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ABSTRACT. Oscillations in cellular divalent cation concentrations are key events that can trigger signal
transduction cascades. Common cellular divalent cations, such as calcium and magnesium, interact with
14-3-3 proteins. The metal ion interaction causes a conformational change in the 14-3-3 proteins, which
is manifested as an increase in hydrophobicity. In this study, the effect of divalent cations on the interaction
between 14-3-3 proteins and target peptides was investigated using surface plasmon resonance and
isothermal titration calorimetry. The binding between ten recombiAaalbidopsis14-3-3 isoforms and

two synthetic target peptides was observed in the presence of various physiologically relevant concentrations
of calcium or magnesium, fromAM to 1 mM or from 1uM to 5 mM, respectively. The synthetic target
peptides were based on sequences fAmabidopsisnitrate reductase (NR2) and the plasma membrane
proton pump (AHA2) representing fundamentally different target classes. Isoforms representing every
branch of theArabidopsis14-3-3 phylogenetic tree were tested. The general result for all cases is that an
increased concentration of divalent cations in solution causes an increase in the concentration of 14-3-3
protein interacting with the respective phosphopeptide.

Divalent cation concentrations fluctuate among subcellular and included some additional isoforms from the same
locations as well as within each location based on plant cell phylogenetic branch as Omegk2( 21).
stimuli (1-7). For example, calcium concentration fluctuates  Well-studied plant 14-3-3/target protein interactions in-
in the cytoplasm upon stimulation by ABA, gibberellin, clude proteins such as nitrate reductase (NR2)-@4) and
oxidative signals, red light, circadian rhythm, and heat shock the plasma membrane proton pump isoforn®s—31).
(6). Further, magnesium concentration gradients are estab-Nitrate reductase activity is controlled by a phosphorylation
lished in the cell to produce membrane potential between event followed by divalent cation-bound 14-3-3 proteins
the cytoplasm and the plastidg)( Fluctuation in divalent interacting with the phosphorylated Ser543 of NR2, 24,
cation levels can cause rapid changes in plant cell protein32). Phosphorylatedrabidopsisplasma membrane proton
interaction states7( 8). For example, calcium-dependent pump H'ATPase (AHA2) and 14-3-3 protein interaction
protein kinases (CDPK) are activated upon binding calcium, occurs optimally when in the presence of the divalent cation
which causes a conformational change removing the pseu-Mg?+ (21). Therefore, phosphopeptides representing the 14-
dosubstrate domain that inhibits the CDPK from phospho- 3-3 target binding site of NR2 and AHA2 were selected as
rylating target proteins9( 10). Many signal transduction  candidates for studying the effects of divalent cations on 14-
events rely on divalent cation levels as mediators of cellular 3-3/phosphopeptide interactions.
response in addition to general cellular function cu4. (). Surface plasmon resonance is a proven method for
Changes in divalent cation levels can influence 14-3-3/target gy, dying 14-3-3 protein/phosphopeptide interaction biochem-
protein affinities. 14-3-3 proteins interact with phosphory- istry (33—37). In the present study, a Biacore 3000 (Uppsala,
lated target proteins to both modify target proteins’ functions gyeden) was used to evaluate the effects of calcium and
and maintain the phosphorylation state within signal trans- magnesium on the interaction between the multidtabi-
duction cascades connecting cellular communication net-gopsisisoforms and the NR2 and AHA2 phosphopeptides.

works (12-19). . o _ _ Select isoform peptide interactions were also examined by
Early experiments described the binding of divalent cations jsothermal titration. The results show thatabidopsis14-

to Arabidopsis14-3-3 Omega while investigating the se- 3.3 proteins increasingly bound to the phosphopeptide
quence comprising the EF-hand-like loop 8 region of isoform g rfaces as the concentration of calcium or magnesium ions
Omega £0). Experiments designed to answer questions aboutyyas increased. These results are consistent with earlier reports

the requirement of divalent cation presence and the optimal concerning the effects of divalent cations on 14-3-3 target
interaction between 14-3-3 proteins and targets followed interactions 20, 22—24, 36—39).
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duction cascades. In this study, the investigation of the effects Phosphopeptide SynthesReptides were synthesized by

exerted by divalent cations on 14-3-3 proteins’ interactions soild-phaseN*-(9-fluorenylmethoxycarbonyl) (Fmoc) chem-

was extended to ten isoforms representing all evolutionary istry on an Applied Biosystems synthesizer, model 433A
branches of theArabidopsis14-3-3 phylogenetic tree. In  (Foster City, CA), at the University of Florida ICBR protein

addition, a physiologically relevant gradient of divalent cation synthesis core and were purified by HPLC to 99% as
concentrations?| 3, 7) (see Table S1 in Supporting Informa- determined by mass spectrometry.

tion) was utilized to suggest the in vivo subcellular locations  gyrface Plasmon Resonance/&ient Cation Studie€ach
in which 14-3-3 protein/target interactions may be most likely 14-3-3 isoform was first diffused over the control surface

influenced by divalent cation concentrations. and then over the phosphopeptide at a rate qfl26nin for
120 s. Then running buffer alone was diffused over the
MATERIALS AND METHODS surface causing most of the 14-3-3 protein to dissociate from

. . . . the phosphopeptide surface. The surfaces were regenerated
Surface PreparatlonA CMS5 chip was utilized since the with 20 mM MOPS, 300 mM NaCl, 200 mM imidazole,
epoxyalkanethiol gold-bound dextran surface could be 0.1% Tween-20, and 0.03% SDS at a rate of&min for
reacted W'th. coupling reagents that covalently bind a 30-60 s. The ’results of the study were analyzed with
phosphopeptide. Al surfac_e b_U|Id|ng steps were performed Biaevalution software version 4.1 to normalize the start of
at a flow rate of 10uL/min in 20 mM MOPS [3-( injection among isoforms as well as zero the baseline at the

morpholino)propanesulfonic acid], pH 7.5, and 50 mM . : . :
sodium chloride. The carboxymethyl groups of the dextran average when Fomparmg dl\(alent cat|oln concentrations.
layer were reacted with 1-ethyl-3-[3-(dimethylamino)propyl]- Isothermal Titration Calorimetry A Microcal VP-ITC

carbodiimide (EDC) and\-hydroxysuccinimide (NHS) to (isothermal titration calorimeter) (Northampton, MA) was
produce a reactive ester, 4 min injection. The reactive esteruSed 0 measure the interaction between the AHAZ2 phos-

was then reacted wit1 M ethylenediamine, pH 8.5, in phopeptide and 14-3-3 proteins Phi and Kappa. The experi-
running buffer for 4 min to produce a stably bound linker ment was conducted at 2&. A water reference cell of eqyal
and another reactive amine group. The remaining reactive SiZ€ and shape to the sample cell was used to determine the
esters were blocked witl M ethanolamine, pH 8.5, 4 min  amount of energy exchanged with the surroundings when
injection. The reactive amine of the ethylenediamine was the two molecules of interest interact. Purified recombinant
reacted with 100 mMm-maleimidobenzoyN-hydroxysul- 14-3-3 protein was placed in the sample cell reservoir at a

fosuccinimide ester (Sulfo-MBS:; Pierce, Rockford, IL) in concentration of 8.2aM in a total voolume of 1.8 mL (20
10 mM sodium bicarbonate, pH 8.5, to produce a covalently mM MOPS, 50 mM NaCl, and 0.005% Tween-20 at pH 7.5

bound reactive maleimide group, 4 min injection. The With €ither 10 mM EDTA or 55 mM MgG). Synthetic

maleimidezr-bond was reacted with the N-terminal cysteine Phosphopeptide was placed in the syringe at a concentration
. . 1 0,

residue of the phosphopeptide to produce a stable carbon ©f 2304M in 20 mM MOPS, 50 mM NaCl, and 0.005%

sulfur bond. The peptide was added at a concentration of 251 Ween-20 at pH 7.5 with either 10 mM EDTA or 55 mM
ug/mL in 10 mM sodium acetate, pH 5.0, Wi 1 min MgCl,. The reference cell temperature was set at@5The

injection. The remaining maleimide groups were blocked Phosphopeptide was injected into the protein solution at 3
with 150 mML-cysteine in 10 mM sodium acetate, pH 4.0 uL per injection for a total of 50 injections. The final overall
10 min injection. A control surface was produced similar to Protéin/peptide solution volume was 1.95 mL. Upon col-
the phosphopeptide surface, except that a cysteine moleculd€Cting the da a 1 to linteraction model was fit to the data

was added at the final step in place of the cysteine-linked USINg @ LevenbergMarquardt equation within the Origin
phosphopeptide. 7.1 software package (Northampton, MA) to derive the

enthalpy, equilibrium affinity constants, entropy, and sto-
Surface Plasmon ResonancevBlent Cation Studies Ry, €d y Py

bi bidopsi <of q ichiometric ratio of peptide to protein. The data were fit to
Recombinanirabidopsis14-3-3 isoforms were expressed e gerived curve based on molecular interaction principles
with an amino-terminal & histidine tag and purified

X ) and reducing the difference between the model and the raw
following the Novagen pET expression system manual

— ) "% data as measured by the resulting Chi-squared value.
(Darmstadt, Germany). Purified recombinant 14-3-3 proteins
were dialyzed into running buffer containing 20 mM MOPS, REsuULTS
50 mM NacCl, and 0.005% Tween-20 at pH 7.5. The protein
solutions were subjected to ultracentrifugation in a Beckman Basic Experimental ArrangemenRecombinant 14-3-3
Coulter, Inc., Optima MAX/MAX-E ultracentrifuge (Ful-  proteins were used in the investigation to ensure that large
lerton, CA) at 50000 for 30 min to ensure only highly  enough pools of consistent sample protein were available
soluble protein was in the solution to avoid aggregation on for use throughout the investigation. Accurate results require
the chip surface. The concentrations of the proteins werea homogeneous interaction surface; therefore, synthetically
measured using the Bio-Rad Bradford assay kit (product derived phosphopeptides were used to ensure that the
number 500-0002) and Smartspec 3000 Bio-Rad (Hercules,peptides were uniformly phosphorylated and highly purified.
CA). Protein purity was considered95% pure based on  The recombinant 14-3-3 proteins (cDNA accession num-
Coomassie-stained SD®AGE gels (see Figure S1 in bers: Omega, M96855; Chi L09112; Phi, L09111; Psi,
Supporting Information). Each isoform was then resuspendedL09110; Nu, U60445; Upsilon, L09109; Kappa, U36447;
to a working concentration of 1.5M in running buffer Lambda, U68545; Epsilon, U36446; Mu, U604489{42)
containing either calcium or magnesium at various physi- and the phosphopeptide target binding sites of NR2 and
ologically relevant concentrations M to 1 mM or 1uM AHA2 were based omrabidopsisprotein sequences. The
to 5 mM, respectively). recombinant proteins were produced as described in Materials
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Table 1: Consensus Target Sequences and Representative a
Phosphopeptides Used within the Experimental System o
7]
consensus §
sequence consensus @
type sequence peptide studied 0
mode 1 R/IKXXpS/TXP C-SLKKSVpSTPFMN -g
mode 2 RIKXXXpS/TXP £
mode 3 YpTV C-KLKGLDIETPSHYpTV

apS indicates the serine residue is phosphoryldted. indicates

the threonine residue is phosphorylated. 2000

and Methods based on the exact cDNAs derived in the listed G

citations 89—42). The NR2 (gene identification number
AT1G37130.1) phosphopeptide represents both the mode 1
(R/IKxxpS/TxP) and mode 2 (R/KxxxpS/TxP) consensus
sequences3@, 34) (Table 1). The AHA2 (gene identification
number AT4G30190.1) phosphopeptide represents the mode
3 (YpTV) consensus sequence found on the carboxyl terminal
autoinhibitory domain of the HATPase family (Table 1)
(30). An amino-terminal cysteine residue was added to each
phosphopeptide as a linker and is not part of the native
sequence. The peptides were designed to represent the natural
location of the phosphorylated group. In the case of NR2
the phosphoserine was within the peptide sequence, whereas
the phosphothreonine of the AHA2 peptide was located at
the penultimate residue of the carboxyl terminus. Control
surface plasmon resonance spectroscopy experiments dem-
onstrated that neither calcium nor magnesium alone showed
a detectable interaction with the bound phosphopeptides and
that the presence of thex6histidine tag had a negligible
effect on 14-3-3 interaction with the bound peptides (data
not shown). In addition, isothermal titration calorimetry was
used to examine selected 14-3-3 interactions of phospho-
peptide targets in relevant concentrations of divalent. OF il IO R30I

time, s
Effects of Calcium Concentration on the Interaction
. . FIGURE 1: Sensorgrams of surface plasmon resonance spectroscopy
between 14-3-3 Proteins and the AHA2 Phosphopeptides gepicting the 14-3-3 isoforms (A) Omega, (B) Epsilon, (C) Lambda,

Surface plasmon resonance spectroscopy was used to monitagnd (D) Nu interacting with the AHA2 phosphopeptide with various
the interactions of recombinant 14-3-3 proteins and target calcium concentrations: AM (+++), 500uM (— —), 1000uM (—).

phosphopeptides with 14-3-3 proteins as the analyte and the? flow rate of 20uL/min was used for each isoform. After each
soform was investigated, the surface was regenerated to produce

phosphopeptides as a coupled ligand (see Materials ar_‘da surface with a baseline equivalent to the starting baseline. Data
Methods section for protein and phosphopeptide synthesisshown were background subtracted for control surface response
details). Panels AD of Figure 1 illustrate association and levels pertaining to each isoform.

dissociation curves for Omega, Epsilon, Lambda, and Nu  Response levels of all ten isoforms tested are shown in
(each representing one of the majarabidopsis14-3-3  Taple 2. Each of these isoforms displayed a profile of
family phylogenetic subgroups) interacting with the AHA2 jncreased binding to the AHA2 phosphopeptide surface
phosphopeptide in the presence of various calcium concen-similar to the isoforms shown in Figure 1 (see Supporting
trations. The phylogenetic tree Afabidopsisl4-3-3 proteins  |nformation). Experiments conducted in the presence of 10
contains a number of major branches, some of which aremmM EDTA affirm that calcium ions were responsible for
very deeply rooted (see Figure S2 in Supporting Information), the positive binding effects observed for each isoform in
illustrating the importance of capturing the range of diversity Table 2. The EDTA experiment demonstrates two aspects
within the Arabidopsis14-3-3 protein family. Each of the  about 14-3-3 protein/AHA2 phosphopeptide interaction: first,
four isoforms in Figure 1 increased in binding as the that a basal level of interaction occurred between the 14-
concentration of calcium increased. As the concentration of 3-3 proteins and the phosphopeptide without calcium freely
calcium was increased, the concentration of 14-3-3 protein available in solution, and second, that calcium increased the
bound to the HATPase surface increased, which signifies concentration of 14-3-3 proteins bound to the phosphopeptide
that the calcium concentration was an important componentsurface above the basal level.

affecting each of the isoforms interacting with the AHA2 Effects of Magnesium Concentration on the Interaction
phosphopeptide surface. When comparing each concentratiorbetween 148-3 Proteins and the AHA2 Phosphopeptide
of calcium, the overall shape of the curves for each isoform Magnesium concentrations were investigated in a similar
indicates that the association rate was more affected by thefashion to the calcium concentration experiments for their
increase in cation concentration than the dissociation rates.influence on interaction between the various 14-3-3 isoforms
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Table 2: Maximum Binding Response Levels for 14-3-3 Isoforms Interacting with the AHA2 Phosphopeptide under Various Calcium and
Magnesium Concentrations

Mu Psi Omega Chi Upsilon Kappa Lambda Phi Nu Epsilon
(RUy (RU) (RU) (RU) (RU) (RU) (RU) (RU) (RU) (RU)

[Ca] (uM)

1000 128+ 16° 296+71 399+ 14  553+21  537+39 788+ 23 898+ 25 1186+ 31 13174+ 105 1842+ 33

500 270+ 12 228+ 47 285+9 326+ 7 422+ 24 610+ 14 662+ 20 997+34 1026+ 2 1600+ 30

1 206+ 11 213+ 59 156+ 8 141+ 11 234+ 47 ND 217+59  421+165 511+2 1212+ 20

0.1 159+ 10 4+0.2 138+ 8 71+9 136+ 16 155+ 9 61+ 3 134+ 9 322+ 12 339+ 11
EDTA,10mM 109+ 3 3+0.2 134+ 5 84+ 2 183+ 17 119+4 78+ 6 110+ 4 288+ 21 263+ 24
[Mg] (M)

5000 542+ 14 ND 897+ 25 1725+36 1123+30 1437+29 1648+32 1886+42  2178+22 2330+ 29

1000 175+ 13 ND 257+ 10 354+38 310+ 22 587+2 607+ 18 869+ 32 977+ 2 1592+ 27

500 161+ 8 ND 226+ 11 295+ 10 340+40 469+1 533+ 15 774+ 26 835+ 1 1507+ 27

1 131+ 11 ND 125+ 7 124+ 17 192+ 14 241+1 226+ 64 339+ 77 516+ 2 1188+ 26
EDTAY10mM 7246 ND 135+ 5 84+ 4 184+ 18 123+7 79+5 60+ 10 302+ 1 2474+ 20

2RU, response unit®.Mean measurey = 3. ¢ 95% confidence intervall EDTA data from the magnesium-influenced set of experiments.

sium concentrations increases the level of each 14-3-3

2 1000 : X X . .
o A e P isoform bound to the AHA2 peptide. This result indicates
c ; v that magnesium has an effect comparable to that of calcium
% o001 i on 14-3-3 proteins interacting with the AHA2 peptide. A
L 400 ! significant increase in binding response occurs when the
._g 200 ! proteins are expose® a 5 mM magnesium concentration
5 0 compared to the lower three magnesium concentrations
0 100 200 investigated. The binding curves for the magnesium interac-
time, s tion studies showed that the association rate was more
2 2500 affected by increased magnesium concentration than the
% 2000 dissociation rate, since the association portion of the curves
= differed more than the dissociation rate portion of the curves.
% Lo The remaining results for the other isoforms listed in Table
=il a7 2 indicated that these isoforms behaved similarly with regard
- to levels of magnesium and relative binding response. All
= 0 of the free magnesium levels increased the amount of 14-
0 100 200 3-3 protein bound to the phosphopeptide surface relative to
time, s experiments including 10 mM EDTA (Table 2).
= 2000 The significant increase in protein binding response
AR, c IR 2o observed during the 5 mM magnesium experiment relative
§_ il ‘\__ to the lower concentrations prompted a second set of
T =l experiments designed to observe the effects of high physi-
2 500 | ologically relevant concentrations of magnesium on 14-3-3
S protein/phosphopeptide interactions. Another surface was
5 o built using the AHA2 phosphopeptide. Results indicated that
a second significant increase in phosphopeptide surface/14-
i 3-3 protein interaction occurred when 100 mM magnesium
&c 2500 was included in solution relative to 5 or 10 mM magnesium
g 2000 e ol (see Figure S4 in Supporting Information).
8 1500 7 i Effects of Calcium Concentration on the Interaction
$ 1000 | between 14-3-3 Proteins and the NR2 PhosphopeptitiRa
£ s00 i phosphopeptide 14-3-3 protein interaction studies were
= o performed as a comparison to the AHA2 phosphopeptide
= 0 100 200 interaction studies on effects of the divalent cations. Increased
time, s calcium concentration caused increased binding of the 14-

3-3 isoforms to the NR2 phosphopeptide surface in general
XTable 3 for summary data; see Supporting Information for
sensorgrams). Isoform Omega increased in binding when

FiIGurRe 2: Sensorgrams of surface plasmon resonance spectroscop
depicting the 14-3-3 isoforms (A) Omega, (B) Epsilon, (C) Lambda,
and (D) Nu interacting with the AHA2 phosphopeptide with various i . .
magnesium concentrations: uM (+++), 500uM (— —), 10004M calcium levels increased from 1 to 500 or 1Q2@ but did
(—), and 500QuM (»—=). A flow rate of 20uL/min was used for not significantly increase in binding when calcium increased
each isoform. After each isoform was investigated, the surface wasfrom 500 to 1000uM. Results from isoform Psi and Mu

regenerated to produce a surface with a baseline equivalent to theastigations produced similar response-curve results to
starting baseline. Data shown were background subtracted for. f o) Isof Chi and Upsil tudi how that
control surface response levels pertaining to each isoform. ISotorm Umega. Isotorm Lhiand Upsiion studies show tha

increased concentrations of calcium from 1 to 500 or 1000
and the AHA2 phosphopeptide. Data shown in Figure 2 and uM increased 14-3-3 protein binding. Regardless of the
summarized in Table 2 demonstrate that increasing magne4soform investigated, the binding curves demonstrated that
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Table 3: Maximum Binding Response Levels for 14-3-3 Isoforms Interacting with the NR2 Phosphopeptide under Various Calcium and

Magnesium Concentrations

Chi Epsilon Kappa Lambda Mu Nu Omega Phi Psi Upsilon
(RUY (RU) (RU) (RU) (RU) (RU) (RU) (RU) (RU) (RU)
[Ca] (uM)
1000 59 + 2¢ 352+ 7 63+5 158+ 34 119+ 7 154+ 50 90+ 6 204+ 8 347+ 11 104+ 29
500 68+ 4 154425 6642 117£5 11443 101+ 2 8542 130+ 4 344424 130+ 3
1 48+ 2 109+ 5 48+ 1 75+ 2 96+ 2 67+ 2 60+ 1 63+ 7 22+ 1 91+ 19
EDTA, 10 mM 1+1 1+1 1+£1 0 0 8+ 1 0 0 3+1 0
[Mg] (M)
1000 47+ 2 157+ 7 44+ 2 90+ 5 105+ 3 71+ 2 694 2 82+ 9 21+1 93+ 2
500 48+ 1 1144+ 19 35+ 2 T7+£2 92+ 2 63+ 2 61+ 2 85+ 3 15+ 1 79+ 2
1 494+ 1 109+ 4 494+ 1 75+ 1 96+ 2 68+ 1 61+1 62+ 5 19+ 1 92+ 2
EDTA,910 mM 0 2+ 1 1+1 0 0 8+ 1 0 0 0 0

a2RU, response unit$.Mean measurey = 3. ©95% confidence intervall EDTA data from the magnesium-influenced set of experiments.

the association rate was more affected by calcium concentratesonance data, isothermal titration calorimetry (ITC) was
tion than dissociation rate (see Supporting Information for used to measure the interactions between 14-3-3 isoforms
sensorgrams), which results in a general increase in bindingwith the AHA2 phosphopeptide in the presence of magne-
when comparing 1 to 500 or 10QM. sium or EDTA. Phi and Kappa were selected as representa-

Effects of Magnesium Concentration on the Interaction tive isoforms since these two isoforms represent the divergent
between 14-3-3 Proteins and the NR2 Phosphopeptides members of theArabidopsis 14-3-3 protein family (see
Magnesium concentrations were also investigated in order Supporting Information, Figure S2). Interactions between
to extend the range of isoform results reported in responseisoform Phi and the AHA2 phosphopeptide in the presence
to the magnesium ion and compare results to AHA2 of 10 mM EDTA showed no significant change in the
phosphopeptide studies. When observing specific isoform amount of thermal energy exchanged with the surrounding
response curves such as those for Omega, Lambda, Nu, anénvironment over time, which indicates no interaction
Chi, the increased magnesium concentrations have a reducedccurring between isoform Phi and the AHA2 phosphopep-
effect on the overall level of binding to the NR2 phospho- tide in the presence of EDTA (Figure 3A,B). Results from
peptide compared to results obtained for the same isoformsITC experiments measuring the Kappa and AHA2 phospho-
interacting with the AHA2 phosphopeptide in the presence peptide interactions in the presence of EDTA were similar
of varying magnesium concentrations (Table 3; see Sup-to the results of the Phi and AHA2 phosphopeptide interac-
porting Information, Figures S3 and S5). For example, tions (Figure 4A,B). Results of both Phi and Kappa isoforms
isoform Nu increased binding to the AHA2 phosphopeptide interacting with the AHA2 phosphopeptide in the presence
by 142 response units when the concentration of magnesiumof 5 mM MgCl, produced measurable changes in the thermal
was increased from 500 to 1000/, whereas isoform Nu  energy exchanged with the surrounding environment (Figures
binding increased by 8 response units to the NR2 phospho-3C,D and 4C,D). The affinity (equilibrium dissociation
peptide when the magnesium concentration was increasectonstantKp) of the two isoforms for the AHA2 phospho-
from 500 to 100QuM. peptide in the presence of 5 mM Mg@Gias 30.1+ 17 nM

The magnesium concentration directly affected the con- (95% confidence interval) and 1238 39.1 nM (95%
centration of each of the 14-3-3 proteins bound to the NR2 confidence interval) for Phi and Kappa, respectively. The
phosphopeptide surface. Isoform Phi (Table 3) increased inresults of the ITC experiment demonstrate that lack of
binding response when the magnesium concentration in-divalent cations available in solution prevents the interaction
creased from 1 to 500 or 10QM. The experiments with  of either Phi or Kappa with the AHA2 phosphopeptide and
isoform Kappa demonstrate that binding response wasthat interaction occurs between Phi or Kappa and the AHA2
negatively affected by increased magnesium concentrationsphosphopeptide when 55 mM MgQlas available in the
from 1 to 500uM yet positively affected by increased interaction environment. Additionally, the two isoforms have
magnesium concentrations from 500 to 1Q0d. Upsilon a different affinity for the same phosphopeptide target,
isoform showed little difference in response level between signifying the diversity among thérabidopsis 14-3-3
1 and 500 or 100Q«M yet confirmed no binding in the  isoforms.
presence of EDTA (Table 3). Response levels for isoforms DISCUSSION

Psi and Mu were more positively affected by magnesium
concentrations of 100M compared to 1 or 50Q«M, Surface plasmon resonance spectroscopy results indicated
whereas magnesium concentrations of 200 negatively that the concentration of divalent cation and the type of
affected Psi and Mu response levels compared to 1 or 1000divalent cation both influence the interaction between 14-
uM (Table 3). Throughout all of the investigations for each 3-3 proteins and the two phosphopeptide surfaces tested.
isoform, it was clear that both calcium and magnesium These results correlate with previous experiments in that the
concentrations influenced the levels of interaction between increase in divalent cation increased 14-3-3 protein and
14-3-3 proteins and target phosphopeptides. phosphopeptide interactiol?, 22—24). Results from the
Effects of Magnesiunrersus EDTA on the Interaction ITC experiments demonstrated that divalent cations are an
between 14-3-3 Proteins and the AHA2 Phosphopeptidesintegral element involved in the 14-3-3 protein AHA2
Measured by Isothermal Titration Calorimetrin order to phosphopeptide interactions. The effects of divalent cations
supplement and confirm the results of the surface plasmonhave not been previously reported for isoforms Lambda,
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solution. (C) Enthalpy change in the system caused upon Phi/AHA2 apjao ex(otr)1ermic i?1¥eractign plotted };is the amount pof povfepr

exothermic interaction plotted as the amount of power required per required per second to maintain the sample cell and reference cell
second to maintain the sample cell and reference cell at the same,; the same temperature on the ordinate axis against the molar ratio
temperature on the ordinate axis against the molar ratio of 14-3-3 ot 14 3.3 gimer per peptide on the abscissa. (D) Dataf &L to
dimer per peptide on the abscissa. (D) Dateofitl to linteraction jneraction model using a Levenberlarquardt equation. Each
modell using a hevenbefgvle]}rqu?]rdlt eqtrjlatlon. Each (Ijata} point  4ata point was plotted as the amount of enthalpy change per mole
was plotted as the amount of enthalpy change per mole of injected ot ihiected peptide on the ordinate axis against the molar ratio of
peptide on the ordinate axis against the molar ratio of 14-3-3 dimer 14_3_3 dimer per peptide on the abscissa. The line is the curve

per peptide on the abscissa. The line is the curve fitting the data. fitting the data. The black circles are the raw data points.
The black circles are the raw data points.

Molar Ratio

increase in binding to AHA2 was different among isoforms
Kappa, Nu, Upsilon, Psi, Epsilon, or Mu. Data summarized when various concentrations of divalent cations were applied.
in Tables 2 and 3 demonstrated that there was an increasé-or example, increasing the calcium concentration from 1
in binding for each of the isoforms when the concentration or 1000uM elicited a 2.6-fold change in isoform Omega/
of calcium was increased from 1 to 5081. There alsowas  AHA2 phosphopeptide interaction level, compared to a 1.5-
an increase in binding when the calcium concentration was fold change with Epsilon and AHA2 (Figure 1A,B). The
elevated from 500 to 100@M. The magnitude of the  same trend follows when comparing Omega and Epsilon
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differences in AHA2 phosphopeptide interaction level be- Information). An increase in available magnesium concentra-
tween magnesium concentrations of 1 and 1000 Omega tion had a positive influence on the concentration of 14-3-3
binding increased 2.0-fold while to Epsilon binding increased protein bound to the AHA2 phosphopeptide. The plasma
1.3-fold (Figure 2A,B). membrane and vacuolar proton pump and the SV-channel

The differences in the carboxyl-terminal sequences of the proteins are regulated by 14-3-3 proteins, implying that the
14-3-3 isoforms may contribute to the different interaction balance among cytosolic proton, calcium, and magnesium
effects observed among the isoforms. Experiments investi-levels may be partially controlled by 14-3-3 proteins interact-
gating the carboxyl terminus of isoform Omega suggest that ing with the respective membrane proteins responsible for
when the EF-hand-like loop 8 region binds a divalent cation, allowing calcium and protons levels to fluctuate.

the carboxyl terminus forms a tenttrhelix (43). Further- In addition to divalent cations, other physiological signals
more, formation of the carboxyl terminus into a tentelix _influence 14-3-3 protein/target interactions such as pH,
is thought_ to remove the.carb(_)xyl terminus from occupying polyamines, and adenosineronophosphate AMP) (23,
the amphipathic groove in which target peptides bi-( 37). Lowering the pH from 7.5 to 6.5 causes increases in
46). Thus the differences in cation effect among isoforms 14.3.3 protein target binding similar to increases seen when
may be due to the differential action of their carboxyl termini. yiyalent cation concentrations are raised to 5 mB/) (
The investigation currently under discussion focuses on pglyamines also affect 14-3-3 protein/target peptide interac-
multiple isoforms from each subgroup of tWeabidopsis o |evels with a profile similar to increased divalent cation
phylogenetic tree. This approach highlights comparisons ¢oncentrations. The mode of action is actually similar as both
among isoforms to elucidate |sof0rm—spe0|f|c effe;cts dlvglent polyamines and divalent cations bind within the loop 8 region
cations could have on 14-3-3 protein/target interactions. of 14.3.3 proteins36). The addition of 5AMP to solutions
Kappa and Lambda binding to the AHA2 phosphopeptide ¢qntaining 14-3-3 proteins and targets disrupts 14-3-3 protein
surface were most highly affected by the increasing con- gnq arget interaction88). An analogue to SAMP, ZMP,
centrations of calcium or magnesium. Omega, Phi, and Chi o4 he ysed to disrupt 14-3-3 protein and target interactions,
were the second most affected group by increasing concen-yp, gffect that has been demonstrated biochemica@ydnd
trations of calcium or magnesium, again while interacting i, yiyo through the differential localization of 14-3-3 proteins
with the AHA2 phosphopeptide. The Epsilon and Mu group petore and after treatment with theSMP analogue 49).
was the third most affected, and the Psi, Upsilon, and NU tayen together, it is clear that 14-3-3 protein/target interac-
group was the least affected by the increase in calcium Or o ng are affected by several physiological cues in addition

magr|1esium hconcen.tratiofr;s when ik?te'r acting with ,AhH'?IZ to divalent cations. The fluctuating concentration of each of
(Table 2). Thus cation effects on the interaction with the yhaqe cues in concert with divalent cations could drive the

AHAZ peptide seem grouped by phylogenetic relatedness. g 5| fransduction cascades involving 14-3-3 proteins at key
The ITC data support the general trend thaabidopsisL4- h points within cellular communication networks.

3-3 isoforms require divalent cations in order to interact wit o .
the AHA2 phosphopeptide optimally (Figures 3 and 4). Current theory places the metal binding domain in loop 8
helices 8 and 912, 20, 23, 36, 38, 43). The

In contrast, the Epsilon and Mu group was the most Petweena- : \
affected by the increase in either calcium or magnesium whenCyStal structure of a human 14-3-3 isoform Sigma (PDB
interacting with the NR2 phosphopeptide, while the Omega, €0d€: 1YWT) has a calcium atom coordinated with a
Phi, and Chi group was second most affected. The Psi,h|st|d|ne mc_)leculg Iocated_at_ t_he end of the fowz_thnellx _
Upsilon, and Nu group and the Kappa and Lambda group (56). The_ Sigma |sof_orm h|st|d|r_1e molecule th_at is coordi-
were the least affected by the increase in calcium or Nat€d with the calcium atom is conserved in all of the
magnesium when interacting with the NR2 phosphopeptide AraPidopsisisoforms except Omega, Chi, and Phi. The
surface (Table 3). Thus cation effects on the interaction with co0rdination of the calcium atom with the fourth-helix
the NR2 phosphopeptide are also grouped along phylogeneti@!St"_j'”e may represent a sec_ond a_nd/or alter_nanve metal
lines, but the relationships are not in the same hierarchical Pinding site in the 14-3-3 protein family. The existence of a
order as the AHA?2 effects. second or alternative metal binding site outside of the loop

Eukaryotes by definition have compartmentalized or- 8 EF-hand metal binding site could increase 14-3-3 proteins’
ganelles that are responsible for specific functions. Each of Pility to participate in signal transduction events governed
the organelles and their respective membranes cause cell®Y fluctuations in cellula_r divalent _catlon concentrations as
to develop gradients of both energy and information potential. ell s expand the role divalent cations play as 14-3-3 protein
As members of signal transduction cascades, 14-3-3 proteingofactors.
help to connect the energy and information flow both intra-  There are differences in the effects of calcium versus
and extracellularly 12, 13, 19, 26, 27, 29, 47). Divalent magnesium (Tables 2 and 3). For example, when comparing
cation concentrations fluctuate within the plant (summarized isoform Omega’s response level in the presence of:600
in Table S1 of Supporting Information) depending on calcium, the maximum response level reached approximately
subcellular location or response to stimuli. For example, 400 RU, whereas in the presence of magnesium the
exposure to ABA can cause cytosolic calcium levels to rise maximum level was approximately 200 RU. Lu et al.
above 1uM (1), a level that had clear influences on 14-3-3 demonstrated that thArabidopsisisoform Omega binds
protein target interaction (Figure 2 and Supporting Informa- calcium with an affinity of 550uM and within the same
tion). Additionally, when root hair development occurs, study showed that magnesium is outcompeted by calcium
cytosolic levels of calcium fluctuate from 50 to 700 nk8. for binding to the EF-hand-like region loop Q). The
In contrast, cytosolic magnesium levels average 5 mM and observation that calcium binds the loop 8 region with higher
can oscillate as high as 10 mM (see Table S1 in Supporting affinity than magnesium is consistent with observations
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reported for other EF-hand motifSE 51). The mechanism  portunities for biotechnologically oriented control over 14-
governing 14-3-3 target interaction was strongly influenced 3-3 protein signal transduction pathway points.

by magnesium in solution, a common feature of both EF-
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