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Protein family review
The 14-3-3s
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Summary

Multiple members of the 14-3-3 protein family have been found in all eukaryotes so far
investigated, yet they are apparently absent from prokaryotes. The major native forms of 14-3-3s
are homo- and hetero-dimers, the biological functions of which are to interact physically with
specific client proteins and thereby effect a change in the client. As a result, 14-3-3s are involved
in a vast array of processes such as the response to stress, cell-cycle control, and apoptosis,
serving as adapters, activators, and repressors. There are currently 133 full-length sequences
available in GenBank for this highly conserved protein family. A phylogenetic tree based on the
conserved middle core region of the protein sequences shows that, in plants, the 14-3-3 family
can be divided into two clearly defined groups. The core region encodes an amphipathic groove
that binds the multitude of client proteins that have conserved 14-3-3-recognition sequences.
The amino and carboxyl termini of 14-3-3 proteins are much more divergent than the core
region and may interact with isoform-specific client proteins and/or confer specialized subcellular
and tissue localization.
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Gene organization and evolutionary history 
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Figure 1
Conservation of 14-3-3 proteins. (a) A graph of percentage similarity derived from (b), which shows a multiple sequence alignment of 40 selected 14-3-3
isoforms. Highly conserved helices in (a) are in red and are indicated by numbers that correspond to helices in the crystal structure of Figure 3. The
alignment in (b) was created using Clustal W [39]. Residues in red are 100% conserved across all isoforms; residues in blue are highly conserved. These
red and blue colors correspond to the red and blue regions of the crystal structure shown in Figure 3. 
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Zea mays GF14-12
Tobacco Protein F

Populus x canescens
Picea glauca

Maackia amurensis
Chlamydomonas reinhardtii
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Entodinium caudatum
Entamoeba histolytica

BMH1 Baker's Yeast
BMH2 Baker's Yeast
RA24 Fission Yeast
RA25 Fission Yeast

Candida albicans
Ciona intestinalis

Caenorhabditis elegans
Echinococcus multilocularis

Schistosoma mansoni Epsilon
Drosophila melanogaster Epsilon
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Sheep Epsilon

Rat Epsilon
Human Epsilon

Human Beta
Human Zeta (1QJBb)
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Figure 2 (see the figure on the next page)
Phylogenetic relationships of 14-3-3s. This tree is a rooted cladogram from a neighbor-joining analysis [40] of the 133 different full-length 14-3-3 isoforms
that are currently available in the GenBank database [37], with Dictyostelium discoideum 14-3-3 as the outgroup. Arabidopsis isoforms are highlighted in
green. The separation of plant epsilon and non-epsilon 14-3-3 proteins is clearly visible. 
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---MATPGASSARDEFVYMAKLAEQAERYEEMVEFMEKVAKAVDK-DELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEESRG-NDDHVSLIRDYRSKIETELSDICDGILKLLD
--------MASGREEFVYMAKLAEQAERYEEMVEFMEKVSAAVDG-DELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEESRG-NDDHVTAIREYRSKIETELSGICDGILKLLD
---------MSTREENVYMAKLAEQAERYEEMVEFMEKVAKTVDV-EELSVEERNLLSVAYKNVIGARRASWRIISSIEQKEESKG-NEDHVAIIKDYRGEIESELSKICDGILNVLE
--MAAPPASSSAREEFVYLAKLAEQAERYEEMVEFMEKVAEAVDK-DELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEESRG-NDDHVTTIRDYRSKIESELSKICDGILKLLD
------MSSDSSREENVYLAKLAEQAERYEEMVEFMEKVAKTVET-EELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEDSRG-NSDHVSIIKDYRGKIETELSKICDGILNLLE
------MAATLGRDQYVYMAKLAEQAERYEEMVQFMEQLVTGATPAEELTVEERNLLSVAYKNVIGSLRAAWRIVSSIEQKEESR-KNDEHVSLVKDYRSKVESELSSVCSGILKLLD
--------MSSSREENVYLAKLAEQAERYEEMVEFMEKVAKTVDT-DELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEESRG-NDDHVSIIKDYRGKIETELSKICDGILNLLD
------MATTLSRDQYVYMAKLAEQAERYEEMVQFMEQLVSGATPAGELTVEERNLLSVAYKNVIGSLRAAWRIVSSIEQKEESR-KNEEHVSLVKDYRSKVETELSSICSGILRLLD
------MGSGKERDTFVYLAKLSEQAERYEEMVESMKSVAKLNVD---LTVEERNLLSVGYKNVIGSRRASWRIFSSIEQKEAVKG-NDVNVKRIKEYMEKVELELSNICIDIMSVLD
--------MENEREKQVYLAKLSEQTERYDEMVEAMKKVAQLDV---ELTVEERNLVSVGYKNVIGARRASWRILSSIEQKEESKG-NDENVKRLKNYRKRVEDELAKVCNDILSVID
--------MENERAKQVYLAKLNEQAERYDEMVEAMKKVAALDV---ELTIEERNLLSVGYKNVIGARRASWRILSSIEQKEESKG-NEQNAKRIKDYRTKVEEELSKICYDILAVID
---MSSSGSDKERETFVYMAKLSEQAERYDEMVETMKKVARVNS---ELTVEERNLLSVGYKNVIGARRASWRIMSSIEQKEESKG-NESNVKQIKGYRQKVEDELANICQDILTIID
--------MENEREKLIYLAKLGCQAGRYDG----MRKVCELDI---ELSEEERDLLTTGYKNVMEAKRVSLRVISSIEKMEDSKG-NDQNVKLIKGQQEMVKYEFFNVCNDILSLID
-------MADSSREENVYLAKLAEQAERYEEMIEFMEKVAKTADV-EELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEESRG-NEDHVNTIKEYRSKIEADLSKICDGILSLLE
-----MASAELSREENVYMAKLAEQAERYEEMVEFMEKVAKTVDS-EELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEEGRG-NEDRVTLIKDYRGKIETELTKICDGILKLLE
--------MSSSRDEFVYMAKLAEQAERYEEMVDFMEKVVTAADGGEELTIEERNLLSVAYKNVIGARRASWRIISSIEQKEESRG-NEDHVTSIKTYRSKIESELTSICNGILKLLD
------MDSSKDRENFVYVAKLAEQAERYDEMVDAMKKVAKLDV---ELTVEERNLLSVGYKNVIGARRASWRILSSIEQKEESKG-NETNVKRIKEYRKKVEAELTGVCNDIMTVID
-------MVESSREENVYMAKLAEQAERYEEMVEFMEKVTKGVEV-EELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEESRG-NDEHVVTIREYRSKVESELSKICEGILRLLD
------MASSKERETFVYVAKLAEQAERYEEMVDSMKNVATLDV---ELTVEERNLLSVGYKNVIGARRASWRILSSIEQKEEAKG-NEVNAKRIKEYRQKVESELTNICNDVMRVID
--------MAVDREECVYMAKLAEQAERYDEMVEEMKKVAKLVHD-QELSVEERNLLSVAYKNVIGARRASWRIISSIEQKEEAKG-NEEHVQRIRKYRTVVEEELSKICASILQLLD
---------MASRDDLVYMAKLAEQAERFDEMVDHMKAVAQQPK---ELSVEERNLLSVAYKNVIGSRRASWRVISSIEGKDTVSD----QLPLIRDYKSKIETELTDICADILKIIE
----------MTREENVYMAKLAEQAERYEEMVETMKKVAELDV---ELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEESKG-NENHVKKIKEYKCKVEKELTDICNDILEVLE
----------DKYEKQVYLAMLAEQCSRYEDMMTFLEDMVKAKAE--DLSSDERNLLSIAYKNTISLDRQAIRTLLAYESKEAKKA-ESPYLDYIKEYKAKVQKELEDLCNKINRTID
---------MASREDCVYTAKLAEQSERYDEMVQCMKQVAEMEA---ELSIEERNLLSVAYKNVIGAKRASWRIISSLEQKEQAKG-NDKHVEIIKGYRAKIEKELSTCCDDVLKVIQ
--------MSTSREDSVYLAKLAEQAERYEEMVENMKTVASSGQ---ELSVEERNLLSVAYKNVIGARRASWRIVSSIEQKEESKEKSEHQVELICSYRSKIETELTKISDDILSVLD
--------MSQTREDSVYLAKLAEQAERYEEMVENMKAVASSGQ---ELSVEERNLLSVAYKNVIGARRASWRIVSSIEQKEESKEKSEHQVELIRSYRSKIETELTKISDDILSVLD
-------MSTTSREDAVYLAKLAEQAERYEGMVENMKSVASTDQ---ELTVEERNLLSVAYKNVIGARRASWRIVSSIEQKEESKG-NTAQVELIKEYRQKIEQELDTICQDILTVLE
--------MSNSRENSVYLAKLAEQAERYEEMVENMKKVACSNDK---LSVEERNLLSVAYKNIIGARRASWRIISSIEQKEESRG-NTRQAALIKEYRKKIEDELSDICHDVLSVLE
--------MPASREDSVYLAKLAEQAERYEEMVENMKAVASSGQ---ELSVEERNLLSVAYKNVIGARRASWRIVSSIEQKEEAKG-NESQVALIRDYRAKIEAELSKICEDILSVLS
--------MSTEREDFVYQAKLAEQAERYDEMVEQMKKIAQLGIS---LTVEERNLLSVAYKNVIGARRASWRIISSIEMKE-----G-SKAQMPSDYRQQVEEELKNICHDILSVID
--------MSDTVEELVQRAKLAEQAERYDDMAAAMKKVTEQGQ---ELSNEERNLLSVAYKNVVGARRSSWRVISSIEQKTEGSE--K-KQQLAKEYRVKVEQELNDICQDVLKLLD
MSRLAECTISDTVDELVQRAKLAEQAERYDDMAGACKTMAEMGN---ELNNEERNLLSVAYKNVLGARRSSWRIMSSIAKKQAG-T--P-LADQTDIYLKKVEEELIPICNDVLALPV
---------MTEREALVYRAKLAEQLERYDEMVDAMKEVVEMAE---ELTVEERNLLSVAYKNVIGSRRSSWRVFSAVEQTEGNRG-NAEKQACAKKFREVLESELDRVSKDILELID
---------MTERENNVYKAKLAEQAERYDEMVEAMKKVASMDV---ELTVEERNLLSVAYKNVIGARRASWRIITSIEQKEENKG-AEEKLEMIKTYRGQVEKELRDICSDILNVLE
---------MEEREDLVYRAKLAEQAERYDEMVESMKKVAGMDV---ELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEENKG-GEDKLKMIREYRQMVETELKSICNDILDVLD
---------MDDREDLVYQAKLAEQAERYDEMVESMKKVAGMDV---ELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEENKG-GEDKLKMIREYRQMVETELKLICCDILDVLD
---------MDDREDLVYQAKLAEQAERYDEMVESMKKVAGMDV---ELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEENTG-GEDKLKMIREYRQMVETELKLICCDILDVLD
---------MDDREDLVYQAKLAEQAERYDEMVESMKKVAGMDV---ELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEENKG-GEDKLKMIREYRQMVETELKLICCDILDVLD
--------MTMDKSELVQKAKLAEQAERYDDMAAAMKAVTEQGH---ELSNEERNLLSVAYKNVVGARRSSWRVISSIEQKTERNE--K-KQQMGKEYREKIEAELQDICNDVLELLD
----------MDKNELVQKAKLAEQAERYDDMAACMKSVTEQGA---ELSNEERNLLSVAYKNVVGARRSSWRVVSSIEQKTEGAE--K-KQQMAREYREKIETELRDICNDVLSLLE
            REE VYLAKLAEQAERYEEMVE MKKVA       ELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEESKG NED V LIKEYR KVETELS IC DIL VLD
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ILVPAAASG---DSKVFYLKMKGDYHRYLAEFKSGQERKDAAEHTLTAYKAAQDIANSE
RLIPAAASG---DSKVFYLKMKGDYHRYLAEFKTGQERKDAAEHTLAAYKSAQDIANAE
HLIPSASPA---ESKVFYLKMKGDYHRYLAEFKAGAERKEAAESTLVAYKSASDIATAE
RLVPASANG---DSKVFYLKMKGDYHRYLAEFKTGQERKDAAEHTLTAYKAAQDIANAE
HLIPAASLA---ESKVFYLKMKGDYHRYLAEFKTGAERKEAAESTLVAYKSAQDIALAD
HLIPSAGAS---ESKVFYLKMKGDYHRYMAEFKSGDERKTAAEDTMLAYKAAQDIAAAD
HLVPTASLA---ESKVFYLKMKGDYHRYLAEFKTGAERKEAAESTLVAYKSAQDIALAD
HLIPSATAS---ESKVFYLKMKGDYHRYLAEFKSGDERKTAAEDTMIAYKAAQDVAVAD
HLIPSASEG---ESTVFFNKMKGDYYRYLAEFKSGNERKEAADQSLKAYEIATTAAEAK
HLIPSSNAV---ESTVFFYKMKGDYYRYLAEFSSGAERKEAADQSLEAYKAAVAAAENG
HLVPFATSG---ESTVFYYKMKGDYFRYLAEFKSGADREEAADLSLKAYEAATSSASTE
HLIPHATSG---EATVFYYKMKGDYYRYLAEFKTEQERKEAAEQSLKGYEAATQAASTE
HLIPSTTTNV--ESIVLFNRVKGDYFRYMAEFGSDAERKENADNSLDAYKVAMEMAENS
NLIPSASTA---ESKVFHLKMKGDYHRYLAEFKTGTERKEAAENTLLAYKSAQDIALAE
HLVPSSTAP---ESKVFYLKMKGDYYRYLAEFKTGAERKDAAENTMVAYKAAQDIALAE
NLIRAASTG---DSKVFYLKMKGDYHRYLAEFKTGAERKEAAENTLSSYKSAQDIANAE
HLIPSSIPG---ESAVFYYKMKGDYYRYLAEFKSGNERKEAADQSLKAYETATSTAARD
HLIPSSTAA---ESKVFYLKMKGDYHRYLAEFKTGAERKEAAENTLLAYKSAQDIAAAE
HLIPSASAG---ESTVFYYKMKGDYYRYLAEFKTGNEKKEAGDQSMKAYESATAAAEAE
HLIPTASTG---ESKVFYLKMKGDYHRYLAEFKTGADRKEAAEHTLLAYKAAQDIALVD
ELIPNSTSE---EGKVFYYKMKGDYHRYLAEFQSADERKTSASDALDAYQLASDHANQD
HLIVSSASG---ESKVFYYKMKGDYFRYLAEFATGNPRKTSAESSLIAYKAASDIAVTE
NLLPKATTD---EAKVFYHKMKGDYCRYIAENVDGDTKKKYSDEGLAAYNAALEAAK-N
NLLPKASTS---ESKVFFKKMEGDYYRYFAEFTVDEKRKEVADKSLAAYTEATEISNAE
HLIPSATTG---ESKVFYYKMKGDYHRYLAEFSSGDAREKATNASLEAYKTASEIATTE
HLIPSATTG---ESKVFYYKMKGDYHRYLAEFSSGDAREKATNSSLEAYKTASEIATTE
HLIPNAASA---ESKVFYYKMKGDYYRYLAEFAVGEKRQHSADQSLEGYKAASEIATAE
HLIPAATTG---ESKVFYYKMKGDYYRYLAEFTVGEVCKEAADSSLEAYKAASDIAVAE
HLITSAQTG---ESKVFYYKMKGDYHRYLAEFAIAVFRKEAADLSLEAYKAASDVAVTE
HLLPPSQTDQDIESQVFYHKMKGDYHRYLAEFETGDERKSAAEDSLTAYKAASDAAG-K
FLIVKAGAA---ESKAFYLKMKGDYYRYLAEVAS-EDRAAVVEKSQKAYQEALDIAKDK
PITEKIGA----EAKIFYYKMMGDYYRYLAEVQEGEQNDKSTEAAEEANQKATSLAEAE
YLIKSATKS---DSKVFYLKMKGDYFRYMAEFSVDPQRKKAAEESNKAYQEASEIAATQ
HLIPCATSG---ESKVFYYKMKGDYHRYLAEFATGSDRKDAAENSLIAYKAASDIAMND
HLIPAASSG---ESKVFYYKMKGDYHRYLAEFAQGNDRKEAAENSLVAYKAASDIAMTE
HLIPAANTG---ESKVFYYKMKGDYHRYLAEFATGNDRKEAAENSLVAY----------
HLIPAANTG---ESKVSYYYMKGDYHRYLAEFATGNDRKEAAENSLVAYKAASDIAMTE
HLIPAANTG---ESKVFYYKMKGDYHRYLAEFATGNDRKEAAENSLVAYKAASDIAMTE
YLIPNATQP---ESKVFYLKMKGDYFRYLSEVASGDNKQTTVSNSQQAYQEAFEISKKE
FLIPNASQA---ESKVFYLKMKGDYYRYLAEVAAGDDKKGIVDQSQQAYQEAFEISKKE
HLIPSATTG   ESKVFYYKMKGDYHRYLAEF TG ERKEAAE SL AYKAASDIA  E
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LAPTHPIRLGLALNFSVFYYEILNSPDRACNLAKQAFDEAIAELDTLGEESYKD--STLIMQLLRDNLTLWASDMQDDVA-DDIKEAAPAAAKPAD------EQQS--------
LAPTHPIRLGLALNFSVFYYEILNSPDRACNLAKQAFDEAIAELDTLGEESYKD--STLIMQLLRDNLTLWTSDMQDDAA-DEIKEAA--APKPTE------EQQ---------
LAPTHPIRLGLALNFSVFYYEILNSPDRACSLAKQAFDDAIAELDTLGEESYKD--STLIMQLLRDNLTLWTSDMTDEAG-DEIKEAS----KPDG------AE----------
LAPTHPIRLGLALNFSVFYYEILNSPDRACNLAKQAFDEAIAELDTLGEESYKD--STLIMQLLRDNLTLWTSDMQDESP-EEIKEAA--APKPAE------EQKEI-------
LAPTHPIRLGLALNFSVFYYEILNSSDRACSLAKQAFDEAISELDTLGEESYKD--STLIMQLLRDNLTLWTSDLNDEAG-DDIKEAP----KEVQ------KVDEQAQPPPSQ
MAPTHPIRLGLALNFSVFYYEILNSSDKACNMAKQAFEEAIAELDTLGEESYKD--STLIMQLLRDNLTLWTSDMQEQ-----MDEA---------------------------
LAPTHPIRLGLALNFSVFYYEILNSPDRACSLAKQAFDEAISELDTLGEESYKD--STLIMQLLRDNLTLWNSDINDEAGGDEIKEAS----KHEP------EEGKPAETGQ--
LAPTHPIRLGLALNFSVFYYEILNSSEKACSMAKQAFEEAIAELDTLGEESYKD--STLIMQLLRDNLTLWTSDMQEQ-----MDEA---------------------------
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LAPTHPIRLGLALNFSVFYYEILNSPDRACNLAKQAFDEAISELDTLGEESYKD--STLIMQLLRDNLTLWTSDNADDVG-DDIKEAS----KPES------GEGQQ-------
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LPPTHPIRLGLALNFSVFYYEILNSPDRACRLAKAAFDDAIAELDTLSEESYKD--STLIMQLLRDNLTLWTSDMQGDG-EEQNKEALQDVED---------ENQ---------
MQPTHPIRLGLALNFSVFYYEILNSPEKACSLAKTAFDEAIAELDTLNEESYKD--STLIMQLLRDNLTLWTSENQG-----DEGDAGEG-EN---------------------
MQPTHPIRLGLALNFSVFYYEILNSPEKACSLAKTAFDEAIAELDTLSEESYKD--STLIMQLLRDNLTLWTSDTQG-----DEAEAGEGGEN---------------------
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Figure 2 (see the legend on the previous page)
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Figure 3
The crystal structure of 14-3-3s. The model shown is derived from the
human 14-3-3 ζ isoform (PDB1QJB [22]) and is shown from (a) the top
and (b) one side as visualized by the 3Dmol software found in the Vector
NTI 7.0 Suite. Helix numbers are denoted from H1 near the amino
terminus to H9 near the carboxyl terminus. Red and blue areas correspond
to residues of 100% identity and high conservation, respectively, and
correspond to colors on the alignment (Figure 1). Yellow areas correspond
to regions of reduced similarity and green areas indicate the nuclear export
signal [22]. 
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Table 1

Genetic, cellular and functional information on Arabidopsis 14-3-3s

Gene name Isoform Locus* Cellular localization† Tissue distribution Gene accession number [37]

GRF1 Chi (χ) At4g09000 N Pollen, stigma papillar cells U09377

GRF2 Omega (ω) At1g78300 ? ? U09376

GRF3 Psi (ψ) At5g38480 ? Stems, leaves, flowers U09375

GRF4 Phi (φ) At1g35160 Nm, Pm, Ct ? AF001414

GRF5 Upsilon (υ) At5g16050 Nm, Pm, Ct ? AF001415

GRF6 Lambda (λ) At5g10450 N, Pm, Ct Stems, leaves, flowers AF145298

GRF7 Nu (ν) At3g02520 Nm, Pm, Ct ? AF145299

GRF8 Kappa (κ) At5g65430 N, Pm/Cw, Ct ? AF145300

GRF9 Mu (µ) At2g42590 Sg Leaves AF145301

GRF10 Epsilon (ε) At1g22300 Ne, Pm, Ct, Sg Leaves AF145302

GRF11 Omicron (ο) At1g34760 ? Stems, roots, flowers AF323920

GRF12 Iota (ι) At1g26480 ? Flowers AF335544

GRF13 Pi (π) At1g78220 ? ? AAF18556

*The number after ‘At’ denotes the chromosome. †N, nucleus; Nm, nuclear membrane; Pm, plasma membrane; Ct, cytoplasm; Cw, cell wall;  Sg, leaf
starch grain; Ne, nuclear envelope [7,14,30]. For further information on 14-3-3s, please see the Ferl lab website [38].
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