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Summary. fl-Thymosins, a group of highly homologous peptides consisting of 
about 40 amino acid residues, were found to be distributed from mammals up 
to echinoderms. Althogh they have first been isolated from mammalian thymus 
tissue preparations, their occurrance is not organ-specific and they are present 
even in different types of cells. For thymosin/?4 several biological activities have 
been reported, stating that this peptide acts as a thymus peptide hormone and 
is also involved in the neuroendocrine and immune system. However, it was 
recently demonstrated that thymosin fl~ has actin-sequestering properties and 
therefore might play an important role in the regulation of the microfilament 
system. This fact gives a new outlook on the real biological function of fl- 
thymosins. 
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The term fl-thymosins is restricted to a group of highly homologous peptides 
with an average molecular weight of 5 kDa. Because they were originally isolated 
from thymus tissue preparations, they were termed "thymosins" and postulated 
to possess immunomodulating or hormonal functions. However, the phyloge- 
netic distribution of fl-thymosins is ranging from mammals down up to echino- 
derrns, i.e. they are also found in species containing no thymus gland. Usually, 
two highly homologous fl-thymosins are present in one species. In mammals, 
the main fi-thymosin is thymosin fig (Low et al., 1981), which is accompanied by 
thymosin fllo (human, horse, cat, rabbit, rat and mouse), thymosin f19 (bovine), 
thymosin f19 Met (pig) or thymosin fl13 (whale) (Erickson-Viitanen et al., 1983a, b; 
Hannappel et al., 1989; Horecker and Morgan, 1984; H6rger, 1993; Voelter, 1993). 
In rabbit and frog tissue two peptides with slight deviations from the thymosin 
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/~, (T/14) structure were found. Tfl ,  Ala in rabbits differs only in the first amino 
acid (Ala instead of Ser) (Erickson-Viitanen et al., 1983a). From oocytes of 
Xenopus laevis a/~4-1ike peptide was isolated, namely T]34 x*~, whose primary 
structure is different in three amino acids from T/~, (Hannappel et al., 1988). No 
/3-thymosins could be detected in invertebrates like gypsy moth larvae, the earth- 
worm (Erickson-Viitanen et al., 1983a), the meal worm as well as in funghi like 
yeast (H6rger, 1993). 

Thymosin /~4 (T/~,), a peptide consisting of 43 amino acids and rich in 
glutamate and lysine residues (Fig. 1), is the most investigated/?-thymosin up to 
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Fig. 1. Amino acid sequences of fi-thymosins and their deviation (in ~/~,) from Tfl4 primary 
structure 
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now. It was first isolated in 1981 by Low et al. from calf thymosin fraction 5. 
Because T/J4 induces the activity of TdT (terminal deoxynucleotidyl transferase) 
in vitro and in vivo, it was thought to be a member of peptide hormones, which 
are produced and secreted by the thymus gland and influence T cell differ- 
entation. It was also reported in the literature that T/J4 expresses phenotypic 
changes on a human T cell line (Kokkinopoulos et al., 1985), induces the 
secretion of luteinizing hormone-releasing factor (LHRH) from rat hypothala- 
mus (Rebar and Miyake, 1981), inhibits the migration of guinea pig macrophages 
(Thurman et al., 1981, 1984) and enhances the capacity for antigen presentation 
on macrophages (Tzehoval et al., 1989). T/J4[1 39], which has been isolated from 
bovine hypothalamus, acts in vitro as a stimulator in activating calmodulin- 
dependent enzymes (Galoyan et al., 1992). Later on it was shown that T/J4 is not 
a thymus-specific peptide but is also present in different rat tissues even in high 
concentrations (Hannappel 1987). It was reported by Gomez-Marquez et al. 
(1989) that several rat tissues express the T/J4 gene. High amounts of T/J4 were 
detected in human white blood cells, especially in neutrophils and in macro- 
phages (Hannappel and van Kampen, 1987). Different mammalian cell lines, not 
derived from the reticuloendothelial system, are capable of synthesizing T/J 4 
(Goodall et al., 1983a). However, no secretion of this peptide was observed 
(Hannappel and Leibold, 1985; Sch6bitz et al., 1991). These facts are contrary 
to the assumption for a hormonal or secretory function of this peptide, also no 
signal peptide was found after T/J,, biosynthesis (Wodnar-Filipowicz et al., 1984; 
Gondo et al., 1987). There is no evidence for the existence of a large polypeptide 
precursor of T/J,, although this peptide has been isolated from different sources. 
T/J4 is the primary translation product, as was demonstrated by in vitro transla- 
tion assays with rat spleen mRNA (Wodnar-Filipowicz and Horecker, 1983). 

Lenfant et al. (1989) reported that the tetrapeptide AcSDKP shows inhibi- 
tory activity on the proliferation of hematopoietic pluripotent stem cells. As 
the sequence of this small peptide is the same as T/J4[l-4], it was stated that it 
might be generated in vivo from T/J4 (which in this case acts as the precursor 
molecule) through enzymatic digestion. In a bovine bone marrow stem cell 
preparation, AcSDKP is cleaved from [ 3 HI T/J4, probably by the enzyme Asp- 
N-endoproteinase (Grillon et al., 1990). 1H and 13C NMR studies demonstrated 
that AcSDKP exists in a random coil conformation which is attached to a helical 
part of T/J4. Therefore, the enzymatic cleavage at this site could be conforma- 
tionally facilliated (Freund et al., 1992). AcSDKP was also found in human white 
blood cells but not in plasma (Pradelles et al., 1990) as well as in different murine 
tissues (Pradelles et at., 1991). Additionally, it was reported for AcSDKP to be 
able to inhibit partially the formation of E-rosettes between human lymphoma 
T-cells and sheep erythrocytes (Thierry et al., 1990). 

Actually, T/J 4 has raised a lot of scientific interest since Safer et al. (1991) 
observed that it forms a 1 : 1 complex with muscle G-actin under physiological 
ionic conditions and thus prevents its polymerization to F-actin. Therefore, T/J 4 
seems to be involved in the microfilament system, acting as an actin-sequestering 
peptide like gelsolin or profilin. The ka-values are 2-3 #M for skeletal muscle 
actin or 0.4-0.7 #M for platelet actin (Nachmias et al., 1991; Weber et al., 1992). 
T/J4 binds not to F-actin or to filament ends (Weber et al., 1992). Microinjection 
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of T/3~, into cultured epithelial cells and fibroblasts leads to a depolymerization 
of F-actin (Sanders et al., 1992). In cells which possess a high rate of filament 
turnover like human neutrophils, a high concentration of T/~4 (160-200 gM) was 
found (Cassimeris et al., 1992), a fact that might indicate a possible role of T/34 
for the maintenance of G-actin. When PMN are stimulated by a chemoattrac- 
tant, the ~tmount of the T/~4-actin complex decreases (Cassimeris et al., 1992). 
Also, a stimulation of human platelets with thrombin leads to a decrease in the 
T/~4-actin complex, while the rate of F-actin increases (Nachmias et al., 1991). 
In contrast to profilin, another actin sequestering peptide, T/34 acts as a potent 
inhibitor of actin nucleotide binding and exchange (ADP for ATP). It seems that 
both peptides could be involved together in the regulation of the filament 
turnover by controlling the ratio of ATP-actin (which poymerizes more rapidly) 
to ADP-actin (Goldschmidt-Clermont et al., 1992). T/~4 competes with the same 
actin binding si'te as profilin and actobindin. Like in actobindin, the NH2- 
terminus of T/?4 is important for the binding on the actin molecule, especially 
the part 17--22 with the sequence LKKTET. This hexamotif is directly involved 
in actin binding, while the sequence 1-16 exerts a secondary effect which is 
necessary for the inhibitory activity of T/~4 (Vancompernolle et al., 1992). How- 
ever, the COOH terminus is not effective in the inhibition of F-actin formation. 
Using the DNase I inhibition assay, Hannappel et al., (1993) demonstrated that 
the sequences 24-43 and 13-43 of T/~ 4 show no effect in the maintainance of 
G-actin. CD and NMR studies with T/~4 and Tfl9 revealed a high probability 
for an a-helix formation in the NH2-terminal (residues 4-16 for T/~ 4 and 5-25 
for Tfl9 ) and COOH-terminal (residues 30-40 for T/~4 and 30-41 for Tfl9 ) part 
(Zarbock et al., 1990; Gallert et al., 1993). Similar results were obtained by 
calculation of the local backbone conformation of T/~ 4 (Sippl et al., 1992). 

Sch6bitz et al. (1990) reported that a stimulation of resting thymocytes with 
ConA results in a rapid increase of TP4 in the early Gl-phase of the cell cycle. 
However, the level of T/?4 mRNA increases in the S-phase of the cell cycle and 
this level is maintained during the G2 and M phase (Sch6bitz et al., 1991; Otero 
et al., 1993). Thus, T/~4 could be also actively involved in actin turnover during 
the cytokinesis. 

As shown in Table 1 and Fig. 1, another/%thymosin, highly homologous to 
T/34, is present in the mammalian tissue. In bovine tissues, Tfl9 occurs besides 
T/34, but in lower concentrations (Hannappel et al., 1982). On Tfl9 , a peptide of 
41 amino acids, less studies were done concerning its physiological relevance. 
Previously it has been reported that Tfl9 as well as some fragments of it are active 
in the E-rosette assay (Kalbacher et al., 1990; Abiko and Sekino, 1982). Now, 
there is evidence that Tfl9 might also play a role in actin sequestration like T/34. 
It binds to muscle G-actin with a Ke of 0.8 #M by forming a 1 : 1 complex (Heintz 
et al., 1993). Tfl9 Met is the corresponding peptide in porcine tissues which differs 
from Tfl9 in one amino acid, i.e. leucine in position 6 is replaced by methionine 
(Hannappel et al., 1989, Fig. 1). Low et al. (1990) reported for Tfl9 Met to  enhance 
production of interleukin-2, ~,-interferon and to stimulate the secretion of tumor 
necrosis factor. T~9 Met shows also activity in the E-rosette assay (Abiko and 
Sekino, 1990). In human, equine, cat, rabbit, rat and murine tissues, T/?lo is the 
accompanying /3-thymosin to T/34 (Erickson-Viitanen et al., 1983b, Haritos 
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Table 1. Phylogenetic distribution of fl-thymosins 

Species 1 st fl-thymosin 2 nd fi-thymosin 

Human, horse, rat, mouse, cat Tfl4 Tfllo 
Calf Tfl4 Tfl9 
Pig, Sheep Tfl4 Tfi9 Met 
Rabbit Tfl4 ala Tfllo 
Guinea pig Tfl4 
Whale Tfl4 Tf113 
Chicken, gecko Tfi4 
Frog Tfl4 xCn 
Rainbow trout Tfil 1 Tf112 
Perch Till 2 (perch) 
Sea urchin Till ~ 

et al., 1985; H6rger, 1993). For Tfllo also no precursor molecule was found 
(Goodall and Horecker 1987). Comparison studies with human and rat Till o 
cDNA have shown a complete identity for the primary structure (McCreary et 
al., 1988). The nucleotide sequences are 95}/0 identical. In adult rat testis an 
additional mRNA besides the common mRNA for TfllO was found, which may 
be active only in later stages of spermiogenesis (Lin and Morrison-Bogorad, 
1991). Therefore it was postulated that Till0 may be involved in the regulation 
of the motility in mature sperm. However, Tfl~o seems to play an imortant role 
in developing tissues, especially the brain, and high levels of TfllO were found in 
human fetal brain and in several neuroblastomas (Hall et al., 1990). In human 
brain, the Till o-content declines rapidly after birth. Investigations concerning 
the Till o mRNA revealed that this gene is present in embrionic brain and absent 
in the adult brain (Hall, 1991). Recombinant Till o was shown to have also an 
inhibitory activity on F-actin formation through binding to G-actin with a Kd 
of 0.7-1 #M. Like in the case of Tfl4, the binding of Tfllo is not inhibited by 
polyphosphoinositides or regulated by calcium (Yu et al., 1993). In whale tissue, 
Tfi~ 3 was identified besides Tfl4 (Voelter, 1993a, b), but up to now there is no 
evidence concerning its biological role. 

Not only in mammals, but also in lower vertebrate species two fl-thymosins 
were found. From trout spleen, Till ~ and Tflx2 were isolated and their primary 
structure determined, which differs from that of Tfl4 in their NH2- and C O O H -  
terminal region (Yialouris et al., 1992, Fig. 1). Both show a higher homology 
in their primary structure than the fl-thymosin pairs in mammals, known up to 
now. However, another Tflaz, different from that found in trout spleen, was 
isolated from perch liver (Low et al., 1992). Currently, there is no report about 
a coexisting fl-thymosin in perch. In oocytes from the frog Xenopus laevis only 
one fi-thymosin was identified, i.e. Tfl4 xen, which may replace the mammalian 
Tfi4 (Hannappel et al., 1988). Also, in chicken and gecko, only Tfl4 without an 
accompanying fl-thymosin was found. More recently, another member of the 
fi-thymosin family, namely Tfl~4, was isolated from sea-urchin and its primary 
structure determined (H6rger, 1993). 
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It is likely to assume that all identified fl-thymosins possess a very similar 
biological relevance since they all show the LKKTET sequence in position 
17-22 which is very important for the interaction with actin. Zfl9 Met, Tfl4 xen and 
Tflll have shown in the DNase I inhibition assay to be able to inhibit actin- 
polymerization (Hannappel and Wartenberg, 1993). 

Some members of the fl-thymosin family as well as their fragments were 
chemically synthesized using different approaches. Tfl4 was prepared by a con- 
ventional solution method (Abiko and Sekino 1990; Voelter and Kapurniotu, 
1991; Kapurniotu et al., 1991, 1992, 1993) or solid phase synthesis using Boc- 
amino acids (Wang et al., 1981; Low et al., 1983). Synthesis of deacetyl-Tfl4 xen 
was done classically by preparation of six fragments (Abiko and Sekino, 1989). 
A solution synthesis was also reported for Tfl9 (Chandramouli et al., 1986) 
and for its C-terminal fragment 33-41, which is active in the E-rosette assay 
(Kalbacher et al., 1990). Tfl4 Met was also synthesized by a solid phase method 
(Abiko and Sekino, 1990) as well as trout Till 1 (Voelter et al., 1991) and Till 2 
(Echner et al., 1993). A synthesis for AcSDKP, an inhibitory peptide on the 
hematopoietic stem cell proliferation which may be generated from Tfl4 through 
enzymatic digestion, was described as well as for Tfl9 [1-4] (Freund et al., 1992). 

In order to detect fl-thymosins specifically, several immunoassays were 
established. First, a radioimmunoassay (RIA) was developed for the measure- 
ment of Tfl4 in human serum (Naylor et al., 1984) or in different rat tissues 
(Goodall et al., 1983a). Increased levels of Tfl4 in human newborn cord serum 
and in patients with AIDS have been measured (Naylor et al., 1986). Later on, 
Weller et al. (1987 and 1992) detected quantitatively Tfl4 in human serum by an 
immunoassay. They found mean levels of 12.6 ng Tfl4/ml serum with a slight 
enhancement with increasing age. However, all these assays were performed with 
antibodies prepared by immunization with the whole molecule of Tfl4. Taking 
into consideration the high homology in the primary structure of fl-thymosins, 
one cannot exclude a possible cross-reactivity of antibodies raised against a 
fl-thymosin against other members of this peptide family. In fact, anti-Tfl4 
antibodies show a cross-reactivity of 10~o against Tfl9 and anti-Tfl9 antibodies 
cross-react 35~o with Tfl4. This kind of antibodies are useless for immunohisto- 
chemical or quantitative tissue extract investigations, especially in tissues from 
species containing two fl-thymosins. Therefore, an ELISA was developed using 
antibodies against the N-terminal fragment 1-14 of Tfl9 respectively Tfl4 
(Miheli6 et al., 1990; Livaniou et al., 1992). By this method, the cross-reactivity 
is diminished up to 1~o and the antibodies are able to detect the native fl- 
thymosin with approximately the same affinity as its fragment 1-14. This frag- 
ment can be obtained either by enzymatic digestion of the native molecule or 
by solid phase synthesis (Miheli6 and Voelter, 1993). For the development of an 
ELISA for the specific detection of Tfllo, the fragment 1 12 of Ti l l  o w a s  synthe- 
sized and used for immunization (H6rger et al., 1992). The antigenic index, 
calculated according to Jameson and Wolf (1988) as well as epitope mapping 
studies with polyclonal anti-Tfl4 antibodies revealed that regions with high 
antigenicity are located mainly in the N-terminal part of the molecule (Voelter 
et al., 1990a, 1992a). Using anti-Tfl9 [1-14] antibodies in immunohistochemical 
studies, the localization of Tfl9 w a s  specifically detected in frozen sections of 



Distribution and bioJogical activity of/~-thymosins 7 

Fig. 2. lmmunohistochemical localization of T/~ 9 in frozen sections of bovine thymus (A) and 
spleen (B), using an indirect antibody fluorescent technique. The antibodies against T//9 were 
prepared by immunization with its fragment 1-14. Positive reaction is visible in the cell 

lumen, and a relatively strong one at the cell borders. Magnification: A, B x 900 

Fig. 3. Detection of T/39 with anti-T/39 [1- t4] antibodies in the sarcolemn of bovine muscle, 
A, longitudinal section; B, cross section. Magnification: A x 360, B x 900 
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Fig. 4. Immunohistochemical staining of T/~ 4 in bovine thymus cortex (A) and medulla (B), 
using anti-Tfl4 [-1-14] antibodies. T/~ 4 is not only on organ-unspecific peptide, but is 
also distributed in different types of cells even in the same organ. Magnification: A × 360; 

B x 900 

different bovine tissues besides T/~4 which is naturally present in 2-3 fold higher 
concentrations than T/~ 9 (Miheli6 et al., 1989). In sections of the thymus, the 
positive reaction against Tfl9 is relatively strong at cell borders (Fig 2). /% 
Thymosins seem to be present in the area of the cell lumen except the cell nucleus, 
as was also proven by RIA measurements of nuclear and extranuclear extracts 
of calf thymus (Tsitsiloni et al., 1992). T/~9 and its homologue T/~4 are located 
not only in the thymus, but in all other tissues investigated, i.e. in spleen (Fig. 
2B), muscle (Fig. 3), kidney, liver, lung, connective tissue, with the highest 
intensity in spleen (Fig. 2B). Even in thymus, T/~4 is present in different types of 
cells (Fig. 4) which is not surprising with regard to its possible involvement with 
the cytoskeleton. 

References 

Abiko T, Sekino H (1982) Synthesis of the hentetracontapeptide corresponding to the entire 
amino acid sequence of calf thymosin/~9 and its effect on low e-rosette-forming cells of 
a patient with lupus nephritis. J Appl Biochem 4:449-458 

Abiko T, Sekino H (1989) Synthesis of a thymosin/~4-1ike peptide, deacetyl-thymosin/~4 xe", 
and its restorative effect on depressed lymphocyte blastogenic response to phytohe- 
magglutinin (PHA) in uremic patients. Chem Pharm Bull 37/9:2467-2471 

Abiko T, Sekino H (1990) Synthesis of a thymosin/~4-1ike peptide, thymosin/~9 Met, and its 
effect on low e-rosette-forming capacity of lupus nephritis patients. Chem Pharm Bull 
38/8:2301-2304 

Cassimeris L, Safer D, Nachmias VT, Zigmond SH (1992) Thymosin /~4 sequesters the 
majority of G-actin in resting human polymorphonuclear leukocytes. J Cell Biol 119/5: 
1261 1270 

Chandramouli N, Bhagarva KK, Ineefy GS, Modak M J, Merrifield RB (1986) Solid phase 
synthesis of thymosin/~9. Int J Peptide Protein Res 28:536-541 



Distribution and biological activity of fi-thymosins 9 

Echner H, Yialouris P, Haritos AA, Griibler G, Voelter W (1993) Structures and syntheses 
of thymosin flll and flla- In: Schneider, CH, Eberle AN (eds) Peptides 1992. Escom 
Science Publishers BV, Leiden, pp 751 752 

Erickson-Viitanen S, Ruggieri S, Natalini P, Horecker BL (1983a) Distribution of thymosin 
f14 in vertebrate classes. Arch Biochem Biophys 221/2:570-576 

Erickson-Viitanen S, Ruggieri S, Natalini P, Horecker BL (1983b) Thymosin fllo, a new 
analog of thymosin/34 in mammalian tissues. Arch Biochem Biophys 225/2:407-413 

Freund J, Kapurniotu A, Holak TA, Lenfant M, Voelter W (1992) Synthesis and two- 
dimensional ~H and 13C NMR investigations of an inhibitor of hematopoietic stem cell 
proliferation Ac-Ser-Asp-Lys-Pro-OH. Z Naturforsch 47b: 1324-1332 

Galoyan AA, Gurvitis BY, Shuvalova LA, Davis MT, Shively JE, Lee TD (1992) A hypo- 
thalamic activator of calmodulin-dependent enzymes is thymosin/34(1-39). Neurochem 
Res 17/8:773 777 

Gallert B, Zarbock J, Voelter W, Holak TA (1993) A nuclear magnetic resonance and 
simulated annealing study of thymosin/39 in solution. In: Schneider CH, Eberle AN (eds) 
Peptides 1992. Escom Science Publishers BV, Leiden, pp 517-518 

Goldschmidt-Clermont P, Furman MI, Wachsstock D, Safer D, Nachmias VT, Pollard T 
(1992) The control of actin nucleotide exchange by thymosin/34 and profilin. A potential 
regulatory mechanism for actin polymerization in cells. Mol Biol Cell 3:1015-1024 

Gomez-Marquez J, Dosil M, Segade F, Bustelo XR, Pichel JG, Dominguez F0 Freire M 
(1989) Thymosin/34 gene. Preliminary characterization and expression in tissues, thymic 
cells and lymphocytes. J Immunol 143/8:2740-2744 

Gondo H, Kudo J, White JW, Barr C, Selvanayagam P, Saunders GF (1987) Differential 
expression of the human thymosin/34 gene in lymphocytes, macrophages and granulo- 
cytes. J Immunol 139/11:3840 3848 

Goodall GJ, Morgan JI, Horecker BL (1983a) Thymosin/34 in cultured mammalian cell 
lines. Arch Biochem Biophys 221/2:598 601 

Goodall GJ, Hempstead JL, Morgan J (1983b) Production and characterization of anti- 
bodies to thymosin/34. J Immunol t3!/2:821-825 

Goodall GJ, Horecker BL (1987) Molecular cloning of the cDNA for rat spleen thymosin 
/31o and the deduced amino acid sequence. Arch Biochem Biophys 256/1:402-406 

Grillon C, Rieger K, Bakala J, Schott D, Morgat J-L, Hannappel E, Voelter W, Lenfant M 
(1990) Involvement of thymosin/34 and endoproteinase Asp-N in the biosynthesis of the 
tetrapeptide AcSerAspLysPro, a regulator of the hematopoietic system. FEBS Lett 274// 
1, 2:30-34 

Hall AK (1991) Developmental regulation of thymosin/310 mRNA in the human brain. Mol 
Brain Res 9:175-177 

Hall AK, Hempstead J, Morgan JI (1990) Thymosin/310 levels in developing human brain 
and its regulation by retinoic acid in the HTB-10 neuroblastoma. Mol Brain Res 8: 
129-135 

Hannappel E (1986) One-step procedure for the determination of thymosin/34 in small tissue 
samples and its separation from other thymosin/34-like peptides by high pressure liquid 
chromatography. Anal Biochem 156:390-396 

Hannappel E (1987) Thymosin/34 und/34-artige Peptide. In: ED Hager (ed) Thymusfaktoren, 
Thymuspr~iparate. G. Fischer, Stuttgart New York, pp 64-73 

Hannappel E, van Kampen M (1987) Determination of thymosin f14 in human blood cells 
and serum. J Chromatography 397:285-297 

Hannappel E, Leibold W (1985) Biosynthesis rates and content of thymosin/34 in cell lines. 
Arch Biochem Biophys 240/1:236 241 

Hannappel E, Wartenberg F (1993) Actin-sequestering ability of thymosin/34, thymosin/3~ 
fragments, and thymosin/34-like peptides as assessed by the DNase I inhibition assay. 
Biol Chem Hoppe-Seyler 374:117-122 

Hannappel E, Davoust S, Horecker BL (1982) Isolation of peptides from calf thymus. 
Biochem Biophys Res Commun 104/1:266-271 

Hannappel E, Kalbacher H, Voelter W (1988) Thymosin /34x~n: a new thymosin /34-like 
peptide in oocytes of Xenopus laevis. Arch Biochem Biophys 260/2:546-551 - 



10 M. Mihelic and W. Voelter 

Hannappel E, Wartenberg F, Bustelo XR (1989) Isolation and characterisation of thymosin 
//9 Met from pork spleen. Arch Biochem Biophys 273/2:396-402 

Haritos AA, Caldarella J, Horecker BL (1985) Simultaneous isolation and determination of 
prothymosin e, parathymosin ~ thymosin //4 and thymosin //10. Anal Biochem 144: 
436-440 

Heintz D, Reichert A, Mihelic M, Voelter W, Faulstich H (1993) Use of bimanyl actin 
derivative (TMB-actin) for studying complexation of//-thymosins. Inhibition of actin 
polymerization by thymosin//9. FEBS Lett 329/1, 2:9 12 

Horecker BL, Morgan J (1984) Ubiquitous distribution of thymosin beta-4 and related 
peptides in vertebrate cells and tissues. Lymphokines 9:15 35 

H6rger S (1993) PhD Thesis, Abteilung fiir physikalische Biochemie, Tiibingen University 
H6rger S, Gallert B, Echner H, Voelter W (1992) Synthese eines Thymosin//lo-Fragments 

zur Entwicklung spezifischer Antik6rper. Z Naturforsch 47b: 1170-1174 
H6rger S, Gallert B, Kellermann J, Voelter W (1993) Isolation and structural identification 

of//-thymosins from equine tissue; development of a specific ELISA against thymosin 
//lo (T//lo). In: Schneider CH, Eberle AN (eds) Peptides 1992. Escom Science Publishers 
BV, Leiden, pp 749-750 

Jameson BA, Wolf H (1988) The antigenic index: a novel algorithm for predicting antigenic 
determinants. Cabios 4:181 - 1 8 6  

Kalbacher H, Hannappel E, Miheli6 M, Voelter W (1988) High yield isolation method of 
natural thymus peptides; their synthesis and biological activities. Proc 2rid Akabori Conf 
Res Found, Minoh-Shi, Osaka, p 80 

Kalbacher H, Jahan M, Miheli6 M, Zaman F, Voelter W (1990) Solution synthesis of a 
biologically active fragment 1-33-41] ofthymosin//9. Liebigs Ann Chem 1990:249-252 

Kapurniotu A, Voelter W (1991) Klassische Synthese des Fragments [11 19] von Thymosin 
//4. Liebigs Ann Chem 1991:1251-1257 

Kapurniotu A, Voelter W (1992) Klassische Synthese des Fragments [20-30] von Thymosin 
//4. Eiebigs Ann Chem 1992:361-370 

Kapurniotu A, Link P, Voelter W (1993) Total synthesis of thymosin /34 by fragment 
condensation. Liebigs Annal Chem (in press) 

Kauppinen RA, Nissinen T, Karkkainen A-M, Pirttila TRM, Palvimo J, Kokko H, Williams 
SR (1992) Detection of thymosin/74 in situ in a guinea pig cerebral cortex preparations 
using 1H NMR spectroscopy. J Biol Chem 267/14:9905-9910 

Kokkinopoulos D, Perez S, Papamichail M (1985) Thymosin//4 induced phenotypic changes 
in molt-4 leukemic cell line. Blut 50:341-348 

Lenfant M, Wdzieczak-Bakala J, Guittet E, Prome J-C, Sotty D, Frindel E (1989) Inhibitor 
of hematopoietic pluripotent stem cell proliferatio: purification and determination of its 
structure. Proc Natl Acad Sci USA 86:779-782 

Lin S-C, Morrison-Bogorad M (1991) Cloning and characterization of a testis-specific 
thymosin//lo cDNA. J Biol Chem 266/35:23347-23353 

Livaniou E, Miheli6 M, Voelter W (1991) Development of specific antibodies for thymosin 
/?4. In: Giralt E, Andreu D (eds) Peptides 1990. Escom Science Publishers BV, Leiden, 
pp 210-211 

Livaniou E, Miheli6 M, Evangelatos G, Haritos AA, Voelter W (1992) A thymosin/?4 ELISA 
using an antibody against the N-terminal fragment thymosin //411-14]. J Immunol 
Methods 148/1-2:9-14 

Low TLK, Hu S-K, Goldstein AL (1981) Complete amino acid sequence of bovine thymosin 
//4: A thymic hormone that induces terminal desoxynucleotidyl transferase activity in 
thymocyte populations. Proc Natl Acad Sci USA 78:1162-1166 

Low TLK, Wang S-S, Goldstein AL (1983) Solid-phase synthesis of thymosin/74: chemical 
and biological characterization of the synthetic peptide. Biochemistry 22:733-740 

Low TLK, Lin C-Y, Pan T-L, Chiou A-J, Tsugita A (1990) Structure and immunological 
properties of thymosin//9 M°t, a new analog of thymosin//4 isolated from porcine thymus. 
Int J Peptide Protein Res 36:481-488 

Low TLK, Eiu DT, Jou J (1992) Primary structure of thymosin/~12, a new member of the 
/?-thymosin family isolated from perch liver. Arch Biochem Biophys 293/1:32-39 



Distribution and biological activity of/#thymosins 11 

McCreary V, Kartha S, Belt GI, Toback PG (1988) Sequence of a human kidney cDNA 
clone encoding thymosin/?1o. Biochem Biophys Res Comm 152/2:862 866 

Miheli6 M, Voelter W (1993) Immunohistochemical localization of thymosin/?4 with anti- 
bodies raised from a synthetic fragment with high antigenicity. In: Schneider CH, Eberle 
AN (eds) Peptides 1992. Escom Science Publishers BV, Leiden, pp 905-906 

Miheli6 M, Hannappel E, Kalbacher H, Voelter W (1988) Generation of specific antibodies 
against thymosin /?4-like peptides by immunization with N-terminal fragments. In: 
Jung G, Bayer E (eds) Peptides 1988. Walter de Gruyter, Berlin New York, pp 739-741 

Miheli6 M, Kalbacher H, Hannappel E, Voelter W (1989) MicroElisa method for the 
determination of thymosin/?9 discriminating between thymosin/?9 and the structurally 
closely related thymosin/?4. J Immunol Methods 122/2:7-13 

Miheli6 M, Giebel W, Kalbacher H, Hannappel E, Voelter W (1990) Localization of 
thymosin/?9 in bovine tissues. Histochemistry 95/2:175-t78 

Miheli6 M, Livaniou E, H6rger S, Galic M, Giebel W, Lenfant M, Voelter W (1992) 
Antibodies against thymosin /?4--their specificity and use in immunohistochemical 
studies. In: Wegmann R J, Wegmann MA (eds) Recent advances in cellular and molecular 
biology, vol. 1. Thymic immune regulations, autoantibodies, lymphomas, infectious 
diseases, tumors. Peeters Press, Leuven, pp 43-47 

Miheli6 M, Huguet M, Voelter W (1993) Development of specific immunoassays for/?- 
thymosins. In: Brandenburg D, Ivanov V, Voelter W (eds) Chemistry of peptides and 
proteins. Verlag Mainz, Aachen, pp 883-891 

Nachmias VT, Golla R, Safer D, Weber A, Cassimeris L, Zigmond (1991) Reciprocal changes 
in thymosin beta-4-platelet actin complex (T/?4-PA) and F-actin in stimulated platelets. 
J Cell Biol 115: 374a 

Naytor PH, McClure JE, Spangelo BL, Low TLK, Goldstein AL (1984) Immunochemical 
studies on thymosin: radioimmunoassay of thymosin 134. Immunopharmacology 7: 9-16 

Naylor PH, Friedman-Kien A, Hersh E, Erdos M, Goldstein AL (1986) Thymosin ~1 and 
thymosin/?4 in serum: comparison of normal, cord, homosexual and AIDS serum. Int J 
Immunopharmacol 8/7:667-676 

Otero A, Bustelo XR, Pichel J, Freire M, Gomez-Marquez J (1993) Transcript levels of 
thymosin/?4, an actin-sequestering peptide, in cell proliferation. Biochem Biophys Acta 
1176:59-63 

Pradelles P, Frobert Y, Cr6mion C, Liozon E, Mass6 A, Frindel E (1990) Negative regulator 
of pluripotent hematopoietic stem cell proliferation in human white blood cells and 
plasma as analysed by enzyme immunoassay. Biochem Biophys Res Comm 170/3: 
986-993 

Pradelles P, Frobert Y, Cr6mion C, Ivonine H, Frindel E (1991) Distribution of a negative 
regulator of hematopoietic stem cell proliferation (AcSDKP) and thymosin ~4 in mouse 
tissues. FEBS Lett 289/2:171-175 

Rebar RW, Miyake A (1981) Thymosin stimulates secretion of luteinizing hormone-releasing 
factor. Science 214:669-671 

Safer D, Elzinga M, Nachmias VT (1991) Thymosin/?4 and Fx, an actin-sequestering peptide, 
are indistiguishable. J Biol Chem 266/7:4029-4032 

Sanders MC, Goldstein AL, Wang Y-L (1992) Thymosin/~4 (Fx peptide) is a potent regulator 
of actin polymerization in living cells. Proc Natl Acad Sci USA 89:4678-4682 

Sch6bitz B, Netzker R, Hannappel E, Brand K (1990) Rapid induction of thymosin fi4 in 
concanavalin a-stimulated thymocytes by translational control. J Biol Chem 265/26: 
15387-15391 

Sch6bitz B, Netzker R, Hannappel E, Brand K (1991) Cell-cycle-regulated expression of 
thymosin/?4 in thymocytes. Eur J Biochem 199:257-262 

Sippl M, Hendlich M, Lackner P (1992) Assembly of polypeptide and protein backbone 
conformations from low energy ensembles of short fragments: development of strategies 
and construction of models for myoglobin, lysozyme, and thymosin/~4. Prot Science 1: 
625-640 

Thierry J, Papet M-P, Saez-Servent N, Plissonneau-Haumont J, Potier P, Lenfant M (1990) 
Synthesis and activity of NAcSerAspLysPro analogues on cellular interactions between 



12 M. Mihelic and W. Voelter 

T-cell and erythrocytes in rosette formation. J Med Chem 33:2122-2127 
Thurman GB, Low TLK, Rossio J, Goldstein AL (1981) Specific and nonspecific macro- 

phage migration inhibition. In: Goldstein AL, Chirigos MA (eds) Lymphokines and 
thymic hormones: their potential utilization in cancer therapeutics. Raven Press, New 
York, pp 145-157 

Thurman GB, Seals C, Low TLK, Goldstein AL (1984) Restorative effects of thymosin 
polypeptides on purified protein derivative-dependent migration inhibition factor pro- 
duction by the peripheral blood lympllocytes of adult thymectomized guinea pigs. J Biol 
Resp Modif 3:160-173 

Tsitsiloni O, Yialouris PP, Echner H, Voelter W, Haritos AA (1992) Evidence for the 
extranuclear localization of thymosins. Experientia 48:398-403 

Tzechoval E, Sztein MB, Goldstein AL (1989) Immunopharmacology 18:107 
Vancompernolle K, Goethals, Huet C, Louvard D, Vandekerckhove J (1992) G- to F-actin 

modulation by a single amino acid substitution in the actin binding site of actobindin 
and thymosin/34. EMBO J 11/13:4739-4746 

Voelter W, Kapurniotu A (1991) Strategies for the total syntheses of thymosins. In: Atta-ur- 
Rahman (ed) Studies in natural products chemistry, vol 8. Elsevier Science Publishers 
BV, Amsterdam, pp 433-461 

Voelter W, Miheli~ M, Livaniou E (1990a)/3-thymosin fragments, their biological activity 
and use for the development of specific antibodies. In: Zaidi ZH, Abbasi A, Smith DL 
(eds) Protein-structure-function. Twel Publishers, Karachi London New York, pp 183- 
197 

Voelter W, Livaniou E, Mihelic M (1990b) Development of specific immunoassays for 
thymosins. In: Tschesche (ed) Modern methods in protein- and nucleic acid research. 
Walter de Gruyter, Berlin New York, pp 251-269 

Voelter W, Kalbacher H, Echner H, Schmid B, Schr6der C, Treffer U (1991) Isolation of a 
new thymosin from trout spleen and the automatic solid phase synthesis of its proposed 
sequence. In: Giralt E, Andreu D (eds) Peptides 1990. Escom Science Publishers BV, 
Leiden, pp 210-211 

Voelter W, Armbruster FP, Kapurniotu A, Livaniou E, Miheli6 M, Perrei C (1992a) 
Theoretical and experimental epitope mapping of thymosin/34. In: Smith JA, Rivier JE 
(eds) Peptides: chemistry and biology. Escom Science Publishers BV, Leiden, pp 895- 
896 

Voelter W, Miheli6 M, Kapurniotu A (1992b) New aspects of/3-thymosins. In: Proceedings 
of the 4th Akabori Conference, Japanese-German Symposium on Peptide Chemistry, 
Protein Research Foundation, Minoh-Shi, Osaka, Japan, pp 185-188 

Voelter W (1993a) New outlooks in thymosin research. In: Schneider CH, Eberle AN (eds) 
Peptides 1992. Escom Science Publishers BV, Leideni, pp 103-104 

Voelter W (1993b) The biological relevance of thymosins in the animal kingdom. In: 
Yaneihara N (ed) Peptide chemistry 1992. Escom Science Publishers BV, Leiden, pp 632- 
636 

Wang SS, Wang BSH, Chang JK, Low TLK, Goldstein AL (1981) Synthesis of thymosin 
/~4. Int J Peptide Protein Res 18:413-415 

Weber A, Nachmias VT, Pennise CR, Pring M, Safer D (1992) Interaction of thymosin/34 
with muscle and platelet actin: implications for actin sequestration in resting platelets. 
Biochemistry 31:6179-6185 

Weller FE, Mutchniek MG (1987) Enzyme immunoassay measurement of thymosin/~4. 
J Immunoassay 8/2 3:203-217 

Weller FE, Mutchnick MG, Goldstein AL, Naylor PH (1988) Enzyme immunoassay mea- 
surement of thymosin/34 in human serum. J Biol Resp Mod 7:91-96 

Weller FE, Shah U, Cummings G, Chretien P, Mutchnick MG (1992) Serum levels of 
immunoreactive thymosin c~ 1 and thymosin/34 in large cohorts of healthy adults. Thymus 
19:45-52 

Wodnar-Filipowicz A, Horecker BL (1983) In vitro synthesis of thymosin/34 encoded by rat 
spleen mRNA. Proc Natl Acad Sci USA 80:1811-1815 

Wodnar-Filipowicz A, Gubler U, Furuichi Y, Richardson M, Nowoswiat E, Poonian MS, 



Distribution and biological activity of fl-thymosins 13 

Horecker BL (1984) Cloning and sequence analysis of cDNA for rat spleen thymosin f14. 
Proc Natl Acad Sci USA 81:2295-2297 

Xu G-J, Hannappel E, Morgan J, Hempstead J, Horecker BL (1982) Synthesis of thymosin 
]34 by peritoneal macrophages and adherent spleen cells. Proc Natl Acad Sci USA 79: 
4006-4009 

Yialouris P, Coles B, Tsitsiloni O, Schmid B, Howell S, Aitken A, Voelter W, Haritos AA 
(1992) The complete sequences of trout (Salmo gairdneri) thymosin/711 and its homo- 
logue thymosin ]312. Biochem J 283:385-389 

Yu F-X, Lin S-C, Morrison-Bogorad, Atkinson MAL Yin H (1993) Thymosin ]310 and 
thymosin f14 are both actin monomer sequestering proteins. J Biol Chem 268/1:502-509 

Zarbock J, Oschkinat H, Hannappel E, Kalbacher H, Voelter W, Holak TA (1990) Solution 
conformation of thymosin ]34: a nuclear magnetic resonance and simulated annealing 
study. Biochemistry 29:7814-7821 

Authors' address: Prof. Dr. W. Voelter, Abteilung ffir Physikalische Biochemie des 
Physiologisch-chemischen Instituts der Universitfit Tfibingen, Hoppe-Seyler-Strasse 4, 
D-72076 Tiibingen, Federal Republic of Germany. 

Received January 7, 1993 


