 
(6), it is unlikely that the active deletion 
proteins function by associating with the 
inactive MI1 protein. Moreover, if the dele- 
tion proteins were inactive and were able to 
associate with and activate the MI1 protein, 
it is unlikely that activity in excess of that in 
extracts of DH1 could be generated. 

For each of the three a&ve deletion vro- 
teins, we also constructed frameshift variants 
of the relevant plasmid. The introduction of 
a frameshift at codon 177 creates a TGA 
stop 44 codons later. These constructions 
failed to produce full length protein and 
were inactive in the MI1 strain background. 
This argues against the possibility that activ- 
ity is generated by the active deletions 
through a marker rescue mechanism in 
which genetic recombination yields a wild- 
type Ile-tRNA synthetase. Further evidence 
against this possibility is the detection of 
amplified protein of the expected size in 
extracts of strains harboring the deletion 

Fig. 3. Internal deletions of Ile-tRNA synthetase. The top line shows the ileS-containing insert of 
MT521 with the restriction sites used for deletion constructions (37). The coding region is indicated py the heavy line and amino acids joined together in each deletion are noted. Insertion of an extra amino 

acid at the junction has no apparent effect on activity. FS177 indicates the site of a frameshift produced 
by filling in the Bst EII site which results in the indicated TGA stop. The dotted lines bracket the region 
defined as dispensable for activity by the active deletions (ND, not determined). AN deletions were 
made by digestion of the parent plasmid pMT521 (37) and other related plasmids with the appropriate 
enzymes and filling in of sticky ends where needed. Ligations were in the presence of low melting point 
agarose, and constructions were analyzed for loss of key restriction sites and the appearance of short 
characteristic fragments (38). See legends to Figs. 4 and 5 for maxicell and enzyme assay methods. 

M E 1 1  E g l l I h l  N u 1  

plasmids (Fig. 4). Therefore, we surmise 
that the deletions lacking residues between 
codons 231 and 377 encode proteins that 
are intrinsically active. They probably have 
K, values for isoleucine that are not much 
higher than that of the wild-type enzyme 
because activity is easily detected at 20 pit4 
isoleucine. 

In cases where aminoacylation activity 
was detected, we confirmed the presence of 
enhanced isoleucine-dependent ATP-pyro- 
phosphate activity (Fig. 3). The four inter- 
nal deletions that lack aminoacylation activi- 
ty also lack the exchange activity. 

We used a modified Chou-Fasman algo- 
rithm (27, 28) to determine that a helices 
and p strands have the potential to form in 
Ile-tRNA synthetase in regions comparable 
to those of the nucleotide fold in Met-tRNA 
synthetase (Fig. 6). According to the align- 
ment and structure in Figs. 1, 2, and 6, 
removal of amino acids 232 to 376 would 
correspond to a large deletion from the 
middle of the segment designated CP1, a 
part that is well removed from any of the 
prototypical secondary structure elements. 
The other deletions remove sequences on 
either side of amino acids 232 or 376, and 
come close to or actually extend into known 
elements of secondary structure in the me- 
thionine enzyme. 

Some structural similarity between the 
methionine enzyme and the tyrosine enzyme 
from B. stearothem~philus has been noted 
(18). Tyrosyl-tRNA synthetase is a dimer of 
419 amino acid subunits that are less than 
half the size of Ile-tRNA synthetase (6,29). 
This size difference is reflected in the nucleo- 

EC6 RV 
I 

Fig. 4. Maxicell analysis of internal deletions of 
Ile-tRNA synthetase. Lane 1, wild-type 
(pMT521); lane 2, A231-276 (pRS4-4); lane 3, 
A276-329 (pRS52); lane 4, A276-377 
(pRS100); lane 5, A328-444 (pRS115); lane 6, 
A177-499 (pRS321); lane 7, 8177-276 
(pRS98); lane 8, A444499 (pRS54). Polypep- 
tide sizes of the wild-type enzyme and the seven 
deletions are indicated above their respective lanes 
and are as predicted from the gene sequences. Size 
markers (Pharmacia) are indicated on the right. 
The p-lactarnase polypeptide (about 30,000 dal- 
tons) is visible in some lanes. The plasmid en- 
coded wild-type and deletion proteins were visu- 
alized with the use of the maxicell technique (24) 
in strain D H l  (26). The [35S]methionine (1250 
Cilrnmol, Amersham)-labeled proteins were sep- 
arated on a Laemmli gel (39) (3% stacking, 10% 
running), soaked in Autoflour (National Diag- 
nostics), dried onto filter paper, and exposed to x- 
ray film. 
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tide fold which, at about 220 amino acids 
(11, 12), is considerably smaller than the 
628 residues of the putative domain of 
isoleucyl-tRNA synthetase. A diagrammatic 
representation of the tyrosine enzyme like 
that of Fig. 6 suggests there may be little in 
the way of dispensable peptide sequences in 
Tyr-tRNA synthetase. 

This analysis of isoleucyl-tRNA synthe- 
tase supports the hypothesis that variations 
in synthetase subunit sizes arise from the 
addition of residues (dispensable for cataly- 

sis) to an active core structure 16). This is 
\ 8 

the first identification of expendable internal 
sequences. Earlier reports describe dispens- 
able COOH-terminal fragments in alanyl- 
and methionyl-tRNA synthetases (1, 13, 
14). 

Because large deletions in the putative 
CP1 part of Ile-tRNA synthetase do not 
destroy activity, we reason that a portion of 
CP1 must lie on the surface of the protein 
where its removal does not disturb the inter- 
nal structure. It is known that CP1 is on the 

Fig. 5 Aminoacylation activity 36 
of Ile-tRNA synthetase con- ~ 2 3 1 - 2 7 6  
structs. Symbols associated with 
each experimental point are de- A 276-329 
fined within the figure. Assays 
were performed in triplicate at 
37°C. For the active deletion 
proteins, all experimental points 
are within 16% of the reported 24 

average. Fluctuations of the 8- g 
minute point around the mean ul 
are similar to that for the other 5 18 
points and the apparent dip in = 
activity is within experimentd 1: 
error. The constructs with no DHI 

activity are similar to that of 12 MI1 
MI1 alone whose results are a  177-276 

a  328-444 
shown here. Activities were a444-499 
normalized to a constant 6 ~ 1 7 7 - 4 9 9  
amount of protein (Bio-Rad). 
A recA- variant of E,  colz strain n 2 7 6 - 3 2 9 - ~ S " ~  
MI1 (25) was transformed with ---- the various deletion plasmids. 
This strain harbors a mutant Ile- 2 4 6 8 

t L q A  synthetase with a K,  for Time (minutes) 

isoleucine that is 300-fold 
above that of the wild-type enzyme. Cell extracts (40) were assayed at 20 p44 isoleucine (aminoacyla- 
tion) or 100 p44 isoleucine (ATP-pyrophosphate exchange) (38). The presence of all seven deletion 
proteins in the extracts was confirmed by immune-blot analysis (41) with polyclonal antibodies against 
denatured wild-type Ile-tLVA synthetase. 

\ 
,(377 \ 

NH2 177)', ' 499A I 
I 

5o.~-:::?-~,-:III~---i:.'~* 4 !..*, -, 
148 MT 467K:z 569 ... +-d"~-.-.*. Ile-tRNA synthetase i 444 - 6 3 0  

c--ci 
(E. coli) n n 

NH2 
n n 

7  
Met-tRNA synthetase I I - L&. ~----- - l  

Fig. 6. Structural comparison of Met- and Ile-tRNA synthetases. Secondary structure elements of the 
prototypical Rossmann fold of Met-tRNA synthetase are indicated as rectangles ( a  helices) or 
pentagons (P strands) along the primary sequence with boundaries given in small numbers. Regions of 
amino acid sequence similarity between the two enzymes are underlined, and dark bars indicate the 
signature sequence and the alignment of the cross-link site for the 3' end of thVA on Met-tRNA 
synthetase with a sequence in Ile-tRNA synthetase. CPl  and CP2 are bulges above the line. In Ile- 
tRNA synthetase deletion boundaries are indicated by the large numbers, and the extent of the three 
active deletions are shown as solid lines. Dotted rectangles and pentagons for Ile-tRNA synthetase 
indicate secondary structure predictions that are guided by the sequence similarities of Fig. 2; we have 
included a predicted PC and a, in the region of no sequence similarity. Secondary structure predictions 
were carried out with a modified Chou and Fasman algorithm implemented by PRSTRC (28, 36). 
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surface of Met-tRNA synthetase (8-10). 
Our results, in conjunction with the known 
structure of Met- and Tyr-tRNA synthe- 
tases, suggest that nucleotide folds might be 
able to accommodate insertions into the 
core domain. Inspection offour well-charac- 
terized dehydrogenase structures shows that 
their nucleotide binding domains contain 
relatively few residues extraneous to the 
prototypical Rossmann fold (7). Whether 
insertions between pc and BD can be accom- 
modated in these enzymes is unknown. Such 
insertions might, in turn, be engineered to 
create chimeric nucleotide binding enzymes. 
For example, CP1 could be a prime spot for 
connections to make chimeric synthetases 
for structure-function determinations. 
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Direct Demonstration of M a d a  Densa-Mediated 
Renin Secretion 

An in vitro method has been used to examine whether secretion of renin &om the 
juxtaglomerular apparatus is affected by changes in the sodium chloride concentration 
of the tubular fluid at the macula densa. Single juxtaglomerular apparatuses were 
microdissected &om rabbits and the tubule segment containing the macula densa was 
perfused, while simultaneously the entire juxtaglomerular apparatus was superfused, 
and the fluid was collected for renin measurement. In this preparation, in which 
influences from renal nerves and local hemodynamic effects are eliminated, a decrease 
in the tubular sodium chloride concentration at the macula densa results in a prompt 
stimulation of the renin release rate. 

R ENIN IS AN ASPARTYL PEPTIDASE 

that is synthesized, stored, and re- 
leased from granular cells in the 

renal vasculature (I) .  it catalyzes the cleav- 
age of the decapeptide angiotensin I (AI) 
from angiotensinogen; AI is in turn trans- 
formed by converting enzyme to the physio- 
logically active form, angiotensin I1 (AII). 
The active form AII is both a potent vaso- 
constrictor, with a regulatory role in control 
of renal and svstemic;ascular resistance. and 
a regulator 6f salt balance by 
aldosterone release. Increased activity of the 
renin-angiotensin system may cause certain 
forms of hypertension. In keeping with its 
complex homeostatic roles, the regulation of 
renin secretion is under control of a number 
of factors. Release is stimulated bv decreases 
in arterial pressure and increases in activity 
of the renal nerves (2); it is also probably 
influenced bv the local concentrations of a 
variety of substances including prostaglan- 
dins, catecholamines, AII, and adenosine 
(2). 

The renin-containing granular cells are 
located primarily at the glomerular vascular 

pole in the jwtaglomerular apparatus 
(JGA). This cell complex consists of three 
cell types-the granular cells, which contain 
renin, modified interstitial cells, and a spe- 
cialized plaque of tubular epithelial cells 
called the macula densa. The macula densa is 
located in the wall of the thick ascending 
limb of Henle at the point where the tubule 
returns to its parent glomerulus. Sodium 
chloride concentration in tubular fluid at the 
macula densa varies widely with the physio- 
logical state of the animal and the flow rate 
in the tubule. In salt-depleted states, where 
tubular flow rate is slowed, NaCl concentra- 
tion falls to low values (20 to 40 mM); it 
rises toward isotonic values in volurne-ex- 
panded states where tubular flow rate is 
increased (3-5). This unique structural ar- 
rangement led, in 1944, to the proposition 
that renin release might be under control of 
tubular function at this site in the nephron 
( 6 ) .  

It has, however, proven difficult to estab- 
lish whether tubular fluid composition at 
the macula densa in fact influences renin 
release. The evidence usually cited to sup- 
port macula densa-mediated renin release is 
indirect and inferential (7). Even the direc- 
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gan, Ann Arbor, MI 48109. tion of change in renin secretion rate after 

changes in the tubular fluid composition is 
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propose that an increase in NaCl concentra- 
tion at the macula densa (8-11) is a local 
signal for renin secretion, whereas others 
have maintained that renin release responds 
to a fall in NaCl concentration (4, 12-15). 

A number of methods have been used to 
attempt to resolve this issue. Experimental 
preparations such as the "nonfiltering kid- 

Fig. 1. Single JGA microperfusion. An individual 
JGA, consisting of portions of the thick ascending 
limb of Henle, macula densa, and early distal 
tubule with adherent glomerulus and hilar struc- 
tures, was dissected from New Zealand white 
rabbits (body weight, 1.0 to 1.75 kg) and trans- 
ferred to a thermoregulated chamber mounted on 
an inverted microscope. (A) The tubule was can- 
nulated and perfused with a modified isolated 
perfused tubule apparatus (24,25). The distal end 
was not cannulated. The tubular perfusion rate 
was maintained by a hydrostatic pressure gradient 
at about 10 nl per minute. Scale bar, 100 pm. (8) 
After perfusion had been established the macula 
densa could be visualized (arrows). Scale bar, 25 
pm. An outer pipette was advanced to cover the 
perfused JGA. Flow was maintained at a rate of 
600 nVmin through the outer superfusion pipette. 
After an equilibration period of 15 minutes, fluid 
in the bath chamber was replaced with warmed 
mineral oil. The droplets of superfusate that 
formed at the tip of the outer pipette were 
collected at 10-minute intervals for renin assay. 
Renin released from the JGAs was measured by 
radioimmunoassay of generated AI with the anti- 
body-trapping technique (20). The sample was 
added to 20 ~1 of a mixture of purified AI 
antibody and purified renin substrate (1200 ng of 
AI per milliliter) and incubated for 24 hours at 
37°C with subsequent radioimmunoassay of gen- 
erated AI. After the experiments, the renin was 
extracted from the JGAs by freezing and thawing 
four times. Renin is expressed in terms of Gold- 
blatt units compared to standards from the Insti- 
tute for Medical Research (M.R.C., Mill Hill, 
London). The detection limit of the assay was 
found to be 1 nGU contained in 5 pl, which is 
equivalent to 160 fg of AI generated per hour of 
incubation. 
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