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The accessory sec system consisting of seven conserved components is commonly distributed among
pathogenic Gram-positive bacteria for the secretion of serine-rich-repeat proteins (SRRPs). Asp1/2/3
protein complex in the system is responsible for both the O-acetylation of GlcNAc and delivering SRRPs
to SecA2. However, the molecular mechanism of how Asp1/2/3 transport SRRPs remains unknown. Here,
we report the complex structure of Asp1/2/3 from Streptococcus pneumoniae at 2.9 Å. Further functional
assays indicated that Asp1/2/3 can stimulate the ATPase activity of SecA2. In addition, the deletion of
asp1/2/3 gene resulted in the accumulation of a secreted version of PsrP with an altered glycoform in
protoplast fraction of the mutant cell, which suggested the modification/transport coupling of the
substrate. Altogether, these findings not only provide structural basis for further investigations on the
transport process of SRRPs, but also uncover the indispensable role of Asp1/2/3 in the accessory sec
system.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Streptococcus pneumoniae is an important opportunistic path-
ogen that colonizes in the mucosal surfaces of the human upper
respiratory tract [1,2], which causes otitis media, sinusitis,
community-acquired pneumonia, septicemia, etc [3]. With the
abuse of drugs, S. pneumoniae has obtained increasing resistance to
multiple classes of antibiotics [4], which made it urgent to develop
new anti-mycobacterial drugs. The serine rich repeat glycoproteins
(SRRPs) are a large family of adhesions on the surface of certain
Gram-positive bacteria which play an important role in coloniza-
tion and contribute to invasive disease [5e9]. S. pneumonia TIGR4
encodes a SRRP, termed PsrP (pneumococcal serine-rich repeat
protein), the N-terminal region of which mediates bacterial
adhering to cell surface for binding with keratin [10e12]. In addi-
tion, PsrP also promotes biofilm formation [13,14], bacterial colo-
nization and aggression [7,15,16]. Given the importance of PsrP in
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pathogenicity, the glycosylation and maturation of PsrP have been
extensively studied [11,17], except for its transportation.

PsrP is specifically transported by the accessory secretary sys-
tem (aSec system) [16,18]. The aSec system consists of seven pro-
teins, two core proteins SecA2 and SecY2, and five accessory
proteins Asp1-Asp5 [19]. SecA2 and SecY2 are homologs of SecA
and SecY, so it is considered that the aSec system utilizes similar
mechanismwith the canonical Sec system in protein transportation
[7,20]. SecY2 alongside with Asp4 and Asp5 forms a channel that
transports PsrP out of the cytoplasm, and SecA2 provides the en-
ergy for the entire transport process by hydrolyzing ATP [19]. In
Streptococcus gordonii, Asp3 mediates multiple protein-protein in-
teractions within the aSec system, including Asp1, Asp2, and SecA2
[21]. This complicity of aSec interaction network was further
confirmed through the identification of complex formed by Asp
proteins and SecA2 in Streptococcus parasanguinis [22]. In many
Gram-positive bacteria, deletion of asp1/2/3 could block the trans-
port of SRRPs, indicating a crucial role of Asp1/2/3 in aSec system
[21,23e25]. In a recently published paper, Asp2 was found to be
able to mediate the O-acetylation of GlcNAc residues on GspB in
S. gordonii [5,20]. Despite many efforts have been made to explore
the mechanism of how SRRPs can be transported cross the cell
membrane, little is known about the exact role of Asp1/2/3 for PsrP
to the Asp1/2/3 complex mediated secretion of pneumococcal serine-
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Table 1
Crystal parameters, data collection, and structure refinement.

Asp1/2/3

Data collection
Wavelength (Å) 0.97915
Space group P3121

Unit cell parameters
a, b, c (Å) 101.158, 101.158, 196.851
a, b, g (º) 90.00, 90.00, 120.00
Resolution range (Å)a 50.0e2.90 (3.00e2.90)
Unique reflections 26,531 (2586)
Completeness (%) 99.8 (100.0)
<I/s(I)> 12.2 (3.6)
Rmerge

b (%) 13.6 (52.3)
Average redundancy 4.7 (4.9)

Structure refinement
Resolution range (Å) 42.94e2.90
Rfactor

c/Rfreed (%) 19.7 (24.2)
Number of protein atoms 6497
Number of water atoms 90
RMSDe bond lengths (Å) 0.01
RMSD bond angles (º) 1.30

Mean B factors (Å2) 32.37
Ramachandran plot (residues, %)f

Most favored (%) 96.31
Additional allowed (%) 3.69
Protein Data Bank entry 6LNW

a The values in parentheses refer to statistics in the highest bin.
b Rmerge ¼

P
hkl

P
i|Ii(hkl)-<I (hkl)>|/

P
hkl

P
iIi(hkl), where Ii(hkl) is the intensity of

an observation, and <I (hkl)> is the mean value for its unique reflection. Summa-
tions are over all reflections.

c Rfactor ¼ P
h|Fo(h)-Fc(h)|/

P
hFo(h), where Fo and Fc are the observed and

calculated structure-factor amplitudes, respectively.
d Rfree was calculated with 5% of the data excluded from the refinement.
e RMSD from ideal values.
f Categories were defined by MolProbity.
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transport through aSec system in S. pneumoniae.
Here, we show the crystal structure of Asp1/2/3 complex from

S. pneumonia at 2.9 Å. Structural analysis combined with multi-
sequence alignment showed that inter-molecule interactions are
conserved among Asp1/2/3 complex homologs. Results of func-
tional studies suggested that Asp1/2/3 could promote substrate
translocation by stimulating the ATPase activity of SecA2. More-
over, altered glycosylation of secreted PsrP in asp1/2/3 deletion
mutant uncovered the role of Asp1/2/3 in coupling the glycosyla-
tion and transportation of PsrP. These findings provide structural
and functional insights into the Asp1/2/3 complex mediated
secretion of PsrP.

2. Material and method

2.1. Construction, expression and purification of Asp1/2/3 and
SecA2

We cloned S. pneumoniae TIGR4 asp1/2/3 into a modified pET28a
vector with a C-terminal 6 � His-tag on Asp3. The plasmid was
transformed into BL21 (DE3). Cells were grown in LB culture me-
dium (10 g of tryptone, 5 g of yeast extract and 10 g of NaCl per liter)
containing 30 mg mL�1 kanamycin at 37 �C. When OD600 reached
0.6e0.8, the cells were induced with 0.2 mM isopropyl b-D-1-
thiogalactopyranoside (IPTG) at 25 �C for 16 h. Then cells were
harvested by centrifugation and resuspended in the lysis buffer
(25 mM Tris-HCl 8.0, 100 mM NaCl). After sonification and centri-
fugation, the supernatant was pooled and loaded onto a Ni-NTA
column pre-equilibrated with the binding buffer (25 mM Tris-HCl
8.0, 100 mM NaCl). The target protein Asp1/2/3 complex was
eluted with 400 mM imidazole and then applied to a Superdex 200
column (10/300 GL, GE Healthcare) pre-equilibrated with the
binding buffer.

S. pneumoniae TIGR4 secA2 was cloned into a modified pET30a
vector (V28E5) [26] with N-terminal MBP-tag. The plasmid was
transformed into BL21 (DE3). When OD600 reached 0.6e0.8, the
cells were induced with 0.2 mM IPTG at 16 �C for 20 h. Then cells
were harvested by centrifugation and resuspended in lysis buffer
(25 mM Tris-HCl 8.0, 100 mM NaCl and 5% glycerol). After sonifi-
cation and centrifugation, the supernatant was pooled and loaded
onto a MBP column pre-equilibrated with the binding buffer
(25 mM Tris-HCl 8.0, 100 mM NaCl and 5% glycerol). The target
protein SecA2 complex was eluted with 10 mM maltose and then
applied to a Superdex 200 column (10/300 GL, GE Healthcare) pre-
equilibrated with the binding buffer.

2.2. Crystallization, data collection, and structure determination

Crystallization of native Asp1/2/3 complex was performed by
the hanging-drop vapor-diffusion method at 293 K. The native
Asp1/2/3 crystals were obtained against the reservoir solution of
0.1 M Tris 8.0, 15% PEG 6000. All the crystals were transferred to the
cryoprotectant (reservoir solution supplemented with 25% sucrose)
and flash-cooled in liquid nitrogen. X-ray diffraction data were
collected at 100 K in a liquid nitrogen stream, using beamline BL17U
[27] at the Shanghai Synchrotron Radiation Facility (SSRF) of China
at the wavelength of 0.97915 Å. All diffraction data were integrated
and scaled with HKL2000 [28].

The structure of complex Asp1/2/3 was determined by molec-
ular replacement with MOLREP [29].The search model using for
structure analysis was the structure of S. gordonii Asp1/3 (PDB entry
5vae) [7]. The initial model was further refined by the maximum
likelihood method implemented in Refmac5 [26] as part of the
CCP4i program suite [27], and rebuilt interactively using the pro-
gram Coot [28]. The final model was evaluated with the web service
Please cite this article as: C. Guo et al., Structural and functional insights in
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Molprobity [29]. Crystallographic parameters were listed in Table 1.
All structure figures were prepared with PyMOL (http://www.
pymol.org).

2.3. Acetyltranferase activity assays

The acetyltranferase activity of Asp1/2/3 was assayed by high
performance liquid chromatography (HPLC). The assays were per-
formed at 25 �C for 30 min in a final volume of 20 mL containing
50 mM Sodium phosphate 7.4, 1.28 mM Asp1/2/3, and different
concentrations of p-nitrophenyl acetate (pNP-Ac) (dissolved in
ethanol) as the acetyl donor. The reactions were initiated by adding
pNP-Ac and terminated by adding 10% Trichloroacetic acid (TCA).
The samples were centrifuged at 12,000�g for 10 min, and 10 mL of
supernatant was applied to the HPLC system (Agilent 1200 Series).
The buffer of 50 mM sodium citrate, pH 6.0 with 40% acetonitrile,
was used as the mobile phase to equilibrate the column (Eclipse
XDB-C18 column, Agilent). The product pNP was monitored by the
absorption at 290 nm andwas assigned based on the retention time
of the standards. Three independent assays were performed to
calculate the means and standard deviations for Km value.

2.4. ATPase activity assays

The SecA2 used for the ATPase activity assay was purified as
mentioned above. The reaction mixtures were in a final volume of
100 mL containing 50 mM Tris-HCl, pH 8.0, 150 mM KCl, 2 mM
MgCl2 and ATP at varying concentrations. For each reaction sample,
0.5 mM of SecA2 was added. Then the reactions were carried out at
37 �C for 50 min and the amount of released Pi was quantitatively
measured using the Malachite green in 96-well plates. The mixture
was incubated for 30 min at 4 �C before the activity was measured
to the Asp1/2/3 complex mediated secretion of pneumococcal serine-
ications, https://doi.org/10.1016/j.bbrc.2020.01.146
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Fig. 1. Overall structure of Asp1/2/3. (A) Gel filtration chromatography of the Asp1/2/3 complex and Coomassie blue-stained SDS gel electrophoresis of corresponding peak fractions
from gel filtration chromatography. (B) Cartoon representation of Asp1/2/3. Asp1, Asp2 and Asp3 are colored in yellow, purple and green, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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by monitoring the increase of absorbance at 630 nm. Three inde-
pendent assays were performed. In addition, we added 10 mMAsp1/
2/3 into the reaction system, and use the same method to measure
the ATPase activity of SecA2. All the measurements were done in
triplicate.

2.5. Secretion and glycosylation assay of PsrP

The asp1/2/3 deletion mutant of S. pneumoniae was generated
from the strain TIGR4 by allelic replacement as described previ-
ously [30]. In brief, the upstream region of asp1 and downstream
regions of asp3 in strain TIGR4 were separately amplified from
genomic DNA by PCR. The kanamycin-resistant Janus cassette
fragment was amplified from the prepared genomic DNA of
S. pneumoniae strain ST588 [31]. These fragments were integrated
by overlapping PCR. Purified PCR products were then transformed
into the strain TIGR4 to select kanamycin-resistant colonies on
blood agar plates. The replacement of the whole asp1/2/3 coding
region with the Janus cassette was selected by kanamycin and was
then detected and confirmed by PCR and DNA sequencing.

We cloned psrP1-633 with a N-terminal flag-tag into a Zn2þ

inducible pJWV25 plasmid [32]. These plasmids were transformed
into the wild type and asp1/2/3 deletion strain, and the strain was
grown in THY culturemedium (30 g of Todd-Hewitt Broth and 5 g of
yeast extract per liter) containing 0.15 mM ZnCl2. Then the cultures
were fractionated into the culture medium and cell pellet by
centrifugation. A total of 20 mL of the culture media or protoplast
was mixed with loading buffer and then resolved by SDS-PAGE.
Western blotting with anti-FLAG antibody was carried out for the
Please cite this article as: C. Guo et al., Structural and functional insights in
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detection of PsrP variants.

3. Results

3.1. Overall structure of Asp1/2/3

It was reported that Asp1/2/3 may function as a complex [5,7].
However, the exact stoichiometry of the three proteins is still un-
known. To study the structure and function of the Asp1/2/3 of
S. pneumoniae, we overexpressed Asp1/2/3 in E. coli. The purifica-
tion profile indicated that the output of the Asp1/2/3 proteins gave
a single peak of ~124.8 kDa (Fig. 1A), which is approximately
identical with the sum of the theoretical molecular mass of three
Asp proteins. The equal molar ratio of Asp1/2/3 was further
affirmed by estimating the intensity of stained bands in the sub-
sequent gel electrophoresis (Fig. 1A). Together, these results
enabled us to confirm that Asp1/2/3 form a stable complex with a
stoichiometry of 1:1:1.

Given a high sequence similarity of Asps in S. pneumonia and
S. gordonii, we determined the crystal structures of Asp1/2/3
complex from S. pneumonia at 2.9 Å (PDB entry 6lnw) in the space
group P3121 by molecular replacement using Asp1/3 from
S. gordonii (SgAsp1/3; PDB entry 5vae) (Fig.1B). Structural similarity
analysis also showed that Asp1 and Asp3 have the high structural
homology with SgAsp1 and SgAsp3, and superpositions yielded
RMSDs of 1.26 and 1.27 Å over 476 and 130 Ca atoms, respectively.
In our structure, Asp1 molecule contains residues Met1-Lys524,
and a segment covering residues Asn380-Arg408 cannot be
modeled due to the poor electron density. Asp3 molecule contains
to the Asp1/2/3 complex mediated secretion of pneumococcal serine-
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Fig. 2. Structure analysis of Asp1/2/3. (A) Interactions between Asp2 and Asp1. The interacting residues are shown as sticks. (B) Interactions between Asp2 and Asp3. The interacting
residues are shown as sticks. (C) Multiple-sequence alignment of S. pneumoniae Asp2 and its homologs. Conserved residues in Asp2 interacted with Asp1 and Asp3 marked with red
and blue triangles, respectively. The alignment was performed with the programs Multalin and Espript. The secondary structural elements of Asp2 are shown above the sequences.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Ile2-Arg144. The full-length Asp2 was applied for crystallization,
but only the segment of residues Lys125-Trp253 could be traced in
the electron density map, suggesting Asp2 degraded during crys-
tallization. In our structure, each asymmetric unit contains one
molecule of Asp1/2/3, which confirms the ratio of the complex.
Asp1 has two Rossmann-like folds and an extended b-sheet domain
(EBD), forming a U-shaped structure like GtfA and GtfB [7], whereas
Asp2 and Asp3 share a similar jelly-roll fold with each consisting of
two layers of anti-parallel b sheets.
3.2. Interaction interface of Asp1/2/3

Interface analysis using PBDePISA [33] indicated that the largest
interface with a buried area of 1695 Å2 is formed by Asp1 and Asp3.
The stabilization is mainly achieved by hydrogen bonds and salt
bridges, which are formed by residues located at the tips of the b-
strands of Asp3 and EBD of Asp1, along with the cleft between two
Rossman-like folds, as analyzed in homologous structure of SgAsp1/
3 [7]. In addition, Asp2 further stabilized the Asp1/2/3 complex by
directly interacting with both Asp1 and Asp3, resulting in buried
areas of 760 Å2 and 523 Å2, respectively. In the complex structure of
Asp1/2/3, the EBD domain of Asp1 adopts a vertical orientation
relative to Asp3. The N-terminal b-strands of the EBD domain of
Asp1 is embedded in the groove formed by stands b1, b4, b7 and
Please cite this article as: C. Guo et al., Structural and functional insights in
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b10 of Asp2 (Fig. 2A). Hydrogen bonds including Tyr106-Gln132,
Arg94-Gln132, Arg94-Val133 and Cys102-Asn134, in addition to a
couple of salt bridges Glu103-Arg196, Lys119-Asp204 and Lys122-
Asp204 contribute to the interaction between Asp1 and Asp2.
Structural analysis showed that Asp2 and Asp3 form a continuous
extended b sheet via edge-to-edge interaction between the strands
b1 of Asp2 and b2 of Asp3 (Fig. 2B). In addition, a short helix be-
tween b3 and b4 of Asp2 projects towards Asp3 to interact with the
loopb4-b5 by hydrogen bonds of Ala166-Arg58, Tyr167-Ala56,
Tyr167-Ala57 and Asn168-Arg58, further stabilizes the interaction
between Asp2 and Asp3. Structure-based multiple-sequence
alignment showed that these residues at interaction interface of
Asp2 are highly conserved in S. pneumoniae and its homologs
(Fig. 2C), suggesting the necessity of the formation of Asp1/2/3
complex for full function.
3.3. Biochemical characterization of Asp1/2/3

Previous reports showed that SgAsp3 can interact with SecA2
using a direct yeast two-hybrid assay [21], and the interaction may
promote the export of GspB in S. gordonii. However, detailed mo-
lecular mechanism underlying the participation of Asp1/2/3 into
the process of substrate transport is poorly understood. We per-
formed ATPase assays to find out whether Asp1/2/3 could affect the
to the Asp1/2/3 complex mediated secretion of pneumococcal serine-
ications, https://doi.org/10.1016/j.bbrc.2020.01.146



Fig. 3. Biochemical characterization of Asp1/2/3. ATP at various concentrations was incubated with 0.5 mM SecA2 in the (A) absence or (B) presence of Asp1/2/3. Velocities were
obtained from the slopes of the ADP accumulation curves and fitted to the Michaelis-Menten model with a Vmax of 10.56 ± 0.45 and 22.48 ± 0.47 nmol ATP/min/mg SecA2, and a Km

of 110 ± 16 and 80 ± 8 mM, respectively. (C) Determination of acetylesterase activity of Asp1/2/3 complex.
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ATPase activity of SecA2.We determined the enzymatic parameters
of SecA2 in the presence or absence of Asp1/2/3. Calculations of
enzymatic parameters gave a Km of 110 ± 16 mM and a Vmax of
10.56 ± 0.45 nM ATP/min/mg protein in the absence of Asp1/2/3
(Fig. 3A). In contrast, the addition of Asp1/2/3 resulted in a
decreased Km of 80 ± 8 mM and increased Vmax of 22.48 ± 0.47 nM
ATP/min/mg protein (Fig. 3B). These results suggested that Asp1/2/
3 can stimulate the ATPase activity of SecA2, and could principally
accelerate substrates to pass through aSec system.

Despite the previous report proved that Asp2 mediates the O-
acetylation of GlcNAc residues on GspB in vitro, whether Asp1 and
Asp3 would affect the activity of Asp2 is under estimation. To
explore the acetylesterase activity of Asp2 in presence of Asp1 and
Asp3, we performed the hydrolysis activity assay with p-nitro-
phenyl acetate (pNP-Ac) as the acetyl donor and further deter-
mined the enzymatic parameters of Asp1/2/3 (Fig. 3C). Calculations
of enzymatic parameters gave a Km of 957.16 ± 169.60 mM and a
Vmax of 4.79 ± 0.36 mM pNP/min/mM Asp1/2/3 which is comparable
to that of Asp2 in the previous report. Thus, the Asp1 and Asp3 have
no significant effect on acetylesterase activity of Asp2.
Please cite this article as: C. Guo et al., Structural and functional insights in
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3.4. Asp1/2/3 is required for the secretion and glycosylation of PsrP

To further explore whether Asp1/2/3 affects the transport of
PsrP, we constructed a mutant S. pneumoniae with the deletion of
gene asp1/2/3. This mutant strain was used to assess the secretion
of PsrP633flag, a truncated version of PsrP lacking the cell wall-
anchoring LPxTG motif (Fig. 4A). As shown in Fig. 4B, the slightly
smeared bands of PsrP633flag, mostly due to the relatively
complicated and heterogeneous glycosylation in S. pneumoniae
[11], was detected only in the culture media (Lane 3). However, the
detection of the PsrP633flag in mutant showing a clear band in the
protoplast fraction (Lane 2) rather than the media (Lane 1) sug-
gested the failure of PsrP633flag export. In addition, the deletion of
asp1/2/3 resulted in PsrP633flag with altered electrophoretic
mobility, suggesting that Asp1/2/3 can affect the glycosylation of
PsrP. Altogether, these results showed that Asp1/2/3 is not only
required for the secretion but also the correct glycosylation of PsrP.
4. Discussion

Accessory sec protein Asp1/2/3 is conserved among pathogen
to the Asp1/2/3 complex mediated secretion of pneumococcal serine-
ications, https://doi.org/10.1016/j.bbrc.2020.01.146



Fig. 4. Asp1/2/3 affects PsrP transport and glycosylation. (A) Domain organization of wild-type PsrP and PsrP633flag. PsrP is organized into five domains: the N-terminal signal
sequence (S) for extracellular translocation of PsrP, two putatively glycosylated serine rich repeat regions (SRR1 and SRR2), the binding region (BR) domain and the cell wall domain
(CW). (B) Western blotting of media and protoplast of S. pneumoniae and its asp1/2/3 mutant.
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bacteria secreting SRRPs. Asp1/2/3 in S. gordonii has been studied
considerably and has been shown to be essential for substrate
export. Recent reports showed that the Asp2 alters the glycosyla-
tion pattern of GspB by acetylating the GlcNAc residues. In addition,
failing of GspB export abolished the acetylation of GspB, indicating
a coupled mechanism for the modification and transport of adhe-
sins. However, little is known on the role of Asp1/2/3 complex in
transport of S. pneumoniae glycoprotein PsrP.

Here, we solved the structure of Asp1/2/3 from S. pneumoniae at
2.9 Å. Structural analysis combined with multi-sequence alignment
showed conserved interaction interfaces in Asp1/2/3 and homo-
logs, which advances our understanding on the formation of Asp1/
2/3 complex. Moreover, the functional assays showed that Asp1/2/3
not only stimulate the ATPase activity of SecA2 but affect the export
and glycosylation of PsrP, suggesting Asp1/2/3 an indispensable
role for the maturation of glycosylated PsrP.

Altogether, these results enable us to illustrate different roles of
three accessory sec proteins. In Asp1/2/3 protein complex, Asp2
plays a core role to acetylate the GlcNAc residues. Asp1 functions as
a carbohydrate-binding protein like GtfB, meanwhile Asp2
strengthens the interaction between Asp1 and Asp3 to further
stabilize the complex. The stimulation of the ATPase activity of
SecA2 initially uncovers the regulation functions of Asp1/2/3.
However, more structural and biochemical investigations are
needed to clearly elucidate the roles of Asp1/2/3 protein complex in
the transport process of SRRPs.
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