
ARTICLE

Biomolecular NMR Assignments            (2026) 20:8 
https://doi.org/10.1007/s12104-025-10251-4

Abbreviations
CSI	� Chemical Shift Index
Δδ	 �Chemical shift perturbation (CSP)

Biological context

Streptococcus mutans (S. mutans) is a gram-positive bac-
terium commonly associated with dental caries, one of the 
most prevalent human diseases in the world (Lemos et al. 
2019). The cell surface-localized protein adhesin called P1 
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Abstract
Adhesin P1 (aka AgI/II) is an extracellular protein regulating adherence and detachment of Streptococcus mutans in the 
oral cavity and thus plays a pivotal role in biofilm development and maturation. P1’s naturally occurring C-terminal trun-
cation product, Antigen II (AgII), adopts both soluble, monomeric and insoluble, amyloidogenic forms during the bacterial 
life cycle. Monomeric AgII forms important quaternary interactions with P1’s A3VP1 segment that is projected from the 
bacterial cell surface to promote cell adhesion, while the functional amyloid form of AgII promotes detachment of mature 
biofilms. The heterologous recombinant 51-kD C123 construct, comprising most of AgII, has been characterized by X-ray 
crystallography and serves as a functional surrogate of AgII in studies of adhesion and biofilm regulation. C123 contains 
three structurally similar domains, C1, C2, and C3. Using Alphafold prediction and the C123 crystal structure, we identi-
fied domain boundaries within C123 to develop more tractable constructs for NMR studies, including quaternary interac-
tions with other proteins. The C2 domain is of particular interest because it contains several unique helices in addition 
to the β-sheet fold it shares with the C1 and C3 domains. Here we report the backbone NMR resonance assignments for 
the C2 construct. Secondary structure predictions from NMR assignments are in good agreement with those anticipated 
by Alphafold and the observed crystal structure, except for some of the helices suggesting they are more dynamic. We 
then compare C2 chemical shift perturbations caused by quaternary interactions with recombinant A3VP1, as well as by 
a monoclonal antibody, MAb 6–8C, known to inhibit bacterial adherence and C123 binding to A3VP1. We note the C2 
chemical shift perturbations are markedly different from previously observed interactions of C3 with A3VP1 and MAb 
6–8C, providing further insight on how the individual domains of C123 may vary in their ability to mediate bacterial adhe-
sion and formation of functional amyloid. The prior NMR assignment and characterization of C3 combined with the NMR 
assignment and characterization of C2 described here provide a foundation for further NMR studies, including assignment 
of C23 and C123 constructs, protein-protein interaction studies of C23 and C123, assessing the impact of environmental 
conditions on structure and dynamics within C123 as it transitions from monomer to amyloid form, and the functional 
relevance of having three successive domains with similar tertiary folds.
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(aka Antigen I/II, AgI/II) mediates sucrose-independent S. 
mutans adhesion, which facilitates bacterial colonization and 
biofilm formation on the tooth surface (Russell et al. 1980; 
Brady et al. 2010; Abranches et al. 2018). P1’s C-terminus 
includes three tandem globular domains (C123) upstream 
of the LPxTG consensus motif recognized by the transpep-
tidase Sortase A for attachment of P1 to the peptidoglycan 
matrix. AgII is a naturally occurring C-terminal truncation 
product of P1. Cell wall attached, full-length P1 is inacces-
sible to several monoclonal antibodies (MAbs) whose epit-
opes lie within the AgII segment, but the extracellular AgII 
derivative is readily detectable within culture supernatants 
and is recognized by these antibodies (Heim et al. 2015). 
Extracellular AgII contributes to the adhesive properties of 
cell wall-attached P1 via its quaternary interactions with 
P1’s globular head which is projected outward from the cell 
wall by a hybrid stalk comprised of intertwined α- and poly-
proline helices (Larson et al. 2010; Heim et al. 2015). We 
utilize a recombinant C123 polypeptide as a surrogate for 
AgII in our in vitro experiments and a recombinant A3VP1 
polypeptide as a surrogate for the projected adhesin. Upon 
mechanical stirring, both C123 and full-length P1 form 
insoluble aggregates that exhibit classic amyloid proper-
ties (Oli et al. 2012; Besingi et al. 2017; Barran-Berdon et 
al. 2020). Recently we demonstrated that S. mutans amy-
loid aggregates are localized to the non-adherent fraction 
of aging biofilms, and that amyloid formation diminishes S. 
mutans adhesion (Yarmola et al. 2022). Thus, the C-termi-
nal derivative of P1 plays a major regulatory role not only 
in initial adhesion and biofilm genesis through quaternary 
interactions of its monomeric form with other P1 domains, 
but also in biofilm maturation and detachment through the 
formation of functional amyloid. Identifying environmental 
cues that trigger the conversion of AgII from monomeric to 
amyloid form are the subject of ongoing research.

In our initial structural studies of recombinant C123, this 
heterologously expressed construct was crystallized and 
found to contain three structurally similar domains, C1, 
C2, and C3 (Larson et al. 2011). Each domain exhibited a 
DE-variant IgG-fold whose β-sheet structure was stabilized 
by an intramolecular isopeptide bond. Individually cloned 
and expressed C1, C2, and C3 constructs were also charac-
terized. In order to use NMR to evaluate C123 quaternary 
interactions with other segments of P1, and possible struc-
tural changes consequent to such interaction, we started with 
the assignment of a C3 construct, since the complete C123 
construct was > 50 kD and prone to aggregation (Rivière 
et al. 2019). We were able to assign ~ 60% of the residues 
within C3 and confirmed via chemical shift analysis that its 
secondary structure was consistent with the available C123 
crystal structure (BMRB Entry 27935). Importantly, we 
were also able to map C3’s interactions with P1’s A3VP1 

and C12 segments as well as with a MAb 6–8C, which binds 
to C123. Despite its tractable 17 kD size and high stability in 
solution, we were unsuccessful in finding NMR conditions 
that enabled full assignment of this original C3 construct.

The original C123 construct was designed to enhance the 
likelihood of crystallization. The resulting structural model 
(1) identified likely boundaries of the individual C1, C2, and 
C3 domains, and (2) eliminated the C-terminal cell wall and 
membrane-spanning segments of intact P1 including the 
LPxTG sortase motif, which are predicted to be unstruc-
tured. To further our NMR studies, we recently reanalyzed 
the likely domain boundaries within C123 using AlphaFold 
2.0. This analysis revealed that P1’s C3 domain is predicted 
to contain an additional seven amino acids compared to 
the original C3 and C123 constructs. These additional resi-
dues extend the β-sheet structure at C3’s C-terminus and 
increase its structural homology with C1 and C2. Using a 
new construct for C3 containing these seven residues, we 
assigned 92% of the C3 backbone amide resonances (Peng 
et al. 2023), confirmed binding interactions with A3VP1 
and MAb 6–8C that were consistent with our prior work, 
and more clearly identified the binding interfaces with these 
proteins (Tang et al. 2016).

We report herein the backbone (13Cα, 13Cβ, 13CO, 15NH, 
1HN, 1Hα, and 1Hβ) assignments for a new C2 construct 
made based on our AlphaFold analysis. We were able to 
assign 91% of the protein backbone amide resonances. 
We note that the C2 domain, while possessing a similar 
β-sheet fold to C3, contains several small helices based on 
the C123 crystal structure and Alphafold predictions for the 
C2 domain in isolation. The NMR data we report here sug-
gest these helices are structurally labile, providing a pos-
sible nucleus for induction of functional amyloid formation. 
We also characterize the interactions of C2 with A3VP1 and 
MAb 6–8C. Both these proteins cause chemical shift pertur-
bations, but their interactions with C2 are markedly differ-
ent relative to their interactions with C3.

Studying both the C2 and C3 domains provides valu-
able insights into their individual structural and functional 
properties, including their unique interactions with other 
proteins. Both domains are predominantly β-sheet in their 
secondary structures and interact with the monoclonal anti-
body MAb 6–8C, highlighting their shared features. How-
ever, C2 contains additional α-helices and C3 exhibits a 
stronger interaction with A3VP1, indicating distinct func-
tional properties. While C2 and C3 are individually stable in 
solution and remain as monomers for extended periods, the 
C23 and C123 constructs display significant amyloidogenic 
properties. This suggests that the amyloidogenic nature of 
C23 arises from the combined presence of both domains 
rather than from a single domain alone. C3 is notably non-
amyloidogenic in isolation; it also interacts with C12 to 
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recapitulate the C2/C3 domain interfact observed within 
C123. Mixing of C3 with C12 did not lead to any observable 
amyloid formation, although this was not extensively tested 
under either stirring or variable pH conditions. Identifying 
the dynamic nature of the helices in C2 provides potential 
starting points for monitoring the conversion of C23 and 
C123 from monomer to amyloid. This new information also 
provides a more complete mechanistic understanding of 
how 6–8C interferes with AgII’s interaction with cell-asso-
ciated P1, thereby enabling it to inhibit S. mutans adhesion 
to its physiologic substrate in saliva (Heim et al. 2014). Our 
new data will also enable the assignment of C23 and C123 
constructs as we track structural changes within P1 and AgII 
in response to environmental triggers such as pH, bivalent 
cations, or quaternary interactions with other biomolecules.

Methods and experiments

Protein expression and purification

The DNA sequence coding for the C2 domain of adhesin P1 
(residues 1155–1328; Uniprot accession number P23504) 
was synthesized, with codon optimization for E. coli, by 
Genescript and inserted into pET21a(+) plasmid to yield 
the pET21a-C2-His6 plasmid with a C-terminal His tag. 
The pET21a-C2-His6 plasmid was transformed into E. coli 
BL21(DE3) cells for overexpression. A single colony was 
grown in 5 mL of terrific broth supplemented with 100 µg/
mL ampicillin at 37 °C overnight. This pre-culture was added 
to 1 L of an optimized M9 minimal medium containing 2.7 
g/L 15NH4Cl, 4 g/L 13C6-D-glucose, 7.1 g/L Na2HPO4, 6.8 
g/L KH2PO4, and 0.7 g/L Na2SO4 with 100 µg/mL ampicil-
lin. Cells were grown at 37 °C to an OD600 of ~ 0.8. The 
incubation temperature was then reduced to 30 °C and pro-
tein expression was induced by addition of 1 mM isopropyl-
β-D-thiogalactopyranoside (IPTG). After 16 h at 30 °C, the 
cells were pelleted by centrifugation at 6,000 x g at 4 °C for 
30 min. The cells were resuspended in 40 mL of lysis/bind-
ing buffer (30 mM Tris pH 7.4 containing 100 mM NaCl, 20 
mM Imidazole and 1 mM PMSF). Resuspended cells were 

frozen, thawed, sonicated, and cellular debris was removed 
via centrifugation at 39,000 x g for 90 min at 4 °C. The 
supernatant containing recombinant C2 was filtered using a 
0.45 μm syringe filter and loaded onto a 5 mL HisTrap-HP 
column (Cytiva). The column was washed with 10 column 
volumes of lysis/binding buffer. C2 was eluted from the col-
umn with 10 volumes of elution buffer (30 mM Tris pH 7.4 
containing 100 mM NaCl, 300 mM Imidazole and 1 mM 
PMSF). The elution fractions were analyzed by SDS-PAGE 
with Coomassie staining and protein purity was verified by 
observation of a single intense band at the expected molecu-
lar weight. Fractions containing protein were combined and 
dialyzed against 50 mM phosphate buffer pH 8 containing 
100 mM NaCl at 4 °C overnight. The dialyzed supernatant 
was concentrated using a 10 kDa MWCO centrifugal con-
centrator (Amicon Ultra-15 10 K). Prior to NMR experi-
ments, samples were exchanged into NMR buffer (50 mM 
sodium phosphate, 50 mM NaCl, 10% (v/v) D2O, 1 mM 
sodium trimethylsilyl proprionate (TSP) at pH 6.5).

NMR spectroscopy

NMR experiments for backbone assignments were recorded 
at 298 K, using an 800 MHz Bruker spectrometer (Avance 
II) equipped with a TCI cryoprobe and a 440 µM sample of 
15N,13C-enriched C2. Backbone assignments were obtained 
from 3D experiments using Bruker pulse sequences for 
BEST-HNCO, -HN(CA)CO, -HNCA, -HN(CO)CA, 
-HNCACB, -HN(CO)CACB, and standard HBHA(CO)NH 
correlations (Table 1). The data were acquired and processed 
using Topspin 3.7.0 (Bruker Biospin). TSP was used as the 
1H chemical shift reference, and the 15N and 13C chemi-
cal shifts were indirectly referenced based on 1H chemical 
shifts. The NMR data were analyzed using CcpNmr Analy-
sis V3 (Vranken et al. 2005).

Chemical shift perturbation measurements

Protein-protein interaction surfaces on uniformly 
15N-enriched C2 were characterized by CSPs measured 
using 1-15 N-TROSY experiments recorded with a fixed 

Table 1  List of NMR experiments acquired at 800 MHz and corresponding parameters used for C2 assignment
Experiment Time domain size (pts) Spectral width/Carrier Frequency (ppm) Delay

T1 T2 T3 F1 F2 F3
15N TROSY 2048 256 15/4.7 36/120 - 0.2 s
HN(CO)CACB 2048 64 128 15/4.7 36/120 64/42.6 0.2
HNCACB 2048 64 128 15/4.7 36/120 64/42.6 0.2
HNCO 2048 64 48 15/4.7 36/120 12/173 0.2
HN(CA)CO 2048 64 48 15/4.7 36/120 12/173 0.2
HN(CO)CA 2048 64 80 15/4.7 36/120 40/45.85 0.2
HNCA 2048 64 128 15/4.7 36/120 40/45.85 0.2
HBHA(CO)NH 2048 64 128 15/4.7 36/120 10/4.7 1
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the chemical shift assignments of backbone atoms (HN, Hα, 
Cα, Cβ, CO, and N) were analyzed with the CSI 3.0 (Hafsa 
et al. 2015). The returned secondary structure predictions 
were aligned with a predicted structure from AlphaFold3 
and the C2 domain from the C123 crystal structure (Fig. 
2a). Overall, there is good agreement between these three 
methods. The primary difference for the NMR data is a 
slightly lower helical content. Compared to the C3 domain, 
C2 maintains a similar β-sheet fold but contains additional 
helices (Fig. 1c; (Larson et al. 2011; Peng et al. 2023). The 
lower helical content for the NMR data compared to the 
X-ray data suggest these helices may be more dynamic in 
solution and are stabilized by crystal-packing interactions. 
This is supported by the AlphaFold3 prediction also having 
lower helical content albeit intermediate between the NMR 
and X-ray data (Fig. 2b). These helices represent regions 
that may provide the plasticity needed for the C23 and C123 
proteins to convert from soluble monomers to an extended 
β-sheet that is the hallmark of amyloid formation. While we 
did not remove the C-terminal His6 tag from the construct 
prior to NMR measurements, it was too dynamic to assign 
and is unlikely to contribute to the improved resolution and 
observed structure.

Interactions of C2 with MAb 6–8C and A3VP1

Binding to MAb 6–8C induces significant CSPs for sev-
eral residues within C2 (Fig. 3a). Mapping these perturba-
tions on to the Alphafold predicted structure of C2 shows 
that some of the perturbed residues encompass a region 
predicted to be helical but whose backbone chemical shifts 

molar ratio of ligand candidates: A3VP1 (protein ratio 1:1 
C2:A3VP1) or MAb 6–8C (protein ratio ~ 30:1 C2:MAb 
6–8C). Samples contained 50 µM 15N-enriched C2 in NMR 
buffer. The spectral perturbations were quantified as the 
combined amide CSPs, specifically for each amide reso-
nance the CSP was calculated as:

∆ δ =
√

(∆ δ H)2 + (∆ δ N /5)2

Where ∆ δ H  and ∆ δ N  are the change in chemical shift for 
an amide resonance in the 1H and 15N dimensions, respec-
tively. The change in 15N chemical shift is scaled down five-
fold in calculating the combined CSP to reflect the different 
chemical shift ranges observed for the 15N resonances (~ 25 
ppm) compared to the 1H resonances (~ 5 ppm).

Extent of assignment and data deposition

The 2D 1H, 15N TROSY spectrum of the C2 domain (residues 
1155-1328 of the full-length adhesin P1 protein, Uniprot 
accession number P23504) displays well-dispersed reso-
nances with minimal overlap (Fig. 1a). Sequence-specific 
resonance assignments for 152 of 167 possible C2 1HN-15 N 
correlations (91%) were unambiguously determined using 
heteronuclear multidimensional NMR methods (Fig. 1a). 
Using these 152 correlations, 161 13Cα resonances (93%), 
138 13Cβ resonances (87%), 160 13CO resonances (92%), 
and 125 1Hα resonances (72%) were assigned. Unassigned 
residues are primarily within two β-sheet regions (Fig. 1b). 
In order to verify the secondary structural elements of C2, 

(a) (b) (c)

Fig. 1  (a) Annotated 2D 1H,15N BEST-TROSY spectrum for Adhesin 
P1 C2 domain (BMRB 52909) collected at 800 MHz and 25 °C in 
phosphate buffer, pH 6.5. Resonance assignments are labelled in black; 

(b) AlphaFold3 structural model for the C2 construct with the NMR-
assigned amino acid residues shown in orange; (c) Overlay of Alpha-
Fold3 predicted structures for C2 (orange) and C3 (blue) domains
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with MAb 6–8C using purified antibody at a ratio of 50:1 
and confirmed the CSPs observed in our prior study were 
observed at a much lower protein ratio when working with 
purified antibody. When the largest CSPs are mapped on 
to the protein sequences and structures (Fig. 4), it appears 
MAb 6–8C may recognize the shared tertiary fold of C2 and 
C3 rather than specific loop/helical regions of either protein. 
There is a shared β-sheet rich domain between C2 and C3, 
but differences in sequence and loop/helical regions appar-
ently lead to the observed differences in MAb 6–8C’s bind-
ing interfaces with C2 compared to C3.

In the case of A3VP1, there is an even more notable dif-
ference in binding to C2 vs. C3. The CSP magnitudes on 
addition of A3VP1 at a 1:1 ratio are as high as 0.21 ppm in 
C3 compared to < 0.07 ppm at equimolar concentrations of 
A3VP1 and C2 or C3. While some of this variability can be 
attributed to differences in the C2 concentration (50 µM) 
vs. the C3 concentration (130 µM) for these experiments, it 
also suggests that A3VP1 may bind more strongly and may 
have a higher affinity for the C3 domain compared to the 
C2 domain. Unlike what we observed for the C3 domain 
(Peng et al. 2023), where A3VP1 and MAb 6–8C CSPs 
demonstrated considerable overlap in their binding sites, 
the interaction of C2 with A3VP1 is markedly weaker com-
pared to MAb 6–8C and no overlap was observed between 
the A3VP1 and MAb 6–8C binding sites. These results sug-
gest that sequence differences in C2 vs. C3 and loop/heli-
cal regions govern their respective abilities to bind A3VP1 

suggest less helical content (Fig. 3b). Binding of C2 to 
A3VP1 also induced CSPs (Fig. 3c). A notably different 
pattern was observed upon interaction of C2 with A3VP1 
in comparison to its interaction with MAb 6–8C. The mag-
nitude of the CSPs were also significantly lower for A3VP1 
addition even though A3VP1 and C2 were mixed at a 1:1 
ratio while MAb 6–8C and C2 were mixed at a 1:30 ratio. 
The CSPs for C2 upon A3VP1 binding are primarily located 
in loop regions (Fig. 3d), while the strongest CSPs localized 
to different regions of C2 upon MAb 6–8C binding.

Comparisons of C2 and C3 interactions with MAb 
6–8C and A3VP1

The CSPs for C2 interacting with MAb 6–8C indicate that, 
as previously reported for C3, there are well-defined bind-
ing interactions, leading to strong localized CSPs with some 
resonances reaching Δδ values > 0.1 ppm even when the 
MAb concentration is much lower than the C2 or C3 concen-
tration. We note that for our 2023 study, we performed CSP 
experiments for C3 using unpurified MAb 6–8C in ascites 
fluid at a reported ratio of 6:1, whereas in the current study 
we employed purified 6–8C at much lower ratio. In ascites, 
the concentration of functional antibody is much lower than 
the apparent total protein concentration, while in the freshly 
purified MAb preparation there is a direct correspondence 
of protein concentration and functional MAb. For the pres-
ent study, we repeated the experiment for C3 interacting 

(a) (b)

Fig. 2  (a) Comparison of observed and predicted secondary structures 
for the C2 domain. Shown are alignments of the observed secondary 
structure for the C2 domain within the X-ray structure of the C123 
construct (PDB 3QE5), the predicted secondary structure (using 
AlphaFold3) for the C2 domain in isolation, and the predicted sec-

ondary structure based on C2 chemical shifts (using CSI 3.0) for the 
C2 construct in the present study (BMRB 52909); (b) AlphaFold3 
predicted structure for C2 highlighting differences in secondary struc-
ture for helices (red) and sheets (blue) compared to CSI 3.0 secondary 
structure prediction based on the observed chemical shifts
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itself are critical determinants of biofilm progression from 
initial attachment to detachment. As documented by this 
study, C2 has a weaker interaction with A3VP1 and has 
regions that are helical in its crystalline form that become 
more disordered in solution as measured by NMR chemi-
cal shifts. We are currently pursuing NMR experiments to 
structurally characterize C23 and C123 constructs as well 
as environmental triggers of dynamics or structural transi-
tions. The observation of structurally labile, short helices 
provides guidance for specific residues that can be isotopi-
cally enriched for querying changes in C123 structure via 
lower resolution solid-state NMR measurements within the 
context of intact cell walls and/or functional amyloid forma-
tion (Tang et al. 2016).

compared to MAb 6–8C. Most notably, the three-amino 
acid sequence HSE that precedes the 4th β-sheet in C3 was 
identified as important for binding of both A3VP1 and MAb 
6–8C. The corresponding sequence in C2 is YPE, and it is 
located right after its 4th β-sheet.

Given that C3 has a stronger interaction with A3VP1 
than C2, it is likely the primary site for monomeric AgII 
(C123) to interact with intact P1 on the S. mutans cell wall 
surface to enhance cellular adhesion (Heim et al. 2015). 
However, C3 is insufficient for a monomeric polypeptide to 
transition to an amyloid form. It is the amyloid form of AgII 
(C123) that correlates with biofilm detachment (Yarmola et 
al. 2022), in contrast to the monomeric form that correlates 
with bacterial adhesion (Heim et al. 2015).We speculate 
therefore that during biofilm progression of aging cultures 
that amyloid aggregation is facilitated by as yet unknown 
environmental factors to quench the adhesive activity of the 
P1-AgII quaternary complex (di Cologna et al. 2021; Yar-
mola et al. 2022). Since C3 alone is insufficient to mediate 
amyloid formation, but the presence of C2 enables aggre-
gates to form, it is likely that nuances in the interactions of 
individual domains of C123 with other proteins and with 

w

(a) (b)

(d)(c)

Fig. 3  Mapping of MAb 6–8C and A3VP1 interactions with the C2 
domain construct. (a) Δδ for specific C2 amide resonances upon addi-
tion of MAb 6–8C (protein ratio ~ 30:1 C2:6–8C). Dashed lines indi-
cate perturbations greater than two or four standard deviations. (b) 
C2 residues perturbed by more than two standard deviations on 6–8C 
binding mapped onto the C2 structure predicted by AlphaFold3. (c) 

Δδ for specific C2 amide resonances upon addition of A3VP1 (protein 
ratio 1:1) at pH 6.5. Dashed lines indicate perturbations greater than 
two or three standard deviations. (d) C2 residues perturbed by more 
than two standard deviations on A3VP1 binding mapped onto the C2 
structure predicted by AlphaFold3
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Fig. 4  Comparison of C2 and C3 interactions with (a) MAb 6-8C 
and (b) A3VP1. (a) C2 and C3 interactions with MAb 6-8C based on 
CSPs. Residues are color-coded based on the magnitude of CSPs at 
a 1:>30 ratio of purified MAb 6-8C to C2 or C3. Red indicates the 
largest perturbations (≥ 0.1) while orange indicates moderately strong 
perturbations (≥0.05). Residues with smaller CSPs are shown in black. 
C2 and C3 structures predicted by AlphaFold3; MAb model based on 
PDB 5DK3, an IgG4 antibody. (b) C2 and C3 interactions with A3VP1 

based on CSPs upon interaction with A3VP1 at a 1:1 ratio. Residues 
are colorcoded based on the magnitude of CSPs: red indicates the larg-
est perturbations (≥ mean + 6SD or 0.4 ppm for C3) while orange 
indicates moderately strong perturbations (≥ mean + 3SD or 0.04 and 
0.25 ppm for C2 and C3, respectively). Residues with CSPs below 
mean+3SD are shown in black. C2 and C3 structures predicted by 
AlphaFold3; A3VP1 model based on PDB 3IOX. C3 interactions are 
from prior work (Peng et al. 2023).
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