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Expression, Purification and Characterization of Critical Domains of Munc13-1
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Abstract Munc13-1 is an essential component of synaptic vesicle releasing machinery. Three rat
Munc13-1 constructs were rationally designed based on homology and function, overexpressed in Escheri-
chia coli, and purified to homogeneity with a final yield higher than 2 pg/ml of cell culture. The purified
Munc13-1 recombinant proteins had distinct oligomeric states, monodispersity and homogeneity properties.
Their secondary structural contents were analyzed by the circular dichroism method, and the sedimentation
coefficients of these recombinant proteins were measured by analytical ultracentrifugation. The long helical
bundle-like topology of Munc13-1 was first revealed by analysis of our data. In addition, these purified
recombinant proteins provide ideal starting materials for further biochemical, biophysical, and structural
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studies on mammalian Munc13 proteins.
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Synaptic vesicles are the key organelles in neurotrans-
mitter release at synapses. A crucial step in synaptic vesicle
exocytosis is priming, which confers fusion competence
to docked vesicles, enabling them to undergo rapid
exocytosis upon sensing Ca* influx [1]. Recent evidence
indicates that synaptic vesicle priming requires proteins of
the Munc13/UNC-13 family. UNC-13 was originally
identified in Caenorhabditis elegans [2], and Munc13
proteins, as mammalian UNC-13 homologs, constitute a
family of four members, namely Munc13-1, -2, -3, and -4.
These Munc13 isoforms are differentially expressed in
brain, except Munc13-4 which predominantly expresses
in non-neuronal tissues [3—7].

Munc13-1 is a multi-domain protein consisting of 1735
amino acid residues. It contains a phorbol ester binding
C1 domain and three C2 domains [8,9]. Genetic deletion
of Muncli3-1/uncl3 genes causes total arrest of synaptic
transmission due to a complete loss of fusion-competent
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synaptic vesicles [3,10—13]. Some evidence has suggested
that, in the carboxyl (C)-terminal half of Munc13-1, the
region of residues 1181—1345 interacts with the amino
(N)-terminal coiled-coil domain of syntaxin 1A, and this
interaction appears to be compatible with soluble N-
ethylmaleimide-sensitive attachment protein receptor
(SNARE) complex assembly [14]. However, this interac-
tion has not been further characterized or verified with
more evidence. Moreover, initially identified in distantly
related Munc13-like proteins from Saccharomyces cerevisiae
and Schizosaccharomyces pombe [7], Muncl3 homology
domain (MHD) has been found to be present in a wide
variety of species from Arabidopsis thaliana, C. elegans
and Drosophila melanogaster, to mouse, rat and human.

The crucial role of Munc13-1 during vesicle priming
has been shown to be associated with its 859-1531
fragment, which is sufficient to rescue impaired vesicle
releasing in Munc13-1/2 double knockout mice [15]. In
addition, using Munc13-1 deletion constructs in an elec-
trophysiological gain-of-function assay of chromaffin-
granule secretion, it is shown that the priming activity can
be mediated by the Munc13-1 C-terminal region of resi-
dues 1100-1735 (Fig. 1) [16].
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Fig. 1 Schematic domain structure of Munc13-1 and repre-
sentation of constructs

The domain boundaries of Munc13-1 were selected based on Koch et al. [7].
M636, minimal activity domain II; M676, minimal activity domain I; MHD,

Munc13 homology domain; SBD, syntaxin binding domain.

To date, 3-D structures of the C1 domain and the N-
terminal C2 domain of Munc13-1 have been reported [17,
18]. The 3-D structures of the full-length Munc13 proteins,
their MHD domains, or other above-mentioned functional
fragments, however, have not been reported. One diffi-
culty towards structural study of these proteins appears
to be obtaining a large quantity of purified recombinant
Munc13 proteins.

In this paper, we report the overexpression and purifi-
cation of recombination proteins of several rat Munc13-1
constructs and characterization of their oligomeric states,
monodispersity and protein stability.

Materials and Methods

Cloning of Munc13-1 constructs

Munc13-1 constructs were designed based on sequence
homology analysis and results from previous functional
studies [7,14—16]. cDNAs were amplified from the full-
length rat Muncl3-1 gene (GenBank accession No.
U24070) by polymerase chain reaction. All constructs
contained a 5'-end BamHI restriction site and a 3'-end
EcoRl restriction site. The amplified Munc13-1 constructs
were then digested by BamHI and EcoRI restriction en-
zymes and ligated into both the pET28a vector (Novagen,
Darmstadt, Germany) encoding for thrombin cleavable N-
terminal His¢-tagged fusion proteins and the pGEX6p-1
vector (Amersham-Pharmacia Biotech, Piscataway, USA)
encoding for PreScission protease (Amersham-Pharmacia
Biotech) cleavable N-terminal glutathione S-transferase
(GST)-tagged fusion proteins. The ligated plasmids were
transformed into Escherichia coli DH5a. for amplification.
All cloned Munc13-1 constructs were confirmed by DNA

sequencing and subsequently transformed into E. coli
BL21 (DE3) for protein expression.

Expression and purification of Munc13-1 constructs

All recombinant proteins were expressed in £. coli BL21
(DE3) cells according to standard protocols. Briefly, a 4-
L Luria-Bertani culture was inoculated with overnight
culture and grown for 3 h, starting at 37 °C. Thirty minutes
prior to induction, the culture temperature was gradually
lowered to 16 °C, followed by induction at A4y, of 1.0 with
0.5 mM isopropyl-B-D-thiogalactopyranoside. Cells were
harvested 20 h after induction at A4y, of 8.0.

All purification steps were carried out at 4 °C. For His,-
tagged fusion proteins, total cell paste was harvested
and suspended in lysis buffer [SO0 mM Tris-HCI (pH 8.0),
500 mM NaCl, 10% (V/V) glycerol, 20 mM imidazole
and 1 mM dithiothreitol (DTT)]. After repeated rounds of
sonication, the lysate was centrifuged at 12,000 g for
30 min. The supernatant was loaded on a 5 ml column of
Ni**-NTA agarose (Qiagen, Hamberg, Germany) pre-
equilibrated and washed with the lysis buffer. The target
proteins were obtained with elution buffer [SO mM Tris-
HCI (pH 8.0), 500 mM NacCl, 10% (V/V) glycerol, 500
mM imidazole, and 1 mM DTT]. The His tag was removed
by incubation with thrombin (10 U/mg protein; Sigma-
Aldrich, St. Louis, USA) overnight at 4 °C. For GST-tagged
proteins, the supernatant was mixed with 5 ml of
glutathione-Sepharose (Amersham-Pharmacia Biotech)
after sonication and centrifugation. Phosphate-buffered
saline was used to pre-equilibrate the column and to wash
off non-specific binding. GST fused PreScission protease
(10 U/mg protein) was added to the column and incubated
overnight at 4 °C to remove the GST tag from the target
protein.

After the salt concentration was lowered to 20 mM by
dilution, the tag-removed sample was further purified by
ion-exchange chromatography. In general, the sample was
loaded onto a 5 ml Q-Sepharose FastFlow column
(Amersham-Pharmacia Biotech) pre-equilibrated with
loading buffer [20 mM Tris-HCI (pH 8.5) and 20 mM
NacCl]. Following washing with 10 ml loading buffer, the
column was eluted with a 60 ml 0—-1.0 M linear NaCl
gradient at a rate of 1.0 ml/min. The purity of all protein
samples was verified by Coomassie Blue stained 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).

Determination of oligomeric state and monodispersity
by size exclusion chromatography (SEC)

Each recombinant protein sample was concentrated to
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10 mg/ml using a YM 10 centricon (Amicon, Beverly, USA)
and applied to a preparative size exclusion Superdex G-
200 column on a fast protein liquid chromatography
instrument (Amersham-Pharmacia Biotech) in the presence
of 20 mM Tris-HCI (pH 8.0), 150 mM NaCl and 1 mM
DTT. Concentration of the eluted protein was measured
using a bicinchoninic acid assay (Pierce, Rockford, USA).

Determination of sedimentation coefficient by
analytical ultracentrifugation

Sedimentation experiments were carried out using an
XL-I analytical ultracentrifuge (Beckman Coulter, Fullerton,
USA) equipped with a four-cell An-60 Ti rotor at 20 °C.
Sedimentation velocity experiments were carried out at a
speed of 40,000—60,000 rpm for Munc13-1 constructs at
a concentration of 0.5—1.0 mg/ml. Scans were taken at
280 nm wavelength with a radial step size of 30 um. Dif-
ferential sedimentation coefficients, c(s), were calculated
by least square boundary modeling of the sedimentation
velocity data using the software program SEDFIT (National
Institutes of Health, Bethesda, USA)[19]. The values of
apparent sedimentation coefficients were converted to S,
for solvent viscosity using the program SEDNTERP
(www.]jphilo.mailway.com/download.htm). The frictional
coefficients (f/f,) and axial ratios (a/b) were calculated
using the V., method in SEDNTERP.

Circular dichroism (CD) spectrometry

Far ultraviolet (190—260 nm) CD spectra were measured
with a Jasco J-715 spectrometer. The protein concentration
was 0.3 mg/ml, buffered with 20 mM Tris-HCI (pH 8.0),
150 mM NaCl and 1 mM DTT. The wavelength scan was
carried out at 0.5 nm intervals in a 0.1 cm quartz cuvette
at 20 °C. Spectra were digitized by recording in milli-degree
increments, and these values were then converted to per
residue molar absorption (in mdeg/M/cm units). Experi-
mental CD spectra were used to estimate the composition
of secondary structures of the target protein using the
K2D program at the DICHROWEB website (http://www.
cryst.bbk.ac.uk/cdweb/html/home.html) [20,21].

Results

Rational design of Munc13-1 constructs

Previously, it was reported in a GST-mediated pull down
assay that a fragment (residues 1181-1345) of rat Munc13-
1 binds syntaxin 1A [14] and this interaction needed to be
further confirmed. Subsequently, sequence analysis of

distantly related Munc13-like proteins indicated that there
are two conserved Munc13 homology domains, named
MHDI1 (residues 1106—1249) and MHD?2 (residues 1358—
1525) in rat Munc13-1 [7]. To date, two similar minimal
activity domains have been defined independently by two
research groups [15,16], one of which spans 676 amino
acids (residues 859—1531), and the other spans 636 amino
acids (residues 1100—1735). Based on available
information, therefore, we designed and examined four
distinctive but overlapped Munc13-1 constructs, termed
the syntaxin binding domain (SBD, residues 1181-1345),
minimal activity domain I (M676, residues 856—1531),
minimal activity domain I (M636, residues 1100-1735),
and MHD (MHD1 and MHD2, residues 1105-1526) (Fig.
1).

Expression of Munc13-1 recombinant proteins in E.
coli

To optimize the solubility and yield of the recombinant
proteins, two expression vectors, pET28a and pGEX6p-
1, were used in our study resulting in fusion proteins of
either a N-terminal His,-tag or a N-terminal GST-tag. Thus,
the four aforementioned Munc13-1 constructs were
combined with these two vectors resulting in six recom-
binant proteins, namely His-tagged SBD and MHD and
GST-tagged SBD, MHD, M676, and M636. All of them
were expressed in £. coli BL21 with LB culture. Moreover,
lowering the cell culture temperature from 37 °C to 16 °C
prior to isopropyl-B-D-thiogalactopyranoside (IPTG)
induction effectively prevented formation of inclusion
bodies. As shown in Fig. 2(A), all recombinant proteins
were expressed at a level higher than 2 pg/ml of cell
culture, as detected by SDS-PAGE.

Purification of Munc13-1 recombinant proteins

After glutathione (GSH) affinity purification and
PreScission protease digestion to remove the GST tag,
the recombinant protein of SBD was obtained at approxi-
mately 90% purity [Fig. 2(B)] and stayed soluble at a
concentration of 10-20 mg/ml. In contrast, the purified
His-tagged SBD was found to precipitate above 3 mg/ml
during concentration. Therefore, we focused on the SBD
sample initially produced with the GST-tag and used anion
exchange chromatography with Q-Sepharose to further
purify SBD, which has a PI value of 5.6. Most of the SBD
recombinant protein bound to the Q-Sepharose was eluted
at a NaCl concentration of 300-400 mM, followed by
uncharacterized DNA species at a higher salt concentra-
tion (data not shown). Of note, the SBD sample was
unstable against thrombin or trypsin digestion.
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Fig. 2 Sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) of Munc13-1 constructs with or without
fusion tags

SDS-PAGE showing the overexpression and purification of the Munc13-1 con-
structs with or without fusion tags. (A) SDS-PAGE of whole cell lysates of the
Munc13-1 constructs. Lanes 1 and 8, protein markers; lane 2, pET28a-syntaxin
binding domain (SBD); lane 3, pGEX6p-SBD; lane 4, pET28a- Munc13 homol-
ogy domain (MHD); lane 5, pGEX6p-MHD; lane 6, pGEX6p-M676; lane 7,
pPGEX6p-M636. (B) Purification of the Munc13-1 constructs. Lanes 1 and 10,
protein markers; lanes 2—4, SBD after affinity column, Q-Sepharose column and
size exclusion chromatography (SEC); lanes 5 and 6, MHD after affinity column
and SEC; lanes 7-9, M676 after affinity column, Q-Sepharose column and SEC.

Compared to GST-tagged MHD, His-tagged MHD
showed better purity at approximately 95% after elution
from the affinity column [Fig. 2(B)]. Thus, the His-tagged
recombinant MHD protein was further purified with SEC
after removal of the His tag. We found that the purified,
tag-less MHD was stable against thrombin or trypsin
digestion.

Both M676 and M636 were retained on the GSH column
once the GST tag was removed. Whereas M636 could
not be recovered from the column, M676 could be desorbed
from the column with 0.1% Triton X-100. Redundant
Triton X-100 was removed from the solubilized sample
by Q-Sepharose column at low salt concentration. The
M676 recombinant protein could be eluted with 95% purity

from the Q-Sepharose column at a NaCl concentration of
400-600 mM [Fig. 3(C)]. The PI value of M676 is 5.9.
Like MHD, the purified M676 sample was stable against
thrombin or trypsin digestion.

Oligomeric states and monodispersity of purified
recombinant proteins of SBD, MHD and M676

The oligomeric states of SBD, MHD and M676 without
tags were analyzed by size exclusion fast protein liquid
chromatography. SBD was eluted in three peaks. As shown
in Fig. 3(A), its oligomeric states ranged from highly
polymerized states to a monomeric form on a Superdex
G-200 column, determined by the retention time
extrapolated from soluble protein standards. The monomer
form increased in the presence of 1 mM DTT, suggesting
that intermolecular disulfide linkage is a major factor
determining the aggregation of SBD. In addition, we found
that the SBD sample was unstable at 4 °C and degraded in
approximately 24 h from 18 kDa to approximately15 kDa
on SDS-PAGE [Fig. 2(B)].

Analysis of the elution of MHD from the Superdex G-
200 column showed that MHD had two sharp peaks. One
peak was highly polymerized (peak 1), and the other (peak
2) had a symmetrical shape and an estimated dimer
molecular weight [Fig. 3(B)]. Next, we investigated the
stability of MHD. After size exclusion purification, the
dimeric MHD fraction remained monodispersed in the
presence of 1 mM DTT for less than 3 d at 4 °C.
Furthermore, most of the dimeric form of the MHD sample
would aggregate to the highly polymerized state within 1 d
if the two forms remained mixed.

After removing excess detergent, M676 had a single
peak with symmetrical shape on the Superdex G-200
column [Fig. 3(D)], which corresponded to the mono-
meric form. Purified M676 was stable at the monomeric
form for more than 1 week at 4 °C.

Determination of sedimentation coefficient by ana-
lytical ultracentrifugation

It is well evident that monodispersity and stability of a
protein sample are critical for its crystallization [22].
Monodispersity of our MHD and M676 samples was fur-
ther verified by analytical ultracentrifugation. The SBD
sample was excluded from this investigation because of
its instability.

Sedimentation velocity of purified MHD [peak 2 in Fig.
3(B)] showed a single sedimenting boundary at 96.32 kDa
with an apparent sedimentation coefficient of 3.98 S
[Table 1 and Fig. 4(A)]. Considering the calculated
molecular weight of 47.91 kDa for MHD, the data indicated
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Fig. 3 Oligomeric state and monodispersity of Munc13-1 constructs on size exclusion chromatography (SEC)

(A) Solid line represents polymerized syntaxin binding domain (SBD) in solution; dashed line represents monomeric SBD in reduced solution. (B) Two oligomeric states

of Munc13 homology domain (MHD), the former (peak 1) is polymerized, the latter (peak 2) is dimeric. (C) Anion exchange chromatography of M676. (D) M676 shows

monomer state in size exclusion chromatography (SEC) buffer. Abs, absorption

Table 1 Parameters of Munc13-1 constructs determined by
analytical ultracentrifugation
Protein Mc," Sedimentation velocity Association
(kDa) St sy.0 S abt Mgt state
) (kDa)
MHDT 4791 398 4.10 1.85 12.85 96.32 Dimer
M676 76.88 247 243 2.13 1894 65.77 Monomer

*M¢,, indicates calculated molecular mass. My, indicates molecular mass
determined by sedimentation velocity, that is, the ordinate maximum of each peak
in the best fit ¢(M) distribution. * Apparent sedimentation coefficient S, the ordinate
maximum of each peak in the best fit ¢(s) distribution (Fig. 4). The values of
apparent sedimentation coefficients S were corrected to s,,, for solvent viscosity
using the SEDNTERP program, as detailed in “Materials and Methods”. ¢ The
frictional coefficients (f/f;) and axial ratios (a/b) were calculated using the Vi,
method in SEDNTERP. 1 Peak 2 of MHD on size exclusion chromatography.

a monodispersed population at a dimeric state and were in
agreement with the size exclusion gel filtration analysis.
Purified M676 had a sedimenting boundary at 65.77 kDa
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Fig. 4 Sedimentation coefficient distributions derived from
sedimentation velocity profiles of Munc13 homology domain
(MHD) (A) and minimal activity domain I (M676) (B)

(A) Dimeric state of MHD (peak 2 on size exclusion chromatography). (B) Mono-
meric state of M676. Differential sedimentation coefficients [c(s)] were calculated
by least square boundary modeling of the sedimentation velocity data using the
computer program SEDFIT [19].

with an apparent sedimentation coefficient of 2.47 S [Fig.
4(B) and Table 1], which was consistent with a
monodispersed population at the monomeric state of a
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Fig. 5 Circular dichroism spectrum of Munc13-1 constructs

(A) Reduced syntaxin binding domain (SBD) with 1 mM dithiothreitol. (B) Dimeric Munc13 homology domain (MHD) (peak 2 on size exclusion chromatography). (C)

Monomeric minimal activity domain I (M676).

calculated molecular weight of 76.88 kDa.

Based on these data, we concluded that MHD and M676
had distinct properties of monodispersity on particle size
and oligomeric state. Furthermore, friction analysis
suggested that proteins in both samples assumed an
elongated shape (Table 1).

CD analysis on SBD, MHD and M676

To estimate the secondary structure contents of the
purified recombinant proteins of SBD, MHD and M674,
the protein samples were subjected to CD analysis using
the far ultraviolet spectra in the 190—240 nm range. The
CD spectra of all three samples showed characteristic o.-
helix features showing a negative band at 210 nm, and a
shoulder at approximately 220 nm (Fig. 5). Deconvolution
of the averaged data points between 200 nm and 240 nm
[23] suggested that the SBD recombinant protein had 62%
o-helix, 6% B-strand and 31% random coil contents; the
MHD sample had 72% o-helix, 3% B-strand and 21%
random coil contents; and the M676 sample had 65% a-
helix, 5% PB-strand and 20% random coil contents. We
also analyzed the amino acid sequences of these constructs
using the secondary structure prediction algorithm at the
Pole Bioinformatique Lyonnais website (http://pbil.univ-
lyonl .fr/), which provided a consensus secondary struc-
ture based on the results of nine different secondary struc-
ture prediction algorithms. Thus, we conclude that all three
Munc13-1 recombinant proteins contain significant per-
centages of a-helix structural elements.

Discussion

To study the structures of Muncl13 proteins, we used a

mammalian expression system for full-length Munc13-1
[24]. After transient transfection of suspension-growing
human 293-EBNA1 cells, an expression vector pTT3 that
was cloned with full-length rat Munc13-1 produced low
yield undetectable by SDS-PAGE and Coomassie Blue stain
(data not shown). Therefore, we focused on the E. coli
expression system and explored two commercial
expression vectors, pET28a and pGEX6p-1. Considering
the difficulty that Munc13-1 is a 200 kDa protein that cannot
be easily expressed in full length, we designed several
functional Munc13-1 fragments, successfully over-
expressed them, and purified them with the standard E.
coli expression system. All constructs are preferred to
express at sub-room temperature, 16 °C in particular.
Production reaches the maximum in 24 h, and the yield of
each construct can be as high as 2 mg per liter of cell
culture.

Furthermore, we characterized the monodispersity and
stability of the recombinant proteins. Among these
constructs, the oligomeric states of MHD [peak 2 in Fig.
3(B)] and M676 [Fig. 3(D)] were determined, using
analytical ultracentrifugation, to be dimeric (96.32 kDa)
and monomeric (65.77 kDa), respectively. Both protein
samples have desired homogeneities and monodispersities
after SEC purification, and maintain their integrity against
proteolysis. It is unlikely that the difference between the
oligomeric states of MHD and M676 was caused by the
non-ionic detergent used to solubilize M676, as the same
detergent showed no observable effect on MHD.

Based on the estimation of secondary structure contents
(CD analysis) and overall elongated shapes (Table 1), we
speculate that protein samples assume long helical-bundle
like topology, which should be verified by 3-D structure
analyses in the future. In addition, the dimeric MHD can
be stable for up to 3 d in the presence of 1 mM DTT at 4
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°C and, even better, the purified M676 sample maintains
good monodispersity and stability as a monomer for at
least 1 week. Improved monodispersity and stability of a
protein preparation often link to better chances for
crystallization, therefore non-ionic detergent Triton X-100
that enhances M676 stability and homogenicity provides
ample possibilities for the crystallization trials as well as
other in vitro functional studies on M676.

Based on the fact that M676 has the minimal activity of
Munc13-1 [15] and in light of our new in vitro data of the
protein properties, we speculate that, unlike M676, MHD
could not fold properly. This would suggest that the extra
peptide at the N-terminal region in M676 might stabilize
the MHD domain, thus enabling an efficient interaction
with syntaxin 1A in a cellular environment in vivo. In
addition, by comparing the protein properties of M676 and
M636 in vitro, we found that M676 is well behaved,
whereas M636 precipitates acutely, suggesting that M676,
rather than M636, would be the correct minimal activity
domain. Furthermore, considering the poor property of
purified SBD, it seems that this unidentified minimal SBD
is not sufficient to bind syntaxin 1A in vitro. Last, but not
least, it is likely that Munc13-1 executes its in vivo func-
tions in a monomeric form, as M676 does in vitro.
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