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Abstract
The majority of eukaryotic pre-mRNAs are processed by 3′-end cleavage and polyadenylation,
although in metazoa the replication-dependant histone mRNAs are processed by 3′-end cleavage but
not polyadenylation. The macromolecular complex responsible for processing both canonical and
histone pre-mRNAs contains the ~1,160-residue protein Symplekin. Secondary structural prediction
algorithms identified putative HEAT domains in the 300 N-terminal residues of all Symplekins of
known sequence. The structure and dynamics of this domain were investigated to begin elucidating
the role Symplekin plays in mRNA maturation. The crystal structure of the Drosophila
melanogaster Symplekin HEAT domain was determined to 2.4 Å resolution using SAD phasing
methods. The structure exhibits 5 canonical HEAT repeats along with an extended 31 amino acid
loop (loop 8) between the fourth and fifth repeat that is conserved within closely related Symplekin
sequences. Molecular dynamics simulations of this domain show that the presence of loop 8 dampens
correlated and anticorrelated motion in the HEAT domain, therefore providing a neutral surface for
potential protein-protein interactions. HEAT domains are often employed for such macromolecular
contacts. The Symplekin HEAT region not only structurally aligns with several established
scaffolding proteins, but also has been reported to contact proteins essential for regulating 3′-end
processing. Taken together, these data support the conclusion that the Symplekin HEAT domain
serves as a scaffold for protein-protein interactions essential to the mRNA maturation process.
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INTRODUCTION
Maturation of most eukaryotic pre-mRNAs requires cleavage and polyadenylation of the 3′-
ends of primary transcripts. The 3′-end polyA tail ensures proper translation by delivering
ribosomes to the mRNA1; in amphibian oocytes, it was shown that translation was eliminated
when the polyA tail addition was blocked by chemical modification2. The polyA tail is also
essential for protecting the message from exonucleases and for transporting the message from
the nucleus to the cytoplasm3. The length of the polyA tail affects the stability of the message,
and compromised stability has been shown to lead to inflammation, cancer, early
developmental maladies and coronary ailments4. Thus, proper polyA tail addition to messenger
RNA is required for proper cellular function.

For polyadenylation to occur, the cleavage stimulation factor (CstF) and the cleavage and
polyadenylation specificity factor (CPSF) must work in concert to recognize and orient the
cleavage site for the addition of the polyA tail5. The ~1,160 residue Symplekin protein is
proposed to be the scaffolding factor on which this large protein complex is assembled3.
Symplekin binds two members of the CstF macromolecular complex, CstF64 and CstF77, in
a mutually exclusive manner6. Symplekin was identified as a stoichiometric component of the
polyadenylation complex recently isolated from mammalian cells7. Symplekin, CPSF73, and
CPSF100 are part of a stable complex in D. melanogaster as shown via co-immunoprecipitation
and co-depletion studies8.

Metazoan replication-dependent histone mRNAs are unique in that their 3′-ends are cleaved,
but not polyadenylated. Interestingly, fractionation of HeLa cell nuclear extracts also identified
Symplekin as a component of the histone pre-mRNA processing machinery9. Additionally, an
extensive RNA interference (RNAi) screen found Symplekin to be necessary for histone pre-
mRNA processing in D. melanogaster; when Symplekin was RNAi-depleted, a histone pre-
mRNA reporter10 and endogenous histone mRNA8 was misprocessed. These data lead to the
hypothesis that Symplekin is essential for proper 3′-end formation of canonical and histone
mRNA by providing a scaffold on which protein-protein interactions can occur6,9.

Symplekin may also serve as a bridging factor between the polyadenylation machinery and
transcription regulators. Most recently, the N-terminal region of yeast Symplekin (Pta1) was
found to interact with Ssu72, an RNA polymerase II C-terminal domain (CTD) serine 5-
phosphatase11. The 124 N-terminal residues of mouse Symplekin interact with heat shock
factor 1 (HSF1). HSF1, Symplekin and other polyadenylation factors coimmunoprecipitate
with HSF1 after heat shock, leading to the suggestion that HSF1 stimulates both transcription
and processing12. Over-expression of a non-DNA binding mutant of HSF1, which can
sequester Symplekin, decreased Hsp70 mRNA polyadenylation in stressed cells12. Thus, the
N-terminal region of Symplekin may be involved in protein-protein interactions that help
couple transcription and processing.

Utilizing in silico methods13–19, several potential HEAT repeats were identified in the N-
terminus of D. melanogaster Symplekin. Protein domains formed by HEAT repeats are
established protein-protein interaction scaffolds20–27. HEAT repeats are composed of 37–47
residues that fold into two anti-parallel helices connected by short (1–10 amino acids) linkers.
Each set of helices can repeat 3 to 36 times, creating a HEAT domain16. To characterize the
N-terminal region of the Symplekins, the three-dimensional structure of D. melanogaster
Symplekin residues 19–271 was determined using SAD phasing and refined to 2.4 Å resolution.
Additionally, molecular dynamics simulations were employed to examine motion within this
molecular scaffold. Taken together, these results provide the first detailed structural
information on Symplekin, and indicate that the Symplekin HEAT domain may serve as a
scaffold for protein-protein interactions essential to the mRNA maturation process.
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RESULTS
Structure of the Symplekin HEAT Domain

Examination of the 1,165 residue D. melanogaster Symplekin sequence using secondary
structure prediction algorithms indicated that a series of HEAT repeats are present in the first
300 amino acids of the protein, and that this domain was expected to be conserved in symplekin
orthologues13–16,19,28. The predicted D. melanogaster Symplekin HEAT domain (residues
19–271) was cloned and expressed in E. coli, purified to homogeneity and crystallized using
hanging-drop vapor diffusion. The structure of the selenomethionine-substituted Symplekin
HEAT domain was determined using SAD phasing methods to 2.9 Å resolution, and the
structure of the native Symplekin HEAT domain was then refined to 2.4 Å resolution (Table
1). Figure 1a illustrates a portion of the Symplekin HEAT domain final model in the original
2.9 Å resolution experimental density from SAD phasing. Residues 19–271 of D.
melanogaster Symplekin contain five HEAT repeats that fold into a single domain with a
crescent shape (Figure 1b). The ten HEAT helices (residues 22–256) are lettered
conventionally for HEAT repeat domains (A for the convex and B for the concave surfaces).
Repeats 1–5 contain 37, 37, 47, 46, and 42 amino acids, respectively, values similar to those
observed for established HEAT repeats29.

An extended 31-residue loop (amino acids 187–217 and denoted loop 8) connects helices 4B
and 5A in the Symplekin HEAT domain structure. Five polar interactions are formed between
this loop and helices 4B and 5A, as well as two internal hydrogen bonds that occur between
residues within the loop (Figure 1c). Specifically, within the loop, a 2.8 Å hydrogen bond is
formed between the main-chain nitrogen of D192 and the side-chain oxygen of S195, and a
2.9 Å hydrogen bond is observed between the main-chain nitrogen of S203 and a D206 side-
chain oxygen. Between the loop and the canonical HEAT domain scaffold, hydrogen bonds
are observed between R258 of loop 10, M257 of α5B, K132 of α3B, and residues S195, G200,
D201, and S203 of loop 8. Figure 2 illustrates the electrostatic potential of the concave surface
of the molecule, indicating the presence of a positively charged patch as well as the
predominantly negatively charged loop 8. The average thermal displacement parameter (B-
factor) for loop 8 is 69 Å2, while the overall average B-factor for the structure is 52 Å2. One
crystal contact involving loop 8 exists in the refined crystal structure, between D209 in loop 8
and E69 of α2A in a symmetry-related monomer.

Conservation in Symplekin Orthologues
In addition to the reported similarity between amino acids 300–800 of human and yeast
Symplekin6, the HEAT repeats within the N-terminal regions of Symplekin orthologues,
including the residues on the concave surface and loop 8, are reasonably well conserved. Figure
3 presents a sequence alignment of the N-terminal ~300 residues of Symplekins from eight
representative species: Drosophila melanogaster, Homo sapiens, Xenopus laevis,
Strongylocentrotus purpuratus, Caenorhabditis elegans, Arabidopsis thaliana,
Schizosaccharomyces pombe, and Saccharomyces cerevisiae.30 While only six amino acid
positions (119, 152, 179, 180, 251 and 258) are 100% identical within the domain, 38% are
highly similar (defined as 6 or more species containing a similar amino acid type). Of these
similar residues, 75% are nonpolar and map to positions in the hydrophobic core of the D.
melanogaster HEAT domain structure.

When comparing only the three sequences most closely related to D. melanogaster (H. sapiens,
X. laevis and S. purpuratus), it was found that 28 residues that are completely conserved in the
hydrophobic core (Figure 4a; see also Figure 3). In addition, in considering the concave, convex
and loop regions of Symplekin, it is evident that the majority of identical residues fall on the
concave surface and within the loops (Figures 4b, 4c). The sixteen conserved residues found
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on the concave surface account for >20% of the total conserved residues in this HEAT domain
(Figure 4b, yellow). Loop regions projecting from the concave surface account for ten
conserved residues, five of which are in loop 8 (Figure 4b, cyan). In contrast to the concave
side, the convex surface contains only three conserved residues (Figure 4c, green). These data
indicate that the HEAT domain is likely conserved in the N-terminal regions of the Symplekins
of known sequence, and that the hydrophobic core, concave surface and loop 8 are the regions
most highly conserved.

Although sequence variation exists at many positions in the more distant species (sequences
in grey, Figure 3), examination of secondary structure predictions indicates that the helical
HEAT-like fold is preserved in each putative Symplekin orthologue31. All seven sequences
have unstructured regions aligning with D. melanogaster loops, including the extended loop
8 (underlined in Figure 3). While S. cerevisiae secondary structure predictions in the regions
of α2B and α4A include sequence inserts, homology modeling with PHYRE31 and Insight II
(Accelrys Software, Inc., San Diego, CA, USA) supports the conclusion that this protein adopts
a HEAT-like repeat structure. Taken together, these data indicate that the orthologue sequences
shown in Figure 3 are likely to resemble the α-helical D. melanogaster Symplekin HEAT
domain structure.

Symplekin HEAT Repeats are Classified with Scaffolding Proteins
The closely related HEAT and armadillo structural domains have been sub-classified based on
specific amino acid sequences that coincide with functional categorization20. To further
characterize the Symplekin’s N-terminal domain, each of the repeats were structurally aligned
and the sequences were compared to the sequence classifications for three types of HEAT
sequences (ADB, AAA and IMB), as developed by Andrade et al.20. The AAA, ADB, and
IMB HEAT classes all exhibit a similar pattern of hydrophobic residues and contain conserved
residues D19 and R/K 25 near the intrahelical loop, while the sequence logo of the ADB class
also contains D/N21 and V/I2420. D. melanogaster Symplekin contains the ADB pattern:
HEAT repeat 2 contains D77, N79, V92, and K83, HEAT repeat 3 includes D114, N115, I120,
and K121, while HEAT repeat 4 contains 167D, 170N, 173I and R174. Terminal HEAT repeats
are more difficult to classify because they have a different set of packing constraints20. The
highly conserved P11 of the AAA and IMB classes is lacking in the ADB class, and is also
lacking in the HEAT repeats 2, 3 and 4 of Symplekin. Taken together, the residues in the three
central Symplekin HEAT repeats indicate that Symplekin may belong to a small ADB subclass
of HEAT repeats, a family containing mainly α, β-adaptin and β-coat proteins that function as
scaffolds for protein binding and transport. This sub-classification supports the hypothesis that
the Symplekin HEAT domain has a structure appropriate for protein-protein interactions.

Symplekin HEAT Structurally Aligns with Protein-Binding Scaffolds
The structure of the D. melanogaster Symplekin HEAT domain was examined using Dali to
identify proteins of similar structure32. While nearly 200 protein structures exhibited homology
with the Symplekin HEAT domain, the closest structural neighbors were serine/threonine-
protein phosphatase 2A PR65/A subunit (PDB 1b3u), Cullin-associated protein Cand1 (PDB
1u6gc), and karyopherin-α (PDB 1ee4), all of which have HEAT or armadillo (ARM) repeats.
Experimental evidence indicates that their HEAT/ARM repeats are involved in protein-protein
interactions and the majority of these domains utilize their concave face as a protein binding
or scaffolding surface22,24,27,33–36. Recall that amino acid conservation supported the
functional importance of the concave surface and loop 8 of the Symplekin HEAT domain (see
two previous sections). Symplekin superimposes on the structure of Cand1 (TIP120) of the
Cand1-Cul1 complex with only 10% sequence identity but with 3.8 Å RMSD over 203 aligned
residues, and a Z-score of 14.7 (Figure 5a). The concave surface of Cand1 is employed in
binding Cul1 to inhibit Cul1 from forming the E3 ubiquitin ligase complex22. Symplekin
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structurally superimposes on yeast karyopherin-α with 11% identity over 196 Cα positions, a
5.0 Å RMSD, and a Z-score of 14.2 (Figure 5b)32. The concave surface angles of each protein
were calculated by measuring the angle between three concave surface Cα residues on helices
1B, 3B and 5B at three positions on these helices: near the N-terminus, the center, and near the
C-terminus. The concave surface angle for the helical N-termini of Symplekin, Cand1 and
karyopherin-α are 144°, 100°, and 153°, respectively; for the helical centers are 141°, 124°,
and 157°, respectively; and for the helical C-termini are 107°, 137°, and 150°, respectively.
The twist of each HEAT domain was determined by comparing the angle between the helical
axes of helices 1B and 5B, and found to be 5°, 10°, and 77° for Symplekin, Cand1 and
karyopherin-α, respectively. Thus, while the overall concave surface angles of each HEAT
domain are similar, Symplekin and Cand1 exhibit significantly less domain twist than does
karyopherin-α.

The core of S. cerevisiae karyopherin-α is a canonical ARM repeat with acidic concave surface
regions equipped to bind basic nuclear localization signals (NLS)36. It has been reported that
D. melanogaster karyopherin-α3 binds to the positively charged NLS of HSF137, and residues
1–124 of mouse Symplekin interact with HSF12. D. melanogaster and S. cerevisiae
karyopherin-α sequences share 50% identity and maintain a similar electrostatic surface. There
are no extended loops in either karyopherin-α sequence. However, with respect to loop 8, it is
clear from the structural superposition of karyopherin-α and the Symplekin HEAT domain that
the position of loop 8 clashes with the NLS sequence bound to the surface of karyopherin-α
(Figure 5b). Loop 8 of Symplekin is negatively charged and could provide an alternative
binding region for the positively charged NLS (Figures 2, 5b); however, the exact region of
HSF1 that binds to Symplekin has yet to be determined. Taken together, the observations that
karyopherin-α3 and Symplekin contain similar structural motifs, have similar electrostatic
surfaces, and both bind to HSF1 support the conclusion that Symplekin has characteristics of
a protein-binding scaffold.

Loop 8 Impacts Symplekin HEAT Domain Motion
Molecular dynamics (MD) simulations have been used to investigate the manner in which
HEAT and ARM domains change conformational states upon ligand binding, and to design
ideal ARM domains for general peptide binding38–40. Our attempts at biochemically
characterizing the interactions between the Symplekin HEAT domain with D. melanogaster
CstF64 and Ssu72 through amylose-affinity pull down assays were unsuccessful due to non-
specific interaction with the MBP tag. However, these interactions have been shown indirectly
in Symplekin orthologues. Instead, we employed MD to examine how loop 8 impacts the
overall and correlated motions within the Symplekin HEAT domain structure. Three models
of the Symplekin HEAT domain were subjected to 10 ns MD simulations: Wild-Type
containing a complete loop 8, a model in which the ten polar residues in loop 8 were all replaced
with serine (Poly-Ser Loop 8; serine was chosen to maintain polarity by using small polar side
chains in this surface-exposed loop), and a model in which loop 8 is replaced with a short
canonical HEAT turn (Short Loop 8) (Figure 6). The Short Loop 8 mutant was designed with
the intention of mimicking the minimal loops commonly seen between HEAT repeats.
Comparing the Short Loop 8 with Wild-Type Symplekin was expected to show the role loop
8 plays in the motion of the Symplekin HEAT domain. The Poly-Ser Loop 8 model was
expected to show whether specific residues on the loop were important for Symplekin HEAT
domain motion.

Simulations of each Symplekin model were performed in triplicate using different random
number generator seeds. Data used for analysis of each individual simulation was collected
from 10 consecutive nanoseconds of the same conformational ensemble (designated by a
consistent root mean square deviation from the starting crystal structure) (Figure 7a). The
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models were analyzed with respect to both the overall degree of motion seen in Cα atoms
(observed as the atomic position fluctuations (APF) of each Cα) as well as the behavior of each
Cα with respect to all other Cα atoms. Wild-Type loop 8 and Poly-Ser loop 8 simulations
exhibit nearly identical overall motion in loop 8 Cα atoms as well as throughout the entire
protein (Table 2). The similarity of the mean APF between the Wild-Type loop 8 and the Poly-
Ser loop 8 indicates that the specific amino acids in loop 8 do not contribute significantly to
the overall motion in the HEAT domain. The Short Loop 8 simulation’s overall degree of
motion was also found to be similar to both the Wild-Type loop 8 and Poly-Ser loop 8
simulation, indicating that the presence of the extended loop 8 does not significantly influence
the overall motion of the HEAT domain.

Correlation-anticorrelation plots, which provide information on the relative motion of each
residue pair during an MD trajectory, were then generated for these HEAT domain simulations.
In Figures 7b–d, red indicates correlated motion between two Cα positions (e.g., motion in the
same direction), blue indicates anti-correlated motion (e.g., in the opposite direction), and
yellow indicates no correlation in motion (two residues that move randomly with respect to
one another). Both the Wild-Type and Poly-Ser Symplekin HEAT domain simulations exhibit
similar patterns and levels of correlated and anticorrelated motion (Figures 7b, 7d), indicating
that the dynamics of the HEAT domain is maintained regardless of the specific residues present
in loop 8. In contrast, however, the Short loop 8 simulation exhibits noticeably higher levels
of correlated and, particularly, anticorrelated motions (Figure 7c), indicating that removal of
the loop increases the degree of specific residue-to-residue motions within the HEAT domain.
Taken together, these results indicate that the presence of loop 8, but not specific polar residues
on the loop, reduces specific pairwise motions in the Symplekin HEAT domain. Thus,
maintaining an extended loop in this location in Symplekin (e.g., see Figure 3) may disrupt
specific domain movements to provide the neutral scaffold for protein-protein interactions.

DISCUSSION
The 1165-residue Symplekin protein is a component of the 3′-end processing machinery critical
to both canonical and histone messenger RNA3,6,9. While structural information is available
for many of the other 3′-end processing factors41–49, no structures have been reported for any
region of Symplekin from any species to date. Here, we show that residues 19–271 of D.
melanogaster Symplekin fold into a HEAT domain structure with an extended loop 8 that
appears to be conserved in the Symplekins of known sequence. Examination of the electrostatic
potential of the Symplekin HEAT domain reveals that the concave surface is positively
charged, while the ridge formed by the even-numbered loops exhibits a slight overall negative
charge (Figure 2). Sub-classification of Symplekin’s HEAT repeats and structural alignments
indicate that these regions of Symplekin may act as a scaffold for protein-protein interactions.
Indeed, HEAT domains are well established platforms for macromolecular complex formation
(e.g., Figure 5). For example, crystal structures and molecular dynamics studies of importin-
β reveal four regions for peptide binding within 5 HEAT repeats50.

Takagaki et al. has reported that the central region (residues 300–740) of human Symplekin is
31% similar to S. cerevisiae Symplekin orthologue, Pta16. Using the crystal structure reported
here as a guide, we further examined Symplekin orthologue sequences and have found that the
N-terminal region of Pta1 exhibits some homology to the equivalent region of D.
melanogaster Symplekin, which is clearly orthologous to human Symplekin. All of the
orthologues contain similar hydrophobic/hydrophilic residue distributions and have greater
than 60% α-helical content in their N-terminal regions (Figure 3). Specifically, Pta1 maintains
hydrophobic residues in 79 out of the 125 hydrophobic positions present in the D.
melanogaster N-terminal HEAT domain and 33 residues are identical between these two
species. Loop 8 lacks secondary structure in all species investigated, and three residues are
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identical and nine residues are similar between Pta1 and D. melanogaster Symplekin within
this 31-residue region. These data support the conclusion that the N-terminus of S.
cerevisiae Pta1 likely encodes an α-helical HEAT-like domain similar to the D.
melanogaster HEAT domain structure reported here.

Several published reports map specific protein docking sites within the Symplekin HEAT
region. The HEAT domain of the yeast Symplekin homologue Pta1 has been shown to bind to
both Ssu72 and Glc711,51 and a portion of the mouse Symplekin HEAT domain interacts with
HSF112. Ssu72 and Glc7 have been implicated in the regulation of 3′-end processing. Depletion
of the Glc7 phosphatase causes an accumulation of phosphorylated Pta1 and a subsequent
reduction in 3′-end polyadenylation; this effect can be rescued by the addition of either Glc7
or unphosphorylated Pta1 back into the processing reaction51. The binding of yeast Symplekin
homologue Pta1 to Ssu72, an RNA polymerase II C-terminal domain phosphatase, may
position the 3′-end processing machinery in proximity to primary transcripts to promote facile
processing11. Similarly, Symplekin may link 3′-end processing to transcriptional control via
contacts with transcription factors like HSF1. The binding of the HEAT domain of mouse
symplekin to HSF1 promotes polyadenylation of Hsp70 mRNA in heat stressed cells12. Taken
together, these data indicate that the Symplekin HEAT region provides a platform for enzymes
and other proteins critical to modulating 3′-end processing.

GST pull down studies and yeast two-hybrid assays provide information on the specific
Symplekin regions involved in these protein-protein interactions (Figure 8). Binding to Glc7
was maintained using Pta1 Δ1–100, while removal of Symplekin residues 1–200 abolished
Glc7 binding51. Indirectly, this indicates Symplekin HEAT repeats 3, 4 and loop 8 (Pta1
residues 100–200) are used in binding to Glc751. Ssu72 requires Symplekin HEAT repeat 2
for optimal binding (Pta1 residues 51–76)11, and HSF1 binds to residues HEAT repeats 1–3
(mouse Symplekin 1–124)12,51. The exact regions of Symplekin required for interacting with
the core 3′-end processing machinery, CstF and CPSF, have not been determined; however, it
has been shown that some processing in yeast can occur with a Δ1–300 Pta1 construct11.
Therefore, we propose a model where several regulatory proteins bind in a mutually exclusive
manner to distinct sites on the Symplekin HEAT domain, whereas the C-terminal region of the
protein associates with central members of the 3′-end processing machinery (Figure 8).

Molecular dynamics simulations conducted on the D. melanogaster Symplekin domain
structure provides preliminary insight into the motions in this region of the protein. Although
the timescale on the trajectories were only 10 nsec and the domain was examined in isolation,
it was clear that the loop 8 is involved in disrupting the dynamic relationship between the
residues across the entire HEAT domain (Figure 7b–d). These observations suggest that the
wild-type Symplekin HEAT domain may be tuned to adopt a more neutral range of motions
to prepare it for binding to different protein partners. Changes in flexibility of wild-type
proteins relative to specific mutants have been reported in previous molecular dynamics
studies52. Additionally, our characterization of the Symplekin HEAT domain agrees well with
published MD studies of Armadillo and HEAT domain proteins. Examination of Cse1p by MD
indicates that a particularly negatively charged loop (insert 19) helps to poise the structure in
an open conformation to facilitate binding to RanGTP and Kap60p39. Loop 8 in D.
melanogaster Symplekin also exhibits a slight overall negative charge and may play a similar
role in preparing the domain to bind to protein partners Glc7, Ssu72 or HSF1. In simulations
of importin-β, the ligand bound states are curved in shape, but upon ligand release the domain
opens to produce more elongated states39,40. The Symplekin HEAT domain may also employ
such “tertiary disorder”40 in conforming to different protein-binding partners. It is likely that
there may be additional partners that interact with the HEAT domain that may be involved in
regulating histone pre-mRNA processing.
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Combining our structural and molecular dynamics results with biochemical studies, we have
classified the Symplekin HEAT domain as a scaffold for the binding of proteins critical to
modulating 3′-end mRNA processing. Utilizing sequence conservation data (Figures 3, 4),
future biochemical and mutagenesis studies will be conducted with this HEAT domain to
identify specific residues vital for binding to Glc7, Ssu72 and HSF1. A preliminary cryo-EM
image of the purified 3′-end processing complex including Symplekin, CPSF, CstF and CFI
has recently been determined at low resolution7 and crystal structures exist for several
components of the eukaryotic 3′-end processing machinery, including CPSFs 30, 73, 100,
CstF64 and 77 and CFIm-2541,42,46,47. Thus, a range of efforts are underway to understand the
intricate macromolecular relationships required for the catalytic and regulatory aspects of 3′-
end processing machinery. The structure of the Symplekin HEAT domain presented here
provides an additional piece of this complex structural puzzle.

MATERIALS AND METHODS
Expression and Purification of Symplekin HEAT Domain

The following software programs were utilized to predict the structural elements within
Symplekin: BLAST, Jpred15, PHYRE17, pFam16, InterProScan19, ScanSite53,
PredictProtein18, RONN54 and COILS55. The disordered regions include 1–18, 452–544, and
1116–1165. A HEAT-like domain was predicted between residues 19–271. Based on these
analyses, residues 19–271 of D. melanogaster Symplekin were cloned into the expression
vector pMCGS9, which provided N-terminal 6-histidine and maltose-binding protein (MBP)
tags followed by a Tobacco Etch Virus (TEV) protease site56. Escherichia coli BL21 (DE3)
gold cells (Stratagene) were transformed with this constructed plasmid and cells were grown
at 37 °C in 1.5 L of terrific broth supplemented with 50 mg/L ampicillin until an A600=1.0–
1.2. The temperature was dropped to 18 °C and 0.1 mM of IPTG was added to induce protein
expression until a final OD A600=4.5. The cells were harvested by centrifugation and
resuspended in nickel buffer A (5 mM imidazole, 50 mM potassium phosphate, pH 7.4, 150
mM NaCl, 1 mM DTT, 0.01% sodium azide) and stored at −80°C. Thawed cells were lysed
by sonication in the presence of DNase and protease inhibitors, and centrifuged at high speed
for 60 minutes to produce a cleared lysate. The histidine-tagged protein was purified from the
lysate by nickel affinity chromatography. Nickel buffer B (500 mM imidazole, 50 mM
potassium phosphate, pH 7.4, 150 mM NaCl, 1 mM DTT, 0.01% sodium azide) was used to
elute the protein from the column with a gradient of 5–100% B. To cleave the 6xHis-MBP
fusion protein from the Symplekin 19–271 polypeptide, 2% TEV protease by mass TEV/mass
Symplekin was added. Protein was dialyzed into nickel buffer A during TEV cleavage. A
second nickel column purified the now un-tagged Symplekin from the 6×His-MBP tag. A
polishing step of size exclusion chromatography (Column: Superdex 75, GE Healthcare; sizing
buffer: 10 mM HEPES, pH 8.0, 50 mM NaCl, 1 mM DTT and 0.01% sodium azide) produced
>95% purity by SDS PAGE. A selenomethionine-substituted form of D. melanogaster
Symplekin residues 19–271 was produced using B834 cells, a methionine auxotroph cell line.
Cells were grown in selenomethionine specific media (Athena) supplemented with 50 mg/L
selenomethionine. Expression and purification procedures were identical to those listed above
for the native protein.

Crystallization and X-ray Data Collection
Native and selenomethionine-substituted Symplekin proteins were concentrated to 3–6 mg/
mL in sizing buffer. Crystallization was performed by hanging drop diffusion at 22 °C with
mother liquor consisting of 0.4–0.5 M sodium citrate, 25–28% PEG 3350, 10 mM HEPES, pH
8.0, 0.01% N3Na and 1 mM DTT. Each crystallization drop contained 1 μL of protein and 1
μL of well solution. Diamond shaped crystals grew within one week, with maximal dimensions
of 300 μm × 60 μm × 60 μm. Crystals were cryoprotected in mother liquor plus 35% PEG 3350
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and flash-cooled in liquid nitrogen. Diffraction data were collected at 100K using Sector 22-
BM (SER-CAT) of the Advanced Photon Source at Argonne National Laboratories. A SAD
data set was collected on crystals containing selenomethionine-substituted protein at 0.97190
Å; a native data set was collected using crystals containing wild-type protein at 0.97958 Å.
DENZO and SCALEPACK in HKL-2000 were employed for data indexing and scaling57. The
crystals were of the space group P41212 with unit cell dimensions of a, b = 68.7 Å, c = 138.5
Å and α, β, γ = 90° (Table 1).

Phasing, Model Building and Refinement
The SGXPRO software package, an interface for programs including SHELXD and SOLVE/
RESOLVE, was employed to identify heavy atom sites and provide initial phases58. A
Matthews’s coefficient value of 2.9 indicated that 1 molecule was expected in the asymmetric
unit with 57.6% solvent. Six methionine residues were present in Symplekin 19–271, thus six
Se sites were expected. SHELXD and SOLVE identified all six Se atom positions, and initial
phases were calculated to 2.9 Å. RESOLVE was used for density modification and to provide
an initial model. After these steps, the overall figure of merit was 0.69.

The model was built further by hand using COOT59. Initially, all helices were built with alanine
residues. Loops were added over several rounds of refinement to connect the helices. Finally,
side chains were placed in the model. This 2.9 Å model from SAD was refined using
REFMAC5 at this stage to R and Rfree values of 0.353 and 0.419, respectively. To phase the
2.4 Å native data set, the model refined using the SAD data was used in molecular
replacement60. Further refinement was conducted by building and validating the model in
COOT, and employing both CNS and REFMAC5 to produce R and Rfree values of 0.2068 and
−0.2653, respectively (Table 1). For both the original SAD data and the final native data, 5%
of the data were set aside for the free-R and not used at any stage of refinement. The final
model, consisting of 248 residues (no density was present for residues 19–21 and 271) and 142
water molecules, was validated with PROCHECK and Molprobity61. Figures 1, 2, 4, 5 and 6
were created using PyMOL62.

Sequence and Structural Alignments
The amino acid sequence of D. melanogaster Symplekin was entered into NCBI BLAST to
retrieve homologous protein sequences. Sequences (with NCBI Accession numbers) from
Drosophila melanogaster (NP_649580.1), Homo sapiens (NP_004810.2), Xenopus laevis
(NP_001079691.1), Strongylocentrotus purpuratus (XP_783721.2), Caenorhabditis elegans
(NP_505210.2), Arabidopsis thaliana (NP_195760.1), Schizosaccharomyces pombe
(NP_594351.2) and Saccharomyces cerevisiae (AAA34919.1) were selected to represent a
broad spectrum of species containing Symplekin. The sequence alignment, prepared using
ClustalX and refined using several rounds of PSI-BLAST, was abbreviated to display only the
portion of the sequences that align with the D. melanogaster HEAT domain structure (Figure
3). The structural alignment shown in Figure 5 was prepared using Dali32. To characterize the
HEAT repeats, each Symplekin HEAT repeat was structurally aligned to HEAT repeat 2.

Molecular Dynamics Simulations
COOT59 was utilized to create the Symplekin modeled Short loop 8 and Poly-Ser loop 8. For
the Poly-Ser model, the residues changed to serine were D192, E193, D194, K197, R198,
D199, D201, D209, H210, R215. To design a short turn to replace loop 8 in the Short loop
model, many other HEAT repeat proteins were examined to identify common linkers and it
was determined that six residues are sufficient to bridge a 10.6 Å gap. To keep this linker as
authentic as possible, residues on each end of the loop were maintained and connected with a
glycine, a residue common in loops of HEAT repeats. Native residues 190–214 were
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completely removed. Thus, the modeled Short loop 8 is 187-LQSGRR-216. Residues 187–216
were used to calculate the relative APF values for loop 8 in each simulation.

Molecular dynamics simulations of the Symplekin HEAT domains were performed in triplicate
using the AMBER 2003 force field with at 2 fs time step63. LEaP was used to generate the
topology and parameter files, SANDER performed the 5000 steps of energy minimization,
which included constant volume followed by constant temperature equilibration, the PMEMD
module was used for the production runs, and PTRAJ was utilized for analysis of the
results63. TIP3P water molecules were used to generate the solvated structure64, and
electrostatic interactions were calculated using the particle-mesh Ewald algorithm with a cutoff
of 10 Å applied to Lennard-Jones interactions65. All molecular dynamics simulations were
conducted and analyzed as described previously66.
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Figure 1.
Symplekin HEAT domain structure. (a) A wall-eyed stereo view representation of a portion
of the final model in the original experimental electron density from SAD phasing contoured
to 1σ. (b) The overall structure of the HEAT domain within Symplekin. Helices are lettered
and numbered according to classical HEAT naming; the A helices create the convex face, while
the B helices create the concave face. The rainbow denotes the N to C progression of residues
22–270. The B helices are in light colors corresponding to their counterpart A helices. For
example, 1A is red and 1B is pink. The extended loop 8 is in cyan. (c) Polar contacts within
the loop 8 region of Symplekin. Arginine 258 and aspartic acid 201 form a salt bridge that
anchors loop 8 to helix 5B. Lysine 132 forms a salt bridge with G200 to hold the loop in place
with respect to helix 3B. A variety of other polar contacts position the extended loop 8 at the
ends of helices 3–5 including S195-D192, M257-S195, R258-S203, S203-D206.
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Figure 2.
Electrostatic representation of the concave surface of Symplekin’s HEAT domain. Red denotes
negatively charged surfaces, blue denotes positively charged surfaces. The molecule is rotated
90° along the horizontal axis of Figure 1b, to orient the concave surface towards the reader.
The concave surface is mainly positively charged, while loop 8 is negatively charged.
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Figure 3.
Sequence alignment of Symplekin orthologues in various species. The secondary structure
elements and numbering across the top of the sequences correspond to the D. melanogaster
structure in Figure 1b. Pink blocks denote the conserved D/E19 and K/R25 required for HEAT
repeats, and blue colored blocks represent the HEAT repeat hydrophobic signature. The more
distantly related orthologue sequences are shown in grey. Sequences and alignment were made
using PSI-Blast and ClustalX. Secondary structure prediction and models of each sequence
were predicted using PHYRE. Black underline denotes regions of disorder predicted by
PHYRE, non-underline sequences are all predicted to be α-helical.
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Figure 4.
Conserved residues among four closely related Symplekin orthologues (H. sapiens, X. laevis,
D. melanogaster, S. purpuratus) mapped onto the HEAT domain structure. (a) View of the
hydrophobic core where purple represents residues with 100% conservation. (Molecule is
rotated 180° on the vertical axis with respect to Figure 1b.) (b) View of the concave surface
colored as follows: yellow denotes 100% conserved residues that project out of the concave
surface, cyan residues are conserved in loop regions, and gray residues are not 100% conserved.
(Molecule is rotated 90° on the horizontal axis with respect to Figure 4a.) (c) View of the
convex surface colored as in A, except green denotes conserved residues that project from the
convex surface.
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Figure 5.
Symplekin structural alignment with the two most closely related structures. (a) Symplekin
superimposed with H. sapiens Cand1 of the Cand1-Cul1-Roc1 complex (PDB 1u6g). Cand1
structure is in grey, Cul1 in white, and Roc1 is removed for figure clarity. Symplekin helices
and surface have coloring from Figure 1b. A closer look at aligned individual helices shows
that α3B is extended in comparison to the aligned helix in Cand1. Loop 8 is unique to Symplekin
compared to Cand1. (b) Symplekin superimposed with S. cerevisiae karyopherin-α (PDB
1ee4). Karyopherin-α is grey, the nuclear localization signal (NLS) peptide bound to
karyopherin-α is magenta. Symplekin maintains coloring from Figure 1b. Loop 8 docks into
α-helices 3B, 4B and 5B, and lies in the same region that the NLS peptide occupies on
karyopherin-α.
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Figure 6.
Symplekin HEAT domain structures used for molecular dynamics simulations. The labeled
residues in loop 8 are mutated to serine for the Poly-Ser Loop 8 simulation. To prepare the
short loop model, residues 191–214 were removed and wild-type residue 189 was connected
to 215 by mutating F190G.
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Figure 7.
Truncation of loop 8 increases correlation/anticorrelation within Symplekin’s HEAT domain.
(a) All atom root mean squared deviation in position over the simulation time scale. The time
period between 5–15 ns (boxed region) illustrates a consistent RMSD from the initial model,
demonstrating that a stable conformational ensemble was utilized in data analysis. Correlation/
anticorrelation plots for Wild-Type (b), Short Loop 8 (c), and Poly-Ser Loop 8 (d) from
molecular dynamics simulations. Red represents correlated movement, blue represents
anticorrelated movements and colors between represent less correlated movements according
to the given color scale. Each axis represents the Cα position for the given residue within the
HEAT domain (going from N- to C- terminus from both left to right and from bottom to top).
The secondary structural elements are colored consistently with Figure 1b.
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Figure 8.
Symplekin model for protein scaffolding. A diagram illustrating the Symplekin HEAT
domain’s interaction with known binding partners. Secondary structural elements and residue
numbers are labeled according to the structure. HSF1, Ssu72 and Glc7 bind to specific regions
of the HEAT domain as described in the text. The C-terminal region of Symplekin has yet to
be structurally characterized with respect to binding to the core 3′-end machinery.
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Table 1
Data Collection, Phasing and Refinement Statistics

Data collection

X-ray source APS SER-CAT BM-22

Space Group P41212

Unit cell a,b,c (Å);α, β, γ (°) 68.7, 68.7, 138.5; 90, 90, 90

Data set SeMet Native

Wavelength (Å) 0.97190 0.97958

Resolution (Å) (highest shell) 50.0–2.9 (3.0–2.9) 50.0–2.4 (2.49–2.40)

Rsym 9.4 (34.4) 8.0 (41.9)

I/σ 22.4 (1.0) 24.8 (1.9)

Completeness (%) 78.1 (6.7) 96.1 (79.6)

Redundancy 10.4 (1.6) 6.4 (2.8)

Phasing

Mean Figure of Merit

 Centric 0.71

 Acentric 0.68

 All 0.69

Refinement

Resolution (Å) 50.0–2.4

No. reflections 12465

Rwork 0.2068

Rfree 0.2653

Molecules per asymmetric unit (AU) 1

No. of amino acids per AU 248

No. of waters per AU 142

Average B-factors 46.37

R.M.S. deviations

  Bond lengths (Å) 0.0059

  Bond angles (°) 1.20

Ramachandran (%)

  Favored 96.76

  Outliers 0.40

Rsym=Σ|I−Imean|/ΣI where I is the observed intensity and Imean is the average intensity of several symmetry related observations.

Rwork=Σ|Fo−Fc|/ΣFo where Fo and Fc are the observed and calculated structure factors, respectively.

Rfree=calculated as above for 5% of data not used in any step of refinement.
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