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Ubiquityl-calmodulin synthetase (uCaM-synthetase} activity as detected in reticulocyte lysate and the crude extracts of rabbit tissues [FEBS Lett.

294 (1991} 229-233] has been well characterized as being essentially Ca**-dependent (—Ca*'/+Ca*" activity ratio; 0.15-0.2). However, during the

purification of this enzyme on ubiquitin-Sepharose the Ca**-dependent activity is lost and an essentially Ca?*-independent enzyme (—Ca®*/+Ca?*

activity ratio: 1.0-1.5) is obtained which was purified 90-fold (uCaM-Syn F1) to a final specific activity of 0.32 pkat/mg. During the purification

procedure a second protein factor (uCaM-Syn F2) was isolated that has no catalytic activity by itself but restores Ca* dependence to the uCaM-Syn

F1 fraction (—Ca*"/+Ca®" activity ratio: 0.1) and enhances the catalytic activity in uCaM-Syn F1 in the presence of Ca?* over 40-fold. It is concluded
that several (possibly interdependent) forms of uCaM-synthetase exist which display different substrate specificities for calmodulin.

Calmodulin; Ubiquitin; Ubiquityl-calmodulin synthetase; Protein ubiquitination; Calcium

1. INTRODUCTION

In 1987 we reported that a large number of proteins
in cardiac and skeletal muscle of the frog, mouse, rat
and rabbit can be covalently coupled to ubiquitin in
crude extracts [1]. In the same year we were able to
identify one of these proteins in the reticulocyte system
as calmodulin [2]. In the past years we have reported
details on the covalent modification of vertebrate [2-7],
plant, fungus [8] and yeast [9] calmodulins with ubig-
uitin by the enzyme ubiquityl-calmodulin synthetase
(uCaM-synthetase). One of the major biologically rele-
vant characteristics of this reaction is the dependence on
#M Ca®" concentrations [3,4]. In fact, until now cal-
modulin is the only protein where ubiquitination is regu-
lated by a second messenger. Employing a specific affin-
ity-based assay [4,9] Ca’*-dependent uCaM-synthetase
activity has been detected in most tissues of the rabbit
{7.10] and also in the simple eukaryote, yeast (Saccharo-
myces cervisiae) [9] indicating that on the evolutionary
time scale this conjugation reaction is at least one billion
years old [11,12]. The enzyme is specific for the conjuga-
tion of ubiquitin to a single lysine residue [6,8,9] in free
unbound calmodulin [4] and initiates a sequence of reac-
tions in which up to three or more ubiquitin molecules
are coupled probably yielding a polyubiquitin tail
linked to calmodulin [6]. Biologically, ubiquitination
might target calmodulin towards proteolysis [5] or to a
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distinct reaction site in the cell where a reversible mod-
ification reaction of calmodulin is decisive [8].

In gel fiitration experiments of a DEAE enriched
reticulocyte lysate fraction (APF II) it was noted that
a minor Ca®*-independent form of uCaM-synthetase
activity, which was described previously [8,13], can be
separated from the Ca®*-dependent activity. In this
paper it will be shown that these two forms of uCaM-
synthetase can be fully separated from each other on
ubiquitin-Sepharose. The protein conveying Ca®*-de-
pendent activity is not adsorbed to ubiquitin-Sepharose
whereas a Ca’*-independent form of the enzyme can be
adsorbed and desorbed from the affinity column.

2. MATERIALS AND METHODS

2.1, Preparative methods

The preparation of reticulocytes and the corresponding lysate are
described in [1]. Reticulocyte APF II (ATP-dependent proteolysis
fraction I} was prepared at 5°C as described in ref. [1,14], except that
the lysate (ca. 300-400 ml) was applied to a Fractogel-EMD-DEAE
650 S Superformance column (1.5 cm i.d. x 1.0 cm gel height; Merck
Darmstadt) instead of to DEAE Sephacel (Pharmacia). The column
was eluted in one step by addition of 350 mM KCl to the buffer as
described [1] and pooled (ca. 40 ml). The pool was dialyzed against
20 mM Tris-HCl, 1 mM DTE, 5 ug/ml leupeptin, pH 7.6 (Buffer A)
for 4 h at 5°C and stored frozen (APF 11, 8 mg/mli).

Reticulocyte APF II was further purified by affinity chromatogra-
phy according teo [2,15] on ubiquitin-Sepharose (17-20 mg/ml packed
gel, column: 0.8 cm i.d. x 10 cm). The column was equilibrated with
10 column volumes 50 mM Tris-HC], 0.2 mM DTE, 0.1 mM EDTA,
pH 7.2 (Buffer B). 80 mg of APF 11 in 10 ml was applied to the column
and the run-through (APF Ila) was collected. After washing the ubig-
uitin-Sepharose (ub-Sepharose) with several volumes 50 mM Tris-
HCl, 2 mM DTE, pH 9.0 (Buffer C) and 5-10 volumes of 50 mM
Tris-HCL, 1 M KCl pH 7.2 (Buffer D) for regeneration the column was
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equilibrated with 50 mM Tris-HCl, 0.2 mM DTE, 2 mM ATP, 5§ mM
MgCl,, 5 ug/ml leupeptin, pH 7.2 (Buffer E). The run-through (APF
1Ia) was concentrated to 10 ml and dialyzed on Centricon 30 ultrafil-
ters (Amicon) into Buffer E for the affinity adsorption step. After
application of APF Ila to the regenerated ubiguitin-Sepharose column
(see above) and washing out the unadsorbed protein (which was recon-
centrated to the original volume, uCaM-Syn F2) with Buffer E the
column was eluted with 50 mM Tris-HCl, 0,1 mM EDTA, 10 mM
DTE, pH 9.0 (Buffer F). The eluate (uCaM-Syn F1) was concentrated
and dialyzed against 50 mM Tris-HCI, 0.5 mM DTE, § ug/ml le-
upeptin, pH 7.2 (Buffer G). APF II, uCaM-Syn F1 and uCaM-Syn F2
were stored frozen at —80°C. All steps were performed at 5°C.

Gelfiltration of APF I was performed on a column (I cm i.d. x 48
cm bed height) of Superose 6 pg (Pharmacia) at 5°C in 20 mM Tris-
HCI, 150 mM NacCl, 150 mM Glucose, 1 mM DTE, pH 7.6 (Buffer
H).

Ubiquitin was purchased from Sigma (Munich). ['*IJCT-ubiquitin
was synthesized (50-200 cpm/pmol) by the chloramine-T procedure
[1,16]. Bovine testis calmodulin was isolated according to [17] and
purified further by affinity chromatography according to [18] and
tested as described in [9].

2.2. Analytical methods

Reticulocyte uCaM-synthetase was quantitated with the FP-test
[4,9]. The incubation mixture {of 50-100 ul) contained 50 mM Tris-
HCl, | mM DTE, 5 mM MgCl, | mM ATP, 10 mM phosphocreatine,
0.1 mg/ml creatine kinase, 500 gg/ml calmodulin, 1 mg/m} [*IJCT-
ubiquitin (specific radioactivity 50-200 cpm/pmol), 0.9 mg/ml reticulo-
cyte APF II or a protein fraction as indicated. The mixtures with
calcium (+Ca”") contained 1.1 mM CaCl, and 1 mM EGTA. The
mixtures without calcium (—Ca®*) only contained ] mM EGTA. Con-
trols simulating the absence of ATP (i.e. addition of 10 mM EDTA
[1]) were run when ~Ca**/+Ca®" activity ratios were determined. After
incubation at 37° for 60 min (other times are indicated in the legend)
the mixture was heated to 100°C for 5 min. The samples were placed
on ice for 5 min, the denatured protein was spun down on an Eppen-
dorf centrifuge and the supernatant adsorbed to Fluphenazine-Sepha-
rose (FP-test) and eluted for analysis as described previously [4,9].
Unless otherwise stated enzymatic activity is expressed in katal. The
incubation mixtures for the autoradiographic analysis of uCaM on
polyacrylamide gels were the same as those for the FP-test. Electro-
phoresis of the supernatants (see above) in the presence of SDS was
performed on 15% polyacrylamide gels according to [19]. Unless oth-
erwise stated the sample buffer {19] contained 10 mM EGTA [4]. For
autoradiography the undried gels were placed between two layers of
plastic foil in the presence of enhancer foils (Cronex Lightning Plus,
Dupont) and were exposed to X-ray films (Fuji RX, NIF) at -80° C
for 24-96 h as required and developed as described [1,3,4]. Protein [20]
was determined on an AutoAnalyzer IT (Technicon) employing bovine
serum albumin as standard.

3. RESULTS

First indications for several forms of uCaM-synthe-
tase came from gel filtration experiments. A typical run
on Superose 6 pg is shown in Fig. 1 where APF Il was
applied to the column. As indicated in the panel of Fig.
1 the —Ca?*/+Ca®" activity ratio increases from 0.02
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Fig. 1. Separation of two forms of uCaM-synthetase activity by gel
filtration of reticulocyte APF II on Superose 6 pg. A sample of 1.8 mi
reticulocyte APF II (6 mg/ml) was applied to a column of Superose
6 pg (1 om i.d. x48 cm bed height) at 12 ml/h in buffer H at 5°C.
Fractions of 0.6 ml were collected and aliquots of 50 ul were tested
for activity (incorporation of ['*IJubiquitin into calmodulin, 4 h at
37°) in the FP-test (100 ul). Only those fractions of the chromatogram
containing enzymatic activity are shown. For further details see sec-
tion 2 and the text. (a), Ca’*-dependent activity; (#), Ca®*-independent
activity; (0) ODyg o for estimation of protein concentration.

(Ca?* dependence) up to and over 1.0 (Ca?" independ-
ence) as the fraction number increases. Obviously two
uCaM-synthetase activities displaying different speci-
ficities for the two conformations of calmodulin (Ca®*-
bound calmodulin, Ca**-free calmodulin) exist. There-
fore in the following experiments these two activities are
followed by testing in the presence of 100 uM Ca®* for
activity towards Ca?*-bound calmodulin (Ca®* depend-
ence) and in the presence of EGTA for activity towards
Ca®*-free calmodulin as substrate (Ca®* independence),
respectively. Peak activity is found in fraction 50 for the
Ca?*-dependent (670 pmol/h x ml) and in fraction 51 for
the Ca**-independent form (371 pmol/h x ml), respec-
tively. Activity in these peak fractions corresponds to a
molecular mass of 230-240 kDa (analytic run not
shown), which however in this multi-component system
does not necessarily reflect the true molecular mass of
the isolated components. Absolute uCaM-synthetase
activity decreases approx. 2-fold in passing from the
Ca**-dependent to the fully Ca®*-independent form.
The autoradiograms of the conjugation of calmod-
ulin to ['*IJubiquitin in the individual fractions of the
gel filtration experiment of Fig. 1 are shown in Fig. 2.
In agreement with the activity measurements and the
—Ca®*/+Ca®" activity ratio (Fig. 1) only a very faint
band is detectable in fraction 49 in the absence of Ca**

__)

Fig. 2. Autoradiographic analysis of calcium dependence in the fractions obtained by gel filtration on Superose 6 pg. Aliquots of the fractions
obtained in the experiment in Fig. 1 were treated and incubated as described for the FP-test in the legend to Fig. 1. The protein in the eluates from
the FP-Sepharose of the test was precipitated with TCA and the pellets were neutralized and analyzed by SDS-PAGE (15% gels) as described
previously [4,9]. For autoradiography Fuji X-ray film was exposed for 6 days at —80°C and developed as described previously [4,5). The
abbreviations uCaM I-IIT correspond to the first, second and third order conjugates containing 1-3 ubiquitin molecules/calmodulin, respectively.
For further details see legend to Fig. 1, section 2 and the text. (A) Fractions 47-50, +Ca® and —Ca®, respectively; (B) fractions 51-54, +Ca®" and
~Ca?*, respectively; (C) fractions 55-58, +Ca’" and —Ca®', respectively. Controls: A-C, lanes 1 and 2 APF II {0.9 mg/ml) +Ca’™ and —Ca™,
respectively.
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(i.e. + EGTA) whereas from fraction 53 onwards the
conjugate synthesized in the absence of Ca?* increases
steadily until it is in excess of conjugate generated in the
presence of Ca’".

Since a full separation and isolation of the two
uCaM-synthetase activities was not possible by gel fil-
tration procedures, affinity chromatography on ubig-
uitin Sepharose was attempted. APF Ila was loaded
onto ubiquitin Sepharose (not shown) and as can be
seen in Table I about 70% of the applied protein runs
through the column. The remaining protein is adsorbed
and 0.7% can be eluted by DTE, pH 9.0 Buffer F
(uCaM-Syn F1). The purification of the two forms of
uCaM-synthetase can be followed in Table I from the
reticulocyte lysate up to the segregation of uCaM-Syn
F1 and uCaM-Syn F2 on ubiquitin Sepharose. The
Ca’*-independent activity (activity in the absence of
Ca*") is purified approx. 90-fold fold with a total yield
of 2%. The Ca**-dependent activity (activity in the pres-
ence of Ca®) is enriched approx. 24-fold in one step by
ion-exchange chromatography but is then lost during
affinity chromatography on ubiquitin-Sepharose. The
inactive run-through fraction (uCaM-Syn F2) obtained
after chromatography on ubiquitin Sepharose can how-
ever be reactivated by the addition of uCaM-Syn F1
(Table I). At a ratio of 1:5 on a protein weight basis of
the two pools a specific activity of 975 fkat/mg is ob-
tained, which is approx. 3-fold higher than the specific
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Fig. 3. Sumulation of the uCaM-synthetase activity in uCaM-Syn F1

by addition of the inactive protein uCaM-Syn F2 to the incubation

mixture. The incubation mixtures (50 ul) containing 0.1 mg/ml of

uCaM-Syn F1 were incubated for 60 min at 37°C with increasing

amounts of uCaM-Syn F2 in the FP-test as described in section 2. for

further details see Table 11, section 2 and the text. (@), 1.1 mM CaCl,
+ 1 mM EGTA (+ Ca*™); (a), | mM EGTA (-Ca*)

The activation of uCaM-Syn F1 activity per volume
incubation mixture by uCaM-Syn F2 is shown for an-
other preparation in Fig. 3. The basal uCaM-Syn F1
activity of 38 fkat/ml can be increased 44-fold to 1 678
fkat/ml as uCaM-Syn F2 is added to a final concentra-

activity of uCaM-Syn F1. tion of 1.6 mg/ml. Interestingly the Ca?*-independent
Table 1
Enrichment and separation of 2 forms of uCaM-synthetase from reticulocytes*
Step Volume Protein Specificity activity Purification Activity yield ~Ca™
(ml) (mg/ml) (fkat/mg) (n-fold) (%) +Ca™*
-Ca® +Ca® —-Ca®" +Ca®* —-Ca™ +Ca™
1. Reticulocyte lysate 86 35 36 24 i 1 100 100 0.2
2. DEAE-Fractogel 10 8.0 121 570 33 24 89 63 0.2
(APF III)
3. Passive sorption on 20 4.1 113 500 31 24 86 57 0.2
Ub-Sepharoze (APE 11a)
4. Affinity chromatogra-
phy on Ub-Sepharose
uCaM-Syn F1 1.5 04 315 330 89 2 1.0
(pH 9-eluate)
uCaM-Syn F2 10 5.7 0 0 - - -
(run-through)
UCaM-Syn F1 235 975 41 77 0.2
+

uCaM-Syn F2

*Each pool was tested in the FP-test (see section 2) where the amount of protein 1n the total volume of 50 ul was; lysate 320 ug, APF Il and APF
IIa 45 ug, Ub-Sepharose pH 9.0 eluate 10 ug, Ub-Sepharose run-through 45 ug. In the reconstitution mixture (lowest row) 4.5 ug uCaM-Syn F1
was added to 22.5 ug uCaM-Syn F2 allowing completion of the purification table for Ca’*-dependent activity
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Table 11
Dependence of uCaM-synthetase activities on the ratio of uCaM-Syn F1 to uCaM-Syn F2*

uCaM-Syn F2 uCaM-synthetase activity Mixing ratio

(fkat/ml) (fkat/ml) (fkat/mg) —Ca?/+Ca®>* uCaM-Syn F2

uCaM-Syn F1

-Ca* +Ca®* -Ca¥ +Ca®™ -Ca* +Ca® activity ratio (mg/mg)
uCaM-Syn F1 uCaM-Syn F1
0 mg/ml 0.1 mg/ml

0 mg/ml - 54 38 540 380 1.42 0
0.1 mg/ml ND 97 168 485 840 0.58 1
0.2 mg/ml ND 84 430 280 1,433 0.19 2
0.4 mg/ml ND 126 655 252 1,310 019 4
0.8 mg/ml ND 146 1,248 162 1,386 0.12 8
1.6 mg/ml 0 154 1.678 91 987 0.09 16

*For further details see legend to Fig. 3, section 2 and the text. ND, not determined.

activity also increases approx. 3-fold under these condi-
tions. Since addition of the protein factor uCaM-Syn F2
to the incubation mixture raises the protein concentra-
tion, it was checked if the activation of uCaM-Syn F1
also manifests itself as an increase in specific catalytic
activity. As demonstrated in Table II the specific activ-
ity of uCaM-Synthetase activity does in fact increase
nearly 4-fold in the presence of Ca?*. Interestingly the
specific activity in the absence of Ca?" (Ca**-free cal-
modulin) decreases nearly 6-fold. Thus the —Ca®'/
+Ca’ activity ratio decreases 15-fold from 1.42 to 0.09
through the addition of uCaM-Syn F2 to uCam-Syn F1,
demonstrating a large specificity shift of enzymatic ac-
tivity.

4. DISCUSSION

As shown here the Ca**-dependent ubiquityl-calmod-
ulin synthetase activity is lost during affinity chroma-
tography on ubiquitin Sepharose. Only a Ca**-inde-
pendent form of the enzyme is eluted from the affinity
gel. This activity was purified 90-fold from reticulocyte
lysate with a yield of 2%. The Ca**-dependent activity
could be restored by adding the inactive component
found in the run-through of the affinity gel to the Ca**-
independent enzyme fraction (Tables I and II).

Ubiquitin-Sepharose specifically adsorbs enzymes of
the E1-, E2-, E3-type [15]. In addition the DTE in the
elution buffer can be considered a specific eluent for El-
and E2-type enzymes. Therfore uCaM-Syn F1 as eluted
from the ubiquitin-Sepharose under these conditions
probably contains a mixture of E1-, E2- and probably
E3-type enzymes [15]. The fact that uCaM-Syn F2 does
not adsorb to ubiquitin-Sepharose, but is found in the
run-through, does not exclude it as an E2-type enzyme
{21]. Except that an E1 enzyme is with high probability

not contained in this unadsorbed fraction, it is unknown
which other components of the E2- and E3-type are
present in uCaM-Syn F2 and thus might interact with
the components in uCaM-Syn F1. Therefore an inter-
pretation of our results in terms of these component-
types is not yet possible.

Enzymatic reactions showing a regulation of catalytic
activity by Ca**/calmodulin can be divided into three
different categories according to their —Ca®*/+Ca®* ac-
tivity ratios: Type I: —Ca®*/+Ca?" activity ratio <1
(Ca**-enhanced activity); Type 2: —Ca**/+Ca®" activity
ratio =1 (Ca®*-independent activity) and Type 3:
—Ca**/+Ca’" activity ratio > 1 (Ca®*-depressed activ-
ity). In a Type 1 reaction Ca**-bound calmodulin plays
the predominant role whereas in a Type 3 reaction Ca**-
free calmodulin is decisive. Both of these reaction types
are Ca’"-dependent. Therefore in Ca>*-dependent reac-
tions the direction (activation or inhibition) must be
given. In Type 2 reactions neither form surpasses the
other.

If these categories are applied to uCaM-synthetase it
can be concluded that the enzyme activity normally
found in crude extracts or fractions enriched by ion
exchange chromatography is of Type 1, i.e. this enzyme
primarily recognizes the conformation of Ca®*-bound
calmodulin and is therefore activated by Ca?*. In con-
trast the enzyme eluted from ubiquitin Sepharose
(uCaM-Syn F1) is of Type 2 with a tendency towards
Type 3 (Ca**-independent, Ca**-depressed activity). A
mixing of the inactive protein uCaM-Syn F2 with the
catalytically active fraction uCaM-Syn F1 results in a
Type 1 enzyme again. The transition from the reaction
Type 2-3 to Type 1 as demonstrated in Table II is
reflected in a dramatic 15-fold change in the —Ca®*/
+Ca®" activity ratio indicative of a corresponding spec-
ificity change of enzymatic activity.

One plausible explanation of the experiments can be
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expressed in a model in which uCaM-Syn F1 corre-
sponds to a catalytic component (one catalytic site)
which can be modulated by a regulatory component in
uCaM-Syn F2. The regulatory component which has no
catalytic activity not only enhances the activity of
uCaM-synthetase in uCaM-Syn F1 44-fold but also ap-
pears to alter the substrate specificity from the Ca**-free
form of calmodulin towards the Ca**-bound form of
calmodulin. The mode! could also explain the 3-fold
increase in Ca**-independent activity (Table II) by as-
suming that the specificity change is not perfect allow-
ing the residual Ca®*-independent activity a limited in-
crease.

In another model one could also envision two differ-
ent enzymes (i.c. two catalytic centers). One enzyme is
specific for Ca**-free calmodulin and is already active
in uCaM-Syn F1. The other enzyme is specific for Ca?*-
bound calmodulin but inactive in uCaM Syn F2 and
active when mixed with uCaM-Syn F1. Addition of
uCaM-Syn-F 2 to uCaM-Syn F1 would lead to an acti-
vation of the latent Ca**-dependent enzyme in uCaM-
Syn F2. However, in this model the Ca**-independent
activity should remain constant under these conditions.

From the data it can be concluded that uCaM-Syn F1
is probably saturated with uCaM-Syn F2 in reticulo-
cytes so that the Ca>*-dependent form of uCaM-synthe-
tase (Type 1) is the biologically relevant one (see Tables
I and II).
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