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ABSTRACT. Calcineurin B (CN-B) is the Cda-binding, regulatory subunit of the phosphatase calcineurin.
Point mutations to Cd-binding sites in CN-B were generated to disable individuadtdzinding sites

and evaluate contributions from each site to calcineurin heterodimer formatiénb@aling properties

of four CN-B mutants and wild-type CN-B were analyzed by flow dialysis confirming that each CN-B
mutant binds three Ca and that wild-type CN-B binds four €& Macroscopic dissociation constants
indicate that N-terminal Ca-binding sites have lower affinity for Ca than the C-terminal sites. Each
CN-B mutant was coexpressed with the catalytic subunit of calcineurin, CN-A, to produce heterodimers
with specific disruption of one Ca-binding site. Enzymes containing CN-B with a mutation irFGa
binding sites 1 or 2 have a lower ratio of CN-B to CN-A and a lower phosphatase activity than those
containing wild-type CN-B or mutants in sites 3 or 4. Effects of heterodimer formation &hlading

were assessed by monitoritR€ & exchange by flow dialysis. Enzymes containing wild-type CN-B and
mutants in sites 1 and 2 exchan§€a+ slowly from two sites whereas mutants in sites 3 and 4 exchange
45Ca" slowly from a single site. These data indicate that th&@aund to sites 1 and 2 is likely to vary

with Ca&"™ concentration and may act in dynamic modulation of enzyme function, wheréasbding

sites 3 and 4 are saturated at all times and thdt Gaund to these sites is structural.

Calcineurin is a CH and calmodulin-dependent serine/ requirement of CN-B for Cd are both well establishe@(
threonine phosphatasg, ) consisting of a catalytic subunit, 7, 8. CN-B has four EF-hand C&binding sites which are
calcineurin A (CN-A} and a regulatory subunit, calcineurin  important for the structural integrity of the enzyme, for
B (CN-B). The two subunits are constitutively bound together activation of phosphatase activity and for recognition of
and cannot be dissociated without denaturing the enzyme.inhibitory complexesq, 10. The importance of C4 in the
While the CN-A catalytic domain shares sequence and interaction of CN-A with CN-B is suggested by data showing
structural homology with type-1 and type-2A phosphatases, that when the subunits are expressed individually in an in
a regulatory portion of CN-A, which does not have homology vitro translation system, they require €an order to bind
with other phosphatases, extends from the catalytic domaintogether {1). The role of CN-B in enzyme activation has
and folds back to cover the catalytic site with an autoin- been demonstrated by showing that without CN-B the
hibitory domain 8, 4). Calmodulin binding to the regulatory  catalytic subunit has weak activity even in the presence of
domain of CN-A produces release of the inhibition, presum- calmodulin and that the reconstituted calcineurin heterodimer
ably by promoting a more extended conformation for the has increased catalytic efficiency (increageg/K.,) relative
regulatory region and preventing the autoinhibitory domain to isolated CN-A 12). The dependence of the enzyme on
from folding back onto the catalytic site},(5). CN-B is C&" binding to CN-B was demonstrated using a calmodulin-
irreversibly associated with CN-A at a site located at the independent fragment of calcineurin consisting of CN-B and
beginning of the regulatory region and also interacts with the catalytic domain of CN-A plus a short extension of the
residues in the amino terminal portion of CN-A, (6). regulatory domain to which CN-B bindsld). This cal-

Though the details of how CN-B interacts with and cineurin fragment, which cannot bind calmodulin, remains
regulates CN-A are not well defined, the essential role of completely dependent on &afor activity (8). Using this
CN-B in supporting calcineurin phosphatase activity and the calcineurin fragment, it was shown that CN-B has a role in

regulating calcineurin activity by modulating,, of the
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prototype for Ca"-dependent regulator proteins and provides NFMDVFTWSLPFVGEKVTEMLVN, corresponding to

a standard to which CN-B can be compared. The clearestamino acids ¥4;—Nzs7 of CN-A which constitutes the core
and easiest comparison of these two proteins is at the levelCN-B-binding domain of CN-A was synthesized by Dr. D.
of primary structure. CN-B has 35% sequence homology with David Smith at Creighton University, Omaha, NE. The 19-
calmodulin with the greatest degree of homology, 54%, in residue peptide, KRRWKKNFIAVSAANRFKK-amide, cor-
the four EF-hand Ca-binding sites. These €abinding responding to the calmodulin-binding domain of myosin light
domains constitute 76% of calmodulin and 67% of CN-B, chain kinase (MLCK) {8) was a gift from Dr. Anthony
indicating that C&" binding is a critical function of each  Persechini at the University of Rochester Medical Center,
protein. The relationship between calmodulin,?Caand Rochester, NY.

target proteins is complex with the target modulating Expression and Purification of Human CN-B.human
calmodulin interactions with Ca as well as C& regulating CN-B expression plasmid designated pET28CN-B was
the binding of calmodulin to target$,(15-17). It is not produced by ligating PCR generated DNA fragments encod-
clear if a similar relationship exists for CN-B, €a and ing CN-B into the Ncd—BanHI sites of the pET28a
CN-A because the three participants are constitutively bound gy pression vectoEscherichia coliBL21(DE3) were trans-
together. That is to say, isolated bovine brain calcineurin ¢o-meq with the ligation product and positive clones selected
cannot be completely decalcified except under denaturing 5, kanamycin-LB plates. The sequence of the complete
conditions. Initially, the proteolyzed form of calcineurin, =N.B cDNA in pET28CN-B was verified by DNA sequenc-
which is devoid of the autoinhibitory and calmodulin-binding ing at the UNMC core lab. Expression and purification of
regions, was thought to be €aindependent. Latgr studies  c©N-B from pET28CN-B were accomplished as described
showed that the proteolyzed enzyme does requife Gad (19). The homogeneity of isolated CN-B was greater than
has aks:0f 0.064M for Cae* (8). Therefore, C&-binding 95% as determined by SBAGE with Coomassie staining.

Zitesl"}_ %N'Bd respolnsilrIJIedff(]zr enz?c/me ?]ctivation C?”_ be protein concentrations were based on the CN-B extinction
ecalcified and are clearly different from the structural sites coeflicientse’s. = 2.41 (19) in 50 mM Tris-HCI, pH 7.5,

bincing ates suggests that there are o ctuct and iferen”- M Nacl. and 1 mi CaGl Al protein concentratons
parts of CN-B: one is structural and contains>Cthat is were verified using the BCA protein assay.

never removed, the other is regulatory with?Cainding Site-Directed Mutagenesiall mutations were introduced
being transitory and important for enzyme activation or other USing the QuikChange site-directed mutagenesis kit. In each
properties of the phosphatase such as targeting. of the four CN-B mutants, the Glu at the 12 position of one

It is evident that C& bound to CN-B is important for ~ EF-hand C&'-binding loop was replaced with a Lys.
calcineurin structurally as well as serving to regulate the Plasmids containing the engineered CN-Bs were constructed

enzymes phosphatase activity or subcellular localization. To from the pET28CN-B plasmid using the following primer
learn more about the roles of the individual?Géinding pairs: site-1, &K, sense SCTTTGAGTGTGGAAAAGT-

sites of CN-B and the biochemical mechanism by which TCATGTCTCTGC-3, antisense’ SGCAGAGACATGAAC-
CN-B regulates calcineurin phosphatase, we have prepared | T TCCACACTCAAAG-3; site-2, E4K, sense SGAA-
a series of CN-B mutants, each of which is unable to bind STAGACTTTAAAAAATTCATTGAGGGCG-3,, antisense
Ca" at one site. For each of the four CN-B mutants a 2 -CGCCCTCAATGAATTTTTTAAAGTCTACTTC-3; site-
conserved glutamic acid residue at position 12 of one EF- 3 EiuK, sense SGGCTATATTTCCAATGGGAAACTCT-
hand C&"-binding loop was changed to lysine. The mutation TCCAGG-3, antisense SCCTGGAAGAGTTTCCCATTG-
in each C&'-binding site eliminated Ga binding to one ~ GAAATATAGCC-3; site-4, BsXK, sense SGGAAGAAT-
site in CN-B. C&" binding to CN-B and the CN-B mutants ATCCTTTGAAAAATTCTGTGCTGTTGTAGG-3, anti-
was measured, and the role of individuaPGainding sites ~ Sense SCCTACAACAGCACAGAATTTTTCAAAGGAT-

were conducted according to the manufacturers recom-
MATERIALS AND METHODS mendation. The sequences of the CN-B mutants were verified

Materials.Restriction endonucleases, T4 DNA ligase, Taq by DNA sequencing. These plasmlds. are deS|gr)ated
polymerase and kanamycin were purchased from GIBCO PET28M-1 through pET28M-4 for mutations in the first
BRL (Grand Island, New York) and Promega (Madison, WI). through fourth C& -binding sites. The mutated proteins will
Prestained protein standards and DTT were from Bio-Rad D€ referred to as CN-B-K, CN-B-E7K, CN-B-E11K, and
(Richmond, CA). EDTA, ampicillin, aprotinin, and leupeptin CN-B-EisXK. E. coli BI21(DE3) were transformed with
were purchased from Sigma Chemical Co. (St. Louis, PET28M-1 through pET28M-4 and the four mutant CN-Bs
Missouri). The QuikChange site-directed mutagenesis kit wasWere expressed and purified using the same procedures as
from Stratagene (La Jolla, CA). Phenyl-Sepharose, DEAE- used for wild-type CN-B.

Sepharose, and Sephadex G-75 media as well as the Mono-Q Expression of Calcineurin in E. coliThe plasmids
HR 5/5 column were purchased from Pharmacia LKB pETCN-a (20) encoding CN-A and CN-B in a dicistronic
(Uppsala, Sweden). Nickel resins were from Invitrogen construct and pBB1312(1) containingSaccharomyces cer-
(Carlsbad, CA)#*CaCl was purchased from Dupont (Bos- evisiae myristoyl-coenzyme A: protein N-myristoyltrans-
ton, MA). The pET28a vector was from Novagen (Madison, ferase were kindly supplied by Drs. Liu and Gordon,
WI). PCR kits were from Perkin-ElImer Roche (Branchberg, respectively. Calcineurin was expressedBncoli BL21-

NJ). BCA protein assay kit was purchased from Pierce (pLysS)/pETCNu/pBB131 and purified as described(j.
(Rockford, IL). Standard solutions of CaGkere obtained = The CN-A subunit expressed in this system has an N-terminal
from Gallard Schlesinger. The 27-residue peptide, YWLP- polyhistidine tag, and the CN-B is myristoylated. Mutations
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at individual C&t-binding sites were introduced into CN-B
in the pETCNet construct using the same primers described
earlier. The resultant plasmids are designated pETCN-M1
through pETCN-M4. The expression and purification of
calcineurin mutants from pETCN-M1 through pETCN-M4

were done the same as for calcineurin expression and

purification from pETCNet (20). The enzyme containing
wild-type CN-B is designated CN-WT and the four het-
erodimers containing CN-B with the single mutationgkg
Ez4K, E111K, and EsXK are designated M M,, Mz, and M,
respectively. The relative amounts of CN-B and CN-A in

each isolated enzyme were estimated by laser densitometry

(Molecular Dynamics) after electrophoresis of the proteins
on SDS-PAGE.

Flow Dialysis.C&" binding to CN-B and CN-B mutants

was measured using the method of Colowick and Womack

(22) with the dialysis chamber designed by Feldmas) (
and the previously described modificatior®. (The buffer
used in these experiments consisted of 100 mM KCI, 1.0
mM MgCl,, and 10 mM Hepes, pH 7.5. When Tainding
was examined in the presence of the CN-B-binding domain

of CN-A, the peptide was present at 1.2 times the concentra-

tion of CN-B and the peptide was used without decalcifica-
tion. Data were corrected for loss of €and*Ca* from

the flow well prior to calculating free and bound Ca
concentrationsg). Macroscopic dissociation constarks,

K, Ks, andK, (uM) were determined by fitting the data to
4 or 3 site Adait-Klotz equations with all parameters
adjustable.

(A) Four site equation:
Ve N (K + 21K Ky 4 3K KK+ 4K KKK ) "
A1+ XK, + XK K, + 3K KK 4 XK KKK )

X

(B) Three site equation:

N (XK, + 2K K, + 3K KK, Y
3(L+ XK, + XK K, + XK KK

Y is the number of moles of €abound per moles of CN-

B, Nis the ratio of actual to measured protein concentration,
X is free C&" concentrationK;—K, are macroscopic dis-
sociation constants, afds a factor to account for nonspecific
binding. Data were fit to eqs A and B using the Prism
(GraphPad, Inc.) software package.

For examination of rates of aexchange between protein
bound 4C&* and Ca&" free in solution, bovine brain
calcineurin was incubated with 10-fold molar excess of
45Ca* for 1 h at 22°C then separated from unbouff@€a*
by gel filtration and added to the flow well at a final
concentration of 5uM. For examination of rates of €a
exchange betwedh. coli expressed enzymes and’Céree
in solution, the proteins were equilibrated wifica+ at 22
°C, then unbounéPCa&" was removed by passing the protein
solution over a 0.8 mL bed of chelex resin at°€.
Calmodulin was decalcified with chelex, and 1.2 mole
equivalents of the calmodulin-binding domain peptide from
MLCK and 0.8 mol of**Ca*/mol or calmodulin were added
to the flow well. Exchange of bountfCa" was initiated
by addition of 2 mM CaCGCl
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FicURe 1: 45Cat efflux from flow dialysis chamber upon addition
of 2 mM CaC} to the chamber containing®Ca* bound to:
calmodulin plus the peptide corresponding to the calmodulin binding
domain of MLCK (), bovine brain calcineuriny). Filled circles
(@), represent efflux when tracébCa* was added to the flow
well simultaneously with the 2 mM CaglPanel B is an expanded
view of the data shown in the first part of panel A.

Phosphatase Aclity. Calcineurin phosphatase activity was
assayed as previously describet)( The enzymes were
incubated at 30C in buffer containing 40 mM Tris-HCI,
pH 7.5, 100 mM KCI, 6 mM Mg, 0.1 mM dithiothreitol,

0.1 mg/mL bovine serum albumin, 1g0M CaCk, 50 nM
enzyme, and 100 nM calmodulin. Reactions were started by
addition of phosphorylated peptide substrate DLDVPIPGR-
FDRRVSVAAE (25) to a final concentration of kM and
stopped after 30 min.

RESULTS

45Ca?t Exchange from CalcineuriBecause bovine brain
calcineurin cannot be decalcified without denaturing the
protein, the affinity of CN-B C&'-binding sites for C&
has not been determined using standard methods. To make
an estimate of the affinity of Géa-binding sites in intact
calcineurin for C&", the dissociation rate constant for
4Ca* preequilibrated with bovine brain calcineurin was
estimated by flow dialysis. The rate BC&" exchange from
calmodulin plus the calmodulin-binding domain peptide from
MLCK was determined in parallel to provide a reference to
established methods for estimatikg for C&" release from
EF-hand C#&'-binding proteins 26). Figure 1A shows the
time course to steady state f8Ca&" efflux from the flow
dialysis chamber in the absence of protein, in the presence
of calmodulin, plus the calmodulin-binding domain of
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5 EF-hand C&"-binding loops and studies of calmodulin have
shown that mutation of Glul2 to Lys12 is likely to abolish
Ca&" binding 28). Sequences of the €abinding loops of
ar o *, T the four CN-B mutants are shown in Figure 3. To confirm
that each CN-B mutant had lost one?Géinding site, flow
dialysis was used to examine the?Ginding properties of
" those proteins. Binding of Gato each of the CN-B mutants

o is shown in Figure 4. Binding data for each of the mutants
fit well using a three-site model but was unable to fit a four-
site model. Calculated macroscopic dissociation constants
1 for the proteins are shown in Table 1. In comparing the
affinities of the four CN-B mutants for C3, it is clear that
both loop 1 and loop 2 CN-B mutants produceChinding
data that is best fit using a model with two relatively high
0 . . . L . . affinity sites and one lower affinity site whereas data from

0 20 40 60 80 100 120 loop 3 and loop 4 CN-B mutants fit a model with one
Free Ca?*, uM relatively high affinity site and two lower affinity sites.

Ficure 2: Flow dialysis determination of Gabinding toE. coli Effects of CN-B-Binding Domain Peptide on the?Ga
expressed wild-type CN-B. Pooled data from five independent runs, Binding Affinity of CN-BThe affinity of CN-B for C&" as
CN-B concentration was 16M. an independent protein (Table 1) is much lower than it is

MLCK, or in the presence of bovine brain calcineurin. The for CN-B as part of intact bovine brain calcineurin (Figure
record in the absence of protein was obtained by adding 2.01)- To determine if a peptide corresponding to the CN-B-
mM CaCl, with 4Ca&* as a tracer to the chamber at time Pinding domain of CN-A would increase the affinity of CN-B
zero and reflects the response time of the system. The earlyfor C&", flow dialysis experiments were performed with
time points from Figure 1A are replotted in Figure 1B on CN-B in the presence of this peptide. Crystal structures of
an expanded scale to show the initial surgé®ef?* efflux intact calcineurin have shown that the major contacts between
that occurs with addition of 2.0 mM Cagio the chamber. ~ CN-A and CN-B are within the 27 amino acid long stretch
This transient surge iffCa" efflux dissipates quickly and ~ 0f CN-A between ¥4 and N7 (3, 6). This CN-A peptide
4SCat efflux rate reaches steady state 24 s after introducing is likely to constitute the core CN-B-binding domain but does
the C&*. As shown in Figure 1A%Ca&" bound to calm- not eliminate the possibility that other residues in CN-A
odulin plus peptide requires more than 60 s to fully exchange contribute to stabilizing the CN-B/CN-A interaction. Peptide
with free C&" in the dialysis chamber and that bound to concentration was estimated usingegh,,,of 12 660 @9),
calcineurin requires greater than 300 s. The time courses forand the ratio of protein to peptide during the binding
45Cet efflux from the chamber containing calmodulin plus experiment was set at 1:1.2. Figure 5 show&Ganding
peptide and that containing calcineurin are indistinguishable to CN-B in the presence and absence of the CN-A peptide
over the first 12 s (Figure 1B). This initial surge PCa* Y 341—Nag7. It is clear that the tested peptide did not increase
efflux is analogous to the surge observed for the protein free the affinity of CN-B for C&" and fitting of the data produced

chamber and is attributed to a rapid exchang€@&* from  pinding constants which were not significantly different from
relatively low-affinity sites on the proteins. The divergence those found for CN-B itself.

of the efflux patterns after the initial surge reflects a . : . .
difference in the rate of Ga exchange from the two proteins. .Calc'meurln H.eterodlmers' \.N'th .Mutant cre. Cal-
cineurin heterodimers containing wild-type CN-B or CN-

C&" exchange from calcineurin is much slower than from Bs with a single mutation were expressed as descripéd (
Imodulin pl ide. For h protein, th fter th . . . )
calmodulin plus peptide. For each protein, the data after t eand the myristoylation of CN-B subunits was confirmed by

initial surge were fit to a monoexponential decay model. The o™ ™ .
g P y their increased mobility on SDSPAGE. The enzyme

dissociation rate constants calculated foF'Oalease from . . X )
calmodulin plus peptide and from calcineurin are 0.a4g ~ containing wild-type CN-B is designated CN-WT and the

0.002 and 0.0098: 0.0008 s! (meant+ SEM), respectively. four heterodimers containing CN-B Wi_th the single mutations

Ca?* Binding to CN-BFlow dialysis was used to measure =42 E7K, E11K, and BsX are designated M M,, Ms,
Ca* binding toE. coli expressed CN-B, and binding data &nd M, respectively. CN-WT and M-M, were expressed
were fit to the Adair-Klotz equation 8, 27). Because the ~ and partially purified using a single step affinity chroma-
CN-B sequence indicates that the protein has four EF-handtography on Ni* columns. These proteins were examined
C&*-binding sites and four Ga are identified in crystal by SDS-PAGE to determine effects of the mutations on
structures of calcineurin3( 6), a four binding site model ~ CN-B mobility during electrophoresis. All the CN-Bs have
(8) was used to analyze the €ebinding data for CN-B.  Similar mobility on SDS-PAGE in the absence of €a
Ca* binding to wild-type CN-B (Figure 2), reached an (Figure 6). In the presence of €athe CN-Bs from M and
apparent saturation at four €gper CN-B. The macroscopic M4 migrate slower than wild-type CN-B or CN-Bs from the
dissociation constants for €abinding to CN-B are shown Mz or Mz enzymes. This decrease in the magnitude of the
in Table 1. Cat-induced mobility shift is consistent with €abinding

Site-Directed Mutagenesis of CN-Bhe four EF-hand  sites 3 and 4 having a higher affinity for €aand indicates
C&'-binding sites in CN-B are numberee-IV from the that C&"-dependent changes in mobility of CN-B on SBS
N-terminus. Glul2 is the most conserved amino acid in the PAGE are due to G4 binding to sites 3 and 4.

Ca/CN-B
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Table 1: C&" Binding to CN-B and CN-B Mutants
macroscopic

constantgM) wild-type CN—B loop 1 CN-B-EK loop 2 CN-B-E4K loop 3 CN-B-E1:K loop 4 CN-B-Es5K
Ky 0.36+ 0.13 0.17£0.03 0.14+ 0.01 2.34+0.21 1.714+0.43
Kz 0.94+ 0.16 1.82+0.01 0.63+ 0.16 7.78+ 2.52 3.16+ 0.43
Ks 11.24+ 2.4 50.6+ 6.6 145+ 1.1 36.2+ 8.2 32.5+ 13.8
Ky 36.5+ 10.7
n 4 2 2 2 3

aMacroscopic dissociation constants for’Chinding to wild-type CN-B and the four single site mutants of CN-B?'Qzinding was determined
for each protein using flow dialysis and the data fit to the Ad#ilotz equation. Individual experiments were analyzed independently. Values
represent the mea#t standard deviation whem > 2 and the meast: range forn=2.

1 3 5 7 9 12
Loopl DL DN {S|GIS|L S|V E 40 T
Loop2 TIDGNGE/VDEFK
Loop3 D MDK D GN|[IS|NG ok ]
Loop4 T} K D G G IISFE 1
A 20 1
I
1 3 5 7 9 12 1.0 1
CN-B-E,K LDINS|GS|L S|V E ;
CN-B-E; K DT DG N|G \ F K 8 0.0
CN-B-E,K DM D KD GNIBNG S sof 1
CN-BEgK D KD GDGR/ISFE
B 3.0r T
Ficure 3: Comparison of the amino acid sequences of the four 1
C&"-binding loops in human CN-B and in the four mutants of 20t 4
CN-B. Numbers placed over boxed residues indicate those amino
acids are coordinating sites for €a 1
Quantitative densitometry was used to estimate the ratio Lor 1
of CN-B to CN-A in CN-WT as well as MM, (Table 2).

The partially purified enzymes were separated on SDS 0.0 — bW Lon "
PAGE as shown in Figure 6. The relative density for bands o1 1 ' 10 100
corresponding to CN-B and CN-A for each enzyme is shown Free Ca”, pM

in Table 2. Calcineurin B has a molecular weight of 19 167 Ficure 4: Flow dialysis determination of C&abinding toE. coli
in comparison to 58 555 for calcineurin A. The mass ratio €xpressed wild-type CN-BQ), and mutants of CN-B with

RCNLA i . inactivated EF-hand C&-binding sites 1 4), or 3 @) (panel A),
of CN-B:CN-A is, therefore, 0.33, and a 1:1 complex of the and 2 @), or 4 @) (panel B). Representative data from two or

two proteins is expected to produce a similar density ratio hree independent runs for each mutant and from five runs of wild-
after SDS-PAGE and Coomassie staining. CN-WTg,Mnd type CN-B. Protein concentration was &®/.

M, each have the same ratio of CN-B to CN-A, whereas the
M; and M, enzymes have a decrease in CN-B associatedto two of the C&*-binding sites in CN-B, which makes
with the CN-A (Table 2). exchange of Cd from those sites extremely slow. To
Phosphatase Aatity. Calcineurin phosphatase activity of determine if enzymes M-M, contained the structural €a
the E. coli expressed enzymes was assayed using a phosbinding sites observed in bovine brain calcineurin, the rate
phopeptide substrate. Figure 7 shows activity of each enzymeof °C&" exchange from each of the enzymes was deter-
in the absence and presence of excess calmodulin. CN-WTmined. Time courses foffCa&" exchange from enzyme to
Ms, and M, have similar activities whereas;Mnd M, have solution are shown in Figure 8. As shown in Figure 1, the
substantially reduced phosphatase activity. All five enzymes flow dialysis technique is not able to generate usable
have an increase in phosphatase activity in the presence ofmeasurements for the first part of the exchange. Therefore,
calmodulin. Because these assays were conducted withdata from 27 to 500 s were used to calcufa@e?* exchange
saturating C#, it is not known if any of the enzymes have rates for expressed enzymes. Data for the increa$€af*
an altered sensitivity to Ca efflux rate from the chamber were fit to single and double
Ca&?" Binding to Calcineurin Heterodimer8ecause the  exponential decay models with the results presented in Table
isolated CN-B does not bind €awith the same high affinity 3. The values in Table 3 for the fraction 8€&" exchanged
seen in bovine brain calcineurin and because the core CN-from each site represent theCa&" exchanging from a site
B-binding domain from CN-A does not increase the affinity in the measurable time period after the initial 27%Ca"
of isolated CN-B for C#&", some aspect of the formation of exchanging from rapidly equilibrating sites and from the
the intact heterodimeric enzyme must confer a structural role slowly equilibrating sites during the initial 27 s account for

1000
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FiIGURE 5: Flow dialysis determination of Gabinding toE. coli
expressed wild-type CN-B in the presen® énd absencex() of
a peptide corresponding to the core CN-B-binding domain of CN-
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FicurRe 6: Ca&"™-dependent mobility shift on SDSPAGE for wild-
type CN-B and four mutants of CN-B. Enzymes were isolated by
a single step purification on Rli resins then sampled for electro-
phoresis. Samples contained either 1 mM GgCE") or 1 mM
EGTA (E).

Table 2: CN-B Associated with CN-A

enzyme CN-B/CN-A
WT-CN 0.24+0.01
M1 0.144+ 0.02
M, 0.16+ 0.03
M3 0.24+0.02
My 0.27+0.01

2 Relative density of CN-B band to CN-A band as determined by
laser densitometry of SDSPAGE gels on which the indicatdsl coli

Feng and Stemmer

0.4

Phosphatase Activity, nmol/min-mg

FIGURe 7: Phosphatase activity of CN-WT and four enzymes with
point mutations in the Ca binding loops of calcineurin B. Open
bars represent activity in the absence of calmodulin and filled bars
activity in the presence of calmodulin. €awas 100uM under
both conditions. Values are meanSEM, n = 3.
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expressed enzymes were run. Each enzyme was purified and analyzedGURE 8: Flow dialysis determination of the rate BCa* efflux

four independent times. Meah standard deviation are presented.

the remaining®*C&" bound at the initiation of exchange.
CN-WT, My, and M, have indistinguishable dissociation rate
constants for exchange 6iCa" and the data fit best to a
two exponential model. In comparison to CN-WT g Mnd

M, have a larger slowly exchanging component&@e".
This is attributed to loss of a rapidly exchanging site by
mutation of either site 1 or site 2. Data for exchange of
45Ca* from M3 and M, could not be fit to a two exponential

from the flow dialysis chamber upon addition of 2 mM Ca@i

the chamber containif§Ca" bound to: CN-WT ©), and M (),

or M, (a) (panel A), and M (O), or M, (H) (panel B).
Representative data from two independent runs for each enzyme.
process model but does fit well to a single-exponential
process modef>Ca* bound to the slowly exchanging &a
binding site retained in Mexchanges more rapidly than that
bound to the slowly exchanging site in,MOn the basis of
the rate constants shown in Table 3, sites 3 and 4 in
calcineurin B are designated as structural sites.
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Table 3. Rates fof°Ca" Exchange from Calcineurin

enzyme best fit model fraction (% of total) k-1 (s7%)

WT-CN 2 site i 19.5 0.0044 (0.0022)
i 19.1 0.0313 (0.0093)
M, 2 site i 36.1 0.0057 (0.0005)
i 18.2 0.0291 (0.0040)
M, 2 site i 40.3 0.0056 (0.0006)
i 20.0 0.0324 (0.0053)
Ms 1 site 15.8 0.0369 (0.0080)
My 1 site 36.9 0.0039 (0.0006)

2 Exchange ofCa* from E. coliexpressed calcineurins was initiated
by addition of 2 mM CaGland monitored by flow dialysis. Data from

27 to 500 s after the initiation of exchange were analyzed for one and
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Therefore, all exchange will occur from the fully saturated
calmodulin-peptide-Ca&"4 complex. Under these condi-
tions, cooperativity in C& binding will be maintained and
the measuredt_; is expected to be small relative to the
for Ca2* dissociation into a chelator solution. This is precisely
what we observe in our experiments, and this finding
indicates that flow dialysis is capable of measuring'Ca
exchange rate constants less thanof 0.05 s

Exchange of°Ca* from bovine brain calcineurin occurs
in two distinct phases. The very rapid increase’iga"
efflux rate from the dialysis chamber upon addition of excess
CaCb accounts for about half of bounéCa*t. This

two component exponential decay and the best fit presented. The 27 scomponent of bound Gaaccounts for two of the four Ca-

time point was set as time zero to avoid €& surge at initiation

of exchange. The fraction of tot#iC&" assigned to each site represents
the fraction of*Ca* bound to the protein at initiation of exchange
which dissociates from the protein after the initial 27 s. Values are the
best fit of data from a representative experiment with SEMkfarin
parentheses. Each protein was examined two times.

DISCUSSION

Calcineurin is known to have such high affinity for Ca

binding sites in CN-B, is in rapid equilibrium with the
solution, and is likely to represent €abound to activating
sites. The remaining two sites have a very slow exchange
of C&" with the solution. Using the exchange rate deter-
mined by flow dialysis, 0.009878, as an estimate df_;

and an association rate constant estimated fromkihef

2.3 x 10° M1 s for C&" binding to calmodulin plus the
MLCK peptide, theKp of high-affinity-binding sites in intact
calcineurin for C&' is calculated to be 4.2 10°° M. This

that it cannot be decalcified using nondenaturing methods estimate for the affinity of these two sites is substantially

(8). At the same time, Ca in the micromolar range and
above activates calcineurin in vitr8)(and supports inhibitor
binding @, 10. The large difference in affinity for Ca
binding to different sites in calcineurin indicates that there
are two distinct functions of Ca binding to CN-B,

higher than the measured affinities ofdinding sites in
isolated CN-B for C&", which range from 0.36< 1076 to
36.5x 107 M. This high affinity indicates that CN-A must
have an action to increase the affinity of CN-B for’Cand
that two sites in CN-B will be saturated with €aat all

structural, and activation or targeting. Direct measurementtimes in living cells. These high affinity sites are, therefore,

of the kinetics of °Ca&* exchange from bovine brain
calcineurin and of Ca binding to CN-B and mutants of
CN-B which have lost one C&binding site have allowed
us to estimate the affinity of structural €abinding sites in

calcineurin and assign the structural and activation func-

tionalities to the carboxyl and amino halves of CN-B,
respectively.
Flow dialysis is a very slow process relative to detection

considered to be structural sites.

The slow exchange rate for €abound to bovine brain
calcineurin and the estimated high affinity of the structural
C&*-binding sites in that enzyme contrast sharply with the
measured affinity of isolated CN-B for €a Formation of
the calcineurin heterodimer in some way confers a structural
role on two of the C&-binding sites in CN-B and upon the
C&" bound to those sites. As shown by direct measurement

of fluorescence, so only slow exchange processes can beof °C&" binding, the core CN-B-binding domain of CN-A

studied using this technique. Tte; for Ca&* dissociation
from the calmodulin-MLCK peptide complex into a chelator
solution which effectively decalcifies the complex has been
measured to be 0.15%(26). The value ofk_; for 4°Ca*
exchange from this same complex determined by flow
dialysis, as shown in Figure 1, is 0.048'.sOne important

is not able to increase the affinity of CN-B for €aat any

of the four sites (Figure 5). This is unexpected due to the
high affinity of the intact enzyme for Gaand is in contrast

to the increase in affinity for G4 that calmodulin shows in
the presence of calmodulin binding domain peptided 6

17). The inability of the core CN-B-binding domain from

difference between these systems is that the dissociationCN-A to affect the affinity of CN-B for C& indicates that
observed by fluorescence occurs into a chelator solution, andadditional domain(s) within the intact CN-A molecule must

therefore, it occurs from complexes having 4, 3, 2, and 1
C&" bound. C&" bhinding to the calmoduliapeptide
complex is highly cooperative, and loss of any oné'da

contribute to stabilizing the intact enzyme.
Comparing the macroscopic binding constants for wild-
type CN-B and the four CN-B mutants provides some insight

predicted to increase the dissociation rate constant for theas to the identity and independence of the four sites. From

C&" ions remaining bound. In the flow dialysis system,
45Cet is exchanged between a Tasaturated complex and
a large excess of free €ain solution. An association rate
constantky, equal to 2.3x 10° M1 s for C&* binding to
calmodulin plus the MLCK peptide, was calculated from the
published dissociation rate constant of 0.15(26), and the
measuredKp of 65 nM for C&" binding to the same
calmodulin plus peptide mixture (Stemmer, unpublished
results). The association rate constant fo?'Cainding to
the calmodulin peptide complex indicates that Cainding
from a solution containing 1 mM Cais fast relative to C
dissociation from the calmodulirpeptide-Ca "3 complex.

the values shown in Table 1, it is apparent that the two sites
in the amino terminal half of CN-B are the lower affinity
sites with dissociation constants in the-3%0 uM range. In
contrast, sites 3 and 4, in the carboxyl half of isolated CN-
B, have submicromolar affinity for G4 The different
mobility of CN-B and single site CN-B mutants on SBS
PAGE in the presence of €asupports the assignment of
sites 3 and 4 as higher affinity sites in the isolated CN-B.
Reduction in magnitude of the mobility shift for site 3 and
site 4 mutants is most likely due to a decreased ability of
those proteins to bind Gaunder conditions of the electro-
phoresis. Positive cooperativity in binding is common among
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EF-hand C#&'-binding proteins such as calmodulin and and 4 mol of Mi#t/mol, respectively. The inaccessibility of
troponin C. In these proteins, pairs of EF-hand'Gainding four Mn?*-binding sites in the heterodimer, which are
sites rather than single EF-hand sites are the functional unitsavailable when the subunits are separated, indicates that
(30). The crystal structure of CN shows that CN-B consists formation of the calcineurin heterodimer qualitatively changes
of two globular Cé&*-binding regions flanked by a long atleast two C&-binding sites in CN-B. The slow exchange
C-terminalg-strand. Each half of CN-B contains two €a of two C&* from CN-B in the intact enzyme shown in
binding EF-hand motifs which may function as a pair. The Figures 1 and 8 extends the previous work, showing that
decrease in affinity for the first Ga bound to site 3 and  the proteolyzed, calmodulin-independent calcineurin contains
site 4 mutants of CN-B suggests that these two sites dotwo high-affinity C&" sites Kp < 0.07«M) and one or two
function as a pair and have positive cooperativity in binding low-affinity sites Kp > 0.07«M) (8) by supporting a
cat. structural role for two C# in the calcineurin heterodimer.

Because CH-binding sites important for activation can Calcineurin is unique in being regulated by two different
be depleted of Ca without any effect on heterodimer Ca&*-binding proteins, calmodulin and CN-B. The role of
stability, loss of the ability to bind Ca at the activation CN-B and of the C#&-binding sites in CN-B is still an open
sites is not expected to affect heterodimer formation. As question. Work presented here demonstrates the presence of
shown in Table 2, the ratio of CN-B:CN-A is decreased by two structural C&-binding sites in CN-B and provides
the mutations which block Ga binding to sites 1 or 2 of  evidence that those sites are in the carboxyl half of the
CN-B but is unaffected by mutations to sites 3 or 4. These protein. The residues in CN-A that contribute to stabilizing
data are consistent with the amino terminal half of CN-B C&" binding to CN-B and contribute to formation of a
contributing to formation of the heterodimer. However, structural unit remain to be identified. Two possibilities are
because sites 3 and 4 are clearly the slow exchangé Ca the amino terminal portion of CN-A and the remainder of
binding sites, it is likely that the mutations in sites 1 and 2 the regulatory domain that extends from the core CN-B-
decrease heterodimer formation by changing the conforma-binding domain. Conformational changes which occur upon
tion of CN-B in a manner unrelated to €abinding. It is Cea* binding to the activation sites in the amino half of CN-B
not known if such a conformational change would also inhibit are expected to produce functional changes in the enzyme.
C&*-dependent enzyme activation and account for the low It is likely that these effects are directly on the catalytic
phosphatase activity of enzymes containing CN-B with site domain of CN-A as the proteolyzed enzyme which does not
1 and site 2 mutations. An additional possibility is that the contain the remainder of the regulatory domain retains the
decrease in the CN-B:CN-A ratio in Mand M, contributes requirement for CH for activation g).
to the low phosphatase activity seen with these enzymes.

The equilibrium C&" binding data in Table 1 and the
SDS-PAGE mobility shift data in Figure 6 show that sites
3 and 4 of isolated CN-B have higher affinity for €ahan
sites 1 and 2. Although this is consistent with sites 3 and
in the heterodimer being structural sites, the structural sites
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