
Short communications 1137 

studies of Cox and Osman [9]. chloiamphenicol had no 
effect on the deveiopment of tolerance to morphine. 

The studies here indicate that morphine can cause 
a very rapid development of tolerance to calcium deple- 
tion. The blockade of this cl&t by a protein synthesis 
inhibitor, cycloheximide, indicates that morphine may be 
inducing a rapid alteration of membrane protein synthesis 
in producing tolerance to calcium depletion. 
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Formation of an&ten&n II from tetradecapeptide renin substrate by 
angiotensin-conwrting enzyme* 

(Received 21 September 1374; accepted 29 October 1974) 

Tetradecapeptide renin substrate (TDP, Asp-Arg-Val-Tyr- 
Ile-His-Pro-Phe-His-Leu-Leu-Val-Tyr-Ser) was first iso- 
lated from a partial tryptic digest of renin substrate (angio- 
tensino~n) El]. Although TDP can serve as a substrate 
for both renin [2] and pseudorenin [33 it has not been 
showtt to occur naturally. In the anesthetized, pentolinium- 
treated rat in our laboratory. TDP elicits a pressor re- 
sponse which is different Born that of angiotensin I both 
in intensity (l:SOt) and duration (2 x ). The ratio of pressor 
activity of TDP relative to angiotensin II has been 
reported to be I:37 [4], while the ratio of contractile acti- 
vity in the isolated rat colon has been reported as 1:9 
f.51. A ratio of 1: IS has been renorted for the stimulation 
of-release of catecholamines from the isolated cat adrenal 
gland [a]. Monta8ue et a[. [73 have reported a TDP:angio- 
tensin II ratio of 1:12 for both pressor activity in the rat 
and contractile activity of isolated guinea pig ileum. It is 
not known whether these biological activities are due to 
the complete M-residue sequence of TDP or are a function 
of a smaller peptide (e.g. angiotensin II) produced by hy- 
drolysis of TDP. 

Angiotensin-converting enzyme has been shown to act 
on a wide variety of peptide substrates in &ro by removing 
dipeptide units from the C-terminus of the peptide chain 
[a]. Our present study reports the finding that angiotensin- 
converting enzyme can form angiotensin 11 from TDP 
by the successive removal of three dipeptides: Tyr-Ser. 
Leu-Val and His&u. Since the enzyme cannot hydrolyze 

l This research was supported by the Veterans 
Administration (Proiect No. 7963-01). 

TRatios of bi&lo&al activity of TDP:angiotensin have 
been calculated on a molar basis. 

t Peptide fragments of TDP are numbered accordin 
to their position in the TDP sequence. 

a peptide bond involving the imino group of proline [9), 
further hydrolysis is prevented and angiotensin II is the 
limit peptide. 

TDP and the no~~tide (His’-Ser“‘)$ were synthe- 
sized by the solid phase method as described previously 
[3], and angiotensin-converting enzyme was puritied from 
hog lung [lo]. His&u was synthesized in this laboratory 
[ 111, Leu-Val was purchased from Fox Chemical Co. and 
Tyr-Ser was made by reducing Cbz-Tyr-Ser (Cycle Chemi- 
cal Co.) with H,/Pd. The concentrations of solutions of 
the peptides we&determined by amino acid analysis after 
acid hy~olysi~ The synthetic peptide -c Glu-Trp-Pro- 
Arts-Pro-GM-I&Pro-Pro was a aih from Dr. J. W. Ryan, 
Papanicolaou Cancer Research I%titute. Biological assays 
were performed in the anesthetized, pentolinium-treated 
rat, using angiotensin I as a standard as previously de- 
scribed [ 121. 

Initial reaction rates were determined with a Technicon 
Auto Analyzer using the ninhydrin-reaction procedure de- 
scribed previously [13]. This procedure measures con- - - 
tinuously the formation of new free amino groups as pep- 
tide bonds are hvdrolned. TDP (9.2 x IO-’ M) was incu- 
hated at 37” w&h converting et&me in @05 M sodium- 
Hepes (N-2-hydroxyethylpiprazine-w-2-ethanesulfonic 
acid) buffer. OH 75 with NaCl at the indicated con- 
centration in’a total volume of 10 ml. The incubation 
mixtures were sampled into the AutoAnalyaer con- 
tinuou~y for 18 min, and enayme velocities were calculated 
from the slopes of the recordings. Rates are expressed 
as pmoles dipeptide formed/mitt& of enzyme in terms 
of leucine color eauivalents. Color values of the dipeptides 
relative to leuci& (100) are: Tyr-Ser, 87; Leu-Val, 90; 
and His-Leu, 52. Hydrolysis rates for the nonapeptide 
(Hiss-Seri4) were determined in a similar manner. 

The initial velocity of TDP hydrolysis by converting 
enzyme is dependent on chloride, as shown in Table I. 
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Table 1. Effect of NaCl on the hydrolysis of peptides by 
angiotensinconverting enzyme. 

Initial velocity* 
(~moles!min/mg) 

NaCl 
concn Nonapeptide 
(M) TDP (His6-SerlJ) Angiotensin Ii 

0.0 0.02 0.34 0.03 
0.001 0.04 1.4 
0.01 0.09 1.7 050 
0.1 0.13 1.4 1.2 

* Substrate concentration was 9.2 x 10e6 M for TDP, 
11 x IO-’ M for nonapeptide, and 10 x 10e6 M for 
angiotensin I; other experimental details are given in the 
text. 

t Data for angiotensin I are taken from Ref. 14. 

The pattern of chloride dependence for TDP is similar 
to that for angiotensin I; both show very little hydrolysis 
in the absence of added NaCl. At all chloride con- 
centrations, the rate of hydrolysis of TDP is less than 
that of angiotensin I. The nonapeptide (His6-Ser”‘) is hyd- 
rolyzed much faster than TDP and shows a pattern of 
chloride dependence similar to that found for bradykinin 
[IJ]. In fact. there is a striking similarity if one compares 
TDP with the nonapeptide (Hi@-Ser”) on the one hand, 
and Gly-Arg-Met-Lys-bradykinin (a tridecapeptide) with 
bradykinin (a nonapeptide) on the other hand [14]. In 
both cases, the elongation of the peptide chain at the 
N-terminus produces the same change in the pattern of 
chloride dependence: a marked decrease in the rate of 
hydrolysis at all chloride concentrations and a shift in 
maximal activity from 0.01 to 0.1 M. 

In the presence of 01 M NaCI, the hydrolysis of TDP 
is completely inhibited by 5 x 10m6 M < Glu-Trp-Pro- 
Arg-Pro-Gin-Ile-Pro-Pro. a peptide found in Bothrops jar- 
araca venom which is known to inhibit conversion of 
angiotensin I to II [8]. 

The conversion of TDP by converting enzyme to a 
more potent pressor substance IS illustrated in Fig. 1. The 
negligible increase in pressor activity in the absence of 
Nail and the pattern of activation by NaCl parallel the 
above results obtained with the AutoAnalyzer. Figure 2 
shows the time-course of the hydrolysis of TDP by con- 
verting enzyme. As noted above, hydrolysis in the absence 
of chloride is very slow. The final value, indicating that 
three bonds are being hydrolyzed, is in agreement with 
the previous finding that the enzyme does not attack 
angiotensin II [S]. In order to identify the products of 
the reaction, 184 nmoles TDP was incubated for 2 hr 
at 37’ with 20 pg converting enzyme at pH 75 in the 
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Fig. 1. Conversion of TDP to a more potent pressor sub- 
stance by angiotensinconverting enzyme. TDP (9.2 x 
10e6 M) was incubated under the indicated conditions 
for 30 min at 37’ as described in the text. Aliquots were 
diluted SO-fold and assayed for pressor activity by inject- 
ing @25 ml (corresponding to 46 pmoles TDP) into an 
anesthetized rat [12]. Angiotensin I standards are shown 
for comparison. (I) 6 pmoles angiotensin I standard: (2) 
TDP. no enzyme. no NaCI; (3) TDP. 20 pg enzyme, no 
NaCI; (4) TDP, no enzyme, 001 M NaCl; (5) TDP. 20 
jig enzyme, 0.01 M NaCI; (6) TDP. no enzyme. 01 M 
NaCl; (7) TDP, 20 pg enzyme, 0.1 M NaCl; (8) 6 pmoles 
angiotensin I standard: and (9) 2 pmoles angiotensin I 

standard. 
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Fig. 2. Hydrolysis of TDP by angiotensin-converting 
enzyme. TDP (1.35 x 10T6 M) was incubated with 120 
pg converting enzyme, both in the presence of 0.1 M NaCl 
(+o)and in the absence of NaCl ( x -x ). Incubation 
conditions were as described in the text except that sam- 
pling into the AutoAnalyzer was done discontinuously, 
at the indicated times. The arrow indicates the total nin- 
hydrin color expected when all three dipeptides (Tyr-Ser. 

Leu-Val and His-Leu) have been released. 

presence of O-05 M NaCl in a total volume of 2 ml. The 
reaction was stopped by boiling and acidifying to pH 2.5. 
Chromatography of the incubation mixture on the amino 
acid analyzer showed three peaks, corresponding to Tyr- 
Ser (184 nmoles), Leu-Val (128 nmoles) and His-Leu (99 
nmoles). No free amino acids were found. The relative 
amounts of the three dipeptides found are in agreement 
with the expected order of release of dipeptide units star- 
ting from the C-terminal end of TDP. 

The ability of angiotensin-converting enzyme to hydro- 
lyze TDP in the manner shown above conforms with the 
previously described dipeptidyl carboxypeptidase-type of 
specificity of this enzyme [8]. 

Attempts have been made by other investigators to uti- 
lize TDP as a renin substrate for the specific detection 
or assay of renin activity in tissue extracts or in organ 
perfusion studies [15-IS]. It has previously been shown 
that TDP is readily hydrolyzed by pseudorenin to form 
angiotensin I [3]. The present finding that converting 
enzyme can form angiotensin I and II from TDP should 
serve as an additional warning against the use of TDP 
for the detection or assay of renin activity. 
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I~hibithe of qnaptosomal uptake of chdine by various choline amlags 

(Received I5 August 1974; accepted 16 October 1974) 

Choline appears to be transported into cholinergic neurons 
by a high alBnity mechanism Et-33 that is selectively loca- 
lized to choline+ nerve terminais [4]- Recent results 
indicate that this uptake mechanism plays a m~-iim~t~~ 
role in sustaining aud regulating the synthesis of acetylcho: 
line U-77. Thus- the ability to utilize and maniouhte this 
uptake &char&m provides invastigators wiih a very 
powerful tool for studying various aspects of acetylcholine 
synthesis, storage and release. To further a fundamental 
understanding of this uptake mechanism, we have exam- 
ined the inhibition of synaptosomtd choline uptake by 
choline analogs and some other compounds known to 
affect choline& systems. 

dl-~-Methylcholine, d-~methylcholine, 3-trimethyh- 
mino-propan-l-01 (homochoime) and N-hydroxyethyl pyr- 
rolidinium (pyrrolidii choline) were prepared as iodide 
salts by reacting the corresponding tertiary amino alcohols 
with methyl iodide- 

The reactions took plaw at roam temperature overnight 
in the dark. The compounds were purified by recrystafhi- 
tion from acetone-methanol-ether mixtures. Homogeneity 
was ascertained by chromatography (n-butanol-methanol- 
acetic acid-water, 61: 2: 1: 3) or e&&ophoresis at 1000 volts 
for 30 mhr Q-S M acetic acid-O-75 N formic acid) on cellu- 
lose thin-layer plates (Chromagmmq Eastman Chemicals 
Rochester, N.Y., lot Nos. 5102 and 5133). 

We are grateful to Dr. C. Y. Chiou for his generous 
gift of diethylchoIine, and to Dr. Darwin Cheney for his 
generous gift of Z-hyd~xy-l,l,22~~~thyl-~i~thyIam- 
monhtm (DL choline) and 2-hy~xyethy!, dp-trimethyl 
ammonium (DP choline). Tr~thy~holi~. dxethyiet~nola- 
mine, N-methyIet~nolami~, iridium-3, hemicho- 
linium-1.5 and oxotremorine were purchased from Aldrich. 
Choline, 2-aminoethanol. carbamyicholine and phosphor- 
ylcholine were from Sigma- and N-hydroxyethyl-4-(1-naph- 
thylvinyl) pyridinium (NVP), d-tubocurarine and physos- 
tigmine were purchased from Calbiochem. Acetylcholine 
was obtained from Caibiihem, sigma and Aldrich, and 
thiocholine was supplied by Polysciences and K % K Labs. 
Tetramethylammonium and tetraethylammonium were 
from Baker and t-butylethanolamine was from K & K 
Labs. Other drums were obtained as follows: BW-284CSl 
from Wcllcomc~ Research Labs; chlorpromazine from 
Smith Kline & French; haloperidot from McNeil: and 
neostigmine from Hoffman La-R&e. At least two IC,, 

&terminations were made with each compound from each 
source. 

Choline uptake was performed as previously described 
(41 with some modilicationr These procedures are stated 
briefly as follows. Sprague-Dawley male rats (ISO-220g) 
were killed by decapitation and the brains were quickly 
removed to a dish of chilled saline. The suiatum was 

CONCENTRATW OF INwBIT~R 

Fig. 1. Log-probit pbt d SOUIC representative inhibitors of [%i]choline uptake. Crude synaptosoma) 
fractions were incubated for 4 mm in the presence of 1 FM [3H)choliw and various concentrations 
of inhibitor. Results are the mean for at least two experiments which di&red by less than 10 per 

cent and are expressed as per cznt inhibition of uptake on a probability male. 


