
15.6. 1978 Specialia 703 

Chemical synthesis of a hexadecapeptide segment of ubiquitin that activates adenylate cyclase and induces 
lymphocytes to differentiate 
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Summary. A hexadecapeptide corresponding to positions 59-74 of ubiquitin was synthesized and purified. The peptide was 
characterized by its mobility in TLC and electrophoresis, amino acid sequence and composition, and molar rotation. The 
peptide possessed approximately 40% activity compared with native ubiquitin in each of 3 biological assays in vitro: a) 
thymocyte induction, b) B cell induction and c) elevation of intracellular cyclic AMP levels in sarcoma 180 cells. 

Ubiquitin, a 74 amino acid polypeptide chain 3, is probably 
represented universally in living cells since it has been 
found in animal tissues, yeasts, bacteria, and higher plants 4. 
The physiological role of ubiquitin is unknown, although it 
has recently been reported as a component of the nuclear 
protein A-24 in covalent association with histone 2A 5,6. 
Ubiquitin appears to contain a fl-adrenomimetic active site 
in that it can induce intracellular cyclic AMP elevations in 
certain cell types, an effect blocked by the fl-adrenergic 
blocking drug propranolol. Examples of these actions are in 
vitro induction of T cell (thymus-derived lymphocyte) and 
B cell (bone marrow derived lymphocyte) differentiation 
and elevation of adenylate cyclase and intracellular cyclic 
AMP in sarcoma 180 cells. 
Materials and methods. The following materials were pur- 
chased: a-Boc-amino acids (Beckman Instruments and 
Bachem, Inc.), dicyclohexylcarbodiimide (Schwartz-Mann), 
fluorescamine (Roche Diagnostics), 200-400 mesh polysty- 
rene resin containing 0.75 mmoles chloride/g resin (lab 
Systems, Inc.), RPMI 1640 medium and fetal calf serum 
(immunoprecipitin tested) (Grand Island Biological Co.), 
bovine serum albumin (35% pathocyte 5 lot 20 and 21) 
(Pentex, Inc.). 
Healthy 5 6 weeks old athymic mice (nu/nu) of both sexes 
(Sloan-Kettering breeding colonies) (MSKCC) were bred 
on a BALC/c background (thymocytes expressing Thy-1.2 
surface antigen) and maintained under conventional condi- 
tions. Anti-Thy-l.2 sera were prepared in Thy-1 congenic 
mice. Ubiquitin was isolated as described 4. 
Synthetic method. Synthesis of the hexadecapeptide was 
performed according to the method of Merrifield 7. The 
protected peptide was cleaved from the resin and side chain 
protecting groups were removed with anhydrous HF in 
anisole of 0 ~ for 60 rain. The peptide was purified by gel 
filtration on Bio Gel P6 and ion exchange chromatography 
on CM cellulose. 

Analysis of the hexadecapeptide. Amino acid analysis fol- 
lowing acid hydrolysis was performed as described pre- 
viously 3. Total enzymic hydrolysis using papain and leu- 
cine aminopeptidase M was performed according to the 
method of Keutman et al. 8. The entire sequence of  the 
hexadecapeptide was confirmed by manual Edman degra- 
dations 3. 3 TLC systems were used to further evaluate the 
purity of the intact, deblocked synthetic hexadecapeptide: 
system I, 1-butanol (15), acetic acid (3), H20 (12), pyridine 
(I0); system II, 2-butanone (2), acetic acid (6), H20 (5); 
system III, 1-propanol (7), 37% ammonium hydroxide (3). 
Thin layer electrophoresis was carried out on silica gel 
using pyridine acetate pH 3.5 buffer. 
Molar rotation (Perkin Elmer Model 141 spectropolarime- 
ter), [M]68924~ was -1110 ~ (0.89 raM, 1.0 M AcOH). Molar 
extinction coefficient (Cary, Model 15 spectrometer) was 
1690 with an absorption maximum at 277 nm. 
Induction of thymocyte differentiation from prothymocytes 
in vitro was performed as described by Komuro and Boyse 9 
and induction of the differentiation of B cells bearing 
receptors for complement (CR +) from CR- B cell precur- 
sors was performed as previously described. Determination 
of intracellular cyclic AMP levels in sarcoma 180 cells was 
performed as follows: Cells were incubated at 30 ~ in vitro 
in aerated Tyrode's solution with or without polypeptide at 
various concentrations for 10 min. Incubations were termi- 
nated by freezing and then adding ethanol-hydrochloric 
acid (60:1). lntracellular cyclic AMP levels were measured 
by the method of Gilmanl~ 2). 
Resuhs and discussion. The synthetic hexadecapeptide was 
purified by chromatography on Bio-Gel P6 ion exchange 
chromatography on carboxy-methyl cellulose in 8 M urea 
and gel filtration on Bio-Gel P-2. A single major spot was 
found for the purified product in each thin layer system 
with the following values: system I, Rf=0.57; system II, 
Rf=0,71; system lII, Rf -0 .42 .  Thin-layer electrophoresis 
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Fig. 1. Dose-response relationship of synthetic hexadecapeptide 
(open circles) and ubiquitin (solid circles) in the induction in vitro 
of prothymocyte-to-thymocyte differentiation (solid lines); dose- 
response relationship of synthetic hexadecapeptide (open circles) 
and ubiquitin (closed circles) in the induction in vitro of CR B 
cell-to-CR + B cell differentiation (dotted lines). 
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Fig.2. Dose-response relationship of synthetic hexadecapeptide 
(open circles) and ubiquitin (closed circles) and the levels of 
intracellutar cyclic AMP in sarcoma 180 cells. 
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at pH 3.5 revealed a single spot with an Rf of 0.80 com- 
pared to lysine. 
Amino acid composition of the hexadecapeptide following 
acid hydrolysis was Asp(1.1), Thr(0.9), Ser(1.0), Glu(2.0), 
Val(1.0), Ile(1.0), Leu(4.2), Tyr(0.9), Lys(1.0), His(0.9), 
Arg(1.9). Complete removal of protecting groups was as- 
sessed by total enzymatic hydrolysis 8 revealing no unna -  
tural amino acids and peptide extinction coefficient of 1690 
with maximal absorbance at 277 nm. 
The quantitative amount of truncated or failure sequences 
in the purified hexadecapeptide was determined by com- 
plete sequence analysis, a stringent technique of assessing 
purityll,12. The presence of deletion peptides for truncated 
sequences never exceeded 6% (cycle 8 of the degradation) 
on a molar basis, as evaluated by gas-liquid chromatogra- 
phy 13. 
The dose-response relationships of the synthetic hexade- 
capeptide and ubiquitin are presented for prothymocyte-to- 
thymocyte differentiation (figure 1), CR- B cell-to-CR + B 
cell differentiation (figure 1) and determination of intracel- 
lular cyclic AMP levels in sarcoma 180 cells (figure 2). The 
activity of the synthetic hexadecapeptide paralleled that of 
ubiquitin in each assay, showing approximately 40% activi- 
ty by comparison with ubiquitin in each assay. For each 
assay the synthetic hexadecapeptide showed, like ubiquitin, 
a concentration range with maximal activity and, at higher 
concentrations, inhibition. The activity of the synthetic 
hexadecapeptide fragment of ubiquitin paralleled that of 
the parent molecule in all 3 assays. By contrast thymopoie- 
tin induces selective T cell differentiation in vitro 4 and a 
synthetic tridecapeptide fragment of thymopoientin (resi- 
dues 24-41) also induced selective T cell differentiation in 
vitro, with no induction of CR to CR + B cell differentia- 
tion 15,16. Additionally, the synthetic tridecapeptide segment 
of thymopoietin, like thymopoietin itself, produced im- 
paired neuromuscular transmission in mice ~7, an effect not 
caused by ubiquitin or the synthetic hexadecapeptide frag- 
ment of ubiquitin (data not shown). 
Thus the synthetic peptide fragments of ubiquitin and 
thymopoietin showed contrasting biological activities, each 
having the biological characteristics of the parent mole- 
cules. We infer that each contains the amino acid sequence 
of the parent molecule involved in biological activity and 
that the putative epinephrin-mimetic active site of ubiqui- 
tin is present within the COOH-terminal 16 amino acids of 
the 74 amino acid sequence of ubiquitin and does not 
require the full tertiary structure of ubiquitin for biological 
activity in the assays studied. Yet there is rigorous evolu- 

tionary conservation of the entire amino acid sequence of 
ubiquitin, with complete identity between cattle and man 18 
and close similarity of the NH2-terminal sequence between 
these mammalian ubiquitins and ubiquitin isolated from 
the higher plant celery 4. This suggests that there are con- 
straints on amino acid substitutions in ubiquitin that are 
unrelated to the formation of an active site comprising an 
amino acid sequence capable of stimulating adenylate 
cyclase through fl-adrenergic receptors. Thus, ubiquitin 
almost certainly has other vital function(s) (possibly 
nuclear 5'6) which have contributed to its extraordinary 
evolutionary conservation in living cells, but which have 
not yet been detected in our biological assays. 
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Inhibition of liver fructose 1,6-bisphosphatase activity by Zn 2+: Reversal by imidazole pyruvate t 
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Summary. Imidazole pyruvate was found" to be a very potent natural chelating agent in reversing the inhibition of liver 
fructose 1,6-bisphosphatase activity by Zn 2+. This metabolite may play a physiological role in gluconeogenesis. 

The activity of fructose 1,6-bisphosphatase (Fru-P2ase, EC 
3.1.3.11) is markedly activated by a variety of chelating 
agents 3. The basis of this activation is attributed to the 
chelation of the endogenous Zn 2+, a specific and very 
potent metal inhibitor of Fru-P2ase 3'4. Based on the obser- 
vations that Zn 2+ inhibition of Fru-Pzase activity can be 
reversed by histidine at concentrations found in rabbit liver 

35 under gluconeogenic conditions ' , it was recently proposed 
that 'Zn 2+ and histidine together may act to modulate the 

levels of Fru-P2ase activity '6. We report here that imidazole 
pyruvate, which may exist in about the same concentration 
as histidine in liver cells 7, is significantly more potent than 
histidine in reversing the inhibitory effect o fZn  2+. 
Materials and methods. Chelex 100 was obtained from Bio- 
Rad. Imidazole pyruvate, 1-methylhistidine, 3-methylhisti- 
dine were purchased from Calbiochem. Other chemicals 
were obtained from Sigma: Fru-P2ase was purified from 
rabbit liver, and assayed at pH 7.5 in the presence of 


