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Physical, chemical and biological stress factors, such as microbial infection,

upregulate the transcription levels of a number of plant genes, coding for

the so-called pathogenesis-related (PR) proteins. For PR proteins of class-

10 (PR-10), the biological function remains unclear, despite two decades of

scientific research. PR-10 proteins have a wide distribution throughout the

plant kingdom and the class members share size and secondary structure

organization. Throughout the years, we and other groups have determined

the structures of a number of PR-10 proteins, both in the crystalline state

by X-ray diffraction and in solution by NMR spectroscopy. Despite the

accumulating structural information, our understanding of PR-10 function

is still limited. PR-10 proteins are rather small (~ 160 amino acids) with a

fold consisting of three a helices and seven antiparallel b strands. These

structural elements enclose a large hydrophobic cavity that is most proba-

bly the key to their functional relevance. Also, the outer surface of these

proteins is of extreme interest, as epitopes from a PR-10 subclass cause

allergic reactions in humans.

Introduction

Plants have developed several defense mechanisms for

protection against ubiquitous pathogenic activity.

Among other mechanisms [1,2] they can produce anti-

biotic compounds, called phytoalexins [3–8], and the

expression of several genes is induced by various types

of pathogens, including viruses, bacteria and fungi, or

alternatively by chemicals such as ethylene and sali-

cylic acid which emulate a pathogen infection, thereby

inducing a stress response [9]. The induced genes

encode the so-called pathogenesis-related (PR) proteins

which participate in a general defense mechanism

[10,11]. The current classification divides the PR pro-

teins into 17 classes, PR-1–PR-17 [12,13]. This organi-

zation clusters proteins with similar biological activity

or physicochemical properties and sequence homology.

These proteins do not constitute a superfamily but
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rather a collection of unrelated proteins commonly

involved in the defense system [14].

Despite numerous studies, the function of some PR

representatives remains elusive. In particular, the role

of PR-10 members is very poorly understood. Since

they are expressed when plants encounter pathogenic

or environmental stresses, they are suggested to have a

protective role. However, it is important to point out

that some PR-10 members are also constitutively

expressed, which is indicative of their more general

biological role in plant development [15–17]. PR-10

proteins are coded by multigene families. This is prob-

ably the basis of the multifunctional aspect of these

proteins, which evolved anciently and had time to

acquire mutations and different functions in a process

called protein promiscuity [18–20]. To date, over 100

PR-10 members have been identified in both monocot-

yledonous and dicotyledonous flowering plants of

more than 70 species [11,21,22]. They are small (154–
163 amino acids), slightly acidic [23] and resistant to

proteases. Generally, PR proteins either are localized

in the vacuoles or are extracellular; however, the

PR-10 members are generally intracellular and cyto-

solic [23–27]. Consequently, they are also called

intracellular PR proteins, although this may not

always be true [28,29].

There is no evidence of a particular role in the plant

cell system for PR-10 proteins but their conserved

sequence motifs and the fact that they are spread

throughout the plant kingdom suggest a general and

indispensable function [30]. PR-10 proteins are struc-

turally unrelated to any other class of PR proteins,

despite their initial description as PR-1 proteins [31–
33].

The first published mention of a pr-10 gene referred

to the results of treatment of parsley cell suspensions

with a fungal elicitor [23,31]. Shortly thereafter, based

on ~ 50% sequence similarity, common allergens pres-

ent in birch pollen were also included in the PR-10

class [34] as a subclass (Bet v 1). Subsequently, other

subclasses were reported and their members were char-

acterized structurally. All structural information avail-

able to date will be analyzed in this review. Detailed

structural characterization of a set of related proteins

combined with elusive biological function is not typical

in structural biology. Usually, the biochemical role is

well established and only later are structural models

elucidated to confirm or explain the physiological

action. With the PR-10 proteins, the situation is

exactly opposite. While a large number of NMR and

high-resolution crystal structures are known, some in

complexes with ligands, the function of the PR-10 pro-

teins is still under debate and requires further studies.

Evidence that PR-10 proteins might be involved in

general defense mechanisms comes from the observa-

tion that some of them are induced and accumulate

around sites of invasion by viruses [35–38], bacteria

[16,37,39–46] and fungi [15,23,31,32,35,36,39,42–44,47–
58]. PR-10 homologs are induced by abiotic factors

such as cold [28,51,59,60], salinity [28,57,58,60–64],
drought [63,65], copper [66–68], oxidative stress [60,69]

or ultraviolet radiation [35,68]. Also, some representa-

tives appear to be induced by phytohormones such as

cytokinins [70,71], abscisic acid [28,46,60,61,71–73],
jasmonic acid and ester [50–52,57,58,60,61,63,68,71,73],
salicylic acid [15,16,35,36,50,52,58,69,71,74,75], auxin

[76,77], ethylene [46] or ethephon [78]. Physical wound-

ing also promotes the expression of PR-10 proteins

[33,43,46,51,57,69,79,80].

PR-10 proteins may play an important role in plant

growth and development as they are constitutively

expressed in roots and other vegetative organs [15,17,

74,81,82], stems [43,75], various flower components

[75,80,83], fruits [36,84], pollen grains [34,80,85,86] and

dry seeds [15,72,75,80,87,88]. Senescent leaves also

contain increased PR-10 levels [15,17,74].

Several review articles have been published, includ-

ing papers on the PR-10/Bet v 1 subclass analysis

[89,90] and on the expression and phylogenetic cluster-

ing of PR-10 proteins with speculations about their

possible biological functions [91]. However, a detailed

overview of the structural features of these proteins

has not been presented. Such a summary is very much

warranted, especially since many PR-10 homologs

have been characterized structurally, including the very

recent structures of members of additional subclasses

[92–94]. This new information has prompted us to pre-

pare this structurally oriented review, with emphasis

on possible insights into the functional aspects of this

mysterious class of proteins.

PR-10 taxonomy: subclasses

The first reference to a pr-10 gene from parsley estab-

lished the PR-10 class of PR proteins [23,31]. The

parsley protein and members of the same subclass are

referred to as ‘classic’ PR-10 proteins.

Shortly afterwards, based on sequence homology to

classic PR-10 proteins (~ 50% identity), common

allergens found in birch pollen [34], celery [95], apple

[96] and other fruits and vegetables were also included

in the PR-10 class. Some are induced by pathogens

[36].

Another group of homologs, called major latex

proteins (MLPs), found in the latex of some plants

including opium poppy [97,98], bell pepper [99], melon
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[100], raspberry [101], soybean [102], strawberry [103],

cucumber [104], sugar beet [105], Arabidopsis thaliana

[106], peach [107] and ginseng [108], were also classi-

fied as PR-10 proteins despite low (~ 25%) sequence

identity. Classic PR-10 proteins and MLPs generally

do not coexist in the same plant species [93].

Cytokinin-specific binding proteins (CSBPs) were

structurally confirmed as a PR-10 subclass despite

marginal (<20%) sequence identity [109]. Moreover,

classic PR-10 proteins were found to form complexes

with cytokinins [110,111], flavonoids [112] and brassi-

nosteroid analogs [11].

Recently, there has been a surge of interest in the

biochemistry of hormonal control in the plant king-

dom, resulting in the discovery of receptors for abscisic

acid (ABA) [113,114] and for gibberellins [115–117], as
well as in the identification of other phytohormone-

binding proteins [118]. In this context, the PR-10

proteins have emerged in the spotlight again, as their

folding canon was found in the ABA receptor family

known as PYR/PYL/RCAR (pyrabactin resistance/

PYR-like/regulatory component of ABA response).

Two additional proteins with reportedly enzymatic

function were also classified as PR-10 proteins, namely

(S)-norcoclaurine synthase (NCS) [119] and the pheno-

lic oxidative coupling protein (Hyp-1) from Hyperi-

cum perforatum [120]. NCS enzymes are involved in

benzylisoquinoline alkaloid biosynthesis, catalyzing a

Pictet–Spengler condensation of dopamine and 4-hy-

droxyphenylacetaldehyde to (S)-norcoclaurine [121].

The proteins share 28%–38% sequence identity with

classic PR-10 proteins [119,122]. Hyp-1 was reported

to catalyze the condensation of two emodine molecules

to the bioactive naphthodianthrone hypericin [120] but

recently such a reaction has been questioned

[94,123,124]. Hyp-1 shows ~ 40% sequence identity

with classic PR-10 proteins [94].

Sequence analysis

The PR-10 members are similar in size, total charge

and to some extent amino acid sequence. The deduced

sequence ranges from 154 to 163 residues with molecu-

lar masses around 17 kDa [22,125]. Pr-10 genes usually

consist of two exons interrupted by a conserved posi-

tional intron of 76–359 bp [22,69,77]. The open read-

ing frame of pr-10 genes ranges from 465 to 480 bp

[22,125].

Amino acid sequence alignments of PR-10 proteins

clearly show the most divergent and most conserved

segments (Fig. 1). The most variable area, located at

the C terminus, is particularly conspicuous in the

N-terminal half of helix a3 of even very close homo-

logs (Fig. 1B). The most conserved glycine-rich loop

L4 is preserved even in distant homologs, e.g. CSBP

(Fig. 1A). The glycine-rich loop with the sequence EG

(D/N)GG(V/P)G(T/S), positions 45–52 in parsley

PR-10.1, therefore constitutes a signature motif of

PR-10 proteins.

MLPs show less conservation in the glycine-rich

loop. In all proteins except the A. thaliana

At1g24000.1 protein, where the loop is absent alto-

gether, the conservation is limited to GxxxxxG, where

the third residue in this motif is usually a tryptophan.

Nevertheless, MLP genes are intervallic with an intron

confirming their classification as PR-10 members [102].

Another divergence from the standard PR-10 profile is

the existence of two-domain MLP homologs. For

example, MLP28 has two domains that share 93%

identity and are predicted to have arisen from a tan-

dem gene duplication within A. thaliana [93]. Its paral-

og MLP34 is another member with two domains [93].

A search for cytokinin binding proteins in moss

revealed a two-domain UBP34 protein with the

domains displaying 45% sequence identity [126].

Multiple sequence alignments reveal the uniqueness

of the NCS sequences due to the presence of N- and

C-terminal extensions [119] (Fig. 1A). While PR-10

proteins have been associated with cytosolic localiza-

tion, the N-terminal extension of NCS is a putative

signal peptide and suggests a subcellular localization.

Benzylisoquinoline alkaloid biosynthetic enzymes are

known to localize with the endoplasmic reticulum, and

the NCS N-terminal extension also targets this enzyme

to this compartment [119,127].

Overview of PR-10 proteins with
known 3D structure

A growing number of PR-10 proteins have their 3D

structure determined (Table 1). At present, two sub-

classes are structurally more thoroughly characterized,

namely classic PR-10 proteins from yellow lupine and

the Bet v 1 group (allergen subclass) from white birch.

Overall, however, all the PR-10 subclasses have at

least one representative with known structure. The

classic PR-10 and Bet v 1 structural examples,

together with the remaining structures of CSBP, MLP,

NCS and Hyp-1, form a broad platform for structural

comparisons.

The PR-10 folding canon

The PR-10 fold consists of a conserved, highly curved,

seven-stranded antiparallel b-sheet embracing in a

palm-like grip a long C-terminal a helix (a3). Two
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additional consecutive short helices (a1, a2) complete

the scaffold creating a hydrophobic void where most

globular proteins have a hydrophobic core (Fig. 2).

The b-sheet edges are formed by strands b1 and b2,
which are separated in a right-handed crossover by the

two short a helices. The consecutive strands b2–b7 are

connected by five hairpin loops bringing b7 back into

contact with b1. The presence of hairpin connections

leads to an accumulation of loops at both ends of the

b-sheet. Of particular importance are the odd-num-

bered loops L3–L9, bordering the main entrance to

the internal cavity. A secondary entrance is located on

the other side of helix a3, where it forms a lip with

strand b1. Helices a1 and a2 form a V-shaped support

for the C-terminal part of helix a3, which crosses the

b-sheet scaffold from the point of its entry at L9

(Fig. 2B). MLPs show slight variations from this

canonical pattern as described below.

The internal cavity is very large, up to 3900 �A3

(Table 1). Its largely hydrophobic interior is decorated

with a number of polar residues. In addition to the

two entrances, there are also smaller openings leading

to the lumen of the pocket.

The b-sheet

The regularity of the b-sheet is distorted by b-bulges
which endow it with a baseball-glove shape. There are

from three to eight conserved b-bulges in different

PR-10 proteins, confirming their importance for the

structure of the b-sheet. The overall geometric result is

a stable, rigid and highly curved b-sheet (Figs 2B and

3A).

The two MLP structures known so far, MLP28 and

At1g24000.1, have different b-sheet organization.

MLP28 lacks strand b2 (i.e. it has a six-stranded

b-sheet) due to the presence of a long, flexible loop

that connects helix a1 with strand b3, thereby elimi-

nating helix a2 from MLP28 topology (Fig. 2A). The

differences between At1g24000.1 and other PR-10 ho-

mologs are even more prominent, due to a unique

sequence profile where 33 residues following a1 are

missing, eliminating helix a2 and strands b2 and b3;
At1g24000.1 therefore contains a five-stranded b-sheet
(Fig. 1A).

The C-terminal a helix a3

In contrast to the structurally invariant b-sheet, the C-

terminal a helix shows large conformational variability

despite being a key element of the PR-10 fold. When

all PR-10 structures in the Protein Data Bank (PDB)

[128] are compared, it is evident that the conformation

and coiling of helix a3 differ among the homologs

(Fig. 3A).

The most pronounced differences can be summarized

as (a) a different ‘angle of entrance’ linked with variable

conformation of the connecting loop L9, (b) bending in

the middle of the helix (up to 60°) leading to its collapse

into the cavity, (c) axial rotation, which can be gauged

by a well-conserved C-terminal aromatic residue

(Tyr148 in LlPR-10.1A, Fig. 1), and (d) sliding along its

axis. It has been postulated that the bending deforma-

tions result from conformational changes that occur in

order to accommodate/release ligands and an interesting

example of this is noted in a comparison of the LlPR-

10.2A/LlPR-10.2B pair [110]. The coil sliding effect is

possibly generated by the insertion of additional resi-

dues in the connecting loop L9, which is visible in pair-

wise sequence alignments of Bet v 1 with LlPR-10.1A

[129] or with Gly m 4 [130]. Another difference is found

at the C-terminal helix of NCS, which is longer and

divided into two independent sections connected by an

extended five-residue stretch (Fig. 1A) [92].

Fig. 1. Amino acid sequence alignment of selected PR-10 proteins, calculated in CLUSTALW [229]. (A) Sequences of the first PR-10 protein

described and the first member with solved 3D structure for each subclass: Petroselinum crispum (parsley) PR-10.1, Lupinus luteus (yellow

lupine) LlPR-10.1A (PDB code 2icx), Betula verrucosa (white birch) Bet v 1a pollen allergen (1bv1), Arabidopsis thaliana (thale cress) major

latex protein (MLP) (1vjh), Vigna radiata (mung bean) cytokinin-specific binding protein (CSBP) (2flh), Thalictrum flavum (meadow-rue)

S-norcoclaurine synthase (NCS) (2vne), and Hypericum perforatum (St John’s wort) phenolic oxidative coupling protein (Hyp-1) (3ie5). (B)

Sequences of all yellow lupine PR-10 proteins. There are three, six and one members of the subclasses LlPR-10.1, LlPR-10.2 and of

LlCSBP, respectively, with fully determined sequences. (C) Sequence of yellow lupine PR-10 proteins with structures in complex with

ligands: LlPR-10.2B in complex with zeatin (2qim) and in complex with DPU (3e85), mung bean CSBP in complex with zeatin (2flh), white

birch Bet v 1a pollen allergen in complex with ANS (4a80), deoxycholate (4a83 and 4a84), naringenin (4a87), kinetin (4a85), 3-[benzyl

(dimethyl)ammonio]propane-1 sulfonate (NDSB) (4a8g), Bet v 1j in complex with ANS (4a8v), and Bet v 1l in complex with deoxycholate

(1fm4), in addition to the sequence of yellow lupine LlPR-10.2A (1xdf), an apo structure used for comparison. The boxes outline regions that

are most conserved (full line) or most divergent (dashed line). The residues marked in gray interact with ligands via van der Waals contacts,

and those in black via hydrogen bonds. The differences between the two members of the yellow lupine PR-10.2 subclass are marked with

a triangle. The secondary structure pictograms correspond to the maximum length of secondary structure elements among the individual

sequences in each panel.
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Table 1. PR-10 protein structures in the PDB. NDSB, 3-[benzyl(dimethyl)ammonio]propane-1 sulfonate.

Subclass Source Name

Method (resolution

in �A or number of

NMR models)

PDB code

(chain ID)

Cavity

volume

(�A3) Ligands Reference

Classic PR-10 Yellow

lupine

LlPR-10.1A X-ray (1.95) 1icx (A) 2273 129

LlPR-10.1B X-ray (2.25) 1ifv (A, B) 1286 129

LlPR-10.2A X-ray (1.9) 1xdf (A, B) 1048 Na+ 139

LlPR-10.2B/zeatin X-ray (1.35) 2qim (A) 3833 Zeatin, Ca2+ 110

LlPR-10.2B/DPU X-ray (1.95) 3e85 (A) 3028 DPU, Na+ 111

Jicama SPE16 X-ray (2.2) 1tw0 (A, B) 2852 Unpublished

SPE16/ANS X-ray (2.3) 1txc (A, B) 3062 ANS Unpublished

Major pollen

and

food

allergens

White

birch

Bet v 1a X-ray (2.0) 1bv1 (A) 2963 138

Bet v 1a NMR (20) 1btv 2780 138

Bet v 1a

(M139L)

NMR (23) 1b6f 2927 227

Bet v 1a/Fab X-ray (2.9) 1fsk (A, D, G, J) 2528 206

Bet v 1l/

deoxycholate

X-ray (1.9) 1fm4 (A) 3133 Deoxycholate 11

Bet v 1a (E45S) X-ray (3.1) 1llt (A) 3102 207

Bet v 1a

(108G/N28T/

K32Q/E45S)

X-ray (2.15) 1qmr (A) 2913 211

Bet v 1a X-ray (1.51) 4a88 (A) 2337 112

Bet v 1j X-ray (1.16) 4a8u (A) 2445 112

Bet v 1a/ANS X-ray (1.96) 4a80 (A) 2341 ANS 112

Bet v 1j/ANS X-ray (1.23) 4a8v (A) 2244 ANS 112

Bet v 1a/ANS+

deoxycholate

X-ray (2.05) 4a81 (A) 2151 ANS, Deoxycholate,

Na+
112

Bet v 1a/

deoxycholate

X-ray (1.54) 4a83 (A) 3017 Deoxycholate 112

Bet v 1a (F30V)/

deoxycholate

X-ray (1.50) 4a84 (A) 3043 Deoxycholate 112

Bet v 1a/naringenin X-ray (1.24) 4a87 (A) 2434 Naringenin, Na+ 112

Bet v 1a/kinetin X-ray (1.40) 4a85 (A) 2900 Kinetin 112

Bet v 1a/ANS+kinetin X-ray (1.58) 4a86 (A) 2217 ANS, kinetin 112

Bet v 1a/NDSB-256 X-ray (2.10) 4a8g (A) 2167 NDSB 112

Cherry Pru av 1 NMR (22) 1e09 2932 194

Pru av 1(E45W) NMR (24) 1h2o 2550 210

Celery Api g 1 X-ray (2.9) 2bk0 (A, B) 2846 213

Carrot Dau c 1 X-ray (2.7) 2wql (A, B, C, D) 2483 198

Soybean Gly m 4 NMR (20) 2k7h 2970 130

Strawberry Fra a 1e NMR (20) 2lpx 3649 228

MLP A. thaliana MLP28(17-173) NMR (20) 2i9y 3896 93

At1g24000.1 X-ray (2.1) 1vjh (A, B) 1927 93

CSBP Mung bean CSBP/zeatin X-ray (1.2) 2flh (A, B, C, D) 1240 Zeatin, Na+ 109

CSBP/zeatin+

Ta6Br12
2+

X-ray (1.8) 3c0v (A, B, C, D) 1311 Zeatin, Na+,

(Ta6Br12)
2+

141

NCS T. flavum NCS X-ray (2.72) 2vne (A, B) 1809 92

NCS/hydroxy

benzaldehyde+

dopamine

X-ray (2.09) 2vq5 (A, B) 1972 Hydroxy

benzaldehyde

Dopamine

92

Hyp-1 St John’s

wort

Hyp-1 X-ray (1.69) 3ie5 (A, B) 2040 94
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Helices a1 and a2

The two short helices a1 and a2 close the hydrophobic

cavity defined by the remaining structural elements,

i.e. the b-sheet and the C-terminal helix a3. They are

present in all homologs of known structure (Fig. 3A)

except for the MLPs where the a2 helix is absent.

Most PR-10 homologs have a highly conserved proline

residue near the beginning of helix a1 and one or two

around the end of helix a2.

The internal cavity

The most intriguing feature of the 3D structure of

PR-10 proteins is the internal cavity, existing despite a

relatively compact fold and short sequence. The

cavities are in general hydrophobic but some polar res-

idues are also pointing into their lumen. The cavity

can be reached by several openings. Not all proteins

have similar entrances, and it is not completely clear if

the differences reflect different gating properties or are

consequences of crystal packing. The main entrances

localize between a3 and the wedge of loops L3, L5

and L7, and between a3 and b1. Some homologs have

an additional small entrance between loops L2 and

L4. Api g 1 has a unique entrance between b2 and a2.
In the LlPR-10.2B structure in complex with trans-zea-

tin (hereafter zeatin) the larger entrance is located

close to and connected with another hole between b5,
L7 and b6. This additional opening is clearly enlarged

by disruption of the antiparallel b-sheet structure by a

water molecule, two hydrogen bonds away from

the end of the b-sheet. The larger of the entrances is

in most cases framed by a3 and the cluster of loops

L3, L5, L7, although some homologs do not use one

of the surrounding loops. The entrance can be gated

by a hydrogen bond(s), as in LlPR-10.1B (Arg137…
Ser64).

Several homologs were structurally described in

complexes with various ligands, and in all cases ligand

molecules were found inside the cavity. There are a

few cases where additional ligand molecules are found

outside the cavity, at intermolecular sites, but they are

most probably crystallographic artifacts. Where good

resolution was achieved, water molecules were found

in the interior of the cavity, both in apo structures and

in protein–ligand complexes, where they mediate the

hydrogen bonding networks. Interestingly, NMR

chemical shift mapping indicates that the MLP protein

At1g24000.1, despite its shorter sequence and lack of

two b strands and one a helix, binds inside its cavity

progesterone, a steroid-type molecule [93].

Due to the large conformational and sequence vari-

ability of the C-terminal helix, the cavities vary in

shape and have remarkably different volumes

(Table 1). The best example is the large difference

observed between the two close homologs LlPR-10.2A

and LlPR-10.2B. Despite very high 91%/96%

sequence identity/similarity, they have cavities (1050

and 3830 �A3, respectively) with a volume difference of

~ 2800 �A3 (Table 1).

It is not clear if the conformational arrangement

of the C-terminal helix contributes directly to the

alteration of the cavity or if it only reflects changes

effected by the presence of ligands. In the case of

LlPR-10.2B, which was co-crystallized with two dif-

ferent ligands, it seems that indeed the presence and

identity of ligands alter the shape and volume of the

cavity [111].

A

B

Fig. 2. Topology diagram and general PR-10 fold. (A) The b-sheet

strands (arrows) and a helices (cylinders) are connected by

structurally important loops. (B) The secondary structure elements

are labeled and the protein cavity is represented by a sphere.
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Loops

Glycine-rich loop

It was realized early on that PR-10 sequences are quite

diverse. However, one particular section is highly con-

served in all homologs. This segment, loop L4 linking

strands b2 and b3, contains several glycine residues

and is termed the glycine-rich loop (Fig. 1). It shows a

remarkable sequence similarity to the P-loop, also

known as the phosphate-binding loop, found in nucle-

otide-binding proteins [131]. However, the PR-10 pro-

teins lack any affinity for ATP [132], and in fact the

glycine-rich loop is conformationally different from

the P-loop [129]. Strikingly, despite the high glycine

A B

C D

E F

G H

I J

Fig. 3. Ca superposition and rmsd values

of PR-10 structures. (A) Least-squares

superposition of PR-10 structures. Color

code: red, LlPR-10.1A (PDB code 1icx);

green, Bet v 1a (1bv1); blue, MLP28

(2i9y); yellow, VrCSBP (2flh); magenta,

NCS (2vne); cyan, Hyp-1 (3ie5). The

orientations (from top, clockwise)

emphasize (a) the differences in the

C-terminal helix a3, (b) the conservation of

the b-sheet and (c) the arrangement of the

helices a1 and a2. (B) Phylogenetic

relation (center) between the sequences

of all PR-10 proteins with known structure

and their rmsd values (color bars, with

length proportional to the deviations)

displayed for each subclass, with classic

PR-10s displayed in red, allergens in

green, MLPs in blue, CSBPs in yellow,

NCSs in magenta and Hyp-1 in cyan.

Picture prepared using the iTOL server

[230] based on alignments produced by

CLUSTALW [229] using its phylogeny tools

and rmsd documentation as

supplementary information (Table S1).

(C) Bet v 1a in its apo form (blue) (1bv1)

and Bet v 1a in complex with naringenin

(orange) (4a87). (D) Bet v 1a in its apo

form (blue) (1bv1) and Bet v 1a in complex

with kinetin (celadon) (4a85). (E) LlPR-

10.2A in its apo form (red) (1xdf) and LlPR-

10.2B in complex with zeatin (green)

(2qim). (F) LlPR-10.2A in its apo form (red)

(1xdf) and LlPR-10.2B in complex with

DPU (yellow) (3e85). The ligand C atoms

are colored to match the protein chain of

the complex. (G) LlPR-10.2B in complex

with zeatin (blue) (2qim) and in complex

with DPU (red) (3e85). (H) LlPR-10.2B in

complex with zeatin (blue) (2qim) and

VrCSBP in complex with zeatin (green)

(2flh, chain B). (I) LlPR-10.2B in complex

with zeatin (blue) (2qim) and Bet v 1a in

complex with kinetin (purple) (4a85).

(J) VrCSBP in complex with zeatin (green)

(2flh, chain B) and Bet v 1a in complex

with kinetin (purple) (4a85).
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content, the glycine-rich loop is the most rigid struc-

tural element in the PR-10 fold.

A suggestion that L4 could be a putative cytokinin

binding site [129,132] was later shown to be incorrect

[109,110,112,132]. New findings regarding lipid binding

may explain the conservation of the glycine-rich loop.

Mattila and Renkonen modeled several putative

amphiphilic and lipid ligands in the Bet v 1 cavity and

showed that lipid binding could position polar heads

in the vicinity of the glycine-rich loop [133].

Considering that glycine endows polypeptide chains

with high flexibility, it is remarkable that the L4 loop

is structurally well defined and shows extraordinary

rigidity, as demonstrated by excellent electron density

and low B factors. The rigidity of the loop is main-

tained by a pattern of three hydrogen bonds between

the Oc1 atom of Thr/Ser52 and the main-chain N–H
groups of Asn46, Gly47 and Gly48 (Fig. 4A).

In Ca superpositions of the entire molecules, the

glycine-rich loop as a whole appears to be slightly

shifted in different structures. However, when only the

loop region is aligned, the match is excellent (Fig. 4A).

This is best illustrated by a comparison of LlPR-10.1A

and molecule B of holo NCS, where the loop is shifted

by 5.4 �A when the whole molecules are aligned, while

the rmsd value is only 0.4 �A for the loop atoms alone.

Involvement in metal coordination

Loops L3 and L9 have been reported to bind metal ions

in some PR-10 structures. Usually only one of the loops

is engaged, but in the complex of LlPR-10.2B with the

synthetic cytokinin diphenylurea (DPU) both loops

coordinate Na+ cations (Fig. 4B). The structures show

a clear preference for Na+ which appears to be the cat-

ion with the highest affinity for PR-10 proteins. With

high-to-atomic resolution diffraction data, identifica-

tion of the metal type by the bond valence method

[134,135] is usually very reliable. Calcium ion was

found in only one structure so far, namely at the L3

loop of the LlPR-10.2B complex with zeatin [110]. Since

Ca2+ was not present in any of the purification or crys-

tallization buffers, it had to be acquired at the protein

expression stage. The fact that it remained bound to the

protein throughout the purification process may be

indicative of its high affinity for LlPR-10.2B.

Stabilization of the N terminus

Loop L9 is also utilized to stabilize the N terminus of

PR-10 proteins. It was observed that the N-terminal –
NH3

+ group, in addition to being involved in the interac-

tions that bring strand b7 back into hydrogen-bond

contact with b1, is also engaged in hydrogen bonding

with residues in loop L9 [129] (Fig. 4C). One exception is

observed in the LlPR-10.2B protein in complex with

DPU, where the Na+ coordination by residues of loop

L9 pushes the first two residues of the b1 strand away

from the b-sheet. Nevertheless, the electron density shows

no disorder for the N-terminal part of the protein [111].

Potential gates to the cavity

The cavities enclosed within PR-10 structures can be

reached by multiple openings. Several loops are engaged

in these openings, perhaps functioning as gates. In

A

C

B

Fig. 4. Structural features of loops in PR-10 structures. (A) Superposition of the glycine-rich loop L4 in various PR-10 structures. (B) LlPR-

10.2B structure (complex with DPU; ligand not shown) (PDB code 3e85) with the two sodium binding sites near loops L3 and L9, as an

illustration of the involvement of the loops in metal binding. (C) Typical interactions of the N-terminal glycine with a fragment of loop L9.

This example is for LlPR-10.1A (1icx) but identical interactions are present in other homologs. For clarity, in (A) and (C) the side chains have

been truncated at Cb, with the exception of Thr51 (A) and Thr121 (C) whose side chains are involved in hydrogen bonding.
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particular loops L3, L5 and L7 shape the larger

entrance, but also loops L2 and L4 are involved.

Structural comparisons of various
PR-10 structures

Structural information regarding PR-10 proteins has

been accumulating very quickly in recent years,

creating a large base for detailed comparisons. Taking

into account that in several cases more than one pro-

tein molecule is found in the asymmetric unit, the

amount of structural information is by now very large

(Table 1).

Despite the same folding canon, superposition of the

PR-10 structures reveals very significant structural dif-

ferences. They are mainly visible at the C-terminal

A

B

C

Fig. 5. Comparison of different copies of

the same protein in the asymmetric unit,

with the C-terminal helix a3 omitted for

clarity. (A) Alignment of chains A and B of

SPE16 in complex with ANS (PDB code

1txc). (B) Alignment of chains A and B of

NCS in complex with its substrate

dopamine and the nonreactive substrate

analog 4-hydroxybenzaldehyde (2vq5). (C)

Alignment of the four chains of VrCSBP

(2flh).
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helix a3, which displays different axial shifts as well as

a variable degree of deformation at the center and at

its N-terminal connection with loop L9 (Fig. 3A).

Also, the volume of the internal cavity, formed with

the participation of a3, displays a remarkable variabil-

ity (Table 1).

For the purpose of this analysis, a uniform set of

rmsd values characterizing pairwise Ca superposition

has been generated using the EMBL-EBI server [136]. The

volume of the cavities was calculated by the SURFNET

program [137], using a 1.3 �A probe. The first model

from the NMR ensembles and all chains from the

crystallographic structures (after removal of double

conformations and hydrogen atoms) were used for the

calculations.

Differences between subclasses

Structural superposition of representatives of all PR-10

subclasses indicates that, with the exception of MLPs,

all other members retain the canonical structure with

seven b strands and three a helices. On the other hand,

NCS displays a longer C-terminal helix composed of

two helical segments joined by a linker. In Ca super-

positions, the PR-10 structures revealed lower rmsd

values within subclasses (Fig. 3B and Table S1).

Apo versus holo PR-10 proteins: conformational

changes upon ligand binding

There are only a few cases allowing a comparison of

the free-form and natural-ligand-bound structures. In

one of those examples, crystals of the NCS protein

were soaked with the dopamine substrate or with the

nonreactive substrate analog 4-hydroxybenzaldehyde.

Comparison with the apo structure [92] shows no sig-

nificant conformational changes, with an rmsd of

~ 0.4 �A (Table S1). Since the residues involved in

ligand binding were identified as necessary for the

enzymatic reaction, it is possible that the NCS struc-

ture is not affected by the presence of the ligands in

the cavity. Recently, the structures of Bet v 1a in com-

plex with the natural ligands naringenin (flavonoid)

and kinetin (cytokinin) were solved [112]. The authors

also report an ‘apo’ structure for Bet v 1a in the same

communication, although two MPD ((4S)-2-methyl-

2,4-pentanediol) molecules are present inside the

protein cavity. For this review and in line with our

structure of Hyp-1 [94], where polyethylene glycol

(PEG) molecules were found in the cavity, we shall

consider these cases as non-specific complexes which

nonetheless accentuate the binding capability of PR-10

proteins. Fortunately, the Bet v 1a complexes with

naringenin and kinetin can be compared with a proper

apo Bet v 1 structure reported previously [138]. They

show rmsd values of 0.70 and 0.65 �A, respectively

(Table S1). The most visible changes are in loops L7

and L9, with moderate changes also in loops L4, L5

and L8 (Fig. 3C,D). The protein scaffold of the two

complexes is very similar (rmsd 0.2 �A) and the cavity

volume is unchanged upon ligand binding (Table 1)

[112].

Bet v 1a was also studied in complex with two mole-

cules of deoxycholate, which is structurally similar to

the plant brassinosteroid hormones. The structure has

an rmsd of 0.9 �A compared with the apo form (Table

S1), mainly due to rearrangements in loops L9 and

L7, with virtually no change in the cavity volume

(Table 1). Another comparison can be made between

apo Bet v 1a and Bet v 1l in complex with two copies

of deoxycholate. These homologs show 94%/97%

sequence identity/similarity [11,138]. The structure is

only minimally influenced by the presence of the

ligands, as illustrated by an rmsd of 0.9 �A. There is

also a small expansion of the cavity (2960–3130 �A3)

upon ligand binding (Table 1).

The most interesting comparison in this context is

between the two close lupine homologs, LlPR-10.2A

and LlPR-10.2B (91%/96% sequence identity/similar-

ity). The latter protein was co-crystallized with the

plant cytokinin hormone zeatin [110], while the former

one was characterized in its apo form [139]. The two

structures have very different cavities. In the apo struc-

ture the cavity (1050 �A3) is much smaller than in the

complex (3830 �A3). The major structural change is

observed in the middle of helix a3, where in the

absence of ligands there is a strong inward kink

(~ 60°) or collapse of the helix into the cavity

(Fig. 3E). This large conformational change, together

with other rearrangements, visible at a2, b2, b3, b4,
L3, L5, L7, L8 and L9, all contribute to the large dif-

ference between the Ca traces (rmsd of 2.03 �A).

The three zeatin molecules found in the cavity of

LlPR-10.2B form hydrogen bonds with six residues

and 14 additional van der Waals contacts. The resi-

dues involved in hydrogen bonds with the ligands are

all conserved (Fig. 1C). Among the 14 residues

involved in van der Waals contacts, only two are dis-

similar, namely at position 10 (Tyr in LlPR-10.2B ver-

sus Ser in LlPR-10.2A) and at position 57 (Phe versus

Leu). The sequence of the N terminus of helix a3 is

well conserved in the LlPR-10.2A/LlPR-10.2B pair.

Since none of the substitutions is engaged in ligand

binding, and since the sequence around Phe142, where

the a3 helix is kinked in the LlPR-10.2A structure, is

exactly the same, it is logical to conclude that helix a3
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has changed its conformation due to the presence of

the ligands in the cavity.

As an extension of the above comparison, it is also

possible to include the complex of LlPR-10.2B with

DPU (Fig. 3F). The Ca traces of the LlPR-10.2A and

LlPR-10.2B/DPU structures have an rmsd of 1.96 �A,

similar to the LlPR-10.2A-LlPR-10.2B/zeatin pair

(Table S1), although the cavity of the LlPR-10.2B/

DPU complex is smaller (3030 �A) than in the LlPR-

10.2B/zeatin case (Table 1). Nevertheless, the differ-

ences are remarkable and indicate that the presence

and identity of ligands in the cavity do modulate the

structure.

Holo versus holo PR-10 proteins

Bet v 1a versus Bet v 1l in complex with deoxycholate

Although the two deoxycholate molecules in the Bet v

1a and Bet v 1l complexes locate at similar places

within the cavity, the ‘inner’ molecule is rotated ~ 180°
along an axis perpendicular to the sterane C ring,

resulting in a different binding pattern (Fig. 1C). The

two complexes show an rmsd of 0.53 �A, with the larg-

est displacements at loop L7. The two protein isoforms

(of which Bet v 1a binds IgE strongly and Bet v 1l

weakly) differ at five hallmark residues, of which only

the Phe/Val change at position 30 directly influences

the topology of the hydrophobic cavity [112]. The

authors speculate that physiological and immunologi-

cally relevant ligands could distinguish high from low

IgE-binding Bet v 1 isoforms.

Cytokinins in complex with LlPR-10.2B

The lupine LlPR-10.2B protein was co-crystallized in

complex with zeatin (three ligand molecules inside the

cavity) and with DPU (four ligand molecules inside

the cavity), which is a synthetic cytokinin analog.

Structural superposition of the two LlPR-10.2B chains

[110,111] reveals that, although the fold is the same,

their Ca traces show small but significant differences

(Fig. 3G), with an rmsd of 0.87 �A. The major folding

differences are seen in loops L7 (maximum deviation

13.5 �A) and L9 (maximum deviation 11.1 �A). The con-

formational change of loop L9 is evidently caused by

Na+ coordination in the LlPR-10.2B/DPU structure

(Fig. 4B). The same Na+ cation is also responsible for

pushing the positively charged N terminus away from

its typical b-sheet association with strand b7. The large

conformational change of loop L7 cannot be explained

by different crystal packing as in both cases the lattice

interactions of this loop are weak.

The ligand molecules occupy completely different

positions in the protein cavity (Fig. 3G). There is no

direct overlap between the ligands but DPU1–3 and

Zea1–3 occupy the same general area. DPU4 does not

overlap with any zeatin molecule. A comparison of the

residues involved in interactions with the ligands in the

two complexes shows that they have distinct binding

modes (Fig. 1C). Each zeatin molecule is bound to the

protein by at least one direct hydrogen bond and they

are additionally stabilized by numerous van der Waals

interactions. The DPU ligands on the other hand are

anchored to the protein exclusively by van der Waals

contacts with the exception of a single water-mediated

hydrogen bond of DPU3 (Fig. 1C).

A simple Ca alignment is not sufficient to fully

appreciate the structural changes induced by different

ligands in the same protein cavity. A superposition of

all the atoms would be more useful in that it would

pinpoint smaller changes as well. Such a comparison,

calculated for the LlPR-10.2B/zeatin–LlPR-10.2B/

DPU pair using the LSQKAB program [140], is charac-

terized by an rmsd of 1.81 �A. This relatively large

value is directly correlated with a significant difference

of the cavity volume, which is reduced in LlPR-10.2B/

DPU by 800 �A3 (Table 1), and with rearrangements in

loop L7.

The different stoichiometry as well as orientation

and binding mode of the ligand molecules in the

LlPR-10.2B complexes results in a rearrangement of

the side chains of the residues pointing into the inte-

rior of the cavity. Some side chains are shifted as a

consequence of the Ca movements where there are

slight backbone rearrangements. There are some, how-

ever, which have a clearly different conformation in

the two ligand complexes. An interesting aspect of the

cavity rearrangement is the number and identity of res-

idues modeled with double conformation. Comparing

only the residues with side chains pointing into the

cavity, the LlPR-10.2B/zeatin complex has one residue

with double conformation (Val66) and the LlPR-

10.2B/DPU complex has two such residues: Leu55 and

His68. The disorder of the cavity-forming residues is

especially remarkable when one considers the signifi-

cant cargo bound in the cavity of these complexes,

including water molecules.

Zeatin complex with LlPR-10.2B versus VrCSBP

LlPR-10.2B and mung bean (Vigna radiata) VrCSBP

were both co-crystallized with zeatin (Table 1,

Fig. 3H). Superposition of their Ca atoms shows a

large rmsd of ~ 1.9 �A, mainly because in VrCSBP the
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C-terminal helix a3 is less separated from the b-grip
and the remaining two helices, a1 and a2, are posi-

tioned closer to the center of the protein. Such rear-

rangements result in a significantly smaller cavity in

VrCSBP (1240 versus 3830 �A3 in the LlPR-10.2B/zea-

tin complex).

The binding mode of the zeatin ligands in the LlPR-

10.2B complex is also different from the zeatin binding

mode by VrCSBP. In contrast to the three ligand mole-

cules found in the LlPR-10.2B/zeatin complex, in the

VrCSBP/zeatin complex a maximum of two zeatin

molecules (‘inner’ and ‘outer’) were found in the protein

cavity [109]. In addition to the surprisingly higher cyto-

kinin binding ability of the LlPR-10.2B protein, the

crystal structures show that the ligands are located at

different sites within the cavity (Fig. 3H). When the Ca
atoms of the LlPR-10.2B molecule are aligned with the

four protein molecules found in the asymmetric unit of

the VrCSBP structure, it is evident that the inner zeatin

ligand in the VrCSBP complex, which is conserved in all

four VrCSBP copies, does not coincide with any ligand

molecule in the LlPR-10.2B/zeatin structure. In particu-

lar, while the inner zeatin ligand in the VrCSBP complex

is aligned along the a3 helix, the innermost zeatin mole-

cule in the LlPR-10.2B complex (Zea1) is aligned with

helices a1 and a2. Considering the position of the outer

zeatin molecule in the VrCSBP structure, which is pres-

ent only in three of the four copies of the protein mole-

cule, it is noticeable that it corresponds to the Zea3

ligand in the LlPR-10.2B structure, although only a

poor overlap is observed with the outer zeatin ligand in

molecule C of the VrCSBP protein. The outer zeatin

ligands in molecules A and D of the VrCSBP structure

are rotated by 180° with the aliphatic tail pointing in the

opposite direction.

Although both proteins employ five residues for

hydrogen bonding with the ligands, only one is

positionally conserved (Fig. 1C). Nevertheless, this

amino acid is not conserved as it is His68 in LlPR-

10.2B and Glu69 in VrCSBP. It is of note that an Asp

residue at the same position is used by Bet v 1l to

form a hydrogen bond with the deoxycholate ligand

[11]. His68 in the LlPR-10.2B protein is also responsi-

ble for a van der Waals contact with a DPU molecule.

The remaining hydrogen bonds in the LlPR-10.2B and

VrCSBP complexes are formed by residues at different

spatial positions. The main forces responsible for the

stabilization of the zeatin molecules in the LlPR-10.2B

cavity are weak hydrogen bonds mediated by water

molecules and van der Waals interactions. Again, the

amino acid residues responsible for the latter interac-

tions are generally different in the two proteins

(Fig. 1C).

Cytokinins in complex with LlPR-10.2B, VrCSBP and

Bet v 1a

Kinetin and zeatin are both adenine-type cytokinins

with distinct N6 substitutions. To investigate if there is

a conserved binding mode of cytokinins to PR-10 pro-

teins, we have superposed the Bet v 1a protein in com-

plex with kinetin and LlPR-10.2B or VrCSBP in

complex with zeatin. It is clear that the ligand mole-

cules locate at different places within the protein cavity

(Fig. 3I,J) and display different binding modes

(Fig. 1C).

Differences between multiple molecules within

the asymmetric unit

To assess the flexibility of a protein chain, one can

compare its multiple copies found in the asymmetric

unit of the same crystal structure. Fortunately this sit-

uation is frequently encountered with PR-10 proteins

(Table 1).

Comparison of the two LlPR-10.1B molecules pres-

ent in the asymmetric unit reveals that they are in fact

very similar, with a Ca rmsd of 0.56 �A. The greatest

deviations are observed for a fragment containing the

strands b2, b3, b4 and the two connecting loops L4

and L5. Loop L4 is the glycine-rich loop and loop L5

is disordered in the crystal structure [129]. The LlPR-

10.2A structure also contains two monomers in the

asymmetric unit but in this case the rmsd is higher,

0.84 �A. The most significant differences are observed

in loops L5, L7 and L9. Loop L9 is actually disor-

dered in both monomers and loop L5 is disordered in

molecule B [139].

Two major allergen proteins, Api g 1 and Dau c 1,

crystallize with more than one molecule per

asymmetric unit. The two chains in the Api g 1 struc-

ture are virtually identical, with an rmsd of 0.33 �A.

Also the four monomers in the asymmetric unit of the

Dau c 1 structure are virtually identical, with rmsd

values < 0.1 �A (Table S1), but these numbers may be

artificially low because of the use of non-crystallo-

graphic symmetry restraints during refinement.

The crystal structure of MLP At1g24000.1 has two

monomers in the asymmetric unit superposable with

an rmsd of 0.24 �A. The most significant difference

between the two molecules is located in the loop

between the first helix and the subsequent strand (bear

in mind the different topology of MLPs) and at loop

L8.

The two monomers in the asymmetric unit of NCS

have an rmsd of 0.55 �A, with the largest discrepancies

at loops L1, L6 and L9. After soaking the crystals
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with NCS ligands, the rmsd decreased to 0.45 �A, with

the largest differences at the same loops as in the apo

structure.

The Hyp-1 structure has two monomers in the

asymmetric unit which superpose poorly, with an over-

all Ca rmsd of 1.21 �A, the most variable elements

being helix a2 and loops L3 and L5. Loop L5 exists in

two conformations in molecule A, which is indicative

of its intrinsic flexibility [94].

As mentioned earlier, the VrCSBP crystal structure

has four independent monomers and their arrangement

inside the asymmetric unit is particularly interesting.

The four protein molecules are organized into two

pairs related by pseudo-twofold symmetry; within the

pairs the monomers form analogous interactions

through the short helical regions a1–a2, although in

solution VrCSBP appears to be monomeric. All chains

have the same fold with small variances located mainly

at loops L3 and L5. Their pairwise Ca superpositions

are characterized by rmsd values between 0.34 and

0.63 �A (Table S1).

Different ligand binding modes are observed for the

same PR-10 homolog, even among multiple complex

molecules in the same asymmetric unit. In the SPE16

structure with two protein molecules in the asymmetric

unit, two 8-anilino-1-naphthalene sulfonate (ANS)

molecules are present per protein chain. One of them,

at a cavity entrance, is found in the same position,

while the ligands present inside the cavity have differ-

ent orientations. For those inner ANS molecules, the

sulfonate group is practically at the same position

while the anilinonaphthalene moiety is inverted

(Fig. 5A). In the NCS structure in complex with

ligands, only molecule B has both the substrate dopa-

mine and the nonreactive substrate analog 4-hydroxy-

benzaldehyde bound. Molecule A binds only

4-hydroxybenzaldehyde in more than one orientation.

None of the conformations completely overlaps with

the molecule present in complex B, although they are

located in the same region of the cavity (Fig. 5B).

The VrCSBP structure reveals three very different

zeatin binding modes by the four monomers in the

asymmetric unit. In all the monomers, the inner zeatin

molecule is present in identical orientation. The outer

zeatin, found in three copies of the protein, has two

distinct binding modes (Fig. 5C). In two cases, the

inner and outer zeatins are bound head-to-head, with

their adenine rings stacked. In one complex molecule,

the outer zeatin, while still perfectly ordered, is flipped

and fills the cavity in a head-to-tail fashion, pointing

at the inner zeatin with its isoprenoid tail. This pattern

seems to indicate a lower affinity for the outer zeatin

site. This conclusion is inconsistent, however, with a

backsoaking experiment, in which the single-occupancy

inner zeatin was washed out before any of the outer

ones [141].

Structural similarity to other folds

A search against all entries in the PDB [128] with the

Dali server [142] has revealed several proteins with a

PR-10-like fold. The most similar are structures

of the START domain, the ABA binding proteins

and tetracenomycin aromatase/cyclase (TcmN ARO/

CYC).

StAR domains

Steroidogenic acute regulatory protein (StAR), present

both in animals and plants, plays a crucial role in ste-

roidogenesis [143]. Cholesterol, in addition to being an

essential component of cellular membranes, is the

starting point for the biosynthesis of steroids and bile

acids. The StAR protein facilitates its translocation

from the outer mitochondrial membrane through the

aqueous intermembrane space to the inner mitochon-

drial membrane where the first step in steroid biosyn-

thesis takes place [144,145].

StAR has an N-terminal mitochondrial import

sequence followed by a steroidogenic acute regula-

tory protein-related lipid transfer (START) domain

that plays a role in the binding and transfer of cho-

lesterol [146]. The START domain has ~ 210 resi-

dues, binds hydrophobic ligands, and frequently

occurs at the C terminus in multidomain proteins

[147]. The 3D structure of StAR protein is unknown

but X-ray crystal structures of three START-related

proteins, MLN64 (metastatic lymph node protein

64), StAR D4 and the phosphatidylcholine transfer

protein, are available [148–150]. The overall structure

of these START domains consists of a highly curved

nine-stranded antiparallel b-sheet and four a helices.

The N terminus is formed by a long a helix that

rests against the back of the b-sheet. The b-sheet
forms the floor of a hydrophobic cavity, although

the two initial b strands have a limited contribu-

tion while the remaining three a helices act as the

ceiling.

The START domains align well with PR-10 pro-

teins, both at the secondary and tertiary structure

level. Yet the alignments clearly show that the larger

START domains have secondary structural elements

preceding the PR-10 fold. Despite very low sequence

homology (14% identity), the structures align with an

rmsd of 2.66 �A, when MLN64 and LlPR-10.2B are

compared, for example.
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ABA receptors

The search for ABA receptors has been difficult and

not without controversy [113,114,151,152]. Recently,

several structures have been elucidated. The most con-

clusive findings reveal not only the structure of an

ABA receptor (PYL2) in its apo form and in complex

with ABA, but also of a ternary complex between the

receptor in its ligand-bound state and a type 2C pro-

tein phosphatase (PP2C), previously understood to

function downstream in the ABA signaling pathway

[153]. The structure of PYL2, also in its ligand and

HAB1 (a PP2C family member) complex, reveals a

typical PR-10 fold with its three a helices and seven

antiparallel b strands, preceded by an additional N-ter-

minal a helix [153]. Indeed, the structures of PYL2

and PYL1 (PYL2 homolog with 51% sequence iden-

tity) were solved by molecular replacement with Bet v

1 as a model. The set of presented structures allows us

to understand the mechanism, in which conforma-

tional changes induced by ABA docking to PYL2

facilitate binding to the PP2C active site.

The structure of the 1 : 1 PYL2 : ABA complex

shows the hormone tightly bound in the PYL2 cavity.

In addition to several hydrophobic interactions, the hor-

mone is anchored by a few hydrogen bonds (including

water mediation) at its polar groups. Mutations of sev-

eral residues forming the cavity reduce the ability of the

protein to bind ABA. The binding mode of ABA

explains the basis of stereoselectivity, as flipping (+)-
ABA to the (�)-isomer would cause collisions with pro-

tein atoms. ABA binds two loops in the PYL2 structure

that act in a ‘gate and latch’ mechanism. The ‘gate’ loop

between strands b3 and b4 (L5 in PR-10) experiences

remarkable conformational changes with a shift of up

to 9 �A towards another loop located between strands b5
and b6 (L7) that acts as a ‘latch’ that does not change

considerably in the apo and ligand-bound states. This

change seals the ABA ligand inside the cavity and closes

the cavity entrance. Another remarkable difference

between the two states occurs at a glutamate residue

that immediately precedes the latch motif. The side

chain in the apo structure points into the cavity and pre-

vents the closure of the gate; however, upon ABA bind-

ing the glutamate rotates by 150º, pointing out of the

cavity. When the ‘gate’ and ‘latch’ loops come together,

a new interface is formed, which is the binding interface

for PP2C, thereby triggering the ABA signaling cascade.

TcmN ARO/CYC

The cyclization of secondary metabolite polyketides is

promoted by aromatase/cyclase (ARO/CYC) enzymes.

TcmN ARO/CYC is the best studied single-domain

ARO/CYC, but it was unclear how the enzyme, alone

or in complex with other proteins, could catalyze cycli-

zation of polyketides. The crystal structure of the

enzyme reveals a PR-10-like fold [154]. Despite barely

9% sequence identity, the apo structure of TcmN ARO/

CYC can be aligned with VrCSBP with an rmsd of 2.16
�A. Docking, mutagenesis and in vivo assays demon-

strate that the cavity of TcmN ARO/CYC is capable of

binding a 20-carbon polyketide substrate. Moreover,

the study indicates the molecular determinants that lead

to the selectivity of ring closure. In particular, Tyr35

and Arg69 appear to be important for the orientation of

the substrate and as an acid/base active site that pro-

motes the first-ring cyclization and aromatization [154].

Oligomerization

The aspect of PR-10 oligomerization has not been cov-

ered sufficiently well. Generally, PR-10 proteins are

shown to exist in monomeric form in solution, although

a few exceptions exist with no clear functional impor-

tance. For instance, both monomeric and dimeric forms

of Bet v 1 were detected and reported to possess RNase

activity [155] although a simultaneous publication

described Bet v 1 as a monomeric protein [156]. A simi-

lar situation was later observed for birch PR-10c protein

[157]. SPE16 homodimers were also detected in solution

as displaying RNase activity [158]. Recently, dynamic

light scattering was used to show that Bet v 1 is mono-

meric only under very restricted conditions and gener-

ally forms a mixture of monomers, dimers and higher

order oligomers [159]. Dimerization was also reported

for Mal d 1, AmPR-10 and CSBP [160–162]. NCS was

characterized as a dimer and its sigmoidal dopamine

binding kinetics are consistent with such an oligomeriza-

tion state [163]. Ginseng PgPR-10.1 and PgPR-10.2 pro-

teins were also detected in dimeric form; moreover,

yeast two-hybrid analysis confirms that the PgPR-10

proteins can interact with each other forming homodi-

mers and heterodimers [29]. In the crystal structure of

Hyp-1 two protein molecules are covalently linked by a

disulfide bond, but this intermolecular oxidation seems

to be an artifact of the crystallization process. Paren-

thetically, it can be mentioned that sulfur-containing

residues are quite rare in PR-10 sequences and are

nearly totally absent from the amino acid composition

of classic PR-10 members.

Possible biochemical functions

PR-10 proteins have been reported to have several

functions but there is no general function common to
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all members of this class. PR-10 proteins can be

involved in enzymatic processes, including RNase

activity and secondary metabolite biosynthesis, in anti-

microbial processes, storage, membrane binding, as

well as in phytohormone and other hydrophobic

ligand binding, storage and transport. The majority of

the experiments exploring PR-10 functions were done

in vitro.

Enzymatic activities

RNase activity

The first PR-10 protein with ribonuclease activity was

isolated from callus cell culture of Panax ginseng [164].

The protein has 60–70% sequence identity with two

intracellular PR proteins from parsley, but remarkably

does not show homology with other ribonucleases.

This initial result prompted other groups to investigate

the RNase activity of other PR-10 proteins, and such

activity was detected in some of them, namely Bet v 1

[155,165], LaPR-10 [166], LlPR-10.1B [129], BpPR-10c

[157], GaPR-10 [167], SPE16 [88,158], CaPR-10 [37],

SsPR-10 [168], AhPR-10 [24], PsPR-10.1, PsPR-10.4

[169–171], AmPR-10 [161], Pru p 1.01, Pru p 1.06D

[172], TcPR-10 [173], ZmPR-10, ZmPR-10.1 [174,175],

CsPR-10 [57], PgPR-10s [60] and JcPR-10a [58].

Since the initial sequence analyses revealed that the

most conserved region was a glycine-rich segment with

apparent similarity to the P-loop known from nucleo-

tide-binding proteins [131], it was speculated that this

region interacts with the RNA phosphate groups.

However, as the subsequent structural studies showed,

the PR-10 glycine-rich loop is very rigid and has a

conformation that is different from typical P-loops

(vide supra) [129].

Analysis of the conserved residues revealed that

Glu96, Glu148 and Tyr150 (ginseng ribonuclease

sequence) should be important for the RNase function.

The 3D structures of PR-10 proteins showed that

Glu96 is localized at the N terminus of strand b6,
while Glu148 and Tyr150 are located far from it, at

two opposing sides of the C-terminal helix. To investi-

gate the relevance of the highlighted residues for

RNase activity, several groups performed site-directed

mutagenesis of those residues and also at some posi-

tions within the glycine-rich loop [171]. The RNase

activity of SPE16 and GaPR-10 is affected to a larger

extent when residues of the C-terminal helix are substi-

tuted, while for AhPR-10 larger effects are seen with

mutagenesis at the glycine-rich loop. The activity of

PsPR-10.4 is elevated when Glu148 is mutated to ala-

nine and is decreased with an H69L mutation [171].

The RNase activity of CaPR-10 is increased on

interaction with leucine-rich-repeat protein 1 (LRR1)

[176]. Zeatin was shown to have negative influence on

the RNase activity of Pru p 1.01 but it had no effect

on the closely related Pru p 1.06D isoform [172]. Simi-

larly puzzling results were reported for the yellow

lupine LlPR-10.1A and LlPR-10.1B proteins. Despite

the high level (76.8%) of identity and sequence conser-

vation at the RNase-relevant positions, RNase activity

was observed only for LlPR-10.1B [129]. It must thus

be concluded that even if some PR-10 members have a

low level of RNase activity this is not a general prop-

erty of this class.

Phenolic oxidative coupling protein (Hyp-1)

The St John’s wort Hyp-1 protein was reported to cat-

alyze the synthesis of hypericin from the emodin pre-

cursor in an enzymatic condensation reaction [120].

The purported multistep synthesis involves three oxi-

dative coupling events with unknown order [94]. Our

recent crystallographic study of the Hyp-1 protein

[94,177] confirmed the structural classification of

Hyp-1 in the PR-10 folding class (Fig. 3A). However,

we were unable to reproduce the Hyp-1-catalyzed con-

version of emodin to hypericin in vitro [94]. Two other

studies also raise doubts about this biological function,

since no correlation was found between mRNA tran-

scripts for Hyp-1 and the emodin substrate localiza-

tions [123], or between the presence of the hyp-1 gene

in species of the genus Hypericum and the production

of hypericin [178]. These results question the enzymatic

ability of Hyp-1 and raise the hypothesis that the pro-

tein may be used for storage or transport of hypericin,

since there is evidence that these molecules can interact

in solution [94]. In addition, the identification and iso-

lation of an H. perforatum endophytic fungus [179] led

to the finding that the isolated fungus is able to pro-

duce both emodin and hypericin [124]. The fungus has

no gene similar to hyp-1 from the host plant, suggest-

ing that Hyp-1 is not involved in the biosynthesis of

hypericin or that the hypericin pathway in the endo-

phyte is different [124].

(S)-Norcoclaurine synthase (NCS)

NCS has been confirmed to have PR-10 fold [92]. The

NCS sequences are unique in the PR-10 group as they

possess noncatalytic N- and C-terminal extensions

(Fig. 1A), with the former acting as a putative signal

peptide, suggesting localization in a cellular organelle.

NCS activity could not be detected in recombinant
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PR-10 proteins from other subclasses (e.g. Bet v 1,

CSBP, Hyp-1) [180]. However, a new classic PR-10

from Coptis japonica (CjPR-10.1A) does catalyze the

NCS reaction, which indicates that this enzymatic

activity is not exclusively attributed to the NCS branch

of PR-10 proteins [181].

Papain inhibitory activity

A PR-10 protein from Crotalaria pallida, CpPRI, was

shown to inhibit papain, a model cysteine protease

[182]. The inhibition follows noncompetitive kinetics

and is characterized by a Ki of 0.15 9 10–9 M [182].

The papain inhibitory property could be part of the

plant defense system as cysteine proteases are often

part of the armory used by invading pathogens.

Antimicrobial properties

Antifungal activity

Some PR-10 homologs were shown to possess antifun-

gal activity and, remarkably, AhPR-10 and TcPR-10

were shown to internalize in fungi [24,173].

Flores et al. [183] showed that the PR-10 homolog

ocatin inhibits fungus growth in a dose-dependent

manner. Antifungal activity was also detected for

SsPR-10 [168], CsPR-10 [57], CaPR-10 [37], maize

PR-10 proteins [174,175] and JcPR-10a [58].

Antibacterial activity

In addition to antifungal activity, some PR-10 proteins

also show antibacterial activity. Ocatin inhibits the

growth of phytopathogenic bacteria, such as Agrobac-

terium tumefaciens, Agrobacterium radiobacter, Serra-

tia marcescens and Pseudomonas aureofaciens [183].

The maize ZmPR-10 and ZmPR-10.1 proteins have

inhibitory activity against Pseudomonas syringae [175].

Antiviral activity

CaPR-10 was shown to degrade viral RNA [37]. The

production of tobacco mosaic virus in bugang leaves

was severely reduced after inoculation with recombi-

nant CaPR-10.

Antinematode activity

A recent report implicates CpPRI as a nematicide fac-

tor [182]. It has long been known that plants from

C. pallida species are resistant to nematodes, although

the mechanism of resistance remains unknown [184].

One possible explanation could be the inhibition of

papain-like enzymes present in the digestive tube and

in the body, especially in the cuticles, of the pathogens

[182]. In addition to papain inhibition, CpPRI inter-

nalizes and diffuses over the entire body of juvenile

Meloidogyne incognita nematodes [182].

Possible role in the sporopollenin pathway

Sporopollenin is a complex polymer that constitutes

the outer (exin) layer of spore and pollen wall, acting

as a biological protector for male sperm [185]. Its bio-

synthesis is linked to the tapetum. The discovery of a

PR-10 homolog that has a unique organ/tissue-specific

expression in the tapetal cells during anther develop-

ment suggests a potential role in the sporopollenin

pathway for these proteins [27,186]. The presence of

this homolog in the middle layer cells provides further

evidence for such function since these cells are known

to produce sporopollenin [27].

Possible role as antifreeze

The PR-10 homologs WAP18 (winter accumulating

18 kDa proteins) from mulberry (Morus bombycis

Koidz) are detected at maximum levels in mid-winter.

This period also corresponds to the maximum freeze

tolerance in cortical parenchyma cells of the mulberry

tree. Moreover, these proteins exhibit cryoprotective

activity in vitro, which suggests that some PR-10 pro-

teins might function in frost-tolerance mechanisms

[187]. Vegetative storage protein (VSP) from white clo-

ver (Trifolium repens L.), another PR-10 homolog, also

accumulates under autumn and winter conditions, and

thus may endow the plants with tolerance to chilling

[188]. Moreover, PR-10 proteins are overexpressed in

Oxytopis (Fabaceae) species adapted to the Arctic as

opposed to temperate species [189].

Storage protein function

The PR-10 homolog ocatin from the Andean crop oca

is expressed specifically in the tubers where it accounts

for 40–60% of total soluble proteins [183]. The protein

level gradually increases with the development of the

tubers from 20 to 100 days, and decreases at later

stages, under storage and upon sprouting. The high

levels, developmental regulation and tissue specificity

of ocatin could mean that the protein has a storage

function. In white clover, VSP is mobilized after winter

in the plant re-growth process, which is strongly

dependent on its nitrogen reserves [188].
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Membrane binding function

Immunocytochemical localization of a pine PR-10

homolog, Pin m III [190], shows that the protein binds

to the cell wall of the fungus Cronartium ribicola that

causes blister rust disease in five-needle pines [26].

Mogensen et al. [191] carried out biophysical analyses

of these interactions and reported that Bet v 1 inter-

acts with synthetic phospholipid vesicles.

Renknen et al. proposed an interesting hypothesis of

caveolae-dependent uptake and transport of Bet v 1 in

the epithelium. They reported on the binding of the

Bet v 1 pollen allergen to conjunctival and epithelial

cells of allergic but not healthy individuals [192,193].

Moreover, Bet v 1 traveled through the epithelium

with caveolae to mask cells. Affinity chromatography

with covalently matrix-bound TAP-tagged Bet v 1 and

nasal epithelial cell lysates unveiled 16 proteins, pres-

ent only in allergic patients, that associate with Bet

v 1. Six of them are caveolar proteins. The underlying

mechanism of caveolar allergen transport remains

unclear.

Ligand binding

The size and lining of the PR-10 internal cavity was

identified in the first structure published, Bet v 1, and

described as the ‘most unusual feature’ of the protein

structure [138]. The presence of such an internal cavity

suggests a possible role as a binding site for hydropho-

bic ligands. This hypothesis is supported by the struc-

tural similarity between PR-10 members and the

START domain of the human MLN64 protein

(vide supra).

The ligand binding propensity of PR-10 proteins

was initially investigated for the major cherry allergen,

Pru av 1 [194]. The cholesterol binding properties of

the structurally homologous StAR domain of the

human MLN64 led the authors to investigate phytos-

teroids as putative ligands for Pru av 1. Despite the

hydrophobicity of virtually all physiologically relevant

steroids, the authors, by means of NMR measure-

ments, were able to gather experimental evidence that

Pru av 1 interacts with a specific phytosteroid called

homocastasterone, which is a plant brassinosteroid.

Molecular modeling showed that the Pru av 1 cavity,

as well as the cavity of Bet v 1, is so large that it can

accommodate two phytosteroid molecules [194].

After confirmation that ANS binds in the protein

cavity, displacement experiments coupled with fluores-

cence measurements were used to identify a number of

physiologically relevant ligands that bind to Bet v 1

[30]. Fatty acids, flavonoids and cytokinins were

shown to bind, albeit generally with low micromolar

affinity.

Cytokinins were used as probes to detect CSBPs.

Nagata et al. [195] identified the presence of CSBPs in

the soluble fraction of etiolated mung bean seedlings

and reported affinities for their ligands in the range

10�9–10�10
M
�1, but these estimates were later re-

determined to a more modest range, 10�4–10�6
M
�1

[109]. Based on low-level sequence homology, the

VrCSBP protein was tentatively classified to have

PR-10 fold, a prediction confirmed by a subsequent

crystallographic analysis [109]. The crystal structure

revealed, for the first time, cytokinin (zeatin) binding

by a PR-10-like protein. The structure showed that

VrCSBP can accommodate up to two zeatin molecules

within the protein cavity. The high resolution and

excellent electron density for the ligands significantly

increased our understanding of the binding mode of

these partners, which involves hydrogen bonding and

extensive van der Waals contacts. Later, the LlPR-

10.2B protein was also reported to bind cytokinins,

with comparable affinity, and for the first time the

same protein was crystallized with two different

ligands, namely both a natural and a synthetic cytoki-

nin [110,111]. Cytokinin molecules also interact with

birch PR-10c [132] and peach Pru p 1.01 [172]. The

interaction of Pru p 1.01 with zeatin was analyzed by

isothermal titration calorimetry and a dissociation con-

stant of 9.4 lM and 1 : 1 stoichiometry were reported

[172].

In the crystal structure of Bet v 1l the cavity is occu-

pied by two deoxycholate molecules [11]. This com-

pound is not a plant metabolite but it is structurally

similar to brassinosteroids, which are plant steroid

hormones [196,197]. Deoxycholate was used as a solu-

bilizing agent in the purification of the recombinant

proteins, and possibly due to its high affinity for Bet v

1l remained bound throughout the purification pro-

cess. Mass spectrometry was used to show that the

protein can bind genuine brassinoloids, brassinolide

and 24-epicastasterone [11].

Koistinen et al. investigated the possible binding of

emodin by PR-10c after the reported Hyp-1-catalyzed

conversion of emodin to hypericin [120,132]. Although

binding of two emodin molecules to the PR-10c pro-

tein was confirmed, no formation of hypericin could

be detected. The experimentally visualized cavity of

Hyp-1 [94] is large enough to accommodate two emo-

din molecules or one hypericin molecule, and thus the

lack of catalytic activity suggests that Hyp-1 is not an

enzyme but could be a hypericin binder. In the crystal

structure, the Hyp-1 molecules are covalently linked
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into dimers by an intermolecular S–S bond and

contain multiple PEG molecules in the cavity.

PEG ligands were also found in the crystal structure

of Dau c 1 [198].

The crystal structure of norcoclaurine synthase

shows the binding mode of dopamine and the nonreac-

tive substrate analog 4-hydroxybenzaldehyde, which

adopt a stacked configuration with their aromatic rings

lying in nearly parallel planes [92] (Fig. 5B).

Allergens

A subclass of PR-10 proteins displays strong allergenic

properties. They constitute a large group of common

food and pollen allergens [199,200]. An important

source of allergens are pollens, with birch-related pol-

lens studied most extensively [201]. Over 90% of birch

pollen allergic patients develop specific IgE towards

Bet v 1 [202]. Thirteen different isoforms were identi-

fied with the isoform Bet v 1a exhibiting the highest

and Bet v 1l the lowest allergenic activity [203,204].

Additionally, Bet v 1 is known to cross-react with

other food allergens [201]. The apo structure of Bet v

1a and its Fab complex [138,205] identified an impor-

tant surface epitope of Bet v 1 and revealed that, since

its area corresponds to ~ 10% of the total exposed

surface of the allergen, it is plausible that more than

one IgE molecule could bind simultaneously to the

same allergen protein [206]. The complex structure also

shows that there is very little structural rearrangement

of the allergen upon antibody binding, with a Ca rmsd

of 0.65 �A. The sequentially discontinuous epitope is

composed of a stretch between residues 42 and 52,

which includes the glycine-rich loop flanked on one

side by Arg70, Asp72, His76, Ile86 and Lys97. The

interaction with the BV16 Fab is a combination of van

der Waals interactions and hydrogen bonding. The lat-

ter involves half of the epitope residues, all of which

are situated within the 42–52 stretch [206]. The side

chain of a central residue of the epitope, Glu45, points

directly into a groove in the Fab BV16 surface, form-

ing two hydrogen bonds with main-chain N atoms.

The importance of Glu45 was confirmed by mutating

it to serine, which completely abolished antibody bind-

ing [207]. Serine was chosen since it is present at posi-

tion 45 in several PR-10 proteins, e.g. from asparagus

[208] and parsley [209]. Also none of the Bet v 1 iso-

forms has serine at this position and it was shown to

produce no structural changes in the crystal structure

[207]. Moreover, the E45S mutant also showed

reduced potency for IgE binding (20%–50%). Similar

structural conservation and reduced IgE binding was

observed for Pru av 1 when mutated at Glu45

[194,210], which confirms the importance of this resi-

due. Large-scale mutagenesis experiments with four

and nine amino acid substitutions produced Bet v 1

mutants that, while maintaining the overall fold, also

displayed reduced IgE binding and induced strong Bet

v 1 specific IgG responses in mice [211].

Two reports investigated the influence of Bet v 1

oligomerization on allergenicity [159,212]. Using skin

tests in Bet v 1 allergic mice, it was shown that the

dimeric but not monomeric Bet v 1a elicited positive

reactions [159]. Dynamic light scattering was used to

compare the hyperallergenic Bet v 1a and the hypoal-

lergenic Bet v 1d. The studies revealed that the latter

protein had a high tendency to oligomerize, probably

due to a serine to cysteine exchange at residue 113

[212]. A C113S mutation of Bet v 1d resulted in a Bet

v 1a like behavior.

To study the structural basis of cross-reactivity,

two crystal structures were solved for the food aller-

gens Api g 1 from celery [213] and Dau c 1 from car-

rots [198], both of which lack the Bet v 1 specific

Glu45 residue. Api g 1 and Dau c 1 have a sequence

variation of only 30 amino acids that are distributed

evenly between the protein surface and interior. It is

therefore conceivable that both share the same cross-

reactive epitopes with Bet v 1 [198]. The epitope at

the glycine-rich loop of Api g 1 and Dau c 1 diverges

considerably from that of Bet v 1. Despite the fact

that the glycine-rich loop is structurally very con-

served, the preceding segment of Bet v 1 is quite dif-

ferent from that in the celery and carrot allergens,

mainly as a result of the change at position 45 where

the negative charge of Glu45 is replaced by a posi-

tively charged Lys residue in Api g 1 and Dau c 1

[213]. The differences indicate that the Bet v 1 gly-

cine-rich epitope is probably not important in IgE

binding of Api g 1 and Dau c 1 [213]. Moreover, a

K45E substitution in the Api g 1 sequence leads to

increased IgE binding [210]. The structures of Api g

1 and Dau c 1 facilitate the identification of other

epitopes at the protein surface responsible for the

cross-reactivity of these allergens with Bet v 1 and

also of epitopes which are not common between these

allergens [198,213].

Recently, the structure of an important food aller-

gen, Gly m 4 from soybean, has been described

[130], showing a typical PR-10 fold and similar epi-

topes as in other allergens. In detailed comparisons,

however, Gly m 4 turned out to be more similar to

yellow lupine PR-10 structures than to the other

allergens [130]. For instance the L5 loop of Gly m 4

is shorter and the terminal helix a3 curves slightly

and slides by almost one turn along its axis [130].
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This relation is supported by phylogenetic analysis,

which places this allergen close to classic PR-10 pro-

teins (Fig. 3B).

Fold stability

A thermodynamic study of PR-10 allergens, in which

the conformational stability of Bet v 1, Api g 1 and

Dau c 1 was analyzed by determining the difference of

the Gibbs free energy between folded and unfolded

molecules [214], indicates a relatively low stability,

most probably due to the reduced hydrophobic core of

the PR-10 fold.

Some studies investigated the effect of pH and tem-

perature on the stability of several PR-10 proteins

[159–161,172,191,214–220]. The results indicate that

different homologs display different behavior when

analyzed for stability in different conditions. To our

knowledge, there has been no systematic thermody-

namic study of all isoforms from one PR-10 subclass.

Such a study, especially for a subclass (such as Bet v

1) with well characterized structure and allergenic

properties, could provide information on possible

folding intermediates relevant to allergic response. It

was shown, for example, that a single Y120W muta-

tion changes the refolding behavior of Bet v 1 by

abolishing the accumulation of one intermediate state

[191]. The yellow lupine PR-10 proteins are also of

interest in this regard, as small variations in sequence

and cavity volume could be correlated with overall

protein stability.

In a different approach, the endolysosomal degra-

dation profile of Bet v 1 was investigated, using

extracts of dendritic cells obtained from patients with

birch pollen allergy. Remarkably, Bet v 1 showed

resistance to endolysosomal degradation, with a high

proportion of the protein remaining intact after 24

h. Nevertheless, the first fragments to emerge,

derived from the N terminus (1–20), the central

region (84–97) and the C terminus (146–157), con-

tained frequently recognized T-cell-activating regions

[221]. The relative proteolytic resistance of Bet v 1

may provide a continuous supply of intact protein

for the generation of proteolytic fragments, which

may contribute to its high allergenic potential [221].

Recently, simulation of gastric proteolysis for Api g

1, Mal d 1, Pru p 1 and Cor a 1 via pepsinolysis

showed a rapid digestion of these proteins. The pro-

teolysis leads to a mixture of peptides with masses

below 2 kDa and results in lower affinity for their

cognate IgE [220]. Trypsinolysis was shown earlier to

be slower for Api g 1 and Mal d 1, and significantly

slower for Cor a 1 [222].

Post-translation modifications

The first PR-10 protein reported to undergo post-

translation modification was the birch PR-10c

homolog [157]. PR-10c shares 70–74% sequence

identity with the pollen allergen Bet v 1, but is not

constitutively expressed and can be glutathionylated.

PR-10c displays RNase activity, which is unaffected

by the post-translational modification [157]. The

modification occurs at the unique PR-10c Cys82,

poorly conserved among PR-10 proteins. Neverthe-

less, cysteine is found at an identical position in a

small number of homologs within the Betula family

[200]. Apart from this family, a conserved cysteine

is found in the major hazelnut allergen Cor a

1.0401 [157,223], the major Asian hazel allergen Cor

h 1, the major European chestnut Cas s 1 and

Hyp-1.

Park et al. established that the hot pepper CaPR-10

protein can be phosphorylated and demonstrated that

this modification enhances the RNase activity [37].

The phosphorylation is likely to endow the protein

with specificity for certain RNAs, thus preventing a

potentially dangerous unspecific RNase activity within

the plant cell [37]. A recent report shows that phos-

phorylation of CaPR-10 is enhanced by LRR1 [176].

Also some PR-10 proteins from Arachis hypogaea were

shown to be phosphorylated [62]. In the cocoa TcPR-

10 protein, phosphorylation has no influence on the

RNase activity or substrate specificity [173]. Phosphor-

ylation of StAR was shown to modulate its steroido-

genic activity [224].

In two MLP proteins from A. thaliana acetylation

of the N terminus was detected [106]. It has long

been known that the removal of the N-terminal

methionine of proteins (by methionyl aminopepti-

dase) is dependent on the size of the side chain of

the amino acid in the penultimate position [225]. In

the same way, the efficiency of N-terminal acetyla-

tion also depends on the nature of the N-terminal

amino acid, with preference for alanine and serine

[226]. The two MLPs in the above study both have

alanine residues at the N terminus. Interestingly all

the 15 MLP-related protein sequences found in the

NCBI database have a highly conserved N terminus;

thus N-terminal acetylation of these proteins is

expected [106].

AmPR-10 isolated from the roots of Astraga-

lus mongholicus was reported to be glycosylated, with

a carbohydrate content of 13.7%. High performance

anion exchange chromatography revealed that the car-

bohydrates consist mostly of arabinose (73%), glucose

(15%) and fructose (4.8%) [161].
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Concluding remarks

The PR-10 class members are relatively small proteins

with a characteristic fold consisting of a highly curved

b-sheet and three a helices. On the surface of some

homologs there are allergenic epitopes that cause

IgE-mediated type I allergy. The secondary structure

elements are assembled to create a large cavity of vari-

able volume in the core of the protein. The cavity is

predominantly hydrophobic but there are also polar

side chains pointing into its lumen. The size and char-

acter of the cavity is mostly determined by the highly

variable C-terminal helix a3. Such a cavity is an unu-

sual feature, particularly in view of the small size of

PR-10 proteins. Ligand-binding studies, fold similarity

to START and ABA receptors, and first of all the

crystal structures of PR-10 homologs in complex with

small molecules, all suggest a ligand-binding role for

PR-10 proteins. PR-10 proteins seem to be rather non-

specific binders, with the same homologs displaying

affinity for different ligands and with the same ligand

bound in a variety of well-defined ways. Interestingly,

the binding of different ligands appears to induce con-

formational changes in the scaffold of the cavity.

Moreover, the complexes characterized structurally so

far indicate that the binding partners may be adapt-

able as well.

PR-10 proteins are widely distributed throughout

the plant kingdom and are thus deemed to have cru-

cial, albeit still elusive, functions. PR-10 homologs

were shown to be involved in plant development and

defense systems. They are typically encoded by multi-

gene families and close homologs most probably per-

form similar functions, complicating interpretation of

single-gene knockout experiments. Also, the lack of

coordinated cellular expression makes assignment of a

unique function difficult. It has been demonstrated

that some PR-10 proteins are involved in various enzy-

matic reactions or possess antimicrobial activities, but

these properties are certainly not shared by all PR-10

members. The most common feature seems to be the

ability to bind (and store) small-molecule ligands,

especially plant hormones. However, the low affinities

characterizing such complexes, together with an amaz-

ing variability of the binding modes, make even this

tentative assignment of a physiological role intriguing.

On the other hand, perhaps the modest affinity cou-

pled with binding versatility guarantee that the ligands

can be delivered to their final receptors. In any case,

despite the accumulated experimental data, PR-10 pro-

teins are still a mystery and certainly will remain an

extremely fascinating object for structural and func-

tional studies also in the near future.

Acknowledgement

The work was supported in part by a grant (N N301

003739) from the Ministry of Science and Higher Edu-

cation to KM.

Conflict of interest

The authors declare no conflict of interest.

References

1 Brisson LF, Tenhaken R & Lamb C (1994) Function

of oxidative cross-linking of cell wall structural

proteins in plant disease resistance. Plant Cell 6,

1703–1712.

2 Abramovitch RB & Martin GB (2004) Strategies used

by bacterial pathogens to suppress plant defenses. Curr

Opin Plant Biol 7, 356–364.

3 Morrissey JP & Osbourn AE (1999) Fungal resistance

to plant antibiotics as a mechanism of pathogenesis.

Microbiol Mol Biol Rev 63, 708–724.

4 Mysore KS & Ryu CM (2004) Nonhost resistance:

how much do we know? Trends Plant Sci 9, 97–104.

5 Dangl JL, Dietrich RA & Richberg MH (1996) Death

don’t have no mercy: cell death programs in plant–

microbe interactions. Plant Cell 8, 1793–1807.

6 Greenberg JT (1996) Programmed cell death: a way

of life for plants. Proc Natl Acad Sci USA 93,

12094–12097.

7 van Doorn WG & Woltering EJ (2005) Many ways to

exit? Cell death categories in plants. Trends Plant Sci

10, 117–122.

8 Hofius D, Tsitsigiannis DI, Jones JD & Mundy J

(2007) Inducible cell death in plant immunity. Semin

Cancer Biol 17, 166–187.

9 Hammond-Kosack KE & Jones JD (1996) Resistance

gene-dependent plant defense responses. Plant Cell 8,

1773–1791.

10 Van Loon LC, Pierpoint WS, Boller T & Conejero V

(1994) Recommendations for naming plant

pathogenesis-related proteins. Plant Mol Biol Rep 12,

245–264.

11 Markovic-Housley Z, Degano M, Lamba D,

von Roepenack-Lahaye E, Clemens S, Susani M,

Ferreira F, Scheiner O & Breiteneder H (2003) Crystal

structure of a hypoallergenic isoform of the major

birch pollen allergen Bet v 1 and its likely biological

function as a plant steroid carrier. J Mol Biol 325,

123–133.

12 Okushima Y, Koizumi N, Kusano T & Sano H (2000)

Secreted proteins of tobacco cultured BY2 cells:

identification of a new member of pathogenesis-related

proteins. Plant Mol Biol 42, 479–488.

FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS 1189

H. Fernandes et al. PR-10 proteins



13 Sels J, Mathys J, De Coninck BM, Cammue BP & De

Bolle MF (2008) Plant pathogenesis-related (PR)

proteins: a focus on PR peptides. Plant Physiol

Biochem 46, 941–950.

14 Breiteneder H (2004) Thaumatin-like proteins – a new

family of pollen and fruit allergens. Allergy 59,

479–481.

15 Crowell DN, John ME, Russell D & Amasino RM

(1992) Characterization of a stress-induced,

developmentally regulated gene family from soybean.

Plant Mol Biol 18, 459–466.

16 Breda C, Sallaud C, el-Turk J, Buffard D, de Kozak I,

Esnault R & Kondorosi A (1996) Defense reaction in

Medicago sativa: a gene encoding a class 10 PR

protein is expressed in vascular bundles. Mol Plant

Microbe Interact 9, 713–719.

17 Sikorski MM, Biesiadka J, Kasperska AE, Kopcinska

J, Lotocka B, Golinowski W & Legocki AB (1999)

Expression of genes encoding PR10 class pathogenesis-

related proteins is inhibited in yellow lupine root

nodules. Plant Sci 149, 125–137.

18 Tokuriki N & Tawfik DS (2009) Protein dynamism

and evolvability. Science 324, 203–207.

19 Tokuriki N & Tawfik DS (2009) Stability effects of

mutations and protein evolvability. Curr Opin Struct

Biol 19, 596–604.

20 Franco OL (2011) Peptide promiscuity: an

evolutionary concept for plant defense. FEBS Lett

585, 995–1000.

21 Colditz F, Niehaus K & Krajinski F (2007) Silencing

of PR-10-like proteins in Medicago truncatula results

in an antagonistic induction of other PR proteins and

in an increased tolerance upon infection with the

oomycete Aphanomyces euteiches. Planta 226, 57–71.

22 Wen J, Vanek-Krebitz M, Hoffmann-Sommergruber

K, Scheiner O & Breiteneder H (1997) The potential of

Betv1 homologues, a nuclear multigene family, as

phylogenetic markers in flowering plants. Mol

Phylogenet Evol 8, 317–333.

23 Somssich IE, Schmelzer E, Kawalleck P & Hahlbrock

K (1988) Gene structure and in situ transcript

localization of pathogenesis-related protein 1 in

parsley. Mol Gen Genet 213, 93–98.

24 Chadha P & Das RH (2006) A pathogenesis related

protein, AhPR10 from peanut: an insight of its mode

of antifungal activity. Planta 225, 213–222.

25 Grote M (1999) In situ localization of pollen allergens

by immunogold electron microscopy: allergens at

unexpected sites. Int Arch Allergy Immunol 118, 1–6.

26 Ekramoddoullah AKM (2004) Physiology and

molecular biology of a family of pathogenesis-related

PR-10 proteins in conifers. J Crop Improve 10,

261–280.

27 Balsamo RA, Wang J-L, Eckard KJ, Wang C-S &

Lord EM (1995) Immunogold localization of a

developmentally regulated, tapetal-specific, 15 kDa lily

anther protein. Protoplasma 189, 17–25.

28 Zhang RP, Wang YC, Liu GF & Li HY (2010)

Cloning and characterization of a pathogenesis-related

gene (Thpr10) from Tamarix Hispida. Acta Biol

Cracov Bot 52, 17–25.

29 Lee OR, Kim YJ, Balusamy SR, Khorolragchaa A,

Sathiyaraj G, Kim MK & Yang DC (2012) Expression

of the ginseng PgPR10-1 in Arabidopsis confers

resistance against fungal and bacterial infection. Gene

506, 85–92.

30 Mogensen JE, Wimmer R, Larsen JN, Spangfort MD

& Otzen DE (2002) The major birch allergen, Bet v 1,

shows affinity for a broad spectrum of physiological

ligands. J Biol Chem 277, 23684–23692.

31 Somssich IE, Schmelzer E, Bollmann J & Hahlbrock

K (1986) Rapid activation by fungal elicitor of genes

encoding ‘pathogenesis-related’ proteins in cultured

parsley cells. Proc Natl Acad Sci USA 83, 2427–2430.

32 Walter MH, Liu JW, Grand C, Lamb CJ & Hess D

(1990) Bean pathogenesis-related (PR) proteins

deduced from elicitor-induced transcripts are members

of a ubiquitous new class of conserved PR proteins

including pollen allergens. Mol Gen Genet 222,

353–360.

33 Warner SA, Scott R & Draper J (1992)

Characterisation of a wound-induced transcript from

the monocot asparagus that shares similarity with a

class of intracellular pathogenesis-related (PR)

proteins. Plant Mol Biol 19, 555–561.

34 Breiteneder H, Pettenburger K, Bito A, Valenta R,

Kraft D, Rumpold H, Scheiner O & Breitenbach M

(1989) The gene coding for the major birch pollen

allergen Betv1, is highly homologous to a pea disease

resistance response gene. EMBO J 8, 1935–1938.

35 Pinto MP & Ricardo CP (1995) Lupinus albus L.

pathogenesis-related proteins that show similarity to

PR-10 proteins. Plant Physiol 109, 1345–1351.

36 Puhringer H, Moll D, Hoffmann-Sommergruber K,

Watillon B, Katinger H & Machado MLD (2000) The

promoter of an apple Ypr10 gene, encoding the major

allergen Mal d 1, is stress- and pathogen-inducible.

Plant Sci 152, 35–50.

37 Park CJ, Kim KJ, Shin R, Park JM, Shin YC & Paek

KH (2004) Pathogenesis-related protein 10 isolated

from hot pepper functions as a ribonuclease in an

antiviral pathway. Plant J 37, 186–198.

38 Xu P, Blancaflor EB & Roossinck MJ (2003) In spite

of induced multiple defense responses, tomato plants

infected with Cucumber mosaic virus and D satellite

RNA succumb to systemic necrosis. Mol Plant

Microbe Interact 16, 467–476.

39 Fristensky B, Horovitz D & Hadwiger LA (1988)

cDNA sequences for pea disease resistance response

genes. Plant Mol Biol 11, 713–715.

1190 FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS

PR-10 proteins H. Fernandes et al.



40 Esnault R, Buffard D, Breda C, Sallaud C, el Turk J

& Kondorosi A (1993) Pathological and molecular

characterizations of alfalfa interactions with

compatible and incompatible bacteria, Xanthomonas

campestris pv. alfalfae and Pseudomonas syringae pv.

pisi. Mol Plant Microbe Interact 6, 655–664.

41 Robert N, Ferran J, Breda C, Coutos-Thevenot P,

Boulay M, Buffard D & Esnault R (2001) Molecular

characterization of the incompatible interaction of vitis

vinifera leaves with Pseudomonas syringae pv. pisi:

expression of genes coding for stilbene synthase and

class 10 PR protein. Eur J Plant Pathol 107, 249–261.

42 Swoboda I, Scheiner O, Heberlebors E & Vicente O

(1995) cDNA cloning and characterization of 3 genes

in the Bet-V-1 gene family that encode pathogenesis-

related proteins. Plant, Cell Environ 18, 865–874.

43 Liu JJ, Ekramoddoullah AK, Piggott N & Zamani A

(2005) Molecular cloning of a pathogen/wound-

inducible PR10 promoter from Pinus monticola and

characterization in transgenic Arabidopsis plants.

Planta 221, 159–169.

44 Swoboda I, Scheiner O, Kraft D, Breitenbach M,

Heberle-Bors E & Vicente O (1994) A birch gene

family encoding pollen allergens and pathogenesis-

related proteins. Biochim Biophys Acta 1219,

457–464.

45 Borsics T & Lados M (2002) Dodder infection induces

the expression of a pathogenesis-related gene of the

family PR-10 in alfalfa. J Exp Bot 53, 1831–1832.

46 Bahramnejad B, Goodwin PH, Zhang J, Atnaseo C &

Erickson LR (2010) A comparison of two class 10

pathogenesis-related genes from alfalfa and their

activation by multiple stresses and stress-related

signaling molecules. Plant Cell Rep 29, 1235–1250.

47 Matton DP & Brisson N (1989) Cloning, expression,

and sequence conservation of pathogenesis-related

gene transcripts of potato. Mol Plant Microbe Interact

2, 325–331.

48 Schmelzer E, Kruger-Lebus S & Hahlbrock K (1989)

Temporal and spatial patterns of gene expression

around sites of attempted fungal infection in parsley

leaves. Plant Cell 1, 993–1001.

49 Chiang CC & Hadwiger LA (1990) Cloning and

characterization of a disease resistance response gene

in pea inducible by Fusarium solani. Mol Plant

Microbe Interact 3, 78–85.

50 Jwa NS, Kumar Agrawal G, Rakwal R, Park CH &

Prasad Agrawal V (2001) Molecular cloning and

characterization of a novel Jasmonate inducible

pathogenesis-related class 10 protein gene, JIOsPR10,

from rice (Oryza sativa L.) seedling leaves. Biochem

Biophys Res Commun 286, 973–983.

51 Liu JJ, Ekramoddoullah AKM & Yu XS (2003)

Differential expression of multiple PR10 proteins in

western white pine following wounding, fungal

infection and cold-hardening. Physiol Plant 119,

544–553.

52 McGee JD, Hamer JE & Hodges TK (2001)

Characterization of a PR-10 pathogenesis-related gene

family induced in rice during infection with

Magnaporthe grisea. Mol Plant Microbe Interact 14,

877–886.

53 Midoh N & Iwata M (1996) Cloning and

characterization of a probenazole-inducible gene for an

intracellular pathogenesis-related protein in rice. Plant

Cell Physiol 37, 9–18.

54 Lo SC, Hipskind JD & Nicholson RL (1999) cDNA

cloning of a sorghum pathogenesis-related protein

(PR-10) and differential expression of defense-related

genes following inoculation with Cochliobolus

heterostrophus or Colletotrichum sublineolum. Mol

Plant Microbe Interact 12, 479–489.

55 Ekramoddoullah AKM, Davidson JJ & Taylor DW

(1998) A protein associated with frost hardiness of

western white pine is up-regulated by infection in the

white pine blister rust pathosystem. Can J Forest Res

28, 412–417.

56 Katile SO, Perumal R, Rooney WL, Prom LK &

Magill CW (2010) Expression of pathogenesis-related

protein PR-10 in sorghum floral tissues in response to

inoculation with Fusarium thapsinum and Curvularia

lunata. Mol Plant Pathol 11, 93–103.

57 Gomez-Gomez L, Rubio-Moraga A & Ahrazem O

(2011) Molecular cloning and characterisation of a

pathogenesis-related protein CsPR10 from Crocus

sativus. Plant Biol (Stuttg) 13, 297–303.

58 Agarwal P, Bhatt V, Singh R, Das M, Sopory SK &

Chikara J (2012) Pathogenesis-related gene, JcPR-10a

from Jatropha curcas exhibit RNase and antifungal

activity. Mol Biotechnol in press, doi:10.1007/s12033-

012-9579-7.

59 Ekramoddoullah AKM, Taylor D & Hawkins BJ

(1995) Characterization of a fall protein of sugar pine

and detection of its homolog associated with frost

hardiness of western white-pine needles. Can J Forest

Res 25, 1137–1147.

60 Lee OR, Pulla RK, Kim YJ, Balusamy SR & Yang

DC (2011) Expression and stress tolerance of PR10

genes from Panax ginseng C. A. Meyer. Mol Biol

Reports 39, 2365–2374.

61 Moons A, Prinsen E, Bauw G & Van Montagu M

(1997) Antagonistic effects of abscisic acid and

jasmonates on salt stress-inducible transcripts in rice

roots. Plant Cell 9, 2243–2259.

62 Jain S, Srivastava S, Sarin NB & Kav NN (2006)

Proteomics reveals elevated levels of PR 10 proteins in

saline-tolerant peanut (Arachis hypogaea) calli. Plant

Physiol Biochem 44, 253–259.

63 Hashimoto M, Kisseleva L, Sawa S, Furukawa T,

Komatsu S & Koshiba T (2004) A novel rice PR10

FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS 1191

H. Fernandes et al. PR-10 proteins



protein, RSOsPR10, specifically induced in roots by

biotic and abiotic stresses, possibly via the jasmonic

acid signaling pathway. Plant Cell Physiol 45, 550–559.

64 El-Banna A, Hajirezaei MR, Wissing J, Ali Z, Vaas L,

Heine-Dobbernack E, Jacobsen HJ, Schumacher HM

& Kiesecker H (2010) Over-expression of PR-10a leads

to increased salt and osmotic tolerance in potato cell

cultures. J Biotechnol 150, 277–287.

65 Dubos C & Plomion C (2001) Drought differentially

affects expression of a PR-10 protein, in needles of

maritime pine (Pinus pinaster Ait.) seedlings. J Exp

Bot 52, 1143–1144.

66 Koistinen KM, Hassinen VH, Gynther PAM,

Lehesranta SJ, Keinanen SI, Kokko HI, Oksanen EJ,

Tervahauta AI, Auriola S & Karenlampi SO (2002)

Birch PR-10c is induced by factors causing oxidative

stress but appears not to confer tolerance to these

agents. New Phytol 155, 381–391.

67 Utriainen M, Kokko H, Auriola S, Sarrazin O &

Karenlampi S (1998) PR-10 protein is induced by

copper stress in roots and leaves of a Cu/Zn tolerant

clone of birch, Betula pendula. Plant, Cell Environ 21,

821–828.

68 Rakwal R, Agrawal GK & Yonekura M (1999)

Separation of proteins from stressed rice (Oryza sativa

L.) leaf tissues by two-dimensional polyacrylamide gel

electrophoresis: induction of pathogenesis-related and

cellular protectant proteins by jasmonic acid. UV

irradiation and copper chloride. Electrophoresis 20,

3472–3478.

69 Handschuh L, Femiak I, Kasperska A, Figlerowicz M

& Sikorski MM (2007) Structural and functional

characteristics of two novel members of pathogensis-

related multigene family of class 10 from yellow

lupine+. Acta Biochim Pol 54, 783–796.

70 Carpin S, Laffer S, Schoentgen F, Valenta R,

Chenieux JC, Rideau M & Hamdi S (1998) Molecular

characterization of a cytokinin-inducible periwinkle

protein showing sequence homology with

pathogenesis-related proteins and the Bet v 1 allergen

family. Plant Mol Biol 36, 791–798.

71 Rakwal R, Agrawal GK & Yonekura M (2001) Light-

dependent induction of OsPR10 in rice (Oryza sativa

L.) seedlings by the global stress signaling molecule

jasmonic acid and protein phosphatase 2A inhibitors.

Plant Sci 161, 469–479.

72 Iturriaga EA, Leech MJ, Barratt DH &Wang TL (1994)

Two ABA-responsive proteins from pea (Pisum sativum

L.) are closely related to intracellular pathogenesis-related

proteins. Plant Mol Biol 24, 235–240.

73 Wang CS, Huang JC & Hu JH (1999)

Characterization of two subclasses of PR-10

transcripts in lily anthers and induction of their genes

through separate signal transduction pathways. Plant

Mol Biol 40, 807–814.

74 Walter MH, Liu JW, Wunn J & Hess D (1996) Bean

ribonuclease-like pathogenesis-related protein genes

(Ypr10) display complex patterns of developmental,

dark-induced and exogenous-stimulus-dependent

expression. Eur J Biochem 239, 281–293.

75 Warner SA, Gill A & Draper J (1994) The

developmental expression of the asparagus intracellular

PR protein (AoPR1) gene correlates with sites of

phenylpropanoid biosynthesis. Plant J 6, 31–43.

76 Poupard P, Brunel N, Leduc N, Viemont JD, Strullu

DG & Simoneau P (2001) Expression of a Bet v 1

homologue gene encoding a PR 10 protein in birch

roots: induction by auxin and localization of the

transcripts by in situ hybridization. Aust J Plant

Physiol 28, 57–63.

77 Lebel S, Schellenbaum P, Walter B & Maillot P (2010)

Characterisation of the Vitis vinifera PR10 multigene

family. BMC Plant Biol 10, 184.

78 Broderick K, Pittock C, Arioli T, Creaser EH,

Weinman JJ & Rolfe BG (1997) Pathogenesis-related

proteins in Trifolium subterraneum: a general survey

and subsequent characterisation of a protein inducible

by ethephon and redlegged earth mite attack. Aust J

Plant Physiol 24, 819–829.

79 Poupard P, Strullu DG & Simoneau P (1998) Two

members of the Bet v 1 gene family encoding birch

pathogenesis-related proteins display different patterns

of root expression and wound-inducibility. Aust J

Plant Physiol 25, 459–464.

80 Warner SA, Scott R & Draper J (1993) Isolation of an

asparagus intracellular PR gene (AoPR1) wound-

responsive promoter by the inverse polymerase chain

reaction and its characterization in transgenic tobacco.

Plant J 3, 191–201.

81 Mylona P, Moerman M, Yang WC, Gloudemans T,

Van de Kerckhove J, van Kammen A, Bisseling T &

Franssen HJ (1994) The root epidermis-specific pea

gene RH2 is homologous to a pathogenesis-related

gene. Plant Mol Biol 26, 39–50.

82 Yamamoto M, Torikai S & Oeda K (1997) A major

root protein of carrots with high homology to

intracellular pathogenesis-related (PR) proteins and

pollen allergens. Plant Cell Physiol 38, 1080–1086.

83 Constabel CP & Brisson N (1995) Stigma-specific and

vascular-specific expression of the Pr-10a gene of

potato – a novel pattern of expression of a

pathogenesis-related gene. Mol Plant Microbe Interact

8, 104–113.

84 Atkinsona RG, Perrya J, Matsuib T, Rossa GS &

Macrae EA (1996) A stress-, pathogenesis-, and

allergen-related cDNA in apple fruit is also

ripening-related. NZ J Crop Horticult Sci 24,

103–107.

85 Larsen JN, Stroman P & Ipsen H (1992) PCR based

cloning and sequencing of isogenes encoding the tree

1192 FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS

PR-10 proteins H. Fernandes et al.



pollen major allergen Car b I from Carpinus betulus,

hornbeam. Mol Immunol 29, 703–711.

86 Apold J, Florvaag E & Elsayed S (1981) Comparative

studies on tree-pollen allergens. 1. Isolation and partial

characterization of a major allergen from birch pollen

(Betula-Verrucosa). Int Arch Allergy Immunol 64,

439–447.

87 Barratt DHP & Clark JA (1991) Proteins arising

during the late stages of embryogenesis in Pisum-

Sativum L. Planta 184, 14–23.

88 Wu F, Yan M, Li Y, Chang S, Song X, Zhou Z &

Gong W (2003) cDNA cloning, expression, and

mutagenesis of a PR-10 protein SPE-16 from the seeds

of Pachyrrhizus erosus. Biochem Biophys Res Commun

312, 761–766.

89 Strauss JF III, Kishida T, Christenson LK, Fujimoto

T & Hiroi H (2003) START domain proteins and the

intracellular trafficking of cholesterol in steroidogenic

cells. Mol Cell Endocrinol 202, 59–65.

90 Radauer C, Lackner P & Breiteneder H (2008) The

Bet v 1 fold: an ancient, versatile scaffold for

binding of large, hydrophobic ligands. BMC Evol

Biol 8, 286.

91 Liu JJ & Ekramoddoullah AKM (2006) The family

10 of plant pathogenesis-related proteins: their

structure, regulation, and function in response to

biotic and abiotic stresses. Physiol Mol Plant P 68,

3–13.

92 Ilari A, Franceschini S, Bonamore A, Arenghi F,

Botta B, Macone A, Pasquo A, Bellucci L & Boffi A

(2009) Structural basis of enzymatic (S)-norcoclaurine

biosynthesis. J Biol Chem 284, 897–904.

93 Lytle BL, Song J, de la Cruz NB, Peterson FC,

Johnson KA, Bingman CA, Phillips GN Jr &

Volkman BF (2009) Structures of two Arabidopsis

thaliana major latex proteins represent novel helix-grip

folds. Proteins 76, 237–243.

94 Michalska K, Fernandes H, Sikorski M & Jaskolski M

(2010) Crystal structure of Hyp-1, a St. John’s wort

protein implicated in the biosynthesis of hypericin.

J Struct Biol 169, 161–171.

95 Breiteneder H, Hoffmann-Sommergruber K,

O’Riordain G, Susani M, Ahorn H, Ebner C, Kraft D

& Scheiner O (1995) Molecular characterization of Api

g 1, the major allergen of celery (Apium graveolens),

and its immunological and structural relationships to a

group of 17-kDa tree pollen allergens. Eur J Biochem

233, 484–489.

96 Vanek-Krebitz M, Hoffmann-Sommergruber K, da

Camara L, Machado M, Susani M, Ebner C, Kraft D,

Scheiner O & Breiteneder H (1995) Cloning and

sequencing of Mal d 1, the major allergen from apple

(Malus domestica), and its immunological relationship

to Bet v 1, the major birch pollen allergen. Biochem

Biophys Res Commun 214, 538–551.

97 Nessler CL, Kurz WG & Pelcher LE (1990) Isolation

and analysis of the major latex protein genes of opium

poppy. Plant Mol Biol 15, 951–953.

98 Osmark P, Boyle B & Brisson N (1998) Sequential and

structural homology between intracellular

pathogenesis-related proteins and a group of latex

proteins. Plant Mol Biol 38, 1243–1246.

99 Pozueta-Romero J, Klein M, Houlne G, Schantz ML,

Meyer B & Schantz R (1995) Characterization of a

family of genes encoding a fruit-specific wound-

stimulated protein of bell pepper (Capsicum annuum):

identification of a new family of transposable elements.

Plant Mol Biol 28, 1011–1025.

100 Aggelis A, John I, Karvouni Z & Grierson D (1997)

Characterization of two cDNA clones for mRNAs

expressed during ripening of melon (Cucumis melo L.)

fruits. Plant Mol Biol 33, 313–322.

101 Jones CS, Davies HV, McNicol RJ & Taylor MA

(1998) Cloning of three genes up-regulated in ripening

raspberry fruit (Rubus idaeus cv. Glen clova). J Plant

Physiol 153, 643–648.

102 Stromvik MV, Sundararaman VP & Vodkin LO

(1999) A novel promoter from soybean that is active

in a complex developmental pattern with and without

its proximal 650 base pairs. Plant Mol Biol 41,

217–231.

103 Nam YW, Tichit L, Leperlier M, Cuerq B, Marty I &

Lelievre JM (1999) Isolation and characterization of

mRNAs differentially expressed during ripening of

wild strawberry (Fragaria vesca L.) fruits. Plant Mol

Biol 39, 629–636.

104 Suyama T, Yamada K, Mori H, Takeno K & Yamaki

S (1999) Cloning cDNAs for genes preferentially

expressed during fruit growth in cucumber. J Am Soc

Hortic Sci 124, 136–139.

105 Kloos DU, Oltmanns H, Dock C, Stahl D & Hehl R

(2002) Isolation and molecular analysis of six taproot

expressed genes from sugar beet. J Exp Bot 53,

1533–1534.

106 Wu FZ, Lu TC, Shen Z, Wang BC & Wang HX

(2008) N-terminal acetylation of two major latex

proteins from Arabidopsis thaliana using electrospray

ionization tandem mass spectrometry. Plant Mol Biol

Rep 26, 88–97.

107 Ruperti B, Bonghi C, Ziliotto F, Pagni S, Rasori A,

Varotto S, Tonutti P, Giovannoni JJ & Ramina A

(2002) Characterization of a major latex protein

(MLP) gene down-regulated by ethylene during peach

fruitlet abscission. Plant Sci 163, 265–272.

108 Sun H, Kim MK, Pulla RK, Kim YJ & Yang DC

(2009) Isolation and expression analysis of a novel

major latex-like protein (MLP151) gene from Panax

ginseng. Mol Biol Rep 37, 2215–2222.

109 Pasternak O, Bujacz GD, Fujimoto Y, Hashimoto Y,

Jelen F, Otlewski J, Sikorski MM & Jaskolski M

FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS 1193

H. Fernandes et al. PR-10 proteins



(2006) Crystal structure of Vigna radiata cytokinin-

specific binding protein in complex with zeatin. Plant

Cell 18, 2622–2634.

110 Fernandes H, Pasternak O, Bujacz G, Bujacz A,

Sikorski MM & Jaskolski M (2008) Lupinus luteus

pathogenesis-related protein as a reservoir for

cytokinin. J Mol Biol 378, 1040–1051.

111 Fernandes H, Bujacz A, Bujacz G, Jelen F, Jasinski

M, Kachlicki P, Otlewski J, Sikorski MM & Jaskolski

M (2009) Cytokinin-induced structural adaptability

of a Lupinus luteus PR-10 protein. FEBS J 276,

1596–1609.

112 Kofler S, Asam C, Eckhard U, Wallner M, Ferreira F

& Brandstetter H (2012) Crystallographically mapped

ligand binding differs in high and low IgE binding

isoforms of birch pollen allergen bet v 1. J Mol Biol

422, 109–123.

113 Sheard LB & Zheng N (2009) Plant biology: signal

advance for abscisic acid. Nature 462, 575–576.

114 Sussman MR & Phillips GN Jr (2009) Plant science.

How plant cells go to sleep for a long, long time.

Science 326, 1356–1357.

115 Hedden P (2008) Plant biology: gibberellins close the

lid. Nature 456, 455–456.

116 Murase K, Hirano Y, Sun TP & Hakoshima T (2008)

Gibberellin-induced DELLA recognition by the

gibberellin receptor GID1. Nature 456, 459–463.

117 Shimada A, Ueguchi-Tanaka M, Nakatsu T,

Nakajima M, Naoe Y, Ohmiya H, Kato H &

Matsuoka M (2008) Structural basis for gibberellin

recognition by its receptor GID1. Nature 456,

520–523.

118 Santner A & Estelle M (2009) Recent advances and

emerging trends in plant hormone signalling. Nature

459, 1071–1078.

119 Samanani N, Liscombe DK & Facchini PJ (2004)

Molecular cloning and characterization of

norcoclaurine synthase, an enzyme catalyzing the first

committed step in benzylisoquinoline alkaloid

biosynthesis. Plant J 40, 302–313.

120 Bais HP, Vepachedu R, Lawrence CB, Stermitz FR &

Vivanco JM (2003) Molecular and biochemical

characterization of an enzyme responsible for the

formation of hypericin in St. John’s wort (Hypericum

perforatum L.). J Biol Chem 278, 32413–32422.

121 Luk LY, Bunn S, Liscombe DK, Facchini PJ &

Tanner ME (2007) Mechanistic studies on

norcoclaurine synthase of benzylisoquinoline alkaloid

biosynthesis: an enzymatic Pictet–Spengler reaction.

Biochemistry 46, 10153–10161.

122 Lee EJ & Facchini P (2010) Norcoclaurine synthase is

a member of the pathogenesis-related 10/Bet v1

protein family. Plant Cell 22, 3489–3503.

123 Kosuth J, Katkovcinova Z, Olexova P & Cellarova E

(2007) Expression of the hyp-1 gene in early stages of

development of Hypericum perforatum L. Plant Cell

Rep 26, 211–217.

124 Kusari S, Zuhlke S, Kosuth J, Cellarova E & Spiteller

M (2009) Light-independent metabolomics of

endophytic Thielavia subthermophila provides insight

into microbial hypericin biosynthesis. J Nat Prod 72,

1825–1835.

125 Hoffmann-Sommergruber K, Vanek-Krebitz M,

Radauer C, Wen J, Ferreira F, Scheiner O &

Breiteneder H (1997) Genomic characterization of

members of the Bet v 1 family: genes coding for

allergens and pathogenesis-related proteins share

intron positions. Gene 197, 91–100.

126 Gonneau M, Pagant S, Brun F & Laloue M (2001)

Photoaffinity labelling with the cytokinin agonist

azido-CPPU of a 34 kDa peptide of the intracellular

pathogenesis-related protein family in the moss

Physcomitrella patens. Plant Mol Biol 46, 539–548.

127 Facchini PJ & St-Pierre B (2005) Synthesis and

trafficking of alkaloid biosynthetic enzymes. Curr Opin

Plant Biol 8, 657–666.

128 Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat

TN, Weissig H, Shindyalov IN & Bourne PE (2000)

The Protein Data Bank. Nucleic Acids Res 28,

235–242.

129 Biesiadka J, Bujacz G, Sikorski MM & Jaskolski M

(2002) Crystal structures of two homologous

pathogenesis-related proteins from yellow lupine.

J Mol Biol 319, 1223–1234.

130 Berkner H, Neudecker P, Mittag D, Ballmer-Weber

BK, Schweimer K, Vieths S & Rosch P (2009) Cross-

reactivity of pollen and food allergens: soybean Gly m

4 is a member of the Bet v 1 superfamily and closely

resembles yellow lupine proteins. Biosci Rep 29,

183–192.

131 Saraste M, Sibbald PR & Wittinghofer A (1990) The

P-loop – a common motif in ATP- and GTP-binding

proteins. Trends Biochem Sci 15, 430–434.

132 Koistinen KM, Soininen P, Venalainen TA, Hayrinen

J, Laatikainen R, Perakyla M, Tervahauta AI &

Karenlampi SO (2005) Birch PR-10c interacts with

several biologically important ligands. Phytochemistry

66, 2524–2533.

133 Mattila K & Renkonen R (2009) Modelling of Bet v 1

binding to lipids. Scand J Immunol 70, 116–124.

134 Muller P, Kopke S & Sheldrick GM (2003) Is the

bond-valence method able to identify metal atoms in

protein structures? Acta Crystallogr D Biol Crystallogr

59, 32–37.

135 Brese NE & O’Keeffe M (1991) Bond-valence

parameters for solids. Acta Crystallogr B 47, 192–197.

136 Krissinel E & Henrick K (2004) Secondary-structure

matching (SSM), a new tool for fast protein structure

alignment in three dimensions. Acta Crystallogr D Biol

Crystallogr 60, 2256–2268.

1194 FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS

PR-10 proteins H. Fernandes et al.



137 Laskowski RA (1995) SURFNET: a program for

visualizing molecular surfaces, cavities, and

intermolecular interactions. J Mol Graph 13, 323–330,

307–328.

138 Gajhede M, Osmark P, Poulsen FM, Ipsen H, Larsen

JN, Joost van Neerven RJ, Schou C, Lowenstein H &

Spangfort MD (1996) X-ray and NMR structure of

Bet v 1, the origin of birch pollen allergy. Nat Struct

Biol 3, 1040–1045.

139 Pasternak O, Biesiadka J, Dolot R, Handschuh L,

Bujacz G, Sikorski MM & Jaskolski M (2005)

Structure of a yellow lupin pathogenesis-related PR-10

protein belonging to a novel subclass. Acta Crystallogr

D Biol Crystallogr 61, 99–107.

140 Kabsch W (1976) Solution for best rotation to

relate 2 sets of vectors. Acta Crystallogr A 32,

922–923.

141 Pasternak O, Bujacz A, Biesiadka J, Bujacz G,

Sikorski M & Jaskolski M (2008) MAD phasing using

the (Ta6Br12)2+ cluster: a retrospective study. Acta

Crystallogr D Biol Crystallogr 64, 595–606.

142 Holm L & Rosenstrom P (2010) Dali server:

conservation mapping in 3D. Nucleic Acids Res 38,

W545–W549.

143 Kallen CB, Billheimer JT, Summers SA, Stayrook SE,

Lewis M & Strauss JF III (1998) Steroidogenic acute

regulatory protein (StAR) is a sterol transfer protein.

J Biol Chem 273, 26285–26288.

144 Miller WL (2007) StAR search – what we know about

how the steroidogenic acute regulatory protein

mediates mitochondrial cholesterol import. Mol

Endocrinol 21, 589–601.

145 Stocco DM & Clark BJ (1996) Role of the

steroidogenic acute regulatory protein (StAR) in

steroidogenesis. Biochem Pharmacol 51, 197–205.

146 Clark BJ, Wells J, King SR & Stocco DM (1994) The

purification, cloning, and expression of a novel

luteinizing hormone-induced mitochondrial protein in

MA-10 mouse Leydig tumor cells. Characterization

of the steroidogenic acute regulatory protein (StAR).

J Biol Chem 269, 28314–28322.

147 Alpy F & Tomasetto C (2005) Give lipids a START:

the StAR-related lipid transfer (START) domain in

mammals. J Cell Sci 118, 2791–2801.

148 Tsujishita Y & Hurley JH (2000) Structure and lipid

transport mechanism of a StAR-related domain. Nat

Struct Biol 7, 408–414.

149 Romanowski MJ, Soccio RE, Breslow JL & Burley

SK (2002) Crystal structure of the Mus musculus

cholesterol-regulated START protein 4 (StarD4)

containing a StAR-related lipid transfer domain. Proc

Natl Acad Sci USA 99, 6949–6954.

150 Roderick SL, Chan WW, Agate DS, Olsen LR,

Vetting MW, Rajashankar KR & Cohen DE (2002)

Structure of human phosphatidylcholine transfer

protein in complex with its ligand. Nat Struct Biol 9,

507–511.

151 Pennisi E (2009) Plant biology. Stressed out over a

stress hormone. Science 324, 1012–1013.

152 Klingler JP, Batelli G & Zhu JK (2010) ABA

receptors: the START of a new paradigm in

phytohormone signalling. J Exp Bot 61, 3199–3210.

153 Melcher K, Ng LM, Zhou XE, Soon FF, Xu Y,

Suino-Powell KM, Park SY, Weiner JJ, Fujii H,

Chinnusamy V et al. (2009) A gate-latch-lock

mechanism for hormone signalling by abscisic acid

receptors. Nature 462, 602–608.

154 Ames BD, Korman TP, Zhang W, Smith P, Vu T,

Tang Y & Tsai SC (2008) Crystal structure and

functional analysis of tetracenomycin ARO/CYC:

implications for cyclization specificity of aromatic

polyketides. Proc Natl Acad Sci USA 105, 5349–5354.

155 Bufe A, Spangfort MD, Kahlert H, Schlaak M &

Becker WM (1996) The major birch pollen allergen,

Bet v 1, shows ribonuclease activity. Planta 199,

413–415.

156 Faber C, Lindemann A, Sticht H, Ejchart A, Kungl

A, Susani M, Frank RW, Kraft D, Breitenbach M &

Rosch P (1996) Secondary structure and tertiary fold

of the birch pollen allergen Bet v 1 in solution. J Biol

Chem 271, 19243–19250.

157 Koistinen KM, Kokko HI, Hassinen VH, Tervahauta

AI, Auriola S & Karenlampi SO (2002) Stress-related

RNase PR-10c is post-translationally modified by

glutathione in birch. Plant, Cell Environ 25, 707–715.

158 Wu F, Li Y, Chang S, Zhou Z, Wang F, Song X, Lin

Y & Gong W (2002) Purification, characterization and

preliminary crystallographic studies of a PR-10 protein

from Pachyrrhizus erosus seeds. Acta Crystallogr D

Biol Crystallogr 58, 2165–2167.

159 Scholl I, Kalkura N, Shedziankova Y, Bergmann A,

Verdino P, Knittelfelder R, Kopp T, Hantusch B,

Betzel C, Dierks K et al. (2005) Dimerization of the

major birch pollen allergen Bet v 1 is important for its

in vivo IgE-cross-linking potential in mice. J Immunol

175, 6645–6650.

160 Ma Y, Gadermaier G, Bohle B, Bolhaar S, Knulst A,

Markovic-Housley Z, Breiteneder H, Briza P,

Hoffmann-Sommergruber K & Ferreira F (2006)

Mutational analysis of amino acid positions crucial for

IgE-binding epitopes of the major apple (Malus

domestica) allergen, Mal d 1. Int Arch Allergy Immunol

139, 53–62.

161 Yan Q, Qi X, Jiang Z, Yang S & Han L (2008)

Characterization of a pathogenesis-related class 10

protein (PR-10) from Astragalus mongholicus with

ribonuclease activity. Plant Physiol Biochem 46,

93–99.

162 Zawadzki P, Slosarek G, Boryski J & Wojtaszek P

(2010) A fluorescence correlation spectroscopy study

FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS 1195

H. Fernandes et al. PR-10 proteins



of ligand interaction with cytokinin-specific binding

protein from mung bean. Biol Chem 391, 43–53.

163 Samanani N & Facchini PJ (2002) Purification and

characterization of norcoclaurine synthase. The first

committed enzyme in benzylisoquinoline alkaloid

biosynthesis in plants. J Biol Chem 277, 33878–33883.

164 Moiseyev GP, Beintema JJ, Fedoreyeva LI &

Yakovlev GI (1994) High sequence similarity between

a ribonuclease from ginseng calluses and fungus-

elicited proteins from parsley indicates that

intracellular pathogenesis-related proteins are

ribonucleases. Planta 193, 470–472.

165 Swoboda I, Hoffmann Sommergruber K, O’Riordain

G, Scheiner O, Heberle Bors E & Vicente O (1996)

Bet v 1 proteins, the major birch pollen allergens and

members of a family of conserved pathogenesis-related

proteins, show ribonuclease activity in vitro. Physiol

Plant 96, 433–438.

166 Bantignies B, Seguin J, Muzac I, Dedaldechamp F,

Gulick P & Ibrahim R (2000) Direct evidence for

ribonucleolytic activity of a PR-10-like protein from

white lupin roots. Plant Mol Biol 42, 871–881.

167 Zhou XJ, Lu S, Xu YH, Wang JW & Chen XY (2002)

A cotton cDNA (GaPR-10) encoding a pathogenesis-

related 10 protein with in vitro ribonuclease activity.

Plant Sci 162, 629–636.

168 Liu X, Huang B, Lin J, Fei J, Chen Z, Pang Y, Sun X

& Tang K (2006) A novel pathogenesis-related protein

(SsPR10) from Solanum surattense with ribonucleolytic

and antimicrobial activity is stress- and pathogen-

inducible. J Plant Physiol 163, 546–556.

169 Srivastava S, Emery RJN, Kurepin LV, Reid DM,

Fristensky B & Kav NNV (2006) Pea PR 10.1 is a

ribonuclease and its transgenic expression elevates

cytokinin levels. Plant Growth Regul 49, 17–25.

170 Srivastava S, Emery RJN, Rahman MH & Kav NNV

(2007) A crucial role for cytokinins in pea ABR17-

mediated enhanced germination and early seedling

growth of Arabidopsis thaliana under saline and low-

temperature stresses. J Plant Growth Regul 26, 26–37.

171 Krishnaswamy S, Baral PK, James MN & Kav NN

(2011) Site-directed mutagenesis of histidine 69 and

glutamic acid 148 alters the ribonuclease activity of

pea ABR17 (PR10.4). Plant Physiol Biochem 49,

958–962.

172 Zubini P, Zambelli B, Musiani F, Ciurli S, Bertolini P

& Baraldi E (2009) The RNA hydrolysis and the

cytokinin binding activities of PR-10 proteins are

differently performed by two isoforms of the Pru p 1

peach major allergen and are possibly functionally

related. Plant Physiol 150, 1235–1247.

173 Pungartnik C, da Silva AC, de Melo SA, Gramacho

KP, de Mattos Cascardo JC, Brendel M, Micheli F &

da Silva Gesteira A (2009) High-affinity copper

transport and Snq2 export permease of Saccharomyces

cerevisiae modulate cytotoxicity of PR-10 from

Theobroma cacao. Mol Plant Microbe Interact 22,

39–51.

174 Chen ZY, Brown RL, Rajasekaran K, Damann KE

& Cleveland TE (2006) Identification of a maize

kernel pathogenesis-related protein and evidence for

its involvement in resistance to Aspergillus flavus

infection and aflatoxin production. Phytopathology

96, 87–95.

175 Xie YR, Chen ZY, Brown RL & Bhatnagar D (2010)

Expression and functional characterization of two

pathogenesis-related protein 10 genes from Zea mays.

J Plant Physiol 167, 121–130.

176 Choi DS, Hwang IS & Hwang BK (2012)

Requirement of the cytosolic interaction between

PATHOGENESIS-RELATED PROTEIN10 and

LEUCINE-RICH REPEAT PROTEIN1 for cell death

and defense signaling in pepper. Plant Cell 24,

1675–1690.

177 Fernandes H, Konieczna M, Kolodziejczyk R, Bujacz

G, Sikorski M & Jaskolski M (2008) Crystallization

and preliminary crystallographic studies of Hyp-1, a

St John’s wort protein implicated in the biosynthesis

of hypericin. Acta Crystallogr F Struct Biol Cryst

Commun 64, 405–408.

178 Kosuth J, Smelcerovic A, Borsch T, Zuehlke S,

Karppinen K, Spiteller M, Hohtola A & Cellarova E

(2011) The hyp-1 gene is not a limiting factor for

hypericin biosynthesis in the genus Hypericum. Funct

Plant Biol 38, 35–43.

179 Kusari S, Lamshoft M, Zuhlke S & Spiteller M (2008)

An endophytic fungus from Hypericum perforatum

that produces hypericin. J Nat Prod 71, 159–162.

180 Liscombe DK, MacLeod BP, Loukanina N, Nandi

OI & Facchini PJ (2005) Evidence for the

monophyletic evolution of benzylisoquinoline

alkaloid biosynthesis in angiosperms. Phytochemistry

66, 2501–2520.

181 Minami H, Dubouzet E, Iwasa K & Sato F (2007)

Functional analysis of norcoclaurine synthase in

Coptis japonica. J Biol Chem 282, 6274–6282.

182 Andrade LB, Oliveira AS, Ribeiro JK, Kiyota S,

Vasconcelos IM, de Oliveira JT & de Sales MP (2010)

Effects of a novel pathogenesis-related class 10 (PR-

10) protein from Crotalaria pallida Roots with papain

inhibitory activity against root-knot nematode

Meloidogyne incognita. J Agric Food Chem 58,

4145–4152.

183 Flores T, Alape-Giron A, Flores-Diaz M & Flores HE

(2002) Ocatin. A novel tuber storage protein from the

Andean tuber crop oca with antibacterial and

antifungal activities. Plant Physiol 128, 1291–1302.

184 Wang KH, Sipes BS & Schmitt DP (2002) Crotalaria

as a cover crop for nematode management: areview.

Nematropica 32, 35–57.

1196 FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS

PR-10 proteins H. Fernandes et al.



185 Ariizumi T & Toriyama K (2011) Genetic regulation

of sporopollenin synthesis and pollen exine

development. Annu Rev Plant Biol 62, 437–460.

186 Huang JC, Chang FC & Wang CS (1997)

Characterization of a lily tapetal transcript that shares

sequence similarity with a class of intracellular

pathogenesis-related (IPR) proteins. Plant Mol Biol 34,

681–686.

187 Ukaji N, Kuwabara C, Takezawa D, Arakawa K &

Fujikawa S (2004) Accumulation of pathogenesis-

related (PR) 10/Bet v 1 protein homologues in

mulberry (Morus bombycis Koidz.) tree during winter.

Plant, Cell Environ 27, 1112–1121.

188 Goulas E, Richard-Molard C, Le Dily F, Le Dantec

C, Ozouf J & Ourry A (2007) A cytosolic vegetative

storage protein (TrVSP) from white clover is encoded

by a cold-inducible gene. Physiol Plant 129, 567–577.

189 Archambault A & Stromvik MV (2011) PR-10,

defensin and cold dehydrin genes are among those

over expressed in Oxytropis (Fabaceae) species

adapted to the Arctic. Funct Integr Genomics 11,

497–505.

190 Yu X, Ekramoddoullah AK & Misra S (2000)

Characterization of Pin m III cDNA in western white

pine. Tree Physiol 20, 663–671.

191 Mogensen JE, Ipsen H, Holm J & Otzen DE (2004)

Elimination of a misfolded folding intermediate by a

single point mutation. Biochemistry 43, 3357–3367.

192 Renkonen J, Mattila P, Lehti S, Makinen J, Sormunen

R, Tervo T, Paavonen T & Renkonen R (2009) Birch

pollen allergen Bet v 1 binds to and is transported

through conjunctival epithelium in allergic patients.

Allergy 64, 868–875.

193 Joenvaara S, Mattila P, Renkonen J, Makitie A,

Toppila-Salmi S, Lehtonen M, Salmi P, Lehti S,

Makinen J, Sormunen R et al. (2009) Caveolar

transport through nasal epithelium of birch pollen

allergen Bet v 1 in allergic patients. J Allergy Clin

Immunol 124, 135–142. e131–121.

194 Neudecker P, Schweimer K, Nerkamp J, Scheurer S,

Vieths S, Sticht H & Rosch P (2001) Allergic

cross-reactivity made visible: solution structure of the

major cherry allergen Pru av 1. J Biol Chem 276,

22756–22763.

195 Nagata R, Kawachi E, Hashimoto Y & Shudo K

(1993) Cytokinin-specific binding protein in etiolated

mung bean seedlings. Biochem Biophys Res Commun

191, 543–549.

196 Clouse SD (1996) Molecular genetic studies confirm

the role of brassinosteroids in plant growth and

development. Plant J 10, 1–8.

197 Clouse S (2001) Brassinosteroids. Curr Biol 11, R904.

198 Markovic-Housley Z, Basle A, Padavattan S,

Maderegger B, Schirmer T & Hoffmann-

Sommergruber K (2009) Structure of the major carrot

allergen Dau c 1. Acta Crystallogr D Biol Crystallogr

65, 1206–1212.

199 Breiteneder H & Ebner C (2000) Molecular and

biochemical classification of plant-derived food

allergens. J Allergy Clin Immunol 106, 27–36.

200 Schenk MF, Cordewener JH, America AH, Van’t

Westende WP, Smulders MJ & Gilissen LJ (2009)

Characterization of PR-10 genes from eight Betula

species and detection of Bet v 1 isoforms in birch

pollen. BMC Plant Biol 9, 24.

201 Vieths S, Scheurer S & Ballmer-Weber B (2002)

Current understanding of cross-reactivity of food

allergens and pollen. Ann N Y Acad Sci 964, 47–68.

202 Ipsen H & Lowenstein H (1983) Isolation and

immunochemical characterization of the major

allergen of birch pollen (Betula verrucosa). J Allergy

Clin Immunol 72, 150–159.

203 Swoboda I, Jilek A, Ferreira F, Engel E,

Hoffmann-Sommergruber K, Scheiner O, Kraft D,

Breiteneder H, Pittenauer E, Schmid E et al. (1995)

Isoforms of Bet v 1, the major birch pollen

allergen, analyzed by liquid chromatography, mass

spectrometry, and cDNA cloning. J Biol Chem 270,

2607–2613.

204 Ferreira F, Hirtenlehner K, Jilek A, Godnik-Cvar J,

Breiteneder H, Grimm R, Hoffmann-Sommergruber

K, Scheiner O, Kraft D, Breitenbach M et al. (1996)

Dissection of immunoglobulin E and T lymphocyte

reactivity of isoforms of the major birch pollen

allergen Bet v 1: potential use of hypoallergenic

isoforms for immunotherapy. J Exp Med 183,

599–609.

205 Spangfort MD, Mirza O, Svensson LA, Larsen JN,

Gajhede M & Ipsen H (1999) Crystallization and

preliminary X-ray analysis of birch-pollen allergen Bet

v 1 in complex with a murine monoclonal IgG Fab’

fragment. Acta Crystallogr D Biol Crystallogr 55,

2035–2036.

206 Mirza O, Henriksen A, Ipsen H, Larsen JN,

Wissenbach M, Spangfort MD & Gajhede M (2000)

Dominant epitopes and allergic cross-reactivity:

complex formation between a Fab fragment of a

monoclonal murine IgG antibody and the major

allergen from birch pollen Bet v 1. J Immunol 165,

331–338.

207 Spangfort MD, Mirza O, Ipsen H, Van Neerven RJ,

Gajhede M & Larsen JN (2003) Dominating IgE-

binding epitope of Bet v 1, the major allergen of birch

pollen, characterized by X-ray crystallography and

site-directed mutagenesis. J Immunol 171, 3084–3090.

208 Yeo D, Abe T, Abe H, Sakurai A, Takio K, Dohmae

N, Takahashi N & Yoshida S (1996) Partial

characterization of a 17 kDa acidic protein, EFP,

induced by thiocarbamate in the early flowering phase

in Asparagus seedlings. Plant Cell Physiol 37, 935–940.

FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS 1197

H. Fernandes et al. PR-10 proteins



209 Eckey-Kaltenbach H, Kiefer E, Grosskopf E, Ernst D

& Sandermann H Jr (1997) Differential transcript

induction of parsley pathogenesis-related proteins and

of a small heat shock protein by ozone and heat

shock. Plant Mol Biol 33, 343–350.

210 Neudecker P, Lehmann K, Nerkamp J, Haase T,

Wangorsch A, Fotisch K, Hoffmann S, Rosch P,

Vieths S & Scheurer S (2003) Mutational epitope

analysis of Pru av 1 and Api g 1, the major allergens

of cherry (Prunus avium) and celery (Apium

graveolens): correlating IgE reactivity with three-

dimensional structure. Biochem J 376, 97–107.

211 Holm J, Gajhede M, Ferreras M, Henriksen A, Ipsen

H, Larsen JN, Lund L, Jacobi H, Millner A, Wurtzen

PA et al. (2004) Allergy vaccine engineering: epitope

modulation of recombinant Bet v 1 reduces IgE

binding but retains protein folding pattern for

induction of protective blocking-antibody responses.

J Immunol 173, 5258–5267.

212 Zaborsky N, Brunner M, Wallner M, Himly M, Karl

T, Schwarzenbacher R, Ferreira F & Achatz G (2010)

Antigen aggregation decides the fate of the allergic

immune response. J Immunol 184, 725–735.

213 Schirmer T, Hoffimann-Sommergrube K, Susani M,

Breiteneder H & Markovic-Housley Z (2005) Crystal

structure of the major celery allergen Api g 1:

molecular analysis of cross-reactivity. J Mol Biol 351,

1101–1109.

214 Bollen MA, Wichers HJ, Helsper JPFG, Savelkoul

HFJ & van Boekel MAJS (2010) Thermodynamic

characterization of the PR-10 allergens Bet v 1, Api g

1 and Dau c 1 and pH-dependence of nApi g 1 and

nDau c 1. Food Chem 119, 241–248.

215 Gaier S, Marsh J, Oberhuber C, Rigby NM,

Lovegrove A, Alessandri S, Briza P, Radauer C,

Zuidmeer L, van Ree R et al. (2008) Purification and

structural stability of the peach allergens Pru p 1 and

Pru p 3. Mol Nutr Food Res 52, S220–S229.

216 Berkner H, Schweimer K, Matecko I & Rosch P

(2008) Conformation, catalytic site, and enzymatic

mechanism of the PR10 allergen-related enzyme

norcoclaurine synthase. Biochem J 413, 281–290.

217 Gruber P, Vieths S, Wangorsch A, Nerkamp J &

Hofmann T (2004) Maillard reaction and enzymatic

browning affect the allergenicity of Pru av 1, the

major allergen from cherry (Prunus avium). J Agric

Food Chem 52, 4002–4007.

218 Laffer S, Hamdi S, Lupinek C, Sperr WR, Valent P,

Verdino P, Keller W, Grote M, Hoffmann-

Sommergruber K, Scheiner O et al. (2003) Molecular

characterization of recombinant T1, a non-allergenic

periwinkle (Catharanthus roseus) protein, with

sequence similarity to the Bet v 1 plant allergen

family. Biochem J 373, 261–269.

219 Himly M, Nony E, Chabre H, Van Overtvelt L,

Neubauer A, van Ree R, Buchheit KH, Vieths S,

Moingeon P & Ferreira F (2009) Standardization of

allergen products: 1. Detailed characterization of

GMP-produced recombinant Bet v 1.0101 as

biological reference preparation. Allergy 64, 1038–

1045.

220 Sancho AI, Wangorsch A, Jensen BM, Watson A,

Alexeev Y, Johnson PE, Mackie AR, Neubauer A,

Reese G, Ballmer-Weber B et al. (2011)

Responsiveness of the major birch allergen Bet v 1

scaffold to the gastric environment: impact on

structure and allergenic activity. Mol Nutr Food Res

55, 1690–1699.

221 Mutschlechner S, Egger M, Briza P, Wallner M,

Lackner P, Karle A, Vogt AB, Fischer GF, Bohle B &

Ferreira F (2010) Naturally processed T cell-activating

peptides of the major birch pollen allergen. J Allergy

Clin Immunol 125, 711–718, 718 e711–718 e712.

222 Schimek EM, Zwolfer B, Briza P, Jahn-Schmid B,

Vogel L, Vieths S, Ebner C & Bohle B (2005)

Gastrointestinal digestion of Bet v 1-homologous food

allergens destroys their mediator-releasing, but not T

cell-activating, capacity. J Allergy Clin Immunol 116,

1327–1333.

223 Luttkopf D, Muller U, Skov PS, Ballmer-Weber BK,

Wuthrich B, Skamstrup Hansen K, Poulsen LK,

Kastner M, Haustein D & Vieths S (2002)

Comparison of four variants of a major allergen in

hazelnut (Corylus avellana) Cor a 1.04 with the major

hazel pollen allergen Cor a 1.01. Mol Immunol 38,

515–525.

224 Arakane F, King SR, Du Y, Kallen CB, Walsh LP,

Watari H, Stocco DM & Strauss JF III (1997)

Phosphorylation of steroidogenic acute regulatory

protein (StAR) modulates its steroidogenic activity.

J Biol Chem 272, 32656–32662.

225 Hirel PH, Schmitter MJ, Dessen P, Fayat G &

Blanquet S (1989) Extent of N-terminal methionine

excision from Escherichia coli proteins is governed by

the side-chain length of the penultimate amino acid.

Proc Natl Acad Sci USA 86, 8247–8251.

226 Flinta C, Persson B, Jornvall H & von Heijne G

(1986) Sequence determinants of cytosolic N-terminal

protein processing. Eur J Biochem 154, 193–196.

227 Schweimer K, Sticht H, Nerkamp J, Boehm M,

Breitenbach M, Vieths S & Rosch P (1999) NMR

spectroscopy reveals common structural features of the

birch pollen allergen Bet v 1 and the cherry allergen

Pru a 1. Appl Magn Reson 17, 449–464.

228 Seutter von Loetzen C, Schweimer K, Schwab W,

Rosch P & Hartl-Spiegelhauer O (2012) Solution

structure of the strawberry allergen Fra a 1. Biosci

Rep 32, 567–575.

1198 FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS

PR-10 proteins H. Fernandes et al.



229 Chenna R, Sugawara H, Koike T, Lopez R, Gibson

TJ, Higgins DG & Thompson JD (2003) Multiple

sequence alignment with the Clustal series of

programs. Nucleic Acids Res 31, 3497–3500.

230 Letunic I & Bork P (2011) Interactive Tree Of Life v2:

online annotation and display of phylogenetic trees

made easy. Nucleic Acids Res 39, W475–W478.

Supporting information

Additional supporting information may be found in

the online version of this article at the publisher’s web

site:
Table S1. Rmsd values for pairwise superpositions of

PR-10 homologs.

FEBS Journal 280 (2013) 1169–1199 ª 2013 The Authors Journal compilation ª 2013 FEBS 1199

H. Fernandes et al. PR-10 proteins



Structural and functional aspects of PR-
10 proteins

Humberto Fernandes, Karolina Michalska, Michal Sikorski and Mariusz 
Jaskolski

DOI: 10.1111/febs.12114



 1icx  1ifva  1ifvb  1xdfa  1xdfb  2qim 3e85  1tw0a  1tw0b  1txca  1txcb  1bv1  1btv  1b6f  1fska  1fskd  1fskg  1fskj 1fm4 1llt 1qmr 4a88 4a8u 4a80 4a8v 4a81 4a83 4a84 4a87 4a85 4a86 4a8g 1e09 1h2o 2bk0a  2bk0b  2wqla 2wqlb 2wqlc 2wqld 2k7h 2lpx 2i9y 1vjha 1vjhb 2flha 2flhb 2flhc 2flhd 3c0va 3c0vb 3c0vc 3c0vd 2vnea 2vneb 2vq5a 2vq5b  3ie5a  3ie5b
 1icx 155 1.408 1.580 1.424 1.270 2.274 2.420 1.947 1.810 1.694 1.719 1.985 2.141 2.275 2.178 2.179 2.179 2.179 1.947 2.042 1.949 2.001 1.974 1.985 1.982 2.288 1.968 1.997 2.007 1.967 2.377 1.999 2.120 2.068 2.252 2.199 2.069 2.069 2.068 2.068 1.807 2.108 2.388 2.004 1.998 1.856 1.866 1.894 1.982 1.936 1.827 1.865 1.906 2.633 2.677 2.691 2.785 1.953 1.997
 1ifva 154 155 0.559 1.408 1.398 2.025 2.161 1.321 1.275 1.358 1.324 1.742 2.109 2.119 1.667 1.667 1.667 1.667 1.834 1.852 1.715 1.754 1.755 1.762 1.762 1.764 1.902 1.977 1.760 1.764 1.784 1.768 1.750 1.893 1.779 1.724 1.858 1.860 1.857 1.861 1.787 2.263 2.349 2.116 2.081 1.744 1.553 1.696 1.761 1.726 1.587 1.655 1.687 2.083 2.169 2.158 2.162 1.785 1.961
 1ifvb 154 154 155 1.352 1.458 2.055 2.144 1.260 1.208 1.345 1.284 1.739 2.079 2.219 1.691 1.691 1.691 1.691 1.863 1.842 1.736 1.778 1.781 1.772 1.780 1.799 1.965 2.013 1.769 1.774 1.813 1.777 1.812 1.928 1.778 1.718 1.873 1.975 1.871 1.878 2.022 2.239 2.028 2.233 2.189 1.729 1.701 1.829 1.898 1.769 1.741 1.713 2.117 2.092 2.168 2.126 2.159 1.901 2.035
 1xdfa 144 154 152 157 0.840 2.030 1.962 1.774 1.673 1.626 1.535 1.976 2.274 2.204 2.072 2.072 2.072 2.072 1.819 2.025 1.832 3.144 3.162 1.906 1.882 3.119 2.796 2.882 1.924 1.908 2.705 3.072 1.948 2.253 1.878 1.706 2.094 2.099 2.139 2.096 2.117 1.791 2.739 2.257 2.194 1.832 1.946 2.311 1.867 1.944 1.791 1.823 1.847 2.474 2.426 2.532 2.396 2.173 2.241
 1xdfb 139 149 149 156 157 2.029 2.249 1.727 1.608 1.618 1.566 1.853 2.088 2.099 1.826 1.826 1.826 1.826 1.910 1.878 1.842 1.883 1.857 1.855 1.802 1.886 1.749 1.898 1.871 1.842 1.869 1.864 1.995 2.270 2.105 1.829 2.139 2.091 2.088 2.087 1.806 1.771 2.670 2.179 2.203 1.937 1.884 2.185 1.796 1.770 1.834 1.787 1.826 2.491 2.461 2.406 2.477 2.078 2.241
 2qim 150 152 152 139 139 157 0.874 1.632 1.700 1.612 1.668 1.437 1.866 1.953 1.537 1.537 1.537 1.537 1.427 1.366 1.387 1.536 1.520 1.514 1.517 1.477 1.580 1.636 1.540 1.502 1.555 1.524 1.714 1.771 1.521 1.523 1.699 1.697 1.697 1.664 2.353 2.129 2.399 3.006 2.953 1.862 1.953 1.958 1.956 1.857 1.926 1.923 1.919 2.616 2.663 2.621 2.724 1.860 2.280
 3e85 149 151 151 137 144 149 154 1.645 1.777 1.727 1.788 1.525 1.934 2.131 1.647 1.647 1.648 1.647 1.344 1.532 1.485 1.484 1.583 1.436 1.446 1.511 1.477 1.479 1.575 1.582 1.441 1.581 1.770 1.888 1.536 1.544 1.623 1.617 1.622 1.618 2.349 2.177 2.432 1.891 1.985 1.922 1.785 1.711 1.817 2.081 1.810 1.737 1.793 2.705 2.647 2.662 2.706 1.889 2.253

 1tw0a 152 151 152 149 144 149 148 157 0.778 0.904 0.893 1.396 1.716 1.923 1.427 1.427 1.427 1.427 1.479 1.471 1.426 1.442 1.424 1.431 1.426 1.425 1.530 1.595 1.431 1.420 1.444 1.436 1.760 1.834 1.459 1.537 1.429 1.428 1.427 1.426 1.903 2.144 2.242 1.901 1.875 1.731 1.620 1.734 1.854 1.818 1.671 1.778 1.833 2.227 2.330 2.223 2.281 1.864 2.068
 1tw0b 154 153 155 147 146 151 151 154 157 0.741 0.721 1.470 1.720 1.887 1.401 1.401 1.401 1.401 1.584 1.471 1.487 1.447 1.410 1.418 1.411 1.474 1.563 1.643 1.422 1.414 1.451 1.436 1.669 1.782 1.462 1.408 1.547 1.547 1.546 1.548 1.888 1.975 3.019 1.749 1.743 1.665 1.578 1.737 1.751 1.614 1.582 1.738 1.660 2.208 2.271 2.231 2.214 1.779 1.890
 1txca 152 154 155 145 146 151 151 154 157 157 0.589 1.603 1.838 2.016 1.485 1.485 1.485 1.485 1.626 1.614 1.519 1.559 1.516 1.551 1.509 1.543 1.631 1.739 1.528 1.548 1.546 1.537 1.685 1.759 1.495 1.424 1.572 1.573 1.572 1.573 1.835 1.987 2.185 1.790 1.864 1.654 1.645 1.731 1.736 1.659 1.571 1.643 1.730 2.253 2.245 2.343 2.293 1.812 1.951
 1txcb 153 154 154 143 146 149 150 156 157 156 157 1.605 1.834 2.008 1.458 1.458 1.458 1.458 1.678 1.609 1.511 1.628 1.618 1.577 1.586 1.611 1.760 1.833 1.618 1.602 1.565 1.691 1.676 1.721 1.491 1.463 1.573 1.547 1.573 1.573 1.839 2.125 2.259 1.827 1.824 1.670 1.599 1.722 1.726 1.745 1.567 1.703 1.728 2.204 2.259 2.251 2.268 1.808 1.941
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 1fm4 138 145 145 136 138 145 144 145 148 148 148 158 152 150 157 157 157 157 159 0.988 0.878 0.668 0.634 0.625 0.600 0.615 0.530 0.470 0.646 0.691 0.609 0.672 1.585 1.551 1.274 1.275 1.347 1.345 1.345 1.345 2.216 1.883 2.228 1.964 1.990 1.752 1.680 1.735 1.814 1.773 1.676 1.768 1.722 2.164 2.210 2.193 2.270 1.783 1.981
 1llt 147 149 148 145 143 147 147 148 148 151 151 159 152 149 158 158 158 158 158 159 0.440 0.838 0.843 0.856 0.873 0.812 1.013 1.118 0.848 0.775 0.915 0.801 1.673 1.645 1.358 1.324 1.348 1.349 1.343 1.347 2.258 2.076 2.338 2.232 2.297 1.886 1.700 1.823 1.875 2.034 1.734 1.831 1.765 2.231 2.251 2.231 2.292 2.001 2.267

 1qmr 147 151 151 143 144 148 147 149 153 151 152 159 154 150 158 158 158 158 158 159 159 0.658 0.669 0.671 0.708 0.654 0.879 0.960 0.665 0.606 0.729 0.627 1.601 1.536 1.289 1.249 1.335 1.337 1.332 1.338 1.915 2.018 2.308 2.204 2.178 1.698 1.559 1.735 1.852 1.867 1.612 1.743 1.634 2.145 2.181 2.144 2.147 1.868 2.130
4a88 147 150 150 102 141 148 147 148 151 151 151 159 152 150 158 158 158 158 158 159 159 159 0.247 0.234 0.262 0.248 0.594 0.655 0.143 0.276 0.282 0.216 1.554 1.517 1.290 1.240 1.346 1.346 1.344 1.347 1.991 2.226 2.719 2.710 2.642 1.685 1.647 1.993 1.989 1.890 2.046 2.012 1.784 2.087 2.124 2.133 2.164 1.879 1.951
4a8u 145 150 150 100 143 148 150 148 151 151 152 159 154 151 158 158 158 158 158 159 159 159 159 0.213 0.199 0.328 0.599 0.673 0.198 0.257 0.316 0.253 1.523 1.498 1.248 1.213 1.312 1.312 1.311 1.311 2.341 2.062 2.334 2.226 2.190 1.688 1.670 1.785 1.956 1.860 1.713 1.795 1.645 2.103 2.135 2.139 2.155 1.782 1.957
4a80 146 150 150 119 142 148 147 147 151 151 151 159 152 150 158 158 158 158 158 159 159 159 159 159 0.241 0.286 0.582 0.637 0.193 0.265 0.223 0.274 1.566 1.501 1.244 1.212 1.314 1.313 1.313 1.314 1.980 2.284 2.717 2.775 2.718 1.684 1.702 2.034 1.992 1.883 1.751 1.830 1.736 2.107 2.122 2.149 2.165 1.892 1.988
4a8v 146 150 150 118 141 148 148 148 151 151 151 159 153 151 158 158 158 158 158 159 159 159 159 159 159 0.294 0.579 0.627 0.250 0.340 0.307 0.287 1.497 1.500 1.229 1.188 1.309 1.309 1.308 1.308 2.258 2.039 2.349 2.772 2.202 1.689 1.624 1.745 1.971 1.914 1.674 1.807 1.768 2.104 2.174 2.154 2.190 1.746 1.968
4a81 143 150 150 100 141 147 149 147 151 151 150 159 154 149 158 158 158 158 158 158 159 159 159 159 159 159 0.540 0.586 0.260 0.383 0.293 0.321 1.533 1.512 1.245 1.212 1.327 1.325 1.324 1.327 2.183 2.205 2.193 2.017 1.978 1.663 1.550 1.728 1.936 1.926 1.647 1.741 1.526 2.141 2.183 2.163 2.221 1.786 2.043
4a83 143 150 150 106 134 148 147 148 151 150 151 159 153 150 158 158 158 158 159 159 159 159 159 159 159 159 159 0.323 0.583 0.635 0.564 0.608 1.642 1.602 1.311 1.306 1.389 1.385 1.386 1.388 2.121 2.163 2.302 2.694 2.248 1.658 1.656 2.043 2.011 1.703 1.703 1.807 1.685 2.152 2.214 2.152 2.220 2.010 2.052
4a84 143 150 149 107 137 148 147 148 151 151 151 159 153 150 158 158 158 158 159 159 159 159 159 159 159 159 159 159 0.643 0.735 0.574 0.699 1.709 1.656 1.360 1.346 1.425 1.420 1.422 1.423 2.258 2.224 2.273 2.185 2.188 1.683 1.692 1.766 1.949 1.902 1.693 1.843 1.727 2.187 2.225 2.219 2.251 1.869 2.081
4a87 147 150 150 119 141 148 149 147 151 151 151 159 153 149 158 158 158 158 158 159 159 159 159 159 159 159 159 159 159 0.247 0.246 0.202 1.567 1.502 1.280 1.243 1.334 1.334 1.333 1.334 1.981 2.083 2.314 2.710 2.171 1.689 1.655 1.780 1.941 1.970 1.707 1.792 1.733 2.098 2.141 2.167 2.215 1.874 1.942
4a85 146 150 150 119 142 148 149 148 151 151 152 159 154 150 158 158 158 158 158 159 159 159 159 159 159 159 159 159 159 159 0 379 0 213 1 548 1 500 1 252 1 212 1 314 1 315 1 312 1 314 1 957 2 284 2 661 2 808 2 191 1 681 1 602 1 990 1 932 1 983 1 693 2 011 1 722 2 158 2 195 2 199 2 163 1 880 1 9664a85 146 150 150 119 142 148 149 148 151 151 152 159 154 150 158 158 158 158 158 159 159 159 159 159 159 159 159 159 159 159 0.379 0.213 1.548 1.500 1.252 1.212 1.314 1.315 1.312 1.314 1.957 2.284 2.661 2.808 2.191 1.681 1.602 1.990 1.932 1.983 1.693 2.011 1.722 2.158 2.195 2.199 2.163 1.880 1.966
4a86 145 150 150 106 141 148 147 147 151 151 150 159 150 151 158 158 158 158 158 159 159 159 159 159 159 159 159 159 159 159 159 0.365 1.566 1.520 1.271 1.247 1.344 1.343 1.343 1.344 2.163 2.215 2.309 1.916 1.971 1.682 1.676 1.758 2.034 2.053 1.683 1.822 1.679 2.113 2.151 2.184 2.223 1.739 1.919
4a8g 146 150 150 98 140 148 149 148 151 151 153 159 153 149 158 158 158 158 158 159 159 159 159 159 159 159 159 159 159 159 159 159 1.522 1.517 1.261 1.221 1.314 1.314 1.312 1.314 1.979 2.388 2.317 1.997 1.982 1.715 1.563 1.737 1.934 1.966 1.652 1.747 1.680 2.095 2.268 2.133 2.253 1.807 2.070
 1e09 154 150 150 140 139 148 150 153 155 153 154 153 152 148 154 154 154 154 152 153 153 154 154 155 153 153 154 155 155 154 154 153 159 0.876 1.565 1.431 1.713 1.711 1.712 1.711 2.169 1.835 2.321 1.656 1.745 1.701 1.605 1.688 1.762 1.906 1.639 1.671 1.665 2.266 2.461 2.374 2.410 1.481 1.851
 1h2o 154 153 153 144 143 150 148 153 156 152 154 154 152 146 154 154 154 154 153 154 153 154 155 155 155 155 154 155 155 155 155 155 159 159 1.570 1.493 1.752 1.749 1.751 1.749 2.207 1.754 2.794 1.598 1.830 1.668 1.616 1.679 1.755 1.739 1.616 1.639 1.657 2.273 2.304 2.395 2.342 1.630 1.752
 2bk0a 147 148 147 135 143 144 146 145 147 146 148 153 150 143 153 153 153 153 152 153 153 152 152 152 152 152 152 152 152 152 152 152 150 148 153 0.333 0.685 0.687 0.686 0.690 2.212 1.915 2.126 2.031 2.011 1.916 1.777 1.874 2.122 1.941 1.751 1.876 1.830 2.103 2.219 2.109 2.127 1.777 2.052
 2bk0b 147 148 147 132 138 146 146 147 146 145 147 153 147 142 153 153 153 153 152 153 153 152 152 152 152 152 152 151 152 152 152 152 149 148 153 153 0.762 0.764 0.763 0.768 2.214 1.754 2.137 2.038 1.974 2.032 1.673 1.788 2.033 2.033 1.728 1.911 1.764 2.182 2.307 2.179 2.276 1.662 1.970
 2wqla 144 147 146 139 139 145 145 142 146 143 145 149 144 140 148 148 148 148 149 149 150 150 150 150 150 150 150 150 150 150 150 150 149 148 152 152 152 0.045 0.043 0.042 2.285 2.054 2.528 2.123 2.013 2.125 1.850 1.967 2.200 1.978 1.893 1.965 1.936 2.081 2.219 2.118 2.241 1.930 2.187
 2wqlb 144 147 146 139 138 145 145 142 146 143 145 149 144 140 148 148 148 148 149 149 150 150 150 150 150 150 150 150 150 150 150 150 149 148 152 152 152 152 0.040 0.050 2.283 2.051 2.522 2.114 1.945 2.120 1.845 1.962 2.008 1.973 1.888 1.960 1.930 2.084 2.222 2.121 2.249 1.927 2.209
 2wqlc 144 147 146 140 138 145 145 142 146 143 145 149 144 140 148 148 148 148 149 149 150 150 150 150 150 150 150 150 150 150 150 150 149 148 152 152 152 152 152 0.050 2.287 2.055 2.520 2.122 2.007 2.121 1.845 1.961 2.009 1.973 1.888 1.959 1.930 2.079 2.216 2.116 2.238 1.993 2.188
 2wqld 144 147 146 139 138 144 145 142 146 143 145 149 144 140 148 148 148 148 149 149 150 150 150 150 150 150 150 150 150 150 150 150 149 148 152 152 152 152 152 152 2.281 2.056 2.523 2.118 1.950 2.128 1.852 1.968 2.201 1.980 1.894 1.965 1.937 2.134 2.227 2.128 2.252 1.929 2.186
 2k7h 154 150 151 147 142 151 154 151 154 154 155 145 144 141 151 151 151 151 148 149 146 147 151 146 150 147 146 147 147 146 145 147 155 154 148 146 145 145 145 145 157 2.443 2.230 2.008 1.939 2.032 1.998 1.998 1.991 2.013 1.974 1.961 2.012 2.758 2.823 2.767 2.854 2.063 2.339
 2lpx 148 151 150 133 132 141 144 145 148 145 150 148 144 143 148 148 148 148 148 146 149 113 116 114 116 113 112 114 117 114 113 114 152 150 149 147 148 148 148 148 152 159 2.264 1.485 1.468 1.781 1.939 1.975 1.923 1.832 1.955 1.959 1.960 2.427 2.446 2.469 2.466 2.061 1.815
 2i9y 116 119 109 113 111 122 123 116 118 113 114 120 117 99 118 118 118 118 115 119 118 116 119 116 118 116 118 118 119 115 118 119 114 120 110 111 117 117 117 117 116 107 157 1.621 1.617 1.813 1.978 1.986 2.126 2.136 2.008 2.176 2.030 2.152 2.107 2.176 2.195 2.383 2.416

 1vjha 110 113 116 101 99 112 109 113 111 111 111 111 109 111 108 108 108 108 114 111 110 108 109 109 109 115 108 111 108 109 113 114 108 106 113 113 112 112 112 112 111 105 102 120 0.235 1.545 1.779 1.631 1.634 1.607 1.602 1.569 1.569 2.333 2.389 2.426 2.508 1.855 1.783
 1vjhb 110 114 116 100 99 110 114 113 111 112 111 113 111 112 112 113 112 112 115 113 114 107 109 108 110 114 110 110 110 110 114 114 110 110 113 113 110 109 110 109 109 105 102 120 120 1.525 1.695 1.602 1.574 1.657 1.581 1.610 1.553 2.234 2.280 2.212 2.297 1.858 2.331
 2flha 137 140 138 128 131 136 138 137 139 138 138 139 137 133 140 140 140 140 139 138 139 138 138 138 138 138 137 137 138 138 138 138 138 137 139 139 139 139 139 139 135 139 105 105 105 144 0.526 0.625 0.344 0.232 0.470 0.672 0.509 2.198 2.361 2.241 2.256 1.838 1.743
 2flhb 142 141 143 134 134 141 141 138 142 142 141 143 142 141 143 143 143 143 144 141 143 144 144 145 144 141 144 145 144 143 145 140 139 140 141 142 140 140 140 140 140 143 111 112 111 144 153 0.513 0.558 0.602 0.226 0.529 0.477 2.112 2.255 2.147 2.204 1.743 1.824
 2flhc 141 141 142 129 127 140 139 136 142 141 140 144 142 141 144 144 144 144 143 141 144 142 144 142 144 142 143 144 144 141 144 141 139 140 141 141 140 140 140 140 139 143 110 108 108 144 152 152 0.634 0.676 0.439 0.262 0.585 2.381 2.494 2.393 2.465 1.643 1.759
2flhd 143 141 142 130 130 138 139 138 141 140 140 144 141 142 145 145 145 145 141 140 144 146 145 146 146 145 146 145 145 145 147 144 141 139 144 144 142 138 138 142 137 142 112 108 107 143 152 151 153 0 423 0 411 0 578 0 379 2 380 2 431 2 334 2 310 1 827 1 902 2flhd 143 141 142 130 130 138 139 138 141 140 140 144 141 142 145 145 145 145 141 140 144 146 145 146 146 145 146 145 145 145 147 144 141 139 144 144 142 138 138 142 137 142 112 108 107 143 152 151 153 0.423 0.411 0.578 0.379 2.380 2.431 2.334 2.310 1.827 1.902

 3c0va 141 141 142 134 134 137 145 140 139 140 143 145 141 138 145 145 145 145 140 144 145 145 144 144 146 147 139 144 147 147 148 147 144 141 140 145 137 137 137 137 136 143 113 109 109 144 146 146 145 151 0.543 0.703 0.588 2.271 2.383 2.307 2.333 1.945 1.791
 3c0vb 140 140 142 129 132 139 140 137 140 139 139 142 140 140 142 142 142 142 142 140 142 142 143 144 143 141 143 143 143 143 143 140 138 139 139 141 139 139 139 139 138 142 111 107 107 144 151 151 150 146 151 0.503 0.385 2.151 2.342 2.170 2.179 1.680 1.770
 3c0vc 141 140 138 129 131 138 139 137 141 139 140 142 141 140 142 142 142 142 142 140 143 142 143 144 144 141 142 143 143 141 144 140 138 137 139 142 139 139 139 139 139 142 113 106 107 144 151 151 150 146 151 151 0.567 2.311 2.538 2.320 2.472 1.639 1.825
 3c0vd 142 141 139 130 132 140 141 139 141 141 140 143 141 143 143 143 143 143 143 141 143 145 142 144 145 139 143 144 144 144 143 141 140 140 141 141 140 140 140 140 138 143 112 108 108 144 152 152 151 146 151 151 152 2.272 2.316 2.241 2.252 1.740 1.938
 2vnea 136 139 140 134 139 136 138 133 132 132 132 139 138 134 139 139 139 139 140 143 142 139 141 139 140 140 140 140 139 139 139 140 134 134 144 139 143 143 143 144 135 137 109 108 107 135 139 144 144 142 141 139 143 173 0.547 0.322 0.558 2.549 2.704
 2vneb 134 138 139 130 136 134 134 132 133 132 133 139 137 138 137 137 137 137 138 141 139 137 139 137 139 139 138 137 138 137 138 140 138 135 142 140 142 142 142 142 133 136 106 111 109 136 140 143 141 142 142 143 141 155 155 0.556 0.455 2.686 2.757
 2vq5a 140 143 142 133 139 137 137 136 139 137 138 141 141 138 140 140 140 140 141 144 143 142 143 141 142 142 142 142 143 141 142 142 138 139 143 138 143 143 143 143 136 137 111 110 106 135 141 143 141 142 139 138 141 170 155 173 0.445 2.710 2.739
 2vq5b 137 137 138 133 138 136 136 133 136 135 134 142 138 137 137 136 136 137 141 140 138 140 141 139 140 141 140 140 142 138 140 141 138 135 140 139 143 143 143 144 132 137 110 112 110 135 141 142 139 142 138 141 140 155 155 155 155 2.770 2.733
 3ie5a 149 149 150 142 139 147 147 149 151 155 154 154 153 141 154 154 154 154 154 153 153 153 155 154 155 155 154 155 154 154 155 155 150 155 150 150 147 147 147 147 152 150 115 113 113 139 144 142 143 145 141 141 143 137 136 142 140 160 1.215
 3ie5b 148 149 150 139 138 149 145 148 152 154 153 153 150 139 153 153 153 153 152 152 153 149 149 151 151 151 150 152 149 148 148 151 153 156 147 149 143 146 143 143 152 151 112 112 112 139 143 142 142 143 141 142 143 135 133 139 136 159 164
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