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Biochemical function of typical and variant Arabidopsis thaliana U-box
E3 ubiquitin-protein ligases

Jakob WIBORG, Charlotte O’SHEA and Karen SKRIVER**!

*Department of Molecular Biology, University of Copenhagen, Universitetsparken 13,
DK - 2100 Copenhagen @

The variance of the U-box domain in sixtyfour Arabidopsis thaliana ubiquitin-protein
ligases (E3s) was used to examine the interactions between E3sand ubiquitin-
conjugating enzymes (E2s). E2s and E3s are components of the ubiquitin protein
degradation pathway. Seven U-box proteins were analyzed for their ability to ubiquitinate
proteins in vitro in cooperation with different E2s. All U-box domains exhibited
ubiquitination activity and interacted productively with UBC4/5-type E2s. Three and four
of the U-box domains mediated ubiquitin addition in the presence of UBC13 and UBC7
E2s, respectively, but no productive interaction was observed with the UBC15 E2 tested.
The activity of AtPUB54 was dependent on Trp?® in the E2-binding cleft, and the E2
selectivity was changed by substitution of this position. The function of the distant U-box
protein, AtPUBA49, representing a large family of eukaryotic proteins containing a U-box
linked to a cyclophilin-like peptidyl-prolyl cis-trans isomerase domain, was characterized
biochemically. AtPUB49 functioned both as a prolyl isomerase and a chaperone by
catalyzing cis/trans isomerization of peptidyl-prolyl bonds and dissolving protein
aggregates. In conclusion, both typical and atypical Arabidopsis U-box proteins were
active E3s. The overlap in the E3/E2 selectivity suggests that in vivo specificity is not
determined only by the E3/E2 interactions but also by other parameters, e.g. co-existence
or interactions with additional domains. The biochemical functions of AtPUB49 suggest
that the protein can be involved in folding or degradation of protein substrates. Similar
functions can also be retained within a protein complex with separate chaperone and U-
box proteins.

Key words: ubiquitin-conjugating E2 enzyme, cyclophilin, peptidyl-prolyl cis-trans
isomerase (PPlase), chaperone, E2/E3 specificity, U-box engineering

Running title: Arabidopsis U-box proteins: variations and interactions with E2 enzymes
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INTRODUCTION

The ubiquitin proteolytic pathway plays an important role in the degradation of target
proteins, many of which are short lived and have a regulatory function. In this system, the
target protein is modified by attachment of a ubiquitin polymer and degraded by the 26 S
proteasome. A ubiquitin-activating enzyme (E1) transfers ubiquitin to an ubiquitin-
conjugating enzyme (E2). The E2 enzyme binds ubiquitin through a cysteine residue
present in the conserved ubiquitin-conjugating enzyme (UBC) domain. Formation of a
covalent bond between ubiquitin and a target substrate is facilitated by an ubiquitin-
protein ligase (E3) that may bind both the E2-ubiquitin complex and a specific substrate
[1]. E3 protein families include proteins with a U-box domain [2]. U-box proteins may
also function as E4s to mediate the assembly of polyubiquitin chains on proteins already
ubiquitinated by an E3 enzyme [3]. Determination of the three-dimensional structure of
the approximately 70 residues U-box domain [4-8] showed that the domain adopts the
fold of the RING zinc finger domain and some form a dimer in solution [5,7,9].

Molecular chaperones recognize misfolded or unfolded proteins and contribute to their
refolding. Several U-box proteins have been shown to e part of the chaperone apparatus.
For example, UFD2 interacts with the AAA type ATPase Cdc48, which possesses
chaperone activity, and is thought to contribute to cell survival under stressful conditions
in yeast [3]. In mammalian cells, UFD2a interacts with the mammalian ortholog of
Cdc48, VCP, and is implicated in the degradation of damaged proteins [10]. Denatured
protein substrates were multiubiquitinated by the C-terminus of Hsc70-interacting protein
(CHIP) U-box protein in vitro, but only when the unfolded substrate was captured by the
chaperones Hsp90, or Hsc70 and Hsp40 [11]. Thus, CHIP may act as a co-chaperone that
determines the balance between folding and degradation of proteins. Further suggestions
of a link between U-box mediated protein degradation and chaperone-mediated folding
come from studies showing that five mammalian U-box proteins can interact with
molecular chaperones or co-chaperones [12], and from the identification of a protein,
cyclophilin-60 (Cyp-60) or CYC4, containing both an U-box domain and a Cyp-like
chaperone domain [2].

Cyps were originally identified as receptors for immunosuppressive drugs such as
cyclosporine A, and were later found to have peptidyl-prolyl cis-trans isomerase (PPlase)
or rotamase activity and to function as molecular chaperones (for review se [13]). PPlases
catalyze trans/cis isomerization of proline-peptid bonds, which is often a rate-limiting
step in protein folding [14], and can enhance the rate of protein folding in vivo. The
relative contribution of the PPlase and chaperone activities to protein folding in vivo
remains elusive [13]. The prototypical Cyp, human CypA, consists of only the highly
conserved, approximately 100 amino acids long, Cyp-like domain (CLD), and is
implicated in several physiological functions and diseases. For example, under normal
conditions binding of the CypA PPlase active site to a regulatory proline residue in Itk, a
tyrosine kinase, is important for suppression of the T helper 2 response [15], and CypA
knockout mice develop an allergic disease. The large Cyps have a modular structure with
functionally independent modules for example a CLD and a U-box domain [2].
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U-box proteins are overrepresented in Arabidopsis compared with other model
eukaryotes. Only two and six U-box proteins are present in yeast and animal, respectively
[16]. By contrast, Arabidopsis has been predicted to contain 62 U-box proteins [5] with
the majority of the proteins containing an ARMADILLO (ARM) repeat protein-
interaction region in addition to the U-box domain. U-box-ARM proteins have been
implicated in the regulation of cell death and defense [17-18]. Interestingly, the
Pseudomonas syringae protein AvrPtoB, which inhibits immunity-associated
programmed cell death in plants, is an E3 U-box protein suggesting that the pathogen
Pseudomonas uses molecular mimicry to destroy plant defense [19]. U-box proteins are
also involved in other important plant-specific pathways. For example, U-box proteins
play a role in control of both self-incompatibility [20] and pseudo-self-incompatibility
[21], and Arabidopsis CHIP functions in abiotic stress [22].

The physiological importance and structural variation of the Arabidopsis U-box proteins
makes studies of their biochemical function important. We have examined the specificity
of the interactions between different Arabidopsis E2s and U-box E3s based on sequence
and structure information. In addition, we have demonstrated that the U-box protein
AtPUBA49 functions as a chaperone providing yet another link between ubiquitin-
dependent protein degradation and chaperone-dependent protein refolding.
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MATERIALS AND METHODS

Analysis of gene expression

Expression data were collected from the Genevestigator [23-24] website
(www.genevestigator.ethz.ch). Data are reported as absolute expression values and
colour-coded such that for each gene the highest signal intensity obtains value 100%
(dark blue) and absence of signal obtains value 0 % (white).

Phylogenetic analysis

The phylogenetic analysis of U-box domain sequences was performed using MEGA4
software [25]. The input was a multiple alignment of U-box sequences generated in
ClustalX. The program calculates the distances between all pairs of sequences and uses
the neighbor-joining method [26] and the PAM matrix to construct the tree. The
reliability of the different groupings of the tree was measured by bootstrapping.

Analysis of gene expression by quantitative real-time PCR

Quantitative real-time PCR used the Superscript 111 Platinum SYBR Green One-Step
gRT-PCR kit (Invitrogen) with 10 pmol of each primer and 50 ng cDNA in 20 pul. The
thermal cycling conditions used were 95 °C for 5 min followed by 40 cycles of 95 °C for
155,57 °C for 30 s, and 72 °C for 30 s, followed by a melt cycle from 65 °C to 96 °. The
reactions were run on an Applied Biosystems 7500 Real Time PCR instrument. For
making cDNA from rosette leaves, Arabidopsis plants were grown in the greenhouse at
21 °C with 18 h light and 6 h dark. Tissues were harvested and frozen in liquid nitrogen.
Total RNA was isolated by LiCl precipitation, phenol/chloroform extraction, and ethanol
precipitation followed by DNase treatment in a reaction coupled to reverse transcription
using oligo-dT primers, murine leukaemia virus reverse transcriptase (GeneAmp;
Applied Biosystems), and 1 ug of mRNA. Primers for real time PCR are shown in
Supplementary Table 1. The reactions were performed in triplicate, and quantification of
cycle threshold (C+) values was achieved by calculating means of normalized expressions
using Q-gene software [27] and the Actin2 (At3g18780) gene as reference gene for
normalization. All primer pairs amplified a single product of the expected size, which
was confirmed by melt-curve analysis.

Generation of plasmids for protein expression

For production of recombinant E2 and E3 proteins cDNA clones obtained from the
Arabidopsis Biological Resource Center (http://www.biosci.ohio-
state.edu/~plantbio/Facilities/abrc/abrchome.htm) were amplified by PCR to obtain the
complete coding part of At5g62540 (UBC2) [28], At5g53300 (UBC4/5), At3g46460
(UBC7), At1g16890 (UBC13), and At5g42990 (UBC15) using the primer sets listed in
Supplementary Table 2. The PCR-products were cloned into pET-15b (Novagen) for
production of histidine-tagged recombinant proteins. The recombinant proteins were
named to show that they contained a histidine tag (His6), their identity (e.g. At5g62540),
and the type of UBC (e.g. UBC2), e.g. His6-At5962540(UBC2). Gateway pDONR
(Invitrogen) entry clones of At5g05080 (UBCE), At2g16740 (UBC4/5), Atlg78870
(UBC13), At1g17280 (UBC6), and At1g63800 (UBC8) were obtained from the
Arabidopsis Biological Resource Center and introduced into the destination vector
pDEST17 (Invitrogen) to produce expression plasmids for production of histidine-tagged

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2008 The Authors Journal compilation © 2008 Biochemical Society

THIS IS NOT THE FINAL VERSION - see d0i:10.1042/BJ20071568


http://www.genevestigator.ethz.ch/
http://www.biosci.ohio-state.edu/%7Eplantbio/Facilities/abrc/abrchome.htm
http://www.biosci.ohio-state.edu/%7Eplantbio/Facilities/abrc/abrchome.htm

Bl Biochemical Journal Immediate Publication. Published on 07 Apr 2008 as manuscript BJ20071568

full-length recombinant proteins of At5g05080 (UBCE), At2g16740 (UBC4/5),
At1g78870 (UBC13), and At1g63800 (UBCS), and a C-terminally truncated version
lacking the predicted transmembrane region of At1g17280 (UBC6). The resulting
recombinant proteins were named as described above except for recombinant At1g17280
which was named His6-At1g17280(Atm,UBC6) to indicate the lack of the
transmembrane region from this protein.

The Plant U-box (PUB) [29] E3 proteins were produced by cloning of a PCR fragment of
AtPUB14 (At3g54850; residues 249-632) [5] and AtPUB63 (At5¢g05230; residues 170-
257) into pMAL-c2 (New England Biolabs) to obtain a maltose-binding protein (MBP)
fusion protein or by inserting PCR fragments of AtPUB41 (At5962560), AtPUB54
(At1g01680), AtPUB56 (At1g01670), and AtPUBG0 (At2933340) into pENTR/D-TOPO
(Invitrogen) followed by recombination into pDEST-566 (Addgene) to obtain His6-MBP
fusion proteins or of AtPUB49 (At5g67530) into pENTR/D-TOPO and pDEST17
(Invitrogene) to obtain a histidine-tagged recombinant protein. The primer set used for
amplification are listed in Supplementary Table 2. The resulting recombinant proteins
were named: MBP-AtPUB14(249-632), MBP-AtPUB63(170-257), His6-MBP-PUB41(1-
559), His6-AtPUB49(1-595), His6-MBP-AtPUB54(1-308), His6-MBP-AtPUB56(1-365),
and His6-MBP-AtPUB60(1-485). Substitution in His6-MBP-AtPUB54(1-308) was
performed using the primers 5’GAGGAATTCAGAAAGGCGCTAAGGTCAGGAGG
and 5’CCTCCTGACCTTAGCGCCTTTCTGAATTCCTC (Trp**—Ala) and
5’GCAGAGGAATTCAGAAAGCATCTAAGGTCAGGAGGTCG and
5’CGACCTCCTGACCTTAGATGCTTTCTGAATTCCTCTGC (Trp?*°—His).

Purification of recombinant protein

Escherichia coli strain BL21(DE3) was transformed with the expression constructs and
used for expression of His-tagged and MBP-fusion recombinant proteins. For production
of the MBP-fusion proteins transformed E. coli cultures were grown to a cell density of
0.6 in LB medium before induction with 0.5 mM isopropyl-B-D-thiogalactopyranoside.
After 3 h of incubation at 37 °C or overnight at 15 °C the cells were harvested by
centrifugation. For purification of IMBP fusion proteins, the pellet was resuspended in 20
mM Tris-HCI, pH 7.4, 200 mM NacCl, 0.1 % Triton X-100, 0.01 M
phenylmethylsulphonyl fluoride, 1 mM dithiothreitol, and the cells were disrupted by
sonication using a Soniprep 150 (MSE) with an amplitude of 7 micron for 30 s, paused
for 30 s, and repeated three times. The sonicate was cleared by centrifugation at 10,000 x
g for 20 min at 4 °C. The supernatant was diluted 1:5 with 20 mM Tris-HCI, pH 7.4, 200
mM NacCl, and protein from 200 ml E. coli culture (at the time of harvest; Ago
approximately three) was bound to 2 ml (bed vol.) amylose resin (New England Biolabs).
The column was washed with 10 column volumes of 20 mM Tris-HCI, pH 7.4, 200 mM
NaCl, the MBP-fusion proteins were eluted in the same buffer containing 10 mM
maltose, and the buffer was changed using an Amicon Ultra-15 10,000 MWCO
centrifugal filter.

For production of His-tagged proteins, the E. coli pellet was resuspended in 50 mM
sodium phosphate, pH 7.0, 300 mM NacCl, the cells were disrupted by sonication as
described above, the sonicate was cleared by centrifugation at 10.000 x g for 20 min at 4

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2008 The Authors Journal compilation © 2008 Biochemical Society

THIS IS NOT THE FINAL VERSION - see d0i:10.1042/BJ20071568



Bl Biochemical Journal Immediate Publication. Published on 07 Apr 2008 as manuscript BJ20071568

°C, and His-tagged protein (from 200 ml E. coli culture) was bound to 2 ml prewashed
BD Talon metal-affinity resin (Clontech). The column was washed twice with 10 column
volumes of 50 mM sodium phosphate, pH 7.0, 300 mM NacCl, and protein eluted using
50 mM sodium phosphate, pH 7.0, 300 mM NaCl, 150 mM imidazole, and the buffer was
changed using an Amicon Ultra-15 10,000 MWCO centrifugal filter.

In Vitro ubiquitination assay

The assays were performed essentially as described previously [5]. Reaction mixtures (30
ul) contained 0.5 pg of recombinant E3, 20 ng of rabbit E1 (Boston Biochemicals), 20 ng
of recombinant E2, 10 pg of Hisg-ubiquitin (Sigma-Aldrich), and 90 ug protein from
extracts of E. coli strain BL21(DE3) in a buffer containing 50 mM Tris-HCI, pH 7.4, 2
mM ATP, 5 mM MgCl,, and 2 mM dithiothreitol. For making the E. coli exiracts, the
cells were resuspended in the assay buffer, placed on ice, and disrupted by sonication
using a Soniprep 150 (MSE) with an amplitude of 7 micron for 30 s, paused for 30 s, and
repeated three times. The reactions were incubated for 2 h-at 30 °C, and 1/6 of the
reactions (approximately 20 ug) were separated by SDS-PAGE and analyzed by Western
blot analysis. The proteins were transferred to an Immabilin-P membrane (Millipore) and
incubated in 3 % (w/v) dry milk in a buffer containing 10 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 0.1 % (v/v) Tween-20 for two hours at room temperature followed by incubation
overnight at 4°C using a mouse monoclonal anti-ubiquitin antibody (diluted 1:500),
which was conjugated to horse radish peroxidase (Santa Cruz Biotechnology). After
washing, proteins were detected by enhanced chemiluminescence (GE Health Care, Life
Sciences). All experiments were performed at least three times with different preparations
of recombinant E2 and E3 proteins.

Peptidyl-prolyl isomerase (PPlase) assay

The PPlase activity of recombinant AtPUB49 (His6-AtPUB49(1-595) was assessed by
the method of Kofron et al. [30] using the tetrapeptide substrate N-succinyl-Ala-Leu-Pro-
Phe-p-nitroanilide (Suc-AAPE-pNA; Sigme-Aldrich). All reagents were pre-equilibrated
until the temperature reached 0 °C. In a 1 ml glass cuvette, His6-AtPUB49(1-595) at
varying concentrations was mixed with 100 ul a-chymotrypsin (Sigma-Aldrich; 60 mg
ml™ in 1 mM HCI), and the volume was brought up to 975 ul with assay buffer (50 mM
Hepes-KOH, pH 8.0 at 0 °C, 100 mM NacCl). The reaction was initiated by the addition
of 25 ul substrate (4 mM tetrapeptide in 470 mM anhydrous LiCl prepared in
trifluoroethanol). Changes in absorbance due to released p-nitroaniline were monitored at
390 nm at 0 °C over a 5 min period in a Perkin EImer Lambda 35 UV/VIS
spectrophotometer with a thermo stated cuvette holder. Initial reaction rates were
determined from the slope of the linear portion of the plot of Azg against time. The
enzymatic activity of each sample was calculated as the difference between the rate of
catalyzed and spontanoeus reactions, and product formation was calculated from AAsgg
using 13.3000 M™cm™ as the molar extinction coefficient for p—nitroaniline [30]. The
experiments were performed three times with different preparations of His6-AtPUB49(1-
595).

Chaperone assay
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The ability of recombinant AtPUB49 to inhibit the aggregation of citrate synthase (CS)
was examined according to the well described CS aggregation assay [31]. CS (Sigma-
Aldrich) was dialyzed against TE buffer (50 mM Tris-HCI, pH 8.0, 2 mM EDTA) over

night at 4 °C, and concentrated using an Ultrafree-MC Centrifugal Filter Unit (Millipore).

Each assay contained 2 uM CS and varying amounts of His6-AtPUB49(1-595) in a total
volume of 1 ml Hepes-KOH, pH 7.5. All mixtures, kept in a cuvette with magnetic
stirring, were prewarmed to 43 °C before addition of CS. After addition of CS the
increase in absorbance at 360 nm was measured for a period of 30 min in a Perkin Elmer
Lambda 35 UV/VIS UV-vis spectrophotometer using a thermo stated cuvette holder.
The experiments were performed at three times with different preparations of His6-
AtPUB49(1-595).
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RESULTS

The Arabidopsis U-box family

BLAST homology searches identified 64 putative U-box protein, including At5g57035,
At3g49065, and At5g05230, which were not included in previous compilations, and were
named AtPUBG61, AtPUB62, and AtPUBG63, respectively [5, 29,
http://www.arabidopsis.org/browse/genefamily/pub.jsp]. A phylogenetic analysis of the
64 Arabidopsis U-box proteins was performed based on an alignment limited to the U-
box domain. An unrooted tree was constructed in MEGA4 [25] using the neighbor-
joining method [26], and branch reliability was assessed by bootstrap analysis. The
obtained Arabidopsis U-box protein phylogeny is presented Figure 1.

The Arabidopsis U-box proteins have previously been assigned to different classes based
on domain structure [5,29]. Thirty four per cent of the Arabidopsis U-box proteins belong
to the sub groups of ARM repeat proteins, which also include a sub group of proteins
containing the plant specific UND domain (Figure 1) [32]. The different sub groups also
reflect sequence variation within the highly conserved U-box domain (Figures 1 and 2A).
Most of the ARM repeat and kinase proteins contain Ile, Trp, and Pro at positions
corresponding to 11e*®, Trp®, and Pro® in AtPUB14, for which the tertiary structure is
known [5]. These residues are present in the central o helix and loops L1 and L2 of the
U-box domain and are part of the E2-binding cleft (Figure 2A and 2B) [4,5]. Structure
analyses and mutagenesis studies suggested that these and a few additional residues
(Figure 2A) are important for the interactions of the zebrafish and mouse CHIP U-box
proteins with their target E2s [6,7]. When 1162 (11e%*® in AtPUB14), Phe?'® (Leu®*®), and
Arg®? (GIn®*®) in zebrafish CHIP were changed to alanine, no E3 ubiquitin ligase activity
was detected in vitro, and when His** (Trp”*) and Val**® (Gly*®) were changed to
alanine, the activity was reduced [6].

Variation of the Arabidopsis U-box sequences

Seven proteins representing different phylogenetic branches and sequence variants were
selected to examine the activity of the Arabidopsis U-box proteins and their cooperation
with specific E2s. AtPUB14, AtPUB54, and AtPUB56 were selected because they
contain prototypical Arabidopsis U-box domains with conserved lle, Trp, and Pro
residues (Figure 2A). AtPUBS54 and AtPUB56 show a high degree of sequence similarity
(78 per cent in the U-box domain) making similar E2 selectivity likely for these proteins.
In Fig. 2C, a schematic representation of the domain structure of these proteins shows
that AtPUB14 contains several ARM repeats and an UND domain in addition to the U-
box domain and that AtPUB54 and AtPUB56 contain a kinase domain. In addition, this
study focused on the following U-box proteins: AtPUB60 which has an N-terminal U-
box domain and a WD40 repeat region in the C-terminal region of the protein and shows
sequence similarity to yeast Prp19, also outside the U-box domain. AtPUB60 contains a
histidine in the position corresponding to Trp?®! of AtPUB14. AtPUB41, which also
contains ant ARM repeat region, has a variant U-box domain with a cysteine residue at the
position corresponding to Trp?! of AtPUB14. In addition, AtPUB41 has a substitution at
the position corresponding to Pro®® in AtPUB14. AtPUB49, which is the Arabidopsis
ortholog of CYC4 [2] and contains a leucine and a tyrosine in the positions corresponding
to 11e?® and Trp?! of AtPUB14. AtPUB63, which also contains atypical amino acid
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2% 4 valine is most

290 in

residues in the key positions. A threonine is present instead of lle
likely present instead of Trp?®!, and no proline is found in the vicinity of Pro
AtPUB14.

The proteins selected represent the structural range of the Arabidopsis U-box proteins.
All amino acid residues, Trp, Tyr, His, Cys, and Val, present in the key position
corresponding to Trp?®* of AtPUB14 are represented. In contrast, previous work on
Arabidopsis U-box proteins focused on U-box proteins with a tryptophan [5,32] or a
histidine [33] at this key position [34]. The six mammalian U-box proteins, which
showed E2-selective in vitro ubiqutination activity, have a relatively larger variation at
this position than the Arabidopsis U-box proteins [2] suggesting than the atypical
Arabidopsis proteins may also be active.

Expression of the AtPUB14, AtPUBA41, AtPUB54, AtPUB56, AtPUB60, and AtPUB63
U-box genes

The expression pattern of all 64 predicted Arabidopsis U-box genes was analyzed using
the expression data complied for the Arabidopsis ATH1 22K microarray chip
experiments [24]. The Genevestigator online search tocol Meta-Analyzer reports
expression as heat maps in blue/white coding (absolute signal values) for different organs
and developmental stages. The genes were shown 10 be expressed above background
levels using Digital Northern at Genevestigator (data not shown). For the U-box genes
selected for this study, information was lacking for only AtPUB41 and AtPUB54.
However, several cDNA clones were available for both genes showing that they are
expressed.

According to analysis performed by Meta-Analyzer stress exposure did not have any
significant effect on the expression of the AtPUB14, AtPUB49, AtPUB56, AtPUB60, and
AtPUBG63 genes (data not shown). Data on the expression of theses genes in different
growth stages are reported in Figure 3A. For all genes, expression was detected at most
stages. Some of the genes, AtPUB14, AtPUB15 (At5g42340; included for comparison),
AtPUB49, and AtPUBG63 were expressed to the highest level in the late growth stages,
siliques. AtPUBG60 showed significant, but varying, levels of expression at all stages, with
highest levels detected in seedlings and siliques. The expression level in different organs
was also examined (Figure 3B). AtPUB49 showed highest expression in seeds and root
tip, AtPUB63 was most highly expressed in seeds, leaves, cork, and senescent leaves, and
for AtPUB14 the highest expression level was in pollen. Expression of these U-box genes
in many organs is in-contrast to the restricted expression pattern of other U-box genes,
such as AtPUB15, which was expressed almost exclusively in pollen indicative of a
pollen-specific function.

The Genevestigator microarray data were compared to results obtained from quantitative
real-time PCR using E3 gene specific primers. cDNA synthesized from RNA isolated
from rosette leaves, in which the E3 and E2 gene expression varied significantly, was
used for the comparison (Figure 3C). In general, the results obtained by this method were
in accordance with the Genevestigator microarray data (stage four from the left in Figure
3A). The AtPUB14, AtPUB15, AtPUBG63, AtPUB41, AtPUB54, and AtPUB56 genes were
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expressed at low levels, whereas AtPUB60 was expressed at a much higher level
corresponding to approximately 3600 times that of the AtPUB15 gene.

Arabidopsis E2s — sequence variation and gene expression

To be active in ubiquitination, E3s need to cooperate with an E2. The distinction of
different families of E2s that are conserved across phyla was evident from a phylogenetic
analysis [35]. However, since more UBCs exist in Arabidopsis than in yeast (37 vs. 11),
it is not possible to find a yeast ortholog for all Arabidopsis E2s [28,36]. To avoid
confusion, the E2s are referred to by their genomic loci (e.g. At2g62540) followed by a
parenthesis showing the UBC sub family to which they were assigned. For example,
At2g62540(UBC2) shows that this E2 is most closely related to yeast UBC2. Nine E2s,
covering the different UBC families and phylogenetic range [37], were selected for the
assays. A few sub-groups were not represented, either because their members showed no
ubiquitination activity or were insoluble when produced as recombinant proteins [36].
The E2s selected were: At2962540(UBC2), At5g53300(UBC4/5), At2g16740(UBCA4/5),
Atlg17280(UBC6), At3g46460(UBC7), At1g63800(UBCS), Atlg16890(UBC13),
Atl1g78870(UBC13), At2g42990(UBC15), and At5g05080(UBCE). Two family 4/5 and
13 UBCs were included to examine if the U-box proteins discriminate between closely
related E2s.

The temporal expression pattern of the E2 genes is shown in Figure 3A. No data were
available for AtUBC1g16890(UBC13). At1g78870(UBC13) was expressed at high levels
at all times examined, and At1g17280(UBCE6), At3g46460(UBC7), At1g63800(UBCS),
and At5g05080(UBCE) were also expressed ubiquitously at significant levels.
At2g42990(UBC15) was expressed at low levels, except in the late flowering stages.
Examination of the organ specific/spatial expression pattern (Figure 3B) revealed that
At2g42990(UBC15) was expressed specifically in petals. At1g63800(UBC8) showed
higher expression levels in caulirne and senescent leaves than in other organs. Significant,
but varied expression, of At2g16740(UBC4/5) is in accordance with previous expression
analyses of the gene [36]. The expression of the E2 genes in rosette leaves was also
analyzed using quantitative real-time PCR (Fig. 3C). Again the PCR data were generally
consistent with the microarray data and showed relatively high levels of expression for
most of the E2 genes, with the At5g53300(UBC4/5) gene showing the highest level of
expression . In conclusion, most of the E2s genes examined are abundantly expressed,
except At2g42990(UBC15), which seems to be expressed specifically in flower tissue.

Activity of prototypical and variant Arabidopsis U-box proteins

The E3 proteins tested for ubiquitination activity were produced as recombinant proteins.
Five of the proteins, AtPUB41, AtPUB49, AtPUB54, AtPUB56, and AtPUB60, were
produced as the full length recombinant protein fused to an N-terminal histidine
(AtPUBA49) or His6-MBP tag. In the case of AtPUB14, only a fragment containing the U-
box and the ARM repeat domain was produced as a fusion to MBP due to solubility
problems with the full length protein [5]. It was also impossible to produce AtPUB63 as a
full-length protein. Therefore, a fragment consisting of residues 170-257 from AtPUB63
fused to MBP was used for the assays. All E2s used were produced as full-length
recombinant proteins containing an N-terminal histidine tag, except in the case of
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At1g17280, which was produced as the recombinant protein lacking the predicted trans
membrane region.

Yield, size, and quality of the affinity purified recombinant proteins were examined by
absorption spectroscopy and SDS-PAGE (Figure 4A and B). Approximately 20 mg
affinity purified E2 recombinant protein was obtained from 1 | E. coli culture harvested at
an Agoo value of approximately three, except in the case of His6-At1g16890(UBC13), for
which only approximately 5 mg was obtained. The yield of the His6-MBP tagged full-
length PUB proteins and His6-AtPUB49(1-595) was approximately 10 mg pr. | E. coli
culture, whereas the comparable yield of the largest recombinant protein produced, His6-
MBP-AtPUB41(1-559), was only about 5 mg. Analysis by SDS-PAGE showed that the
molecular mass values of the purified recombinant proteins were in accordance with the
calculated mass values within the experimental errors expected for SDS-PAGE (Figure
4A and B, Supplementary Table 2). In the case of His6-At1g63800 and His6-At1g17280,
which migrated slower than expected from the calculated molecular mass values, matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry confirmed the
expected mass for the recombinant proteins (data not shown). In general, the purified
proteins had only minor protein contaminations. For example, a contaminating protein
with a molecular mass of approximately 43 kDa, the expected size of MBP, was present
together with several of the purified MBP fusion proteins (Figure 4B).

For the in vitro ubiquitination assays, the E3 indicated was incubated with ubiquitin,
rabbit E1, and the E2 as specified, and ubiquitin chain formation was monitored.
Potential substrates included the added recombinant proteins and bacterial proteins. The
reactions were probed by Western blotting using anti-ubiquitin for the detection. Initially,
assays without an E3 were performed to examine if the E3-independent activity of each
E2 was too pronounced to monitor E3-dependence in the assays. His6-
At5g05080(UBCE), His6-At1g63800(UBCS8), and His6-At5g62540(UBC?2) transferred
ubiquitin to proteins dependent upon an E1, but independent of an E3 ubiquitin ligase
(Figure 5A). Therefore, these proteins were not included in the rest of the assays.

AtPUB54 and AtPUBS56 contain prototypical Arabidopsis U-box domains. When either
of these was included in the assays, an ubiquitination ladder was seen with both family
4/5 UBCs and both family 13 UBCs (Figure 5B and C). Some activity was also detected
with UBC6 and 7, but no activity was detected in the absence of an E2 enzyme. No
significant differences were detected between the two proteins, as expected from their
high degree of sequence similarity. Some of the ubiquitinated species detected were
relatively small suggesting that they were derived from bacterial proteins, E2s, or partly
degraded recombinant proteins or that the ubiquitin chains are of limited size or not
anchored to a protein [38].

Since the position corresponding to Trp*® in AtPUB54 (Trp®" in AtPUB14) has been
suggested to be of special significance for the functionality of the E2/E3 interactions
[5,34] this residue was changed by site-directed mutagenesis in AtPUB54 to a histidine,
which is present in other U-box proteins (Figure 2A) or an alanine, which has not been
identified in this position of any of the U-box domains. The amount of protein obtained
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by expression and purification was similar for wild-type and mutant His6-MBP-
AtPUB54(1-308). The activity of wild type and mutant His6-MBP-AtPUB54(1-308) was
compared using the two UBCA4/5 proteins (At2g16740 and At5g53300), and the two
UBCL13 proteins (Atlg78870 and At1g16890) as E2. No activity was detected with His6-
MBP-AtPUBS54(1-308, Trp*®—Ala) using the four recombinant E2 proteins
demonstrating the importance of Trp?®® for the functionality of AtPUB54 (Figure 5D,
lanes 1-2, 4-5,7-8,10-11). In contrast, the substitution in His6-MBP-AtPUB54(1-308,
Trp®—His) had E2-dependent effects on the activity. Whereas the mutation resulted in a
decrease or no significant change in activity with His6-At2g16740-UBC4/5 and His6-
At5g53300-UBC4/5 E2, respectively (Figure 5D, lanes1,3 and 4,6) no detectable activity
was measured with the two UBC13 recombinant E2 enzymes, His6-At1g78870 and His6-
At16890 (Figure 5D, lanes 7,9 and 10,12). Since shorter exposure times showed that
there was no significant difference between the signals obtained for the reactions between
His6-MBP-AtPUB54 (wild type) and His6-At2916740-UBCA4/5, His6-At5953300-
UBC4/5, and His6-At1g78870(UBC13), respectively (data not shown), this differential
effect on the signal could not be explained by limitations of the detection system. Thus,
the selectivity of His6-MBP-AtPUB54(1-308) for the E2s was changed by the
Trp®®—His substitution.

AtPUB14 has previously been shown to be active with the human UBC4/5 protein
UBC5Db [5]. The E2-dependent activity with family UBC4/5 E2s was confirmed, since
AtPUB14 showed ubiquitination activity with both Arabidopsis UBC4/5s tested (Figure
5E). However, in contrast to the other prototypical Arbidopsis U-box proteins examined,
AtPUB54 and AtPUB56, no activity was detected with the UBC13 E2s demonstrating
biochemical selectivity of the different prototypical Arabidopsis U-box E3s.

The more distantly related U-Box protein AtPUB41 contains a cysteine in the position
corresponding to Trp?®! of AtPUB14 and does not have a proline corresponding to the
structurally important proline (Pro?® in AtPUB14) [4]. Despite these atypical
characteristics, recombinant AtPUB41showed activity, although only with type 4/5 UBCs
(Fig. 5F). A similar restricted activity pattern was detected for another atypical
Arabidopsis E3, AtPUBG60, which contains a histidine in position 281. In this case the
recombinant protein, His6-MBP-AtPUB60(1-537) also showed activity with the two type
4/5 E2s (Fig. 5G). AtPUB63, which was omitted from the initial reports of Arabidopsis
U-box proteins, because of its relatively low degree of sequence similarity to other U-box
domains and the presence of atypical amino acid residues in the U-box (Figure 1), was
also able to mediate ubiquitination in the presence of both type 4/5 E2s and the UBC6
and 7 proteins included in the assays (Fig. 5H). The last atypical Arabidopsis U-box
protein examined, AtPUB49, also showed activity with the two UBC4/5 E2s, but in
addition it mediated ubiquitination with the recombinant UBC13 proteins, especially
His6-At1g16890 (Fig. 51).

AtPUB49 belongs to the family of U-box/cyclophilin-like proteins

The 65 kDa predicted AtPUB49 protein contains two recognizable domains, an N-
terminal U-box domain and a C-terminal CLD (Figure 2C) and belong to the cyclophilin
protein family. Twenty nine cyclophilins were predicted to exist in Arabidopsis in a study
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in which AtPUB49 was named AtCYPG65 [39]. Homology searches and domain
architecture analysis showed that proteins with the U-box/cyclophilin-like domain
combination are highly proliferated in eukaryotic organisms with orthologs found from
fungi to mammals.

AtPUBA49 is a peptidyl-prolyl isomerase

Structure based mutagenesis has pinpointed seven residues of importance to PPlase
activity with the mutations Arg>—Ala, Phe®®—Ala, and His?*~GIn in human CypA
showing the most severe loss in catalytic efficiencies (Figure 6) [40]. All except one of
these seven residues are conserved in AtPUBA49 suggesting that this protein is also a
PPlase. The chymotrypsin-coupled assay with Suc-AAPF-pNA as substrate was used to
examine if AtPUB49 has PPlase activity [30]. The assay is based on the ability of
PPlases to catalyze conversion of the cis conformation to the trans conformation of the
substrate, which can then be cleaved by chymotrypsin resulting in the formation of the
colored product measured as an increase in absorbance at 390 nm due to PPlase activity.
Increasing concentration of recombinant AtPUB49, His6-AtPUB49(1-595), resulted in
increasing activity (Fig. 7). In contrast, increasing the amount of His6-MBP-PUB41(1-
559) did not result in significant changes of the absorbance (data not shown). The activity
of His6-AtPUB49(1-595), measured as the formation of p-nitroaniline and determined
from the plot of the reaction rate against the concentration of His6-AtPUB49(1-595) (Fig.
6, insert), was 4.4 umol- min™* .mg™.

AtPUBA49 has chaperone activity

Large PPlases also display chaperone activity in vitro in a manner that is independent of
the PPlase function [13]. Molecular chaperones promote proper protein folding and
prevent aggregation. Here we have examined the ability of His6-AtPUB49(1-595) to
inhibit the aggregation of CS in the well described CS aggregation assay [31]. At43 ° C,
CS aggregates within 10 min (Figure 8). At this temperature a 1.5 times molar excess of
His6-AtPUB49(1-595) compared to CS resulted in a marked reduction of CS
aggregation, and aggregation was further decreased with a further increase in the
concentration of recombinant AtPUB49. A 6 fold molar excess of His6-AtPUB49(1-595)
almost completely hindered aggregation (Figure 8), and no further decrease in the degree
of aggregation could be detected using this assay. A similar excess of glutathione-S-
transferase had no influence on the thermal aggregation of CS. This clearly demonstrated
that recombinant AtPUB49 has chaperone activity.
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DISCUSSION

We have used the variance of the Arabidopsis U-box sequences to address function of U-
box domains and specificity of E2/E3 U-box interactions. The seven Arabidopsis U-box
proteins examined were functional in ubiquitination assays despite the presence of
atypical amino acid residues in key U-box positions in some of the proteins. Selectivity
was detected in the cooperation of the E3s with E2s, but surprisingly all E3s examined
were active with the two type 4/5 E2s used.

The amino acid residue corresponding to Trp? in AtPUB14 (Figure 2B) is part of the
hydrophobic E2-binding groove and has been suggested to be a specificity determinant
for functional interactions with E2s [5,34]. However, this study showed that tryptophan,
histidine, cysteine, and valine in this position all allow functional interactions with
UBC4/5 E2s, demonstrating that this alone does not determine selectivity for E2s. The
function of this position was examined further by mutagenesis. Substitution of Trp® in
AtPUB54 with an alanine resulted in a protein with no detectable activity with the
UBC4/5 and UBC13 EZ2s tested, verifying the functional importance of this residue.
Substitution with a histidine had different effects on the activity with the two UBC4/5
E2s examined and totally eliminated activity with the UBC13 EZ2s. This is interesting,
both because it highlights the complicated nature of the E2/E3 interactions and because it
demonstrates the possibility of changing the selectivity of the E3 for the E2s making
rational engineering of E3 proteins possible.

Isoleucine®® in AtPUB14 is also part of the E2-binding groove (Figure 2B), and most
Arabidopsis U-box domains contain an iscleucine or a leucine in this position. Leucine is
also compatible with activity as shown from analysis of AtPUB49 (Figure 2A and 5).
AtPUBG63 has a chemically different threonine, but the ubiquitination ability of AtPUB63
showed that a hydrophilic residue also allows activity. Thus, compensating interactions
must take place between the atypical AtPUB63 U-box domain and the E2s. The identity
of additional residues has been shown to be of importance for U-box activity. However,
functionally important Phe?®, Arg”*®, and Val** in zebrafish CHIP (Leu®®, GIn**®, and
Gly*®* in AtPUB14) [6] are not conserved and can be a glycine in active Arabidopsis U-
box domains (Figure 2A). Even more striking, Pro® in AtPUB14 represents a highly
conserved amino acid residue and mutation of this position in Prp19 to an alanine
resulted in disruption of the U-box structure [4]. The functional U-box domains in
AtPUBA41 and AtPUBG3 lack a corresponding proline. In conclusion, U-box domains can
be active in ubiquitination even though they contain underrepresented amino acids in
specific positions of functional importance.

The promiscuous behavior of the two Arabidopsis UBC4/5 E2s can be explained by
results from recent studies using NMR spectroscopy [41]. It was shown that UBCH5
binds ubiquitin noncovalently on a surface distinct from the active site that binds
ubiquitin covalently. This may allow UBCH5-ubiquitin complexes to self-assemble
promoting formation of polyubiquitin chains. This ability was dependent on Ser?? in
UBCHS5 and is specific for UBC4/5 and a few additional E2s [41-42]. Seven out of the
ten Arabidopsis UBC4/5 enzymes contain a corresponding serine residue making
noncovalent binding of ubiquitin a possibility for these E2s. Such interactions may
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explain the promiscuous and productive interaction of Hiss-At5g53300(UBC4/5) and
Hisg-At2916740(UBCA4/5) with all E3s examined. This ability of the UBC4/5 enzymes
results in very strong signals in biochemical ubiquitination assays and may to some
extent hinder the identification of biologically relevant E2/E3 pairs using biochemical
approaches to study E2/E3 specificity.

Arabidopsis has the largest known U-box family suggesting that Arabidopsis U-box
proteins are involved in a diverse array of functions and are functionally redundant. iMost
Arabidopsis U-box proteins contain domains in addition to the U-box demain. This study
showed that a member of the U-box/Cyp protein family, AtPUBA49, displays peptidyl-
prolyl cis-trans isomerase and chaperone activity. Even though the in vivo function of
AtPUBA49 is not known it possible that both activities contribute to proper folding of large
proline-containing proteins. The gene expression analyses (Fig. 3) showed that the
AtPUBA49 gene is expressed in different tissues and development stages suggesting that
the protein has a basic physiological function. Orthologs of AtPUB49 are highly
proliferated in eukaryotic phyla suggesting that the function is important to eukaryotic
life. Since yeast does not have a U-box/Cyp ortholog, the function may be related to
multi cellular life. Only one members of the U-box/Cyp family has been characterized
previously. Human Cyp-60, also known as CY C4, interacts with the proteinase inhibitor
eglin ¢ and exhibits E3 activity [2,43]. It has been suggested that CYC4 functions as a
chaperone escorting CD147 to the cell surface [44]. In any event, interesting biological
functions are to be expected for the U-box/Cyp proteins.

The function of the U-box/Cyp proteins remains unknown. However, the presence of
both a cyclophilin and a U-box domain in these proteins suggest that they play a role in
both folding/refolding and regulated protein degradation. It is likely that they can
recognize misfolded or unfolded proteins and promote their conversion to a functional
conformation and prevent protein aggregation. The ubiquitin-proteasome system on the
other hand mediates destruction of misfolded or destroyed proteins. Ubiquitin may
function in either proteasomal degradation, signal transduction or endocytosis, depending
on the identity of the cross-linked lysine in ubiquitin [45]. However, the dependence of
CYC4 on Lys*® in ubiquitin for polyubiquitination suggests that U-box/Cyps function in
proteasomal degradation. In the U-box/Cyp proteins, two apparently antagonistic systems
may be combined to regulate the balance between protein folding and degradation. In
other cases, similar functions are performed by two separate proteins in a complex. The
U-box protein CHIP can ubiquitinate denatured protein substrate in vitro, but only when
the unfolded substrate is bound by Hsp90, or Hsc70 and Hsp40 [46]. Thus, CHIP can be
regarded a quality control E3 that selectively ubiquitinates unfolded proteins by inter
molecular collaboration with a chaperone. That functional cooperation between U-box
E3s and chaperones most likely expand beyond the CHIP/Hsc and U-box/Cyp proteins as
suggested by studies showing that most mammalian U-box proteins interact with
molecular chaperones [12].

Since there are many more RING and U-box E3s in Arabidopsis (approximately 450
RING and 64 U-box domain proteins) [5,47] than E2s (approximately 37) [28] some E2s
must interact with several E3s, as seen in this study. It is also clear from the biochemical
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studies that some E3s interact with several E2s suggesting a two way biochemical
promiscuity. E2/E3 interactions may also be subject to regulation determined by temporal
and/or spatial regulation of E2/E3 gene expression and protein localization. The wide
expression of the E2 genes (Fig. 3) makes several of the E2 enzymes putative in vivo
interaction partners of the E3 proteins examined and is in accordance with the need of
some E2 enzymes to interact with several E3 proteins. Several E3 genes were expressed
to the highest level in siliques (Fig. 3A), in contrast to the E2 genes examined. Likewise,
the tissue-dependent expression patterns (Fig. 3B) did not reveal obvious E2/E3 pairs.
Whereas AtPUB14(At3g54850) was expressed predominantly in pollen, none of the E2
genes showed pollen-specific expression. At2g42990(UBC15) is expressed specifically in
petals, and no activity was detected for His6-At2g42990(UBC15) suggesting that the
protein has narrow E3-specificity. Interactions between E2s and E3s may also involve
other E3 domains than the U-box as suggested by the model of the Ufd2p/E2 complex
[8]. Further studies are needed to address in vivo E2/E3 specificity and the physiological
roles of the U-box/Cyp proteins which based on the biochemical results presented here
are likely to play important regulatory roles in vivo.
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Figure 1 Phylogeny of the Arabidopsis U-box proteins, unrooted tree

The analysis is based on the sequence of U-box domains and the tree was constructed in
MEGAA4 [25] using the neighbor-joining method [26]. The Arabidopsis proteins were
named as suggested previously [27, http://www.arabidopsis.org/browse/genefamily/
pub.jsp], except for At5g57035, At3g49065, and At5g05230, which were named
AtPUB61, AtPUB62, and AtPUBG63, respectively. A break in the branches of the tree
indicates that they have been shortened compared to the real size. Clustered groups of
kinases, ARM repeat proteins, and UND/ARM repeat proteins are indicated.

Figure 2 Sequence alignment of U-box domains

(A) Alignment of the sequence of five typical Arabidopsis U-box domains (from
AtPUB14, AtPUB54, AtPUB56, AtPUB10, and AtPUB45) containing an isoleucine, a
tryptophan, and a proline at positions 256, 281, and 290 of AtPUB14 with the sequence
of five variant Arabidopsis U-box domains (from AtPUB49, AtPUB60, AtPUB41,
AtPUBG63, and AtCHIP), and the U-box domain of zebrafish (Dr) CHIP, mouse (Mn)
CHIP, and yeast (Sc) Prp19p. For the Arabidopsis sequences the genomic loci are shown
in addition to the AtPUB names. * shows residues which have been suggested to be of
importance for the interaction between U-box domains and E2 ubiquitin conjugating
enzymes [6,7]. The upper line shows the position of secondary structures in AtPUB14
[5]. (B) The structure of the U-box domain of AtPUB49(249-321) [5] (accession code
1T1H) is shown in ribbon format with positions corresponding to residues of importance
for the E2 interaction of zebrafish CHIP highlighted in blue [6]. (C) Domain composition
[5] of the predicted U-box proteins AtPUB14, AtPUB41, AtPUB49, AtPUB54,
AtPUB56, AtPUBG60, and AtPUB63 analyzed in this study. The UND domain was
defined by Mudgil [32]. The figure is not drawn to scale.

Figure 3 Expression of Arabidopsis E3 (U-box) and E2 (UBC) genes

(A) Summary of Genevestigator ATH1 22K array data for selected Arabidopsis genes
encoding U-box E3 proteins and E2 proteins. The gene-level profiles were normalized for
coloring such that for each gene the highest signal intensity obtains value 100% (dark
blue) and absence of signal obtains value 0 % (white). (A) Stage specific expression of
Arabidopsis U-box genes (top panel) and E2 genes (bottom panel). The stages of
development are indicated at the top by depiction of the growth stage [20]. (B) As in A,
but organ specific expression of Arabidopsis U-box (top panel) and E2 genes (bottom
panel). Organs for which data are included are indicated at the top. The values of the
absolute expression levels are not shown. (C) Quantitative real-time PCR analysis of E3
(U-box) and E2 (UBC) gene expression in rosette leaves. Gene transcript levels were
normalized against Actin2 using Q-gene sotftware and methods [27], and each value is
the mean from triplicate testing. E3 (U-box) (left panel) and E2 (UBC) (middle and right
panels) gene expression levels are shown with different scales. Error bars are standard
errors.
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Figure 4 Affinity purified recombinant ubiquitin-conjugating enzyme E2 and
ubiquitin-protein ligase E3 proteins

SDS/PAGE analysis and Coomassie Blue staining of (A) gel molecular mass markers
(molecular masses indicated in kDa at the left) (lane 1), approximately 5 ug affinity
purified recombinant His6-At2g16740(UBC4/5) (lane 2); His6-Atlg78870(UBC13) (lane
3), His6-At5g62540(UBC2) (lane 4); His6-At2g42990 (lane 5); His6-At3g46460(UBC7)
(UBC15) (lane 6); His6-At1g63800(UBCS8) (lane 7); His6-Atlg17280(UBC6,Atm) (lane
8); His6-At1g16890(UBC13) (lane 9); His6-At5g05080(UBCE) (lane 10); His6-
At5g53300-UBC4/5 (lane 11) (B) molecular mass markers (molecular masses indicated
in kDa at the left) (lane 1), approximately 5 pg purified recombinant MBP-
AtPUB63(170-257) (lane 2); MBP-AtPUB14(249-632) (lane 3); His6-MBP-AtPUBS54(1-
308) (lane 4); His6-MBP-AtPUB56(1-365) (lane 5); His6-His6-AtPUB49(1-595) (lane
6); His6-MBP-AtPUB60(1-537) (lane 7); His6-AtPUB41(1-559) (lane 8).

Figure 5 E3 ubiquitination activiy of AtPUB14, AtPUB41, AtPUB49, AtPUB54,
AtPUB56, AtPUB60, and AtPUB63 recombinant proteins

For the complete reaction, the recombinant version of the Arabidopsis E3 protein as
indicated was incubated for two h at 30 °C in the presence of rabbit E1, the recombinant
Arabidopsis E2 as indicated, ATP, and ubiquitin, and approximately 20 ug protein was
loaded on a gel and subjected to immonoblotting using an anti-ubiquitin antibody. (A)
Reactions with the Arabidopsis E2 as indicated, but without an E3. The Arabidopsis E2
proteins were: His6-At5g05080(UBCE) (lane 1); His6-At5g62540(UBC2) (lane 2), His6-
At1g63800(UBCS8) (lane 3); His6-At2916740-UBCA4/5 (lane 4); His6-At5g53300-
UBC4/5 (lane 5); His6-Atlg17280(UBC6,Atm) (lane 6); His6-At3g46460(UBCT7) (lane
7); His6-At2g4299(UBC15) (lane 8); His6-Atlg78870(UBC13) (lane 9); His6-
At1g16890(UBC13) (lane 10); no E2 (lane 11). (B) Complete reactions using His6-MBP-
AtPUB56(1-365) as E3. The E2 in each reaction of lanes 1-7 was as shown in lanes 4-11
in A. (C) Complete reactions as in B but using His6-MBP-AtPUB54(1-308) as E3. (D)
Complete reactions using His6-At2916740-UBC4/5 (lanes 1-3), His6-At5g53300-
UBCA4/5 (lanes 4-6), His6-Atlg78870(UBC13) (lanes 7-9) or His6-At1g16890(UBC13)
(lane 10-12) as E2 and His6-MBP-AtPUB54(1-308) (lane 1,4,7,10), His6-MBP-
AtPUB54(1-308, Trp*®*—Ala) (lane 2,5,8,11), or His6-MBP-AtPUB54(1-308,
Trp*®—>HisAla) (lanes 3,6,9,12) as E3. (E) Complete reactions as in B but using MBP-
AtPUB14(249-632) as E3. (F) Complete reactions as in B but using His6-MBP-
AtPUB41(1-559) as E3. (G) Complete reactions as in B but using His6-MBP-
AtPUBG60(1-537) as E3. (H) Complete reactions as in B but using MBP-AtPUB63(170-
257) as E3. The E2 in each reaction was as shown in A. (1) Complete reactions as in B
but using His6-AtPUB49(1-595) as E3. The E2 in each reaction was as shown in A. Each
result is representative of at least triplicate assays performed with different preparations
of E2 and E3 proteins.

Figure 6 Alignment of the sequence of the cyclophilin-like domain of AtPUB49 with
other cyclophilin sequences

Alignment of the sequence of the cyclophilin-like domain of AtPUB49 with the complete
sequence of cyclophilin A from Homo sapiens (HsCypA; accession code P62937) and the
cyclophilin-like domain of the U-box/cyclophilin-like protein of human CYC4 (accession
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code U37219). Residues of importance for the peptidyl-prolyl isomerase activity of
HsCypA are shown by a star [40].

Figure 7 Cis-trans peptidyl-prolyl isomerase activity of recombinant AtPUB49
PPlase enzymatic activity of purified recombinant AtPUB49, His6-AtPUB49(1-595),
was analyzed using a chymotrypsin-coupled assay. (Main plot) Representative curves
showing increase in absorbance over time as an indication of PPlase activity. The
formation of p-nitroaniline was determined in the absence of His6-AtPUB49(1-595) (x),
or in the presence of 5 nM (L), 50 nM (0), 150 nM (A), and 250 nM (+ ) of His6-
AtPUB49(1-595). (Inserted plot) Concentration-dependence of PPlase activity of His6-
AtPUBA49(1-595). The assay was repeated without and with different concentrations of
enzyme (5 nM, 30 nM, and 50 nM), and the rate calculated as described in MATERIALS
AND METHODS. An activity of 4.4 umol - min™. mg™ was calculated for His6-
AtPUB49(1-595). The results are representative of three series of measurements
performed with different preparations of His6-AtPUB49(1-595).

Figure 8 Influence of recombinant AtPUB49 on thermally induced aggregation of
Citrate Synthase

A 2 uM Citrate Synthase sample was incubated at 43 °C in 40 mM Hepes (pH 7.5) over
30 min. Aggregation was monitored by measuring the turbidity at 360 nm. The influence
of His6-AtPUB49(1-595) on the aggregation of thermally denatured citrate synthase was
monitored in the absence (+) or presence of 0.75 uM (x), 1.50 uM (0), 3.0 uM (A), 6.0
uM (1), and 18 uM (0) His6-AtPUB49(1-595). The results are representative of three
series of measurements performed with different preparations of His6-AtPUB49(1-595).
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Figure 2A
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Figure 2C
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Figure 3A
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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