
Eradication of malaria may be achieved in 
such a system with a vaccine directed against 
conserved determinants, which may be natu- 
rally poorly immunogenic but may be ren- 
dered more effective by artificial methods. 
Vaccination strategies involving conserved 
antigens must be based on the Ro of the strain 
with the highest transmissibility, as is the case 
for the measles-mumps-rubella vaccine (1) , 
where the Ro of measles determines the req- 
uisite vaccine coverage. At the low values of 
Ro indicated by our analysis of epidemiological 
data, malaria may be easier to control by mass 
vaccination (29) than expected. 
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Diverse Essential Functions Revealed by 
Complementing Yeast Calmodulin Mutants 

Yoshikazu Ohya* and David Botstein 

Calmodulin, a cytoplasmic calcium-binding protein, is indispensable for eukaryotic cell 
growth. Examination of 14 temperature-sensitive yeast mutants bearing one or more 
phenylalanine to alanine substitutions in the single essential calmodulin gene of yeast 
(CMD1) revealed diverse essential functions. Mutations could be classified into four in- 
tragenic complementation groups. Each group showed different characteristic functional 
defects in actin organization, calmodulin localization, nuclear division, or bud emergence. 
Phenylalanine residues implicated in calmodulin localization and nuclear division are 
located in the amino-terminal half of the protein, whereas those implicated in actin orga- 
nization and bud emergence are located in the carboxyl-terminal half. 

Calmodulin is a Ca2+-binding protein im- 
plicated in many functions in eukaryotic 
cells (1). It interacts with more than 20 
different proteins including several meta- 
bolic enzymes, protein kinases, a protein 
phosphatase, ion transporters, receptors, 
motor proteins, and cytoskeletal compo- 
nents (1, 2). Budding yeast (Saccharomyces 
cereuisiae) contains a single gene encoding 
calmodulin (CMDl), which is essential for 
cell growth (3). Calmodulins from yeast 
and vertebrates have structural. biochemi- 
cal, and biophysical similarity (4) and are 
functionally conserved (5). Extensive anal- 
ysis of two temperature-sensitive mutations 
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(cmdl-1 and cmdl-101) indicated that a 
defect in mitosis (6, 7)-specifically, im- 
paired spindle pole body (SPB) function 
(6)-is responsible for the temperature- 
sensitive lethality. However, the finding of 
many functions unrelated to mitosis in vitro 
indicated that nuclear division might not 
be the only essential function requiring 
calmodulin (8). 

If calmodulin indeed has diverse essen- 
tial roles, it might be possible to find addi- 
tional conditional-lethal mutations in 
CMDl that impair each of these essential 
functions. Conversely, identification of 
several distinct defects specified by different 
cmdl mutations would serve to,demonstrate 
the multiwle essential roles of calmodulin in 
cell growth. Mutations were obtained by 
specific alteration of the phenylalanine res- 
idues in calmodulin, which were predicted 
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to contribute strongly to interaction of cal- 
modulin with its several protein ligands. 
All eight Phe residues in veast calmodulin " 
are conserved in mammalian calmodulin 
(3). The three-dimensional structure of cal- 
modulin bound to a calmodulin-binding 
peptide shows that seven out of the eight 
Phe residues can interact with the peptide 
(9). We systematically replaced each of the 
phenylalanines with alanine in the expec- 
tation that this would eliminate the hydro- 
vhobic effect of the side chain bevond the 6 
carbon with minimal disturbaice of the 
main chain conformation. Among 33 site- 
directed mutations that contain single and 
multiple Phe (F) to Ala (A) changes, 14 
result in temperature-sensitive phenotypes 
(10). This set of the conditional lethal 
mutations provided an opportunity to dem- 
onstrate the multiple functions of calmod- 
ulin in cell erowth. " 

We report here intragenic complemen- 
tation among the calmodulin mutants. as 
observed in >iploids formed by reciprocal 
matings between strains carrying different 
d l - t s  alleles.' Diploid strains homozygous 
for the parental cmdl alleles did not grow at 
the restrictive temperature, but diploids 
bearing different recessive alleles (heteroal- 
lelic diploids) often were able to grow. The 
pattern of growth at restrictive temperature 
for all combinations of four recessive alleles 
(along with a wild-type control) revealed 
four intragenic complementation groups 
(Fig. 1) (I I). The growth rates of many of 
these heteroallelic diploids were almost the 
same as those of the wild-type strains (12). 
Heteroallelic diploids constructed with 
d l - 2 3 3  grew relatively slowly because of 
the partial dominance of d l - 2 3 3  (12); 
however, this dominance was not so severe 
as to make analvsis difficult. 

The four complementation groups along 
with the Phe to Ala changes that comprise 
the complementing alleles are listed in Ta- 
ble 1. Members of the d l A  group all 
contain the F92A mutation, and members 
of the d l C  group have two changes 
(F65A and F68A) in common. The re- 
maining patterns are not so simply inter- 
pretable: F12A, for example, is common to 
many groups. 

Intragenic complementation can some- 
times be observed among mutations in a 
multifunctional gene. For example, the 
yeast HIS4 protein is a multifunctional 
protein that catalyzes three different enzy- 
matic stevs in histidine biosvnthesis: mu- 
tations affecting only one of these steps 
complement mutations affecting only one 
of the others (1 3). Our intragenic comple- 
mentation results are compatible with this 
view, although the structural domains in 
calmodulin may not be as simply separable 
as the domains of the HIS4 product. Of 
the many alternative mechanisms that 

might account for intragenic complemen- 
tation, those that involve interactions of 
identical subunits seem unlikely, since 
yeast calmodulin, like the mammalian 
protein, is present as a monomer in a 
solution (14). Analysis of the level of 
calmodulin protein and stability of the 
protein in vivo makes it unlikely that the 
difference is due simply to differing levels 
of protein (15). Despite our inability at 
this time to further elucidate the molecu- 
lar mechanisms by which the different 
calmodulin mutants differ in their activity 
in vivo, the most likely supposition is that 
calmodulin, as a monomer, undergoes a 
diverse set of interactions corresponding 
to different essential functions. 

We analyzed phenotypes of mutations 
representing the various complementation 
groups, expecting that each might corre- 
spond to a distinct essential function requir- 
ing calmodulin. Two groups of the calmod- 
ulin mutants showed cell cycle arrest phe- 
notypes. The d l - 2 3 9  cells (a member of 
the d l C  group) had defects in nuclear 
division. After 3 hours or more of incuba- 
tion the cells stopped growing, and more 
than 90% of the cells contained a large bud 
(Fig. 2D). Analysis of cells labeled with 
propidium iodide in a fluorescence-activat- 
ed cell sorter (FACS) revealed that the 
arrested cells had replicated their DNA 
(15). The nucleus in these cells had not 
divided and was stuck in the neck between 
the bud and the mother (Fig. 3, G and I). 
Two types of microtubule morphology were 
observed in these mutant cells. The major 
type (70%) appeared to represent one SPB 
and several elongated cytoplasmic microtu- 
bules (Fig. 3F). The minor type (30%) was 
more consistent with two SPBs connected 
by a short spindle (Fig. 3H), and one of the 
SPBs was apparently not associated with 
the nuclear DNA (Fig. 31). The mitotic 
arrest phenotype of d l - 2 3 9  is indistin- 
guishable from that previously reported for 
d l - 1 0 1  cells (6). 

The d l - 2 3 3  cells ( d l D )  also 
showed a cell cycle arrest, but at a different 
point in the cell cycle. They did not form 
buds at the restrictive temperature. After 4 
hours of incubation at 37"C, more than 
90% of the cells arrested as unbudded cells. 
The cells continued to enlarge (Fig. 2E), 
suggesting that macromolecular synthesis 
continued long after arrest. FACS analysis 
showed that most of the DNA was replicat- 
ed in d l - 2 3 3  cells (1.5). Divided nuclei 
were rarely observed after 4 hours of incu- 
bation. However, after 8 hours or more of 
incubation two or more nuclei could be 
seen in many cells, still in the absence of a 
visible bud (Fig. 2E). Involvement of cal- 
modulin in bud emergence is consistent 
with the observation that a mutation in 
yeast MY02 gene, a yeast gene specifying a 

Fig. 1. lntragenic complementation among 
temperature-sensitive calmodulin mutations. 
The alleles used were as follows: A, cmdl-226 
B, cmdl-228; C ,  cmdl-239 and D, cmdl-233. 
The constituent changes in each allele are 
listed in Table 1. Diploids were selected with 
complementary auxotrophic markers in the 
strains, and the growth shown is on rich (YEP- 
glucose) medium at 3PC onto which diploids 
were inoculated with a multipoint inoculation 
device. W, wild type. 

myosin with putative calmodulin binding 
sites, also displays a similar defect in bud 
emergence (1 6). The calmodulin made 
from d l - 2 3 3  mutant gene may be unable 
to interact with MyoZp, thereby causing a 
budding defect. 

Mutations in the remaining calmodulin - 
complementation groups did not show uni- 
form cell cycle arrest at the nonpermissive 
temperature. Cells carrying the d l - 2 2 6  
allele ( d l A )  displayed abnormal actin 
organization. In wild-type cells (Fig. 3A) 
many actin cortical patches are observed in 
growing buds and, at cytokinesis, in the 
neck between mother and daughter cells 

Table 1. Complementation groups of the cmdl 
mutations. Diploids were constructed by all 
possible pairwise crosses of the 14 cmdl-ts 
strains. Temperature sensitivity of these dip- 
loids examined at 3PC revealed four comple- 
mentation groups of the recessive mutations. 
The other seven temperature-sensitive muta- 
tions that are not included in this table are either 
dominant (cmdl-242 and cmdl-247) or con- 
tain multiple defects (cmdl-234, cmdl-235, 
cmdl-240, cmdl-251, and cmdl-252) as 
judged from their inability to complement mu- 
tations in more than one of the four groups. 

Group Allele Mutation 

cmdlA cmdl-226 F92A 
cmdl-232 F12A F92A 

cmdlB cmdl-228 F12AF16AF19A 
cmdl C cmdl-239 F65A F68A 

cmdl-250 F12A F65A F68A 
cmdlD cmdl-231 F12AF89A 

cmdl-233 F12AF14OA 
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Fig. 2. Differential interference contrast (Nomarsky) images of wild-type and cmdl cells. Cells of the 
wild-type control (A), cmdl-226 (B), cmdl-228 (C), cmdl-239 (D), and cmdl-233 (E) were grown 
at 25°C. Cell morphologies were observed under the microscope after incubation for 4 hours (A 
through D) or 8 hours (E) at 37°C. 

(1 7). Actin cables are visible mainly in the 
mother cells. At the permissive tempera- 
ture, d l - 2 2 6  cells grew more slowly than 
wild-type cells and frequently contained 
delocalized actin. The phenotype was more 
obvious at the restrictive temperature. Af- 
ter 90 min of incubation, more than 95% of 
the cells lost the localized cortical patches 
of actin in the bud (Fig. 3B), and actin 
cables were no longer visible. Two lines of 
evidence indicate that the delocalization of 
actin is a primary defect caused by the 
mutations rather than a secondary effect 
caused by a cell cycle-dependent event. 
First, even after a shorter period of incuba- 
tion (30 min) at 33"C, we observed abnor- 
mal distribution of actin in most (84%) of 
the cells. Second, unlike many of the other 
calmodulin mutants, d l - 2 2 6  cells did not 
show any cell cycle-specific arrest pheno- 
types. Asynchronous cultures of the d l -  
226 cells stopped growing after 4 hours of 
incubation at 37°C with a distribution of 
morphology apparently representative of all 
stages of the cell cycle (Fig. 2B). 

Wild-type calmodulin concentrates at 
the growing portion of the bud early in the 
cell cycle and localizes mainly at the neck 
between mother and daughter cells at cy- 

Fig. 3. Fluorescence mi- 
crographs of the wild- 
type contmlg and cmdl 
mutant cells. Diploid 
cells of the wild-type 
control were grown 
at 25°C Homozygous 
cmdl diploid cells were 
incubated for 90 min at 
37°C (cmd 1 -226/cmd 1 - 
226), for 30 min at 33°C 
(cmd 1 -228/cmdl-228), 
or for 4 hours at 37°C 
(cmd 1 -239/cmdl-239). 

tokinesis (Fig. 3D) (18). The molecular 
basis for this intracellular distribution of 
calmodulin is still uncertain. Nevertheless, 
it is clear that cells carrying the d l - 2 2 8  
allele ( d l B )  have lost this polarized lo- 
calization of calmodulin. At the restrictive 
temperature, most of the d l - 2 2 8  cells 
contained diffused calmodulin throughout 
the cells. Disappearance of specific localiza- 
tion of calmodulin was also seen even after 
30 min of incubation at the nonpermissive 
temperature (Fig. 3E). Actin morphology 
was well preserved in these cells (Fig. 3C), 
indicating that overall cell polarity was still 
maintained. The d l - 2 2 8  cells stopped 
growing after 4 hours of incubation at 37°C 
with a distribution of morphology apparent- 
ly representative of all stages of the cell 
cycle (Fig. 2C); at this time they had also 
suffered substantial loss of viability. 

Analyses of the remaining temperature- 
sensitive calmodulin mutants revealed that 
the phenotype of each was related to its 
complementation group and sometimes to 
the presence of one or more particular Phe 
to Ala changes. Specifically, all tempera- 
ture-sensitive strains bearing the F92A mu- 
tation ( d l - 2 2 6  and d l - 2 3 2 ;  the d l A  
group) had the actin organization defect; all 

Actin morphologies of 
the wild-type (A), cmdl-226/cmdl-226 (B), and cmdl-228/cmdl-228 (C) cells were observed after 
the cells were stained with rhodamine-phalloidin (20). Indirect immunofluorescence microscopy 
(20) was used to visualize localized calmodulin distribution of wild-type (D) and cmdl-228/cmdl- 
228 (E) cells, and morphologies of microtubule in cmdl-239/cmdl-239 cells (F and H). Nuclear 
DNA of cmdl-239/cmdl-239 cells (G and I) was stained with 4' 6-diamidino-2-phenylindole. Pairs 
(F and G and H and I) show the same cells. 

F16A F19A mutants ( d l - 2 2 8 ,  and others 
including d l - 2 3 4 ,  d l - 2 3 5 ,  d l - 2 5 1 ,  
and d l - 2 5 2 ,  all of which fail to comple- 
ment cmdl-228 and thus lack the d l B  
function) showed loss of localization of 
calmodulin to the buds and reduced viabil- 
ity; all F65A F68A mutants ( d l - 2 3 9  and 
d l - 2 5 0 ;  the d l C  group) had the nu- 
clear division defect; all F89A and F140A 
mutants (d l -231 ,  d l - 2 3 3 ,  and others 
including d l - 2 4 0 ,  d l - 2 4 2 ,  and d l -  
247) had the bud emergence defect. 

Our interpretation of these data is that 
particular Phe residues can be assigned to 
several diverse calmodulin functions affect- 
ing progression of the cell cycle. F16 and 
F19 appear to be determinants of the sub- 
cellular localization of calmodulin to buds; 
F65 and F68 are implicated in nuclear 
division; F89 and F140 are implicated in 
bud emergence; F92 is somehow involved 
in actin organization. The remaining Phe 
residue, F12, seems to act mainly in concert 
with other Phe residues. The F12A muta- 
tion is necessary to express phenotypes of 
either the F16A F19A, F89A, or F140A 
mutation: The F16A F19A, F89A, or 
F140A mutations alone have no deleterious 
phenotype (10). Moreover, addition of 
F12A to d l - 2 3 9  (F65A F68A) and d l -  
226 (F92A) produced d l - 2 5 0  and d l -  
232, respectively, with no alteration in 
their complementation group (Table 1). 
Diversity of functional consequences of cal- 
modulin mutations has been observed pre- 
viously among calmodulin mutants of Par- 
amecium (1 9). Although these mutations 
have minimal growth defects, mutations in 
the NH,-terminal half in the molecule 
underreact to stimuli, whereas the muta- 
tions in the COOH-terminal half overreact 
to stimuli. 

In conclusion, diverse functions of cal- 
modulin could be revealed as intragenic 
complementation groups, even though the 
complementing alleles consisted of multiple 
mutations changing Phe residues to Ala. 
The power of intragenic complementation 
analysis lies in its ability to separate and to 
identify each function of this multifunc- 
tional protein. This technique might serve 
also as a tool to dissect the cellular processes 
regulated by other multifunctional proteins. 
We hope to identify the protein ligands of 
calmodulin that participate in each of its 
diverse functions, and expect that each 
ligand may bind to a different subset of 
phenylalanines in calmodulin. 
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Agmatine: An Endogenous Clonidine-Displacing 
Substance in the Brain 

Gen Li, S. Regunathan, Colin J. Barrow, Jamshid Eshraghi, 
Raymond Cooper, Donald J. Reis* 

Clonidine, an antihypertensive drug, binds to a,-adrenergic and imidazoline receptors. The 
endogenous ligand for imidazoline receptors may be a clonidine-displacing substance, a 
small molecule isolated from bovine brain. This clonidine-displacing substance was purified 
and determined by mass spectroscopy to be agmatine (decarboxylated arginine), here- 
tofore not detected in brain. Agmatine binds to a,-adrenergic and imidazoline receptors and 
stimulates release of catecholamines from adrenal chromaffin cells. Its biosynthetic en- 
zyme, arginine decarboxylase, is present in brain. Agmatine, locally synthesized, is an 
endogenous agonist at imidazoline receptors, a noncatecholamine ligand at a,-adrenergic 
receptors and may act as a neurotransmitter. 

I n  1984, Atlas and Burstein (1) partially 
purified a substance from calf brain that 
displaced binding of clonidine, an antihy- 
pertensive drug, to a,-adrenergic receptors 
of rat brain. This clonidine-displacing sub- 
stance (CDS) was not a catecholamine nor 
a peptide and had an estimated mass of 520 
daltons. It was subsequently discovered that 
CDS, like clonidine, would also bind to a 
nonadrenergic binding site, the imidazoline 
receptor (I receptor) ( 2 4 ) ,  which is be- 
lieved to mediate the hypotensive actions 
of clonidine and allied agents (5). I recep- 
tors exist in two major subclasses, I1 and I, 
(6), which differ from a,-adrenergic recep- 
tors and each other with respect to selec- 

G. Li, S. Regunathan, D. J. Reis, Divis~on of Neurobi- 
oloqy, Department of Neuroloqy and Neuroscience, 

tivity for ligands, structure, and regional, 
cellular. and subcellular localizations (7. 8). ~, , 

The endogenous ligand of I receptors is not 
known. However, the fact that CDS binds 
to all I receptors (3, 8) and is bioactive (9, 
10) suggested that CDS may fill this role, 
and we sought to establish its structure. 

We partially purified CDS from bovine 
brain using displacement of [3H]p-amino- 
clonidine (['HIPAC) from rat cerebral cor- 
tical membranes to track its acrivity (8, 
1 1). Fresh bovine brains were homogenized 
in chilled water and centrifuged and the 

L z  

supernatant was precipitated in 70% etha- 
nol. After condensation on a rotatory evap- 
orator and centrifugation, the supernatant 
was passed through a Dowex 50 (H+) col- 
umn eluting with 3 N hydrochloric acid. 
This step was followed by C,, reversed- 
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was eluted in a fraction that indicated that 
its molecular mass was less than 300 dal- 
tons. CDS tested ~os i t ive  with a ninhv- 
drin spray reagent on thin-layer chroma- 
tography. At  this stage, CDS contained 
no ultraviolet chromophore over 200 nm, 
was a highly polar low molecular weight 
compound containing an amine function- 
ality, and was contained in a mixture of 
compounds. 

Further attempts to purify CDS directly 
were unsuccessful, and we therefore isolated 
CDS in its derivatized form (13). Derivati- 
zation of the enriched active fraction with 
9-fluorenylmethyl chloroformate (FMOC- 
Cl) generated a mixture of compounds sta- 
ble under most purification conditions. Al- 
though binding was lost on derivatization, 
it was regained after base hydrolysis to 
release the free amine. Sequential C,,- 
column chromatography of the derivatized 
mixture, which monitored the biological 
activitv enrichment bv release of free amine 
from a'subsample of each fraction, yielded a 
single peak on C1, HPLC that coeluted 
with authentic FMOC-agmatine. Subject- 
ing the natural purified FMOC-CDS deriv- 
ative to electrospray mass spectroscopy- 
mass spectroscopy (MSMS) analysis gave 
results identical to those obtained for au- 
thentic FMOC-agmatine, which confirms 
that agmatine is the CDS compound isolat- 
ed (Fig. 1). We quantitated the amount of 
agmatine in weighed amounts of bovine 
brain by derivatization to FMOC-C1 of a 
fraction (based on 200 U of CDS activity). 
The quantity of FMOC-agmatine present 
was determined from a standard curve gen- 

coGell University Medical college, 41 1 East69Street5 phase high-performance liquid 'chromatog- erated by plotting ultraviolet intensity i s  a 
New York, NY 10021, USA. 
C, J, Barrow, J, Eshraghi, R, Cooper, Sterling Winthrop raphy (HPLC) eluting with acetic acid (25 function of FMOC-agmatine concentra- 
Pharmaceuticals Research Division, 25 Great Valley mM). Further purification (12) was tion. In this way, the amount of agmatine 
Parkway, Malvern, PA 19355, USA. achieved with size-exclusion HPLC with a in bovine brain was found to be 1.5 to 3.0 
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