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High-resolution structure of a papaya plant-defence
barwin-like protein solved by in-house sulfur-SAD

phasing

The first crystal structure of a barwin-like protein, named
carwin, has been determined at high resolution by single-
wavelength anomalous diffraction (SAD) phasing using the
six intrinsic S atoms present in the protein. The barwin-like
protein was purified from Carica papaya latex and crystallized
in the orthorhombic space group P2,2,2,. Using in-house
Cu Ka X-ray radiation, 16 cumulative diffraction data sets
were acquired to increase the signal-to-noise level and thereby
the anomalous scattering signal. A sequence-database search
on the papaya genome identified two carwin isoforms of 122
residues in length, both containing six S atoms that yield an
estimated Bijvoet ratio of 0.93% at 154 A wavelength. A
systematic analysis of data quality and redundancy was
performed to assess the capacity to locate the S atoms and
to phase the data. It was observed that the crystal decay was
low during data collection and that successful S-SAD phasing
could be obtained with a relatively low data multiplicity of
about 7. Using a synchrotron source, high-resolution data
(1 A) were collected from two different crystal forms of the
papaya latex carwin. The refined structures showed a central
B-barrel of six strands surrounded by several a-helices and
loops. The B-barrel of carwin appears to be a common
structural module that is shared within several other unrelated
proteins. Finally, the possible biological function of the protein
is discussed.

1. Introduction

A common characteristic of laticiferous plants consists of a
particular system of tube-like cells containing a white fluid
referred to as latex. This fluid consists of an emulsion of a
mixture of organic compounds (small molecules and proteins)
combining several physiological functions in the plant such as
storage, conduction, defence and secretion. The latex of lati-
ciferous plants has traditionally been used to produce several
materials, and consequently many laticiferous plant species
are cultivated around the world.

In the course of the proteomic study of Carica papaya latex,
a product with great economic importance that is used in
brewing and wine making and in the textile and tanning
industries, we identified a new protein homologous to barwin,
a 125-amino-acid protein isolated from aqueous extracts of
barley seeds (Svensson et al., 1992). The Carica protein was
here denoted carwin by analogy to the barwin protein. The
structure of barwin has previously been solved by NMR
spectroscopy (Ludvigsen & Poulsen, 1992a,b). It contains
three disulfide bonds, a four-stranded antiparallel B-sheet, two
parallel B-sheets packed antiparallel to each other and four
short a-helices.
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Table 1

Summary of data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Data set 700-image 1450-image
X-ray source SLS SLS
Detector PILATUS 2M-F PILATUS 2M-F
Crystal-to-detector distance (mm) 112.49 120.0
Wavelength (A) 0.80 0.80
No. of images 700 1450
Oscillation width (°) 0.15 0.25
Space group P2,2:2, P2,2:2,
Unit-cell parameters
a(A) 54.91 27.69
b (A) 56.96 54.97
¢ (A) 74.20 73.51
Resolution range (A) 50.00-1.05 50.00-1.00
(1.11-1.05) (1.06-1.00)
Completeness (%) 98.4 (97.1) 99.9 (99.2)
No. of unique reflections 107418 (16975) 61603 (9747)
Multiplicity 3.72 (3.47) 12.28 (11.69)
Rineast (%) 4.1 (54.4) 43 (15.4)
(Ilo(1))% 16.74 (2.64) 36.79 (13.01)
Refinement data statistics
Resolution limits (A) 39.53-1.05 36.75-1.00
Reflections used 101999 58439
No. of refined atoms
Protein atoms 1924 962
Water atoms 214 160
Other atoms 6 0
Final Ryon8/Rireed (%) 14.2/16.4 15.3/17.9
R.m.s.d., bond lengths (A) 0.028 0.025
R.m.s.d., angles (°) i 2.152 2.105
Overall mean B factor (A?%) 14.08 11.76
Ramachandran plot analysis{¥
Most favoured region (%) 93.3 92.3
Disallowed regions (%) 0.5 0.0
MolProbity score 1.01 0.91

T Runeas = 2ya(NCkD/INChkel) = 1Y 32, 11 (hkl) — (I(hKD)/ S0 3 1Rkl s the
multiplicity-independent Ryeree, Where N(hkl) is the multiplicity, I;(hkl) is the intensity
of the ith observation of reflection hkl and (I(hkl)) is the mean intensity of reflection
hkl. % Mean I/o(I) of unique reflections. § Ruork = s ||Fobs| = [Featel |/ ir 1 Fapss
where F,. and F,,, are the calculated and the observed structure-factor amplitudes,
respectively. ¥ Riee = D ||F(,h5| — |F el |/th1 |F,psl, where all reflections belong to
a test set of randomly selected data. 1t Ramachandran analysis was performed with
PROCHECK.

Similarities were found between the sequences of barwin
and other plant proteins, such as, for example, the C-terminal
regions of the products of two wound-induced genes (winl and
win2) from potato (Stanford et al., 1989) and the C-terminal
product of the pro-hevein gene from rubber trees (Broekaert
et al., 1990). Barwin and other related wound-induced plant
proteins are classified into pathogenesis-related protein family
4 (PR-4 proteins). Since the first two PR-4 proteins, WIN1 and
WIN2 from potato (Stanford et al., 1989), were described,
many other members have been found in different plants, such
as tomato (Linthorst et al., 1991), tobacco (Jamet & Fritig,
1986), Arabidopsis (Potter et al., 1993), wheat (Caruso et al.,
1999), pepper (Lee et al., 2001), cabbage (Ryang et al., 2002),
maize (Chevalier et al, 1995) and, of course, barley
(Gregersen et al., 1997). By similarity to the classification of
the plant chitinase family, it has been proposed that PR-4
proteins should be segregated into two subclasses according to
the presence (class I) or the absence (class II) of a conserved
N-terminal cysteine-rich domain homologous to hevein, a
small chitin-binding structural module isolated from the latex

of the rubber plant Hevea brasiliensis (Van Parijs et al., 1991).
Finally, although PR-4 proteins have been identified in several
plants, they have been poorly described to date and it remains
difficult to define a biological function that is common to all of
them.

In the present study, we isolated, purified and determined
the crystal structure of a barwin-like protein from papaya
latex, here referred to as carwin, at high resolution (1.0 l&)
by single-wavelength anomalous diffraction (SAD) phasing
utilizing the six intrinsic S atoms in the native protein. The use
of SAD phasing was necessary as all of our attempts to solve
the phase by the molecular-replacement method using the
NMR structure of the barwin protein as a search model were
unsuccessful.

Since the first protein structure determined by sulfur-SAD
(S-SAD) was reported in 1981 (Hendrickson & Teeter, 1981),
few structures have been solved using solely their intrinsic S
atoms as a source of anomalous signal (Yang & Pflugrath,
2001; Liu et al., 2013). Successful SAD phasing often relies on
the additional presence of other weak anomalous scatterers
in addition to sulfur (Dauter, 1999; Debreczeni et al., 2003;
Goulet et al., 2010). At the present moment, about 60 struc-
tures have been solved by SAD phasing using anomalous
signals from atoms not heavier than atomic number 20 (Liu et
al.,2013), a number that is insignificant in comparison with the
tens of thousands of structures solved by other experimental
phasing methods. This is unfortunate given the advantage of
the S-SAD phasing method, which is based on the natural
presence of S atoms from methionines and cysteines: S-SAD
phasing does not require additional crystals of the protein of
interest. However, the method requires a higher wavelength
for the incident X-ray radiation in order to maximize the
anomalous contribution f of S atoms; the main drawback of
the method lies in the low strength of the anomalous scattering
signal from S atoms. The use of S-SAD phasing as a routine
method in macromolecular crystallography using modern
laboratory equipment offers great potential, but unfortunately
remains underexploited (Doutch et al., 2012).

2. Materials and methods
2.1. Crystallization and data collections

Details of the purification procedure are given in the
Supplementary Material'. The protein solution consisted of
12.5mg ml~" carwin in water. Crystallization screening was
carried out in hanging drops using the vapour-diffusion
method with commercially available sparse-matrix screens
from Hampton Research and Sigma-Aldrich. Drops
consisting of 1 pl protein solution and 1 pl crystallization
solution were equilibrated against 500 pl crystallization solu-
tion at 293 K. Crystals of carwin appeared in 1 d in a crystal-
lization solution consisting of 2 M ammonium sulfate. The

! Supplementary material has been deposited in the TUCr electronic archive
(Reference: TZ5031). Services for accessing this material are described at the
back of the journal.

2018 Huetetal. - Carwin

Acta Cryst. (2013). D69, 2017-2026



research papers

Table 2
S-SAD data-collection and phasing statistics.

Common grystal and instrumental parameters: wavelength, 1.5418 /°\; oscillation width, 0.5°; space group, P2,2,2; unit-cell parameters, a = 27.54, b = 54.86,

¢ = 73.40 A; resolution range, 20.0-1.81 (1.92-1.81) A.
Set A Set B

Set C

Set D

Set E

Set F

No. of frames 360 720
Total reflections 67786 (5886) 135416 (11642)
Unique reflections 9875 (1095) 9952 (1134)

Anomalous multiplicity 3.7 (3.8) 7.4 (5.4)
Anomalous completeness (%) 93.3 (72.6) 94.3 (76.7)
Rineas (%) 19 (1.2) 2.7 (4.8)
Ranom (%) 12 (2.4) 1.0 (1.9)
Ryim. (%) 12 (2.5) 0.9 (1.9)
(Ilo(1)) 68.1 (34.4) 82.0 (41.7)
d"lot 0.99-2.08 1.04-2.62
Ranom/Rpi.m. 1.00 (0.96) 1.11 (1.00)
Phasing statistics}
SHELXD CC,, 33.15 44.49
SHELXD CCyeax 17.08 2341
SHELXE pseudo-free CC 54.75 84.67
Traceable residues§ (%) 0.0 98.4
Ryork (%) 30.56 2342

1080
202893 (17468)
10182 (1193)

1340
270287 (23191)
10256 (1228)

2160
405184 (34746)
10259 (1229)

2880
540297 (46444)
10388 (1293)

10.9 (7.9) 143 (10.1) 21.3 (14.9) 27.8 (18.9)
94.9 (77.7) 96.6 (81.3) 96.6 (81.4) 97.6 (85.0)
3.0 (4.6) 2.9 (53) 3.1 (4.8) 33(5.8)
1.0 (1.8) 0.9 (1.8) 0.9 (1.6) 0.9 (1.6)
0.8 (1.7) 0.7 (1.5) 0.6 (1.3) 0.6 (1.2)
99.51 (69.27) 1047 (51.2) 1262 (61.8) 139.4 (66.1)
1.10-2.94 1.18-323 131-3.84 1.38-4.30
1.25 (1.06) 1.28 (1.20) 1.50 (1.23) 1.50 (1.33)
4322 43.86 35.82 46.34
2428 25.66 19.18 2536
85.12 85.42 83.40 85.03

98.4 97.5 975 97.5

2333 23.24 23.96 23.85

t d"lo is the anomalous signal indicator provided by SHELXC. The values indicated are for the high-resolution (1.81-8 A) range for each data set, with a d"'/o value of about 0.8
indicating zero signal (Sheldrick, 2008). § The procedure used in SHELXC/D/E was the following: Patterson seeding for a vector of length 2.06 A and direct methods were used to find
six S atoms. 100 random starts were used and the S-SAD data resolution was not truncated (maximum resolution of 1.81 A). For SHELXE, the high-resolution data displaying similar

unit-cell parameters as the S-SAD data (i.e. the 1450-image data set) were used as native input data. All other parameters were set to default values.

performed in 50 cycles of ARP/WARP and REFMACS. 9 Ry obtained from REFMACS.

carwin protein crystallized in the orthorhombic space group
P2,2,2;.

Prior to data collection, the crystals were soaked for 1 min
in cryoprotectant solution [crystallization solution prepared
with 15%(v/v) glycerol] and were then flash-cooled in liquid
nitrogen. Data were collected at cryogenic temperature
(100 K). The sulfur anomalous diffraction data were collected
in-house using a Cu Ko (1.5418 A, 8.05 keV) rotating-anode
X-ray source (Rigaku MicroMax-007 HF operating at 40 kV,
30 mA) and a Saturn944+ detector with a 41.5 mm crystal-
to-detector distance and 10s exposure time per frame. To
improve the signal-to-noise ratio of the sulfur anomalous
signal, the data-collection strategy consisted of 16 data sets of
180 images collected from the same crystal with an oscillation
range of 0.5° per frame to give a total of 2880 images. Each
data set was characterized by the use of different combina-
tions of ¢ (0, 90, 180 and 270°) and « (0, 5, 10 or 15°) angles
in order to maximize the data redundancy on Bijvoet pairs of
reflections (Dauter, 1999). The complete acquisition lasted
for ~22 h of total exposure. Data-collection and processing
statistics for the 16 S-SAD data sets are provided in Supple-
mentary Table S1. The raw S-SAD diffraction data are avail-
able on request.

Two high-resolution data sets were collected using two
different protein crystals. The first data set (the 700-image
data set) was acquired with an oscillation range per image of
0.15° using 0.8 A wavelength X-rays (15.5 keV), an exposure
time of 1s and a crystal-to-detector distance of 112.49 mm
(Table 1). The second data set (the 1450-image data set)
consists of 1450 images with an oscillation range per image
of 0.25°, an incident X-ray wavelength of 0.8 A, an exposure
time per image of 0.5s and a crystal-to-detector distance of
120.0 mm (Table 1). All high-resolution data were collected on

§ Automated model building was

the X06DA-PXIII beamline at the Swiss Light Source (SLS;
Villigen, Switzerland) equipped with a PILATUS 2M-F
detector. Note that all synchrotron data were collected using
an attenuated X-ray beam. The data-collection statistics are
summarized in Tables 1 and 2 and Supplementary Table S1.

All diffraction data were processed with the XDS program
package (Kabsch, 2010). Ryom and R, were determined
using SCALA (Winn et al., 2011) based on the data scaled
using XSCALE (Kabsch, 2010) without merging the original
indices. The Matthews coefficient and solvent content were
calculated using programs from the CCP4 suite (Winn et al.,
2011).

2.2. Phasing and refinement

The structure was solved by the sulfur-SAD method (Wang,
1985) with the aid of the HKL2MAP graphical interface (Pape
& Schneider, 2004) for the SHELX programs (Sheldrick,
2008). Searches for sulfur positions were carried out with
SHELXD (Schneider & Sheldrick, 2002) using the complete
S-SAD data collected in-house. The redundancy computed on
the complete data was ~52. Initial phasing was performed
using SHELXE (Sheldrick, 2002). Details of the SHELXC/D/
E procedures used can be found in Table 2.

Most of the polypeptide backbone could be traced
automatically using the ARP/WARP web server (http://
www.embl-hamburg.de/ARP/; Perrakis et al., 1999) and the
high-resolution data set (the 1450-image data set), with similar
unit-cell parameters to those of the S-SAD data set. Refined
structures were obtained using the two high-resolution data
sets (the 700-image and 1450-image data sets) starting with the
solution obtained by molecular replacement in MOLREP
(Vagin & Teplyakov, 2010) and the unrefined structure from
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10 20 30 40 50 60 70 3. Results and discussion
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10 20 30 40 50 60 70 of the plant is available (Ming et
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pro-carwin-2
hevein

SRAFAFTIVLVGLLLGAATAQNCGRQA
—————————————————————— QCGROA

(@)
Figure 1

Sequence alignment. (a) Multiple sequence alignment between the two carwin isoforms and four PR-4
proteins. The two identified carwin proteins are referred to as carwin-1 and carwin-2. The PR-4 proteins are
barwin, the wheatwin-1 and wheatwin-2 proteins and pro-hevein. The two barwin-domain signatures from
the PROSITE database (C-G-[KR]-C-L-x-V-x-N and V-[DN]-Y-[EQD]-F-V-[DN]-C) are highlighted in
yellow. The red arrows above the sequences indicate the positions of the six cysteine residues forming the
three disulfide bridges. (b) N-terminal pro-sequences of the two carwin isoforms aligned with the hevein
sequence. The eight cysteines forming the typical hevein pattern of four disulfide bridges are highlighted.

ARP/WARP as the search model. Revisions to the models
were manually performed using Coot (Emsley & Cowtan,
2004) and refinement was carried out using REFMACS from
the CCP4 suite (Murshudov et al, 2011; Winn et al., 2011)
against the higher resolution data sets. The refinement
converged to give the statistics presented in Table 1. The
stereochemical quality of the final model was evaluated using
PROCHECK (Laskowski et al., 1993) and MolProbity (Chen
et al., 2010).

2.3. Sequence and structure analysis

The genome of the plant C. papaya has recently been
deciphered, although it has only partially been annotated
(Ming et al., 2008). From the EMBL database (release 113,
August 2012), 123 366 nucleic acid sequences of C. papaya
genes were extracted. Using the barwin sequence (Swiss-Prot
entry P28814) as a query, a TBLASTN search (Altschul et al.,
1997) was performed against our local papaya database. The
retrieved sequences were automatically aligned with ClustalW
(Thompson et al., 1994) and were visualized with BioEdit
(Hall, 1999). Structural analysis was performed using several
programs such as DA LI (Holm & Rosenstrom, 2010), DaliLite
(Holm & Park, 2000), PROMOTIF (Hutchinson & Thornton,
1996) and PISA (Krissinel & Henrick, 2007). Ligand-binding
site predictions were performed using two different web-server
programs: FTSite (Ngan et al., 2012) and MetaPocket (Huang,
2009). Graphical pictures were generated using Coot (Emsley
& Cowtan, 2004), PyMOL (Schrodinger LLC) or MolScript
(Kraulis, 1991) and were rendered with Raster3D (Merritt &
Bacon, 1997).

RTCANNLCCSQFGFCDTTDDHCS PAKNCQSNCRGSSDT
KLCPNNLCCSQWGWCGSTDEYCSPDHNCQSNCKD-—=-=-—

performed on a local database
containing all nucleic sequences
from the C. papaya species. The
sequence of the barwin protein
was used as a query sequence. The
search yielded several hits that

corresponded to two protein
isoforms, referred to here as
carwin-1 and carwin-2 (see

Supplementary Fig. S1).

From their similarity to the mature form of the barwin
protein, both carwin proteins showed different N-terminal
pro-sequences. They share only 50.0% sequence identity
considering the pro-sequence and up to 72.7% upon removal
of the pro-sequence. A multiple alignment of the carwin
proteins with other PR-4 proteins indicated perfect conser-
vation of the six cysteine residues that characterize the
barwin-domain signature (PROSITE documentation entry
PDOC00619; Fig. 1a). Additionally, the two barwin-domain
signatures referenced by the PROSITE database (Sigrist et al.,
2013) were perfectly found in the sequences of both carwin
isoforms.

All PR-4 proteins share a common C-terminal barwin-like
domain but differ in the presence (class I) or the absence
(class IT) of an N-terminal domain similar to hevein, a small
chitin-binding domain (Neuhaus et al., 1996). We found here
that the first isoform does not contain a hevein domain in
its N-terminal part, unlike the second isoform (Fig. 1b), thus
revealing that the papaya genome contains both class I and
class I PR-4 proteins.

3.2. Purification and crystallization

The isolation and purification of proteins from the latex
of the tropical plant C. papaya has been the focus of our
laboratory for several years (El Moussaoui et al., 2001; Looze
et al., 2009). In this study, applying a double SP Sepharose-
FF chromatography purification step followed by thiophilic
interaction chromatography yielded a homogenous protein
sample that migrated as a 15 kDa protein on an SDS-PAGE
(Fig. 2a). The purification procedure is described in the
Supplementary Material. Crystals of papaya carwin were
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obtained using 2 M ammonium sulfate as a crystallization
solution (Fig. 2b).

Several crystals of carwin were utilized for structure
determination. All of the crystals produced belonged to space
group P2,2,2; and diffracted to a high resolution of around
1 A. The first diffraction data set collected, referred to as
the 700-image data set, gave unit-cell parameters a = 54.91,
b =56.96, c = 7420 A (Table 1). According to the calculated
Matthews coefficient of 2.11 A> Da~!, a solvent content of
41.8% is estimated assuming two molecules per asymmetric
unit. The second crystal, although obtained under identical
conditions and having an identical space group, presented a
unit-cell a axis that was almost halved compared with the first
crystal, resulting in an estimated solvent content of 39.7% and
one molecule per unit cell.

3.3. In-house S-SAD phasing

Initially, we attempted phasing by molecular replacement
using the NMR structure of the homologous barwin protein
as a template (Ludvigsen & Poulsen, 1992b). Unfortunately,
all of our attempts were unsuccessful. As the carwin protein
possesses six cysteine residues, the anomalous signal of S
atoms was used to determine the phases. Assuming a protein
of 212 residues in length (Fig. 1) and using 1.54 A wavelength
X-rays, the Bijvoet ratio ((AF¥)/(F)) was estimated to be
0.93% (Hendrickson & Teeter, 1981), a promising value that
was significantly above the so-called Wang limit of 0.6%
expected for successful S-SAD (Wang et al., 2006).

An in-house Cu Ko X-ray radiation source was then used
to collect a highly redundant data set consisting of 16 data-
collection runs from the same crystal with an oscillation range
of 0.5° per frame to give a total of 2880 images (statistics are
given in Supplementary Table S1). Despite more than 22 h of
exposure time, analysis of the complete data using XDSSTAT

(a) (b)

Figure 2

Purification and crystallization of the carwin protein. () SDS-PAGE of
the carwin protein. The gel was stained with Coomassie Brilliant Blue.
Lane 1, molecular-weight markers (molecular weights of 2.5, 3.5, 6, 14.4,
21.5, 30.0, 36.5, 55.4, 66.3, 97.4, 116.3 and 200 kDa); lane 2, purified
solution of papaya barwin-like protein or carwin. (b) Typical crystals of
carwin.

(Diederichs, 2006) showed that the crystal did not appear to
suffer from radiation damage, as indicated by the monotonic
behaviour of the decay R factor (R4) over the course of data
collection (Fig. 3a). Consistent with this analysis, the indicators
of data quality, //o(I) and Rpe.s, remained nearly constant
over the 16 data-collection runs (Supplementary Table S1).
Thus, the crystal used seemed to be appropriate for this long
exposure time.

In order to systematically study the effects of data quality
on substructure solution and phasing, the 2880 oscillation
images were divided into six cumulative data sets labelled
A-F; the anomalous multiplicity increased from 3.7 to 27.8
in data sets A-F (Table 2). Analysis of the data revealed
excellent statistics (Table 2 and Supplementary Table S1).

For SAD phasing, the quality of the anomalous signal is an
important factor; however, estimating this quality is not trivial
(Fu et al., 2004; Zwart, 2005; Dauter, 2006). We monitored
several indicators throughout the cumulative data sets. The
anomalous scattering signal (d’/sig(d”)), an estimate of the
anomalous signal calculated by SHELXC (Sheldrick, 2010),
was enhanced by increasing redundancy (Fig. 3b). For data set
F (the complete S-SAD data set), the (d"/sig(d”’)) value rose
to a maximum of 4.3 in the inner resolution shell (co—8.0 A)
and dropped to 1.38 at 1.82 A resolution (Fig. 3b), indicating
the presence of significant anomalous signal. Similar results
were obtained in the plot of SigAno, another indicator of
anomalous signal computed by XDS (Kabsch, 2010), versus
resolution (Fig. 3c). SigAno is defined as the absolute anom-
alous differences |AF*| divided by their standard deviation
[ie. |Aumol/o(Auo)]. However, a value of above 1.5 in all
resolution shells is considered to be a necessary requirement
for successful S-SAD experiments (Cianci et al., 2008). For the
data analyzed here, the SigAno value for data set F was found
to be above the threshold of 1.5 in all resolution shells except
for the highest shell, while for the other smaller data sets the
values dropped below the threshold in all shells of higher
resolution (Fig. 3¢).

The ratio of the anomalous R factor (R,nom) to the merging
R factor R,;m has also often been used as an indicator of
the level of anomalous signal (Mueller-Dieckmann et al., 2004,
2005; Weiss, 2001; Weiss et al., 2001, 2004). An Rnom/Rpim.
ratio of above 1.5 is empirically considered to be favourable
for successful S-SAD phasing (Mueller-Dieckmann et al.,
2005). As seen in Table 2, the ratio reached a value of 1.5 only
when 2160 images (i.e. data set E) were considered.

The SHELXC/D/E programs (Sheldrick, 2010), through the
graphical interface HKL2MAP (Pape & Schneider, 2004),
were used for sulfur-substructure determination, initial
phasing and phase improvement by density modification.
The programs were applied to data sets A-F followed by 50
cycles of ARP/IwWARP (Langer et al., 2008) and REFMACS5
(Murshudov et al, 2011) using the high-resolution data set
displaying similar unit-cell parameters to those of the S-SAD
data set. Table 2 gives the obtained phasing statistics and
Fig. 3(d) shows a plot of the SHELXE pseudo-free CC
parameter as a function of anomalous multiplicity. Data set B,
consisting of 720 images with a multiplicity of only 7.4, gave a
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clear solution allowing 120 amino-acid residues to be auto-
matically fitted with an Ry, of 23.42%. Indeed, the difference
between successful and unsuccessful data sets was quite
evident from Table 2. With data set B, SHELXD clearly found
three pairs of positions, thus showing a promising result for
phasing (Fig. 4a). Note that we did not use a Patterson seeding
parameter adapted to the length of a disulfide bridge in
SHELXC, but a search for six individual sites (Table 2).

The Ranom/Rp.im, Tatio for data set B was only 1.11, which is
significantly below the empirically estimated threshold of 1.5
for successful S-SAD (Weiss et al., 2001; Mueller-Dieckmann
et al.,2005). As previously noted by others (Sarma & Karplus,
2006; Lakomek et al., 2009), the Ranom/Rpim. threshold may be
adjusted to a lower limit, i.e. 1.1, as found in the present study
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and as indicated previously in the S-SAD solution of the
lysosomal mouse protein (Lakomek et al, 2009). Similarly,
the SigAno parameter, or |A,,o//0(Aamne), may also require
adjustment. Data set B showed a SigAno value greater than
the cutoff of 1.5 (Cianci et al., 2008) only for resolution shells
above 3.8 A. The value fell to lower than 1 in the highest
resolution shell of data set B. Finally, the solvent content is
known to be an important factor in successful S-SAD phasing
with weak anomalous signal (Ramagopal et al, 2003). The
solvent content of data set B was 39.6%. Obviously, the crystal
quality is also another important factor and in our case it was
certainly a factor that contributed greatly to the success of
S-SAD. Finally, it can be noted that the use of crystal re-
orientation by the kappa angle was not needed in our S-SAD
phasing as data set B with a constant kappa angle equal to 0°
generated a clear solution (Fig. 4a, Table 2 and Supplementary
Table S1).

3.4. Model building and description

Starting with the initial unrefined model from ARP/WARP
(Langer et al., 2008) as a search model, the two high-resolution
data sets (the 700-image and 1450-image data sets) were
solved by molecular replacement. The structures of papaya
barwin-like protein were further completed manually and
refined by cycling between Coot (Emsley & Cowtan, 2004) and
REFMACS (Murshudov et al, 2011). The final refinement
statistics are summarized in Table 1. The 700-image data set
gave a model with two molecules of carwin per asymmetric
unit cell, while a monomeric model was refined with the 1450-
image set. The dimeric model was refined to 1.05 A resolution
and to a final R factor of 14.2% (free R factor of 16.4%) and
the monomeric model to 1.00 A resolution with an R factor of
15.3% (free R factor of 17.9%).

Interestingly, analysis with PISA (Krissinel & Henrick,
2007) indicated that the observed dimeric complex of carwin
appears to be the result of crystal packing. The PISA complex
significance score (CSS) is 0.00 and the interface surface is
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about 250 Az, a value that is considered to be too low to have
biological significance (Krissinel & Henrick, 2007). In addi-
tion, neither carwin nor its homologues were found to form
dimers in solution. Indeed, the two crystals have different
packing (Supplementary Fig. S2). Despite our efforts, we
could not elaborate a clear explanation for the fact that the
carwin protein could be crystallized in two different forms
under the same crystallization condition. However, this does
not appear to be an isolated case: a protein from Streptococcus
was reported to give three different crystal forms in the same
droplet under identical conditions (Meinhart et al., 2001).

The central core of the carwin structure consists of a six-
stranded B-barrel surrounded by four a-helices, two 3,4-helices
and several loops (Figs. 5 and 6). The shear number of the
B-barrel, a measure of the stagger of the strands in the closed
B-sheet, is 10 (Fig. 5), and the topology of the B-barrel was
found to be [2, 2, —1, —2, —2] (Richardson, 1981), thereby
generating four interpenetrated iy loops. A pseudo-twofold
axis can topologically relate 81, 82 and 83 to B4, g5 and g6,
respectively. Therefore, the four 1 loops can be regarded as a
pair of symmetrical ¥ loops. The first ¥ loop consists of the
two antiparallel strands 1 (84) and B2 (85) with the strand 85
(B2) in between, whereas the second i loop consists of the
strands B2 (B5) and B3 (B6) and the strand g4 (1) (Fig. 5).
This particular fold has previously been called a ‘double-yr
B-barrel’ and has been observed in several other protein
structures (Castillo et al, 1999). The central pores of the
B-barrel are sealed off at the N-terminal side by the loop
Cys50-His56 and, on the other side, by the &3 helix (Trp93-
Asp100). The three observed disulfide bonds (Cys2-Cys29,
Cys50-Cys84 and Cys64-Cys120) are also likely to enhance
structural stability.

Finally, the excellent quality of the electron-density map
indicated that the N-terminal residue, Glnl, was cyclized into
pyroglutamic acid or 5-oxoproline (Fig. 4b) and that carwin
does not appear to be glycosylated. An N-terminal glutamine
residue is well known to spontaneously cyclize into pyro-

(a) (0)

Figure 4

(a) Anomalous difference Fourier map contoured at 2.50 and calculated
at 1.81 A resolution using data set B from the S-SAD data collection and
the program FFT. The map is coloured brown and the C* trace of the
refined carwin structure is shown in blue. (b) 2F, — F, electron-density
map of the first N-terminal residue GInl obtained after refinement at
1.0 A resolution and contoured at the 1.5¢ level. The pyroglutamic acid
modification is clearly visible and was modelled.

glutamic acid. However, under physiological conditions this
cyclization is rather slow (Arii ef al., 1999) and therefore may
require enzymatic catalysis. Interestingly, the papaya latex
contains a glutaminyl cyclase (Wintjens et al., 2006) that could
be responsible for the cyclization observed in the carwin
protein.

3.5. Biological function of papaya carwin

The high-resolution structure unequivocally revealed the
exact amino-acid sequence of the carwin protein extracted
from papaya latex. The sequence corresponds perfectly to the
isoform carwin-1, identified as the class II PR-4 protein of
C. papaya (Fig. 1). The biological function of PR-4 proteins of
either class I or II remains elusive; however, these proteins
share the capacity to inhibit the proliferation of phytopatho-
genic fungi (Hejgaard et al., 1992; Ponstein et al, 1994;
Niderman et al., 1995; Caruso et al., 1996; Li et al., 2010).

Chitinase and 1,3-8-glucanase activities have been reported
for some PR-4 proteins (Kauffmann et al., 1987; Brunner et al.,
1998; Lu et al., 2012). Such activities can be easily explained by
the fact that the PR-4 proteins of subclass I possess the hevein
chitin-binding domain. However, this does not apply to
carwin-1, which is a class II PR-4 protein. Furthermore,
neither chitinase nor 1,3-B-glucanase activities were detected
for a purified solution of papaya latex carwin (J. Huet,
unpublished results).

Ribonuclease activity was found for the wheatwin-1 protein,
a protein isolated from wheat kernels (Caporale et al., 2004;
Bertini et al., 2009), and dual RNase/DNase activities have
been described for a PR-4 protein from chili pepper
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Figure 5
Topology diagram of the carwin structure generated by PROMOTIF.
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(Guevara-Morato et al., 2010). More recently, RNase and
chitinase activities were found for a class I PR-4 protein from
jelly fig (Lu et al., 2012), and a class I PR-4 vacuolar protein
from Arabidopsis was described to possess RNase activity
(Bertini et al., 2012). Furthermore, ribonuclease and anti-
fungal activities are linked, as revealed by mutagenesis studies
on wheatwin-1 protein (Bertini et al., 2009).

(b)

Figure 6

The refined high-resolution structure of the carwin protein. (a) Four different views of the model
shown as coloured ribbon representations, with secondary structures labelled in the upper left view.
The secondary-structure limits are as follows: strands S1-S6, 2-11, 45-49, 64-69, 75-83, 89-92 and
111-118; helices H1-H4, 29-34, 37-42, 93-100 and 103-109; 3,,-helices h1 and h2, 15-19 and 56-61.

(b) Ribbon representation of the dimeric form of the carwin protein.

Overall, RNase/DNase activity thus appears to be the most
promising assumption for the biological function of papaya
carwin. Possible binding sites on the carwin protein surface
were evaluated (Supplementary Fig. S3 and Table S2). Three
binding sites were identified: a large pocket lined by Trp20,
Asp92 and Lys98 (site 1), a site centred around the tetrad
Hisl1, Tyrl3, Asp82 and Asp90 (site 2) and a positively
charged cavity surrounded by Trp32,
Lys36, Trp40, Arg58 and Arg79 (site 3).
With the assumption that the enzymatic
activity of carwin uses the classical acid—
base mechanism common to ribonu-
cleases, binding site 2 could harbour
such an activity, with a histidine ideally
located in close vicinity to a couple of
acidic residues (Supplementary Fig. S3).
Interestingly, the tetrad of residues
involved in binding site 2 was highly
conserved among the sequences of the
PR-4 protein family. Furthermore,
His11 was revealed to be a key residue
for ribonuclease activity as its mutation
partially impaired the activity (Bertini et
al., 2009).

3.6. A common structural module in
the Protein Data Bank

A PDB search with the DALI web
server (Holm & Rosenstrom, 2010)
using the carwin structure identified
several proteins containing a double-yr
B-barrel domain (Supplementary Table
S3). The closest structural relatives of
carwin are barwin (DALI Z-score =
144, rmsd. = 2.6 A), several cerato-
platanin-like proteins (mean Z-score =
12.1), the elicitor Sm1 of plant defence
responses from Trichoderma virens
(Z-score = 13.0), the B-expansin Yoal
(Z-score = 10.9) and the two protein
allergens Phl p 1 and Zea m 1. A struc-
tural genomics program on Pseudo-
monas aeruginosa recently solved the
structure of a 125-residue PA4485
protein with the same fold as carwin
with an r.m.s.d. of 2.3 A (Moynie et al.,
2013). Endoglucanases of glycosyl
hydrolase family 45 (GH45) are also
known to contain a similar structural
module. Finally, several unrelated
enzymes were identified that included a
double-yr B-barrel domain, such as, for
instance, the N-domain of ATPase p97,
the C-domain of formate dehydro-
genase H and domains from arsenite
oxidase and RNA polymerase II.
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Note that most of the identified protein structures display
the canonical g-barrel topology [2, 2, —1, —2, —2] and show
the four i loops typical of the carwin fold. In contrast, the
number of disulfide bonds does not appear to be at all
essential to maintain the structural fold. Although the barwin
protein is used as a reference protein for the double-y
B-barrel superfamily, its NMR structure deviates from the
common structural module: the B-barrel topology is [4, —2, 1,
—2x] and only one ' loop is detected using PROMOTIF.

Despite the poor sequence identity, the double-yr B-barrel
module is found in diverse protein structures, thereby
suggesting the existence of a common structural ancestor of
these protein families (Castillo et al., 1999). A common func-
tional role for the v loop has been proposed (Castillo et al.,
1999). The ¢ loops of the double-i B-barrel module could be
seen as fairly rigid surface loops, thereby representing a good
scaffold for a catalytic or a cofactor-binding site.

4. Concluding remarks

The barwin-like protein isolated from papaya latex was found
to belong to the class II PR-4 protein family and its amino-acid
sequence was inferred from the genome-sequence database
and validated by the X-ray crystal structure. The protein
was predicted to have ribonuclease biological activity and a
putative binding site for the activity was proposed. However,
this last statement requires experimental confirmation.

Furthermore, the present study used two common approa-
ches for increasing the anomalous scattering signal that are
crucial for the success of S-SAD: the use of soft and longer
wavelength X-rays and the collection of highly redundant
data. Here, S-SAD phasing of the papaya barwin-like protein,
displaying an estimated Bijvoet ratio of 0.93% with 154 A
wavelength X-rays, showed that high anomalous multiplicity
is not necessarily required and that although indicators of
successful S-SAD predict an unfavourable outcome this
phasing method can still be fruitful. Obviously, successful
S-SAD phasing strongly depends on the crystal quality.
Indeed, the crystal quality and resistance to optical damage
are probably the limiting factors for the method. Given that
the S-SAD method is largely underutilized in X-ray structural
determination, it may deserve a more systematic use for
good-quality diffraction crystals and for low-molecular-weight
proteins that contain a relatively high content of cysteine/
methionine residues.

Diffraction data were collected at the Swiss Light Source
(Paul Scherrer Institute, Villigen, Switzerland). We are
grateful to the machine and beamline groups whose
outstanding efforts made these experiments possible. EJTM
thanks the Belgium program (IN-Wallonie—Bruxelles Inter-
national) for the fellowship. We also thank Professor Han
Remaut for helpfully assistance in the in-house S-SAD data
collection. RW is Research Associate at the National Fund for
Scientific Research FNRS-FRS (Belgium), which is gratefully
acknowledged for support.
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