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Reccmly WC were able lo show that calmodulin from vertebrates, plants (spinach) and the mold NcJrtruspuru CFUSSU can he covnlcntly conjugated 
to ubiquitin in a 0”-dependent manner by ubiquityI*calmodulin synthetasc (uCaM.synlhetase) from mammalian sources [R. Zicgcnhngen and 
HP, Jennisscn (1990) FERS Len. 273. X3-256]. 11 was therefore of high interest to investigate whether this covalent modification ofcahnodulin 
also occurs in one of lhe simplest cukaryotes, the unicellular Suc&~ort~)~s cmwsiue. Yeast calmodulin was therefore purified from bakers yeast. 
In contrast tocalmodulin from spinach and N. cruuu it does not activate phosphorylase kinase. Crude yeast uCaM-synthctaseconjugated ubiquitin 
Ca”-dependently lo yrdsl and mammalian (bovine) calmodulin. Yeast calmodulin was also a subslratr for mammalian (reliculocyic) uCaM- 
synthctasc. As estimtltcd from autoradiogrums the monoubiquitination product (lirst-order conjugate) of yeast calmodulin has an apparent 
molecular mass of ca. 23-2G kDd and the second-order conjugalc an apparent molecular mass of ca . 38-32 kDa. Two IO three ubiquitin molecules 
can be incorporated per yeast calmodulin. Experiments with mcthylatcd ubiquitin in the hcterologous reticulocyte system indicate that. as with 
vertcbraie culmodulins, only one lysinc residue of yeast calmodulin reacts with ubiquitin so that the iucorporarion of mukiplc ubiquihn molecules 
will lead to a polyubiquitin chin. These results also indicate that the ability of coupling ubiquitin to calmodulin was acquired al a very early stage 

in cvolulion. 

Yea% Calmodulin; Ubiquitin; UbiquityI-calmodulin syntheiasc; Protein-ubiquitination; Phosphorylusc kinase; Trimethyl lysinc 

1. INTRODUCTION 

In eukaryotes and yeast [l] calmodulin is an essential 
signal transducing molecule for the second messenger 
Ca” (for review see [2]). Of all calmodulins yeast cal- 
modulin (IW,~= 16.1 kDa, from sequence) has the largest 
sequential deviation from mammalian calmodulin 
(M,,= 16.7 kDa, from sequence) only sharing 60% se- 
quence identity [I]. Still mammalian and yeast calmod- 
ulin are functionally interchangeable in yeast [3]. Yeast 
ubiquitin (M, = 8.5 kDaj only has three amino acid 
exchanges in comparison to mammalian and human 
ubiquitin [4] and has a similar three-dimensional struc- 
ture as the other ubiquitins [S]. Yeast also possesses a 
ubiquitin-dependent proteolysis system [6,7] similar to 
that found in reticulocytes (for review see [g]). 

Recently [9-l 31 we first demonstrated that vertebrate, 
plant and mold calmodulins can be covalcntly coupled 
to ubiquitin in the presence of Cal+ and Mg’+-ATP by 
ubiquity!-calmodulin syntlletase (uCaM-synthetase) 
from mammalian tissues. At present calmodulin is the 
only protein where conjugation to ubiquitin is regulated 
by a second messenger (Ca”) [9,10]. Multiple 
ubiquitination at a single site appears characteristic for 
calmodulins [12,133 which apparently can only be 
ubiquitinated in the free form [lo]. UCaM-synthetase, 
for which a specific affinity-based assay has been dc- 

Co~fq~ondmt? ~ldcircss: H.P. Jennissen, inslilut fur Physiologische 
Chcmie. Universitgl-GHS-Esscn. Hufelandstr. 55, D-4300 Essen 1, 
Germany. 

scribed [IO], has been detected at significant levels in 
nearly all mammalian tissues tested so far [14]. There- 
fore it was a crucial question whether calmodulin from 
the unicellular eukaryote Saccharomyces cerevisiae, 
which shows the highest sequence differences to ver- 
tebrate calmodulins, can also be covalently modified 
with ubiquitin. 

In this paper it will be shown that uCaM-synthetase 
capable of conjugating yeast and mammalian calmod- 
ulins exists in yeast and that yeast calmodulin can also 
be covalently linked to ubiquitin by mammalian uCaM- 
synthetase. 

2. MATERfALS AND METHODS 

2. I. PF%!purorive rtrc4locis 
Rcticulocytc APF II (ATP-dcpendcnt proteolysis fraction II) was 

prepared as described in [15.16]. This fraction also contains high 
aclivitics of uCaM-synlhetasc. For the prepumtion of the yeast cn- 
zyrne, packages (500 g) of pressed baker’s yeast were obtained from 
Unifcrm GmbH (D-4712 Ilerne). The yeast was ground in a ‘Bead 
Beater’ (Biospec Products, Bnrtlcsvillc. OK. USA) 1171. In a typical 
case I50 ml glass beads (02 mm diameter. Fa. H. Claus% 6369 
Niederau) were mixed with 170 ml 10 mM Tris-HCI, I mM EDTA, 
I4 mM mcrcaptocthanol, 5 pplglrnl Icupeptin, 1 mM phcnylmcthyl 
sulfonylfluoride (PMSF; stock solution 1 M PMSF in dioxane) pH 7.5 
(buffer A) and 80 g pressed yeast broken down to 1-2 g portions. 
Beads. buffer and yenst were stirred with n spaW;l until the yeast was 
evenly dispersed. Then the mixture w&as homogenized in the Bead 
Beater 25 times Tar 15 s followed by a 10 s pause (W.H. Kunau, 
Bochum) at O°C respectively. The heakcr with the homogenale was 
decanted and the beads wcrc washed twice with 25 ml buffer A. The 
homogenate (cu. 250 ml) was firs1 centrifuged at II OOQxg for 20 min 
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and 111~ supcrnatant (crude extract) was then ultraccntrifupcd in a 
Bcckmunn 45 Ti rotor at 30 000 rim t 100 000~) for 90 min vicldinn 
ca 140 ml supernatant (30-S extrilct); 240 g ofyeast wcrc p;occsscd 
in this way yielding 400 ml of the 30-S extract which was applied to 
DEAE Fractogcl EMD (Supcrformance column 2.6x2 cm gel height; 
Merck Darmstadt) as described for DEAE-ccllulosc [15,1G]. The col- 
umn was elutcd in one step by addition of SO0 mM KC1 to the buffer 
with I mM PMSF as described [IS] and pooled (ca. 40 ml). The pool 
wasdialvzed a.cmnst 20 mM Tris-HCI. I mM DTE. S urrlml Icuaestin. 
0.1 mMPMSt? pH 7.6 (buffer B) for 3h and immedia& used &east 
APF IL, 21 mg/ml). Ubiquitin was purchased from Sigma (Munich). 
Ubiquitin wus methylated according to [18]. The 8 primary amino 
groups per mol ubiquitin were reduced to ca. 0.23 groups/m01 
[12]. [“‘I]CT.ubiquitin and methylated [‘Z51]CT+tbiquitin ([“51]CT- 
ubiquitin-m) wcrc synthesized (SO-200 cpm/pmol) according to the 
chloramine-T procedure [l5,19]. Bovine testis calmodulin w3s isolated 
according to [20] and purified further by affinity chromatography 
according to [?l]. Calmodulin from spinach and N. CI’CWN were pur- 
chased from Sigma. Yeast calmodulin was also isolated from pressed 
baker’s yeast (see above). The yeast (IO kg) was extracted by autolysis 
in ethyl acelatu as described by [22]. The autolysate was heat treated 
[I] by placing it in a boiling water bath for 15 min. Ahcr spinning down 
the denatured protein in a centrifuge the supernatant was precipitated 
by 5% trichloroacetic acid 1201 dialyzed against 20 mM Tris-HCI, I 
mM Ca?‘, pH 7.0 (buffer C) and a sample (570 ml, 23.2 mg/ml) was 
applied to tluphenazine-Sepharose (100 ml packed gel) according to 
[?I], The enriched calmodulin fraction eluted by EGTA was then 
reprecipitated by TCA and redialyzed as above and applied (sample: 
20 ml, 2.4 mdml) to butyl-SSepharose (I? ,umol/ml packed gel, 100 
ml packed gel) [23] und clwed under idcnticdl conditions [21]. Final 
purification of the butyl&Scpharose fraction (sample: 0.5 ml. I6 
mdml) was achieved by gel filtration on Scphadex G-50 fine (I x48 cm, 
flow rate 5 ml/h) in 50 mM sodium glycerophosphate, 0.2 M NH?CI, 
I mM EGTA. pH 7.0 (buffer D) yielding a total amount of?.5 mg pure 
yeast calmodulin. Phosphorylasc b (3rd crystals) was prcparcd accord- 
ing to Fisher and Krebs [24]. Phosphorylase kinase (180 nkat/mg, pH 
6.WpFI 8.2 ratio ca. 0.04) was isolated according to Cohen [25] with 
the modifications of Jcnnissen and Heilmryer [26]. 

2.2, Atralyrical rrrerltods 
Rcrirrrioqse uCuM-S~~~~rlrcmse was quantitated with the FP-Test 

[IO], The incubation mixture contained 50 mM Tris-MCI, I mM DTE. 
5 mM MgC&, I m.M ATP, IO mM phosphocreatinc, 0.1 mg/ml 
crealinc kinase, 500 ,ugWnl calmodulin. SO pgml [“‘I]CT~ubiquitin 
(specific radioactivity 59-200 cpmlpmol), 0.9 mg!ml rcticulocyte APF 
I1 [IO.1 I] . The mixtures with calcium contained I.1 mM Ca:* and 

1 mM 
EGTA. The coating procedure for the microtest tubes with bovine 
serum albumin (BSA) [IO] was simplified: the supcrnatants ofthc heat 
step (I.1 ml) were transferred to microtubcs containing 100 ~1 BSA 
(30 m@ml). To this mixture FP-Sepharose was added asdescribcd [IO]. 
For the analysis of ycosf uCu~M~sJv~r/~erase the FP-test was modified 
to contain 250 pug/ml calmodulin and 1.35 mg/ml [“‘l]CT-ubiquitin. 
The final concentration of yeast APF 11 was 8.5 mg/ml. All other 
parameters remained unchanged. The incubation mixtures for the 
autoradiographic analysis of uCaM on polyacrylamidc gels also con- 
tained 250 .&/ml calmodulin and I .35 mg/ml [lZ~I]CT-ubiquitin. 

Activities of phosphorylase b [27] and phosphorylaac kinase [28] as 
modified in [29] were determined on an AutoAnalyzer (Technicon, 
Tarrytown, USA). The biological activity of the calmodulins was 
tested in the phosphorylase kinase AuioAnalyzcr test. Ahcr 3.fold 
dilution in the AutoAnalyzer at pH 6.8 the sample contained as find 
conccnlralions 300 ngjml phosphorylasc kinase and from 0. I5 to 100 
/.4g calmodulin in kinnse dilutant: 10 mM sodium glyccrophosphate, 
50 mM mercapioethanol, S mdml bovine serum albumin, pH 7.0 
(buffer E). The activation of phosphorylnsc kinasc by calmodulin is 
expressed as the dcgrce of activation [30] which is defined as 8=(/r/ 
n&l where n is the measured acth<:y with calmodulin and II, the 
activity in the absence. The kinetic data was non-linearly fitted to a 

hyperbola according to I311 on a Commodore 64 computer [IO]. Elec- 
trophoresis in the presence of SDS was performed on 15% polyucryl- 
amide gels according to [32]. Unless otherwise stated, the sumple 
buffer [32] contained 10 mM EGTA [l2]. The molcculnr weight 
standards (ovalbumin 45 kDa, glyccraldchydc 3-phosphate dehy- 
drogenasc 3B kDa, carbonic anhydratase 29,2 kDa, trypsinogcn 25 
kDa, trypsin inhibitor 20. I kDa, lactalbumin 14.2 kDu) were obtained 
from Sigma. Ca’+-dependent mobility changes ofcalmodulin [33] dur- 
ing electrophoresis were performed as previously described [9]. For 
autoradiography the X-ray films were exposed for 24-96 h as required 
and developed as described [IO-I I]. Protein [34] was determined on 
an AutoAnalyzer I1 (Technicon) employing bovine serum albumin as 
standard. 

3. RESULTS 

Purity, apparent molecular mass and Ca?‘-dependent 
mobility change of yeast calmodulin are demonstrated 
in Fig. 1 in comparison to the mammalian protein. 
Yeast calmodulin runs with an apparent molecular 
mass of 14.9 kDa in the absence and 13.5 kDa in the 
presence of Ca” respectively. The mammalian coun- 
terpart (16.7 kDa) splits up into two bands (ca. 17.5, 
18.8 kDa) as previously described [lo] in the presence 
of Ca” and runs with a mass of 20,l kDa in the absence 
of Ca?+. 

Yeast calmodulin does not activate phosphorylase 
kinase as is shown in Fig. 2. The concentration of 
bovine calmodulin (employed as control) for half-maxi- 
mal activation (maximal activation 5-fold) is 49 nM as 
calculated from a non-linear hyperbolic fit of the data 
(line through data in Fig. 2). In contrast to the yeast 
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Fig. 1. Electrophoretic characteritition and Ca’+-dcpendcnt mobility 
change of calmodulin from yeast. SDS-PAGE was performed accord- 
ing to Lacmmli [32] on 15% gels. 5~5 ofthe respective calmodulin and 
IO ~6 of the standard protein mixture was npplied in 60 yl of sample 
buffer after heating to 100°C. To generate the mobility change the 
sample buffer contained 800 AM CaCI, (-&a’+) or IO mM EGTA 
(-Ca”) as described [9,33]. (Lanes 1-3) bovine testis calmodulin; 
(lanes 4-6) yeast cnlmodulin; (lane 7) standard proteins. For further 

details see [9,32,33], Methods and the text. 
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Fig. 2. Influence of yeast calmodulin on the activity of phosphorylasc 
kinasc. The activity of phosphorylasc kinasc was measured as de- 
scribed in Methods on an AutoAnalyzer. The degree of activation (17) 
[30] is described in Methods. Half-maximill activation of phos- 
phorylase kinase with bovine testis calmodulio occurred at a calmod- 
ulin concentration of 49 nM. The maximal degree of activation wps 
4.0 corresponding to a 5.fold activation of phosphorylase kinaa. For 

further details see Methods. the text and Table 1. 

modulator calmodulins from spinach and N. crassa can 
activate phosphorylase kinase 2-3-fold at 50 nM con- 
centrations (Table I). 

The Ca’+-dependent formation of ubiquityl-calmod- 
ulin from yeast calmodulin by uCaM-synthetase from 
rabbit reticulocytes is shown in Fig. 3A. With control 
bovine testis calrnodulin (Fig. 3, lane 1) shown first 
three conjugates are formed: first-order (bands Ia and 
Ib; ca. 27-29 kDa), second-order (Ii; ca. 3.5 kDa), and 
third-order (Iii; ca. 41 kDa) conjugates corresponding 
to one, two and three ubiquitin molecules per calmod- 
ulin (see [12]). In the absence of Ca” (Fig. 3A, lane 2) 
only very little calmodulin is ubiquitinated. In the con- 
trol (lane 5) lacking exogenous bovine calmodulin faint 
ubiquitination bands corresponding to the first-order 
conjugate (Ia, Ib) can be detected originating from the 
endogenous calmodulin in the reticulocyte APF II [14, 
351. Yeast calmodulin (Fig. 3A, lane 3) also yields 3 
ubiquitination bands which are, however, of lower ap- 
parent molecular mass: first-order ca. 24-26 kDa, sec- 
ond-order ca. 32 kDa and third-order ca. 40 kDa. The 
blur between the first- and second-order conjugates is 
due to the presence of first-order conjugate from the 
endogenous calmodulin (ca. 29 kDa) in reticulocyte 
APF II (see above). In the absence of Ca” (Fig. 3A, lane 
4) a larger amount of yeast ubiquityl-calmodulin is 
formed than in the case of bovine calmodulin (lane 1) 
indicating a decreased Ca?‘-sensitivity of the 
ubiquitination reaction in the case of yeast calmodulin. 
This can be confirmed by the enzymatic test (see Table 
II below). 

Ubiquityl-calmodulin conjugate formation with 
methylated -dbiquitin (which CZXIO~ !'CEZZ? pd~~t?biqt_Ai~ 

chains [18]) is shown in Fig. 3B. Ubiquitination of con- 
trol testis calmodulin (Fig. 3B, lane 1) leads to a single 
band as has been shown previously [ 12,131. An identical 
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Fig. 3. C&-dependent ubiquitination or yeast and bovine calmodulin 
with rcticulocyte uCaM-synthctaae. The incubation mixtures (50 ~1) 
contained 250 pdml calmodulin. I.35 mdml [‘2SI]CT-ubiquitin or 
mcthylnted [“‘I]CT-ubiquitin-m (ca. 0.75x10h cpm/mixturc) and 3.6 
mg/ml reticulocytc APF II. Mixtures with calcium contained I.1 mM 
0” + 1 mM EGTA, mixtures without calcium only contained 1 mM 
EGTA [IO]. After incubation (‘or I h the mixtures were boiled for 5 
min, immediately placed on ice (or S min and centrilugcd. The super- 
antants @a. 40 $1) were added to 60 pl sample buffer with IO mM 
EGTA [I 3.321, heated to 100°C and concentrated to a total volume 
or’ca. 70.~1 (or ca. 5 min. These samples were applied to 1% plyacryl- 
amide gels [32]. For autoradiography the X-ray film was exposed for 
24 hat -80°C and developed at room temperaturr[lO,l I]. The sample 
was applied to the cathodic top of the gel ‘s’. Unconjugated [‘z51]CT- 
ubiquitin (large dark band ca. 5.5 kDa [IS]) runs above the buffer front 
‘F’. For further details set Methods and the legend to Fig. I. The 
incubation mixtures from which the samples were derived contained: 
(A) 
(Lane I) bovine testis CaM +Cd" [‘2’I]CT-ubiquitin; 
(Lane 2) bovine testis C&f +EGTA[““l]CT-ubiquitin; 
(Lane 3) yeast CaM +Cs2’ [“51]CT-ubiquitin; 
(Lane 4) yeast CaM cEGTA [‘z51]CT-ubiquitin; 
(Lane 5) control without exogenous CaM+Ca?’ [1251]CT-ubiquitin; 
(Lane 6) control without exogenous CaM+EGTA [‘251]CT-ubiquitin. 

0) 
(Lane 1) bovine testis CaM +Ca” [‘2SI]ff-ubiquitin-min-m: 
(Lane 2) bovine testis CaM +EGTA [“51]CT-ubiquidn-m; 
(Lane 3) yeast CaM +Ca2’ [l~I~-ubiquidn-m; 
(Lane 4) yeast CaM +EGTA [‘“I]CT-ubiquitin-m; 
(Lane 5) control without exogenous CaM+Ca” [“JTjCT-ubiquitin-ni; 
(Lane 6) control without exogenous CaM+-EGTA [‘?-‘l]CT-ubiquitin-m. 

result is found for the yeast calmodulin (Fig. 3B, lane 
3). The additional band seen in lane 3 corresponds to 
the ubiquitination product of endogenous reticulocyle 
calmodulin (see control in Fig. 3B, lane 5). The 
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ubiquitination patterns in the absence of Ca’+, again 
show the strong Ca?+-dependence of ubiquitination in 
the case of bovine testis cnlmodulin and the reduced 
dependence for yeast calmodulin. 

To quantitate the differences in the ubiquitination 
rates between the various calmodulins fluphenazine- 
agarose affinity based assays for uCaM-synthetase (i.e. 
FP-test [IO]) were performed in Table II. A specific 
activity of 87 kat/mg is obtained for the bovine control 
calmodulin and a somewhat higher activity for the plant 
calmodulin. For N. crussu a 30% lower and for yeast 
calmodulin a 50% lower specific activity are found re- 
spectively. In addition the -Caz+l+Ca”-ratio increases 
by 50% indicating a two-fold higher Ca?+-independent 
activity of the enzyme with yeast calmodulin as sub- 
strate in comparison to the testis calmodulin. 

The autoradiogram in Fig. 4 demonstrates the yeast 
uCaM-synthetase activity obtained from the DEAE 
Fractogel as described in Methods. Both the bovine 
control (lane 1) and yeast calmodulins are conjugated 
to ubiquitin in the presence of Ca’+ by the yeast enzyme. 
First-order (ca. 23 kDa) and second-order @a, 28 kDa) 
conjugates are formed from yeast calmodulin. This also 
demonstrates clearly that the second band in Fig. 3A, 
lane 3 is the second-order conjugate of yeast calmod- 
ulin. In the case of testis calmodulin only a first-order 
conjugate (ca. 26 kDa) is seen under these conditions. 
Within the experimental error these conjugate molecu- 
lar masses are in agreement with those found for the 
reticulocyte enzyme in Fig. 3A (see above). No con- 
jugate bands indicative of endogenous yeast calmodulin 
were detected in mixtures to which no exogenous cal- 
modulin was added (Fig. 4, lanes 5,G). 

The data of the autoradiogram in Fig. 4 was quan- 
titated with the FP-test in Table II. The specific ac- 
tivities of the yeast enzyme with yeast and bovine cal- 
modulin are 7-lo-fold lower than the reticulocyte en- 
zyme. However the Ca’+-dependence is very pro- 
nounced. The -Ca?+l+Ca” ratio increases from 0.06 
for yeast to 0.15 for testis calmodulin indicating a re- 
duced Ca’+-sensitivity for mammalian calmodulin. 

Table I 

Activaticn of phosphorylasc kinase by diKerem calmodulins” 

C&nodulin Degree of activation 

Bovine testis 3.4 
Spinach 1.6 
Nrurosporu cram 2.2 
SuccharotnJws cmwlsiua* 0* 

“The aaivalion or phosphorylase kinase by colmodulin was measured 
in an automated assay [29]. Maximal activation of phosphorylase 
kirzse WIS 5.7.fold. The degrees of activation (see Methods) are 
calculated for a concentration of 50 nM calmodulin from activation 
curves measured between 3-55 nM concentrations of calmodulin. 
The value for yeast* was taken from Fig. 2. For further details see 
Methods, Fig. 2 and the text. 
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4. DISCUSSION 

Although the absolute molecular mass of yeast cal- 
modulin (16. I kDa, [l]) is only slightly smaller than the 
mammalian protein (16.7 kDa) it runs with a ca. 4-5 
kDa smaller apparent molecular mass on SDS-PAGE. 
This is in agreement with the observations of Davis et 
al. [l]. 

Apparently the 60% sequence difference [l] between 
yeast and bovine testis calmodulin is so large that phos- 
phorylase kinase cannot be activated by the yeast 
modulator (see Fig. 2). This is very interesting since a 
2-3-fold activation by spinach and N. CI’USS~ calmodulin 
is still possible (see Table 1). As the C-terminal fragment 
of calmodulin, 74-148, can fully activate phosphorylase 
kinase [3619 it can be speculated that it is the variance 
of this portion of yeast calmodulin which leads to a loss 
of biological activity. 

In general the conjugation of yeast calmodulin by 
reticulocyte uCaM-synthetase is very similar to testis 
calmodulin (Fig. 1A) and thus also to plant and fungus 
calmodulins [12,13]. From the generation of only one 
ubiquitination band from yeast calmodulin with meth- 
ylated [“‘l]ubiquitin (Fig. 1B) it can be concluded that 
as with all previous calmodulins [12,13] there is only a 
single lysine present which can be conjugated to ubiq- 
uitin. From the fact that the most highly conserved 
part of yeast calmodulin [l] lies in the N-terminal Cal+- 
domain (see above) it can be speculated that the puta- 
tive lysine residue involved in ubiquitination resides in 
this portion of the molecule. 

The ubiquitination of calmodulin is difficult to detect 
unequivocally in crude yeast extracts. However as 
shown here the activity of this enzyme as well as the 
Ca2’-dependence can be clearly demonstrated in yeast 
APF II (see Fig. 4). The Caa+-dependent conjugation of 
calmodulin with ubiquitin, first detected in rabbit reti- 

Table 11 

uCaM-synthetsse activily in rcticulocyte and yeas1 APF II as tested 
wiih various calmodulins” 

Calmodulin Reiiculocyu Ye&Et 
uCaM-synihelase uCaM-synthelasc 

Specific -CL?+/ Specific -Ca”‘l 
activity ?-CaS’ activity +ca2+ 
(fkat/mg) rulio (fkal/mg) ratio 

Bovine teslis 81 0.1 I 6.0 0.15 
Neuroqm-u crussa 58 0.15 ND ND 
Sacclrorot~2yces ccrevisirre 41 0.21 6.5 0.06 

’ LJCaM-Synthelase was qurrntitatcd with the Fl%est [LO]. The activily 
was corrected for activity with endogcnous celmodulin. The final 
protein concenrration of reticulocyle APF II was0.9 mg/ml and that 
of yeas1 APF 11 was 5.5 mg/ml. The preparation of rekulocyte and 
yeas1 APF II is described in Methods. For other differences in the 
FP-test bciween the rcticulocyre and yeast enzyme assay see 
Methods. For further details see Methods, Figs. 3 and 4, and the texl. 
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Fig. 4. Ca”-dependent ubiquitination of yeast and bovine with ycnst uCaM-synthetase. The incubation of the yeast enzyme with calmodulin and 
[rz51]CT-ubiquitin (1.4~10” cpm!mixture) was performed as described in the legend IO Fig, 3 except that the final protein concentration of yeast 
APF II was 5.5 mg/ml. To increase the sensitivity of the autoradiography the suprrnalanls obtained after rhc boiling step were adsorbct to 
FP-scpharose (I ml packed gellmp calmodulin) as described for the FP-ten. The EGTA eluates of FP-Sepharose were precipitated with 5% 
tricbloroacetic acid and the pellets were solubilired in 80~11 sample buffer (see legend to Fig. 3) with 5 ~12 M Tris which was concentrated to (10-70 
,ul by heating at 100°C and applied IO [he electrophorcsis gel [12], For autoradiography the X-ray film was exposed for I3 days at -SO’C. The 
protein band at GG kDa on the Coomassic blue-stained gel (A) is BSA from the coating procedure (set Methods), the band at ca. 20 kDa (lanes 
1.2) is testis cnlmodulin and the band at cu. I? kDa (lanes 3.4) is yeast calmodulin. As shown in Fig. 3 unconjugatcd [“‘l]CT-ubiquitin (5.5 kDa) 
runs above the buffer front ‘F’. A small fraction of this molecule (band below 14 kDa in Lanes I-6) appears to be non-specitically adsorbed and 
elutcd under the given conditions (see also [I I]), For further d&Is see Me(hods, legend to Fig. 3 and the lexl. 
(A) Coomassie blue-stained gel. (B) Autoradiogram. 

(Lane I) bovine testis CaM cCa” [‘z51]CT-ubiquitin: 
(Ltlne 2) bovine testis CaM +EGTA [‘z51]CT-ubiquitin; 
(Lane 3) yeast CaM +Ca?’ [‘zsI]CT-ubiquitin: 
(Lane 4) yeast CaM + EGTA [1~51]CT-ubiquitin; 
(Lane 5) control without exogenous CaM-tCa?’ [lzsI]CT-ubic~uitin: 
(Lane G) control without exogenous CaM+EGTA i’?51]CT-ubiquitin. 

culocytes [9], can now be followed all the way back to 
yeast. The conservation of calmodulin ubiquitination in 
contrast to the non-conserved activation of phosphory- 
lase kinase (Table 1) is an indication for the evolu- 
tionary age and importance of this reaction. 

The degree of Ca”-dependence appears to show a 
species specificity (see -Ca’+/+Ca2’ ratios, Table II), 
wberc each calmodulin in the heterologous enzyme sys- 
tem shows a reduced Ca’+-dependence. However, a final 
conclusion on this aspect can only be gained through 
experiments with the purified enzyme. Whether the 
ubiquitination of calmodulin in yeast is associated with 
a degradation of the modulator by a ubiquitin-depend- 
ent protcolytic system remains to be shown. This is still 
an open question in the mammalian system also [13]. 
One may speculate, however, that the conjugation of 
ubiquitin with calmodulin, which has been so highly 
conserved, is of prime biological importance and might 
be associated with a linked evolution of these two pro- 
teins in eukaryotes. Another indicsltion for such a link- 
age is the location of’ the calmodulin locus 2.0 kbp 
upstream of the ubiquitin fusion gene in Trypu~~osotna 
cruzi [37]. 
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