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ABSTRACT
This article presents an in-depth analysis of selected CASP16 targets, with a focus on their biological and functional significance. 
The authors highlight the most relevant features of the target proteins and discuss how well these were reproduced in the sub-
mitted predictions. While the overall performance of structure prediction methods remains impressive, challenges persist, par-
ticularly in modeling rare structural motifs, flexible regions, small molecule interactions, posttranslational modifications, and 
biologically important interfaces. Addressing these limitations can strengthen the role of structure prediction in complementing 
experimental efforts and advancing both basic research and biomedical applications.

1   |   Introduction

The success of CASP would not be possible without the invalu-
able contributions of experimental structural biologists, who 
share their work-in-progress with the CASP organization. In the 
latest round of CASP (Reference to the “Critical assessment of 
methods of protein structure prediction (CASP)—Round XVI” 
paper in this issue), 56 structure determination groups from 15 
countries suggested 103 structures as prediction targets, with the 
largest contributions coming from the United States (23 groups 
providing 46 targets) and the United Kingdom (8 groups, 16 tar-
gets). The CASP16 target set is very diverse and includes single-
sequence protein molecules, protein–protein complexes, RNA 
and DNA molecules (monomers and multimers), RNA–protein 
complexes, receptor–ligand complexes and three special interest 
targets: two semi-disordered protein systems consisting of two 
rigid domains joined by flexible linkers, and an RNA molecule 
with solvent shell. 50 structures were solved by X-ray crystallog-
raphy, 49 by cryo-EM and 4 by NMR. The CASP organizers, who 
are co-authors of this article, are grateful to the experimentalists 
that provided targets for CASP16, thereby contributing to the de-
velopment of more accurate biomolecular structure prediction 
methods.

This manuscript is the eighth in a series of CASP target highlight 
papers [1–7]. It presents accounts by the authors of the selected 
protein targets, representing the respiratory syncytial virus (RSV) 
glycoprotein G in complex with human antibodies (H1222, 
H1223, and H1225), bornavirus polymerase complex (H1220 
and T1220S1), bacteriophage T5 lateral tail fiber pb1 (T1257), 
the DcmC protein from the dcm operon of Methylobacterium 
extroquens (T1246), F420-dependent glucose-6-phosphate de-
hydrogenase (T1278), a cyclic nucleotide-binding protein from 
gram-negative Bdellovibrio bacteriovorus (T1298), filaments of 
human α-defensin 6 (HD6) (T1219), human twisted gastrulation 
1 (T1201), the hemoglobin-NbE11 nanobody complex (H1204), 
the nanobody Nb48 bound to the coiled-coil domain of BILBO1 
(H1244), the LRRK2:14-3-32 complex (H1258), and the rabbit 
dystrophin–glycoprotein complex DGC (H0272, H1272, and 
H2272).

Two sister articles in this issue provide experimentalists' re-
ports on the nucleic-acid-containing targets and protein-ligand 
targets from pharmaceutical discovery projects. The results of 
the comprehensive numerical evaluation of CASP16 models are 
available on the Prediction Center website (http://​www.​predi​
ction​center.​org). The detailed assessment of the models by the 
assessors is provided elsewhere in this issue.

2   |   Results

2.1   |   Structures of the RSV Glycoprotein G Central 
Conserved Domain (CCD) Bound to Monoclonal 
Antibodies (CASP: H1222, H1223, and H1225, PDB: 
9CQD, 9CQB, and 9CQA). Provided by Rebecca DuBois

RSV is the top cause of severe respiratory disease in infants 
worldwide. The RSV glycoprotein G is responsible for virus at-
tachment to airway epithelial cells and modulation of host im-
mune responses. The extracellular region of RSV G contains two 
highly glycosylated and variable mucin-like domains that flank 
a ~40 amino acid CCD. Antibodies targeting the CCD have been 
shown to neutralize virus infection in vitro and provide protec-
tion from RSV infection and disease in vivo.

Before CASP16, there were five published structures of mono-
clonal antibodies bound to the RSV G CCD [8–10]. Those 
structures revealed that the CCD antigen can adopt multiple con-
formations when bound by monoclonal antibodies (Figure 1A). 
Nevertheless, the CCD's cysteine loop, which has two disulfide 
bonds in a 1–4 and 2–3 connection, was structurally similar in 
all the structures (Figure 1A).

We solved the crystal structures of three additional monoclo-
nal antibody Fab fragments bound to the RSV G CCD and sub-
mitted them as targets for CASP16: H1222, H1223, and H1225, 
with resolutions of 3.10 Å, 2.50 Å, and 1.74 Å, respectively 
(Table 1). We have deposited these structures in the PDB and 
described them in a recent publication, also reporting their 
binding affinities (Table  1) [11]. These structures reveal the 
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CCD in new conformations when bound to these antibodies 
(Figure 1A).

Predicting the structures of antibody–antigen complexes has 
been historically challenging, primarily due to the high se-
quence variability and structural flexibility of antibody com-
plementarity loops that interact with the antigen. We presumed 
that predicting the complex with a flexible antigen would pose 
additional challenges. In CASP16, two of our three RSV G 
CCD—antibody targets were predicted with impressive accu-
racies. For target H1222, several groups correctly modeled the 
CCD antigen Cα backbone conformation and its interactions 
with the antibody, with the top interface contact score (ICS) of 
0.870, consistent with the correct prediction of sidechain ori-
entations and interactions at the interface (Table 1, Figure 1B). 
Similarly, in target H1223, several groups accurately predicted 
the correct conformation of the CCD antigen and its interactions 
with the antibody, with the top ICS of 0.874 (Table 1, Figure 1C). 
Interestingly, some models accurately depicted the interface but 
had a poor overall Cα RMSD due to differences in the overall 

antibody structure (Target H1223, ICS of 0.871, RMSD of 5.855 Å 
[2]) (Table 1, Figure 1D). The hinge region of the antibody Fab 
fragment is known to be flexible, and the crystal structure likely 
represents only one of multiple possible conformations. Thus, 
interface-focused metrics such as the ICS, rather than RMSD, 
provide a more meaningful evaluation of predicted antibody 
Fab-antigen complex models.

Despite these successes, no group was able to accurately predict 
the interface of target H1225 (Table 1). Even in top models, with 
the highest ICS scores of 0.625 or lower, the CCDs were not mod-
eled correctly in terms of their Cα backbone conformations, nor 
in their binding interactions with the antibody. This is surpris-
ing given the successes in the predictions of our other two RSV 
G CCD–antibody targets. One possible reason could be the chal-
lenges in modeling a longer CDRH3 loop; however, this target 
had the shortest CDRH3 loop among the three (9 amino acids, 
compared to 10 and 12 in the others). Another possible reason 
could be a smaller interface area, but this target's interface area 
was similar to the others (Table 1). Although this antibody has 

FIGURE 1    |    Comparison of RSV G CCD–antibody targets with CASP16 predictions. (A) Alignment of the RSV G CCD from published crystal 
structures (gray, PDB codes 5WNA, 5WNB, 6UVO, 6BLH, 6BLI) and from crystal structures of CASP16 targets H1222 (cyan), H1223 (magenta), 
and H1225 (green). (B) Alignment of the crystal structure of the RSV G CCD—antibody Fab 2B11 complex (dark gray and cyan) with the CASP16 
prediction for H1222 with the top ICS (light gray and orange). (C) Alignment of the crystal structure of the RSV G CCD–antibody Fab 1G8 complex 
(dark gray and cyan) with the CASP16 prediction for H1223 with the top ICS (light gray and magenta). (D) Alignment of the crystal structure of the 
RSV G CCD–antibody Fab 1G8 complex (dark gray and cyan) with the CASP16 prediction for H1223 with a top ICS (light gray and green). Note the 
alignment of the CCDs and the Fab variable domains, but the poor alignment in the Fab constant domains.
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a lower affinity for CCD than the other two, it is still in a nano-
molar range, generally considered high. Thus, the reason for 
the poor predictive performance on this target remains unclear 
to us.

In summary, the CASP16 community has made exciting ad-
vancements in predicting the structures of antibody–antigen 
complexes. These advancements hold significant promise for the 
development of antibody-based therapies to combat infectious 
diseases, cancer, inflammatory diseases, neurodegenerative dis-
eases, and beyond.

2.2   |   Structure of the Bornavirus Polymerase 
Complex (CASP: H1220 and T1220S1, PDB: 9H1G, 
EMDB-51765). Provided by Loic Carrique, Jonathan 
M. Grimes, and Jeremy R. Keown

Non-segmented negative-sense RNA viruses (nsNSV) from the 
family Mononegavirales are the causative agents of widespread 
human and animal disease, causing both localized epidemics 
and global pandemics. This large viral family contains over 
900 species, including well-known human pathogens like the 
Ebola virus, the Mumps virus, and the Rabies virus. Central to 
the lifecycle of nsNSV is the viral polymerase complex, which is 
formed from a hetero complex containing one copy of the Large 
protein (L-protein) and two to four copies of the Phosphoprotein 
(P-protein) [12]. During infection, the polymerase complex per-
forms both replication and transcription of the viral genome, 
producing new copies of the viral genome and viral mRNA, 
respectively. For these processes, the L-protein contains sev-
eral domains: an RNA-dependent RNA polymerase domain 
(RdRp) to synthesize RNA, a polyribonucleotidyltransferase 
domain (PRNTase) to cap mRNA, and a methyltransferase do-
main (MTase) to methylate the mRNA cap [12]. As part of this 
complex, the P-protein performs a non-catalytic chaperone role. 
The conserved and vital nature of these functional domains 
makes the L-protein an ideal target for antiviral therapeutic 
development.

Bornaviruses are one family of nsNSV with an 8.9 kb genome, 
among the smallest in the family [13]. Mammalian Bornavirus 
1 (BoDV-1) is the prototype of the family causing infections and 
deaths localized to central Europe [14]. We used recombinant 
protein expression and purification to obtain a BoDV-1 LP-
protein complex. Using single-particle electron cryo-microscopy, 
we reconstructed this complex at a resolution of 3 Å. We observed 
a single molecule of the 196 kDa L-protein complexed with a te-
tramer of the 23 kDa P-protein via an asymmetric interaction. 
While the RdRp and PRNTase formed a tightly associated core, 
the C-terminal regions, including the connector domain, MTase 
domain, and C-terminal domain, were at lower resolution due to 
their flexibility.

The individual domain structure and approximate domain loca-
tion of the individual polypeptides were correctly predicted for 
68/71 L-proteins and 69/71 P-proteins. Many groups were able to 
correctly predict the experimentally confirmed helical-kink region 
found in the BornaP tetramer [15, 16]. The interaction between the 
two proteins is mediated by one chain of the P-protein tetramer. 
The interface is formed by one face of a helix and 12 residues from T
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the P-protein (ordered only in the L-protein interacting chain) 
and the RdRp domain from the L-protein. 19/71 predictions did 
not correctly identify the approximate location of the interface. 
Of the remaining 52, 34 of these were correctly able to recapitu-
late the molecular details of the interaction (Figure 2), while the 
others often positioned the helical interface where the C-terminal 
peptide should be located. We have chosen H1220TS286_1 to ex-
emplify this in the figure, though many predictions were equally 
good. Many predictions were unable to correctly orient the flexible 
C-terminal region of the L-protein, with most showing a (small) 
rotation of these domains towards the P-protein (Figure 2). The 
predictions of this region varied widely, and given its biological 
role, it is likely it samples many of these orientations. Most mod-
els predicted that the N-terminus of the L-protein and the N- and 
C-termini of the P-protein would be disordered, in agreement 
with our experimental structure. In summary, 34 out of 71 mod-
els would allow us to draw similar biological conclusions to those 
determined experimentally in our model. Future developments 
in predicting the RNA path, binding of nucleotides, or conforma-
tional changes of the L-protein have the potential to further in-
crease the biological relevance of these predictions.

2.3   |   Bacteriophage T5 LTF pb1 (CASP: T1257, 
PDB: N/A). Provided by Alessio d'Acapito and Cécile 
Breyton

Bacteriophages (phages), viruses that infect bacteria, are the 
most abundant biological entities on Earth. All phages bear 
specific receptors that allow them to recognize their hosts and 
trigger infection [17]. Phage T5 is an Escherichia coli-infecting 
phage characterized by a siphophage morphology: its DNA is en-
closed in an icosahedral capsid, and host recognition receptors 
are located at the tip of its long, flexible tail (Figure 3A). The 
tail tip consists of a straight fiber [18] that carries the receptor-
binding protein pb5, which specifically recognizes the ferri-
chrome transporter FhuA on the outer membrane of E. coli [19]. 

To facilitate host recognition, each T5 particle also possesses 
three lateral L-shaped tail fibers (LTFs) that mediate reversible 
binding to the sugar moiety of the host lipopolysaccharides [20], 
allowing the phage to walk on the surface of the bacteria until 
pb5 meets FhuA. Each LTF is made of a trimer of the protein 
pb1 that arranges into three main domains: an anchoring do-
main that clamps under the phage collar (1–40), a coiled-coil 
domain that extends out from the phage (41–218), and a fiber do-
main (219–1263) (Figure 3A). The fiber domain is a remarkably 
rigid rod spanning 500 Å, composed of six subdomains (D1–D6) 
connected by rigid linkers (L1–L5) (Figure 3B). The last subdo-
main bears affinity to sugars (965–1263) and its structure has 
been solved previously, demonstrating that in the C-terminus, 
the protein bears an auto-cleaved chaperone domain (PDB ID: 
5AQ5) [20].

We determined the structure of the anchoring and fiber domains 
of pb1 by analysis of single-particle cryo-electron microscopy 
(cryo-EM) images of phage tails and submitted it to CASP16. 
The sequence provided to CASP16 included the structural do-
mains, omitting the chaperone one. We categorized predictions 
into two groups: models that successfully predicted the straight 
conformation of the fiber domain (Class 1, 30 groups) and mod-
els that failed to do so (Class 2, 33 groups), displaying a fiber 
folded on itself, resulting in a globular overall shape (Figure 3C). 
This classification was based on a sharp increase in the provided 
Cα RMSD values between the target and the model (1.12–15.9 Å 
for Class 1 predictions, 76.7–135.7 Å for Class 2 predictions). We 
then performed structural alignment and RMSD calculations 
across all residues of each domain (Figure 3D,E). Next, we as-
sessed the confidence level of the predictions by computing the 
average prediction confidence score across all residues, using 
the confidence score values stored in the “B-factor” columns of 
the provided PDB files of the models (Figure  4A). Finally, we 
illustrated the MSA depth by obtaining a multiple sequence 
alignment (MSA) as an output of AlphaFold2 [21] to support our 
interpretations (Figure 4B).

FIGURE 2    |    Comparison of the BornaLP complex with the prediction TS286_1. The experimentally determined structure of the Bornavirus 
Disease 1 LP (PDB: 9H1G, EMDB-51765) complex is overlayed with the L-protein (gray) and P-protein (yellow, light green). Prediction TS286_1 was 
selected as a representative model for comparison. The L-protein core (dark purple), the connector domain (light purple), the MTase domain (pink), 
the C-terminal domain (lavender), and P-protein (ChainB dark purple, ChainsC-E pale pink) are shown.
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None of the groups accurately predicted the anchoring do-
main, which had an average prediction confidence score 
below 50 (Figure  4A). This can be explained in part by the 
fact that in phago, the anchoring domain interacts with the 
phage collar and tube protein, resulting in a broken C3 sym-
metry that differentiates it from the rest of the protein. The 
MSA also revealed poor sequence coverage for this region 
(Figure 4B). The coiled-coil domain was predicted as a coiled-
coil trimer by all groups, except for T1257TS293, T1257TS465, 
T1257TS079, and T1257TS196, with an average confidence 
score below 75 (Figure  4A). This sequence has the highest 
MSA coverage, with mostly low sequence identity (Figure 4B). 
While we did not solve the experimental structure of this do-
main, raw images and 2D classification of it on cryo-EM im-
ages show that it consistently adopts a straight conformation, 
which was successfully predicted by most groups. In native 
LTFs, there is a variable kink between the coiled-coil and 
fiber domains (Figure 3A), but none of the groups predicted 
this kink. Consistently, the sequence of this linker (~213–218) 

has the lowest prediction confidence of the whole domain 
(Figure 4A).

The fiber domain was the best-predicted region, with an av-
erage confidence score of about 85, despite having shallow 
MSA coverage (Figure  4A,B). Within the fiber domain, the 
subdomains at the extremities (D1, D2, and D6) were the 
most accurately predicted (Figure 3D and Figure 4A,B), while 
central domains (D3, D4, and D5) showed more structural 
heterogeneity, as indicated by a more scattered RMSD plot 
(Figure 3D). Among these, D5 displayed the highest variability 
in predictions (Figure 3D,E) and the lowest confidence score 
(Figure 4A). This is likely because Class 2 predictions exhib-
ited a globular shape, causing hinge points to concentrate at 
the center of the fiber domain, both on linkers and on subdo-
mains that appear bent. Notably, the experimental structure 
revealed an uninterrupted β-helix spanning from D5 to D6, 
which was accurately predicted by all Class 1 models. In con-
trast, most Class 2 predictions show a consistent breakage 

FIGURE 3    |    Predictions of T5 lateral L-shaped fibers (LTF) pb1. (A) Negative staining EM image of a T5 virion. Arrows indicate the locations of 
the different domains of an LTF; red: Anchoring domain, green: Coiled-coil domain; black: Fiber domain. (B) Experimental model of T5 pb1 fiber do-
main trimer (218–1263) obtained by single particle cryo-EM analysis, with subdomains (D) colored in white and linkers (L) in magenta. (C) Examples 
of prediction from the two defined classes: Class 1: Good prediction of the overall shape and of the single domains; Class 2: Good single domain pre-
diction, but globular overall shape of the protein. Predictions are colored by prediction confidence. (D) Quality of prediction of each subdomain of the 
pb1 fiber domain for the different groups. RMSD (in Å) values of structural alignment between the target and each of the 63 first predictions by do-
main (upper panel) and linkers (lower panel). Asterisks indicate values of RMSD out of range. (E) Superimposition by subdomain of the predictions, 
colored by prediction confidence (same color scale as in (C)), along with the neighboring linker (magenta). Target shown in white. The structural 
alignment is performed on the subdomain.
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of the β-helix at the level of L5 (Figure  3D,E), which is also 
predicted with lower confidence while being well structured 
in the experimental structure. D5 and D6 exhibited shallow 
MSAs, which may explain the lower prediction confidence for 
D5 (Figure 4A,B). However, D6 had higher confidence, likely 
because its structure was already available in the PDB [20].

Prediction confidence scores were systematically lower in the 
linkers (Figure  4A). They also exhibited greater structural 
heterogeneity than the subdomains, visible by more scat-
tered RMSD plots (Figure 3D,E), also serving as the primary 
hinges for the “folding” observed in Class 2 models. In the 
experimental structure, L1, L2, and L4 are rigid random coils, 
while L3 and L5 are an α-helix and part of the D5-D6 β-helix, 
respectively.

In conclusion, nearly half of the groups (30 out of 63) suc-
cessfully predicted the straight conformation of the fiber 
domain, with most predictions correctly modeling the dif-
ferent subdomains. The main discrepancy, however, was in 
the overall folding of the fiber onto itself, with kinks in the 

linkers between subdomains. An additional parameter worth 
considering would be the calculation time, as this protein is 
rather large.

2.4   |   The DcmC Protein From the dcm Operon 
of Methylobacterium extorquens (CASP: T1246, PDB: 
N/A). Provided by Sabrina Bibi-Triki, Françoise 
Bringel, and Benoît Masquida

Dichloromethane (DCM) is a major industrial solvent massively 
released in the environment and recognized as a potential car-
cinogenic pollutant. A few methylotrophs are able to degrade re-
duced one-carbon compounds such as DCM as their sole energy 
and carbon source for growth [22]. Bacterial DCM-degraders, 
including the reference Methylobacterium extorquens strain 
DM4, require the conserved DCM dehalogenase/glutathione S-
transferase encoded by the gene dcmA, which transforms DCM 
into two molecules of HCl and one molecule of formaldehyde 
[23]. Within the conserved dcmRABC gene cluster, only dcmA 
is essential for growth with DCM, unlike genes encoding for the 

FIGURE 4    |    Prediction confidence. (A) Average per-residue confidence level across all predictions, calculated from the “B-factor” column of 
provided PDB files of the predicted models. Domains of full LTF pb1 are marked as in Figure 3A, with the addition of the coiled-coil domain to the 
fiber domain linker (CFL). (B) MSA coverage of the pb1 sequence submitted to CASP16 obtained as an output of AlphaFold2. Dotted lines represent 
domains and linker limits both on (B) and (C).
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repressor DcmR and two proteins of unknown functions, DcmB 
and DcmC.

In an effort to shed light on the dcm genes-encoded proteins, 
we experimentally determined their start codon [24] before 
overexpression and attempted to crystallize the purified four 
proteins. Only DcmC yielded crystals suitable for diffraction 
studies. The 183 amino-acid-long DcmC protein presents no 
significant similarity to any protein with an identified func-
tion within the PDB and shows only limited homology to bac-
terial hypothetical proteins, providing little insight into its 
function.

We solved the structure of the DcmC protein at a resolution of 
1.80 Å by Sulfur SAD (single-wavelength anomalous diffraction) 
at the PX III beamline of the PSI-SLS (Paul Scherrer Institute, 
the Swiss Light Source). The experimental electron density map 
showed an additional region with the size of a tripeptide, corre-
sponding to a substrate spontaneously captured from the me-
dium. This finding indicates that DcmC binds to a ligand, yet 
the ligand remains to be identified with confidence. The protein 
folds as a 10-stranded antiparallel β-barrel connected by loops of 
length between 3 and 20 amino acids. The access from one side 
of this robust β-barrel is hindered by an α-helix with a flexible 
hinge, while the opposite side of the β-barrel seems to be acces-
sible to the solvent. Four W and four F residues point towards 
the lumen of the barrel. Among those, two F residues belong to 
the closing N-terminal α-helix, contributing to the closure of the 
barrel. In the middle of this strong hydrophobic lumen remains 
an R residue (R89) that binds a chlorine ion. The overexpression 
of an R89A mutant yielded no protein, presumably due to the 
prominent role of this residue in the overall folding of the DcmC 
protein.

Structure-based homology search by DALI [25] harvested differ-
ent protein families sharing a 10-stranded antiparallel β-barrel 
domain with a maximum 13% sequence identity, indicating 
why the fold could not be identified by BLAST. Most of them 
are carriers of small organic ligands, like fatty acids (Fatty Acid 
Binding Protein, FABP), cholic acid, heme, or retinol [26–31]. 
It is worth noting that in DcmC, the α-helices that close one 
side of the barrel correspond to the N-terminal end, whereas in 
most proteins identified by DALI, the barrel is closed by helices 
formed by a ~30-residue L1 loop. DcmC, therefore, represents a 
topological variant of the FABP family.

The gap between the BLAST and DALI results made DcmC a 
compelling target for the CASP16 I structure prediction, as the 
relationship between its sequence and structure was unresolved 
in the databases. Nevertheless, the results from the CASP groups 
showed that this target was actually relatively easy to predict. 
The best models from the top 36 groups achieved a sequence-
independent local group alignment (LGA) score above 0.98, with 
only five groups scoring below 0.90 among the 63 that attempted 
to predict DcmC. A similar trend was observed for the local dis-
tance difference test (LDDT) scores, although among the top 12 
models, the highest LGA did not always correspond to the high-
est LDDT.

In terms of local accuracy, the hydrophobic lumen of the barrel 
was very well predicted, with R89 correctly positioned at the 
center of the four tryptophan and four phenylalanine residues, 
despite the absence of the chlorine ion in the predicted model 
(Figure 5). The global distance test (GDT) highlighted the re-
gions with lower accuracy. The N-terminal subdomain, con-
stituted by two successive α-helices separated by a hinge that 
caps one side of the barrel, appears to be flexible, resulting in 

FIGURE 5    |    Superimposition of the top five structure models onto the DcmC target T1246 (green), T1246TS022_1 (Yang, cyan), T1246TS301_1 
(GHZ-MAN, gray), T1246TS052_1 (Yang-server, purple), T1246TS284_1 (Unicorn, light pink), T1246TS075_1 (GHZ-ISM, yellow), and the least ac-
curate model, T1246TS167_1 (OpenComplex, slate). The topology, generated using PDBsum EMBL-EBI, along with the sequence and the secondary 
structure (helix: Red; sheet: Green; loop: Dark) are also indicated for clarity.
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positional variability across most models. In addition, the N-
terminal end interacts with the L5 loop, which consequently 
adopts local conformations that deviate slightly from the con-
formation observed in the crystal structure. This behavior 
suggests a local concerted motion, which was not foreseen 
from the experimental structure alone. Moreover, in the L5 
loop, the predicted models consistently extended the β-sheets 
within the loop, leading to an offset of the Cα persistent across 
all models. As the GDT of the models decreased, we noticed 
that the flexibility of loop L4 increased. However, L4 also 
forms crystal packing contacts with L10 of a symmetry-related 
monomer, and crystal packing contacts were also observed for 
N-terminal α-helices. Comparing the models with the target 
suggests that these regions may exhibit greater flexibility in 
solution, which does not necessarily reflect a decrease in the 
prediction quality.

2.5   |   F420-Dependent Glucose-6-Phosphate 
Dehydrogenase (CASP: T1278, PDB: N/A). Provided 
by Gottfried J. Palm, Gerald Lackner, and Michael 
Lammers

The deazaflavin coenzyme F420 is utilized by bacteria and ar-
chaea in various redox reactions. Archaea use the cofactor 
during methanogenesis for hydride transfer from hydrogen to 
CO2-derived single-carbon intermediates. In Mycobacterium 
tuberculosis, the causative agent of tuberculosis, the cofactor 
plays a role in reduction reactions related to respiration, cell wall 
synthesis, as well as the activation of nitroimidazole prodrugs 
like delamanid. The redox potential of F420 /F420H2 (−340 mV) is 
lower than that of the more common redox cofactors NAD(P)H 
(−320 mV) and FADH2 (−220 mV). This enables reactions that 
are not easily accessible to many enzymes. In mycobacteria, 
the reduction of the cofactor is performed by an F420-dependent 
glucose-6-phosphate dehydrogenase (Fgd). Similarly, Fgd from 
the thermophilic bacterium Thermomicrobium roseum cata-
lyzes the oxidation of glucose-6-phosphate (in its ring form) to 
the lactone while reducing F420 to F420H2 [32]. Generally, Fgd 
belongs to the luciferase-like domain superfamily that encom-
passes, besides FMN-dependent luciferases responsible for bio-
luminescence, also flavin-dependent monooxygenases involved 
in secondary metabolite biosynthesis or the above-mentioned 
F420-dependent hydride transferases. The broad substrate spec-
trum provides a useful basis to engineer enzymes suitable for 
new biotechnological purposes.

There are more than 100 sequence homologues of T. roseum 
Fgd deposited in the UniProt database with 50%–70% sequence 
identity and experimental structures in the PDB with up to 37% 
sequence identity. The closest homologues are dimers. While 
F420-dependent homologues with their coenzyme bound were 
already known, substrate or product complexes had not been 
described. We have solved several structures at 2.2–2.5 Å resolu-
tion with and without substrate, but none with coenzyme. They 
include 54 crystallographically independent monomers, which 
exclusively form homo-hexameric quaternary assemblies. The 
RMSD on Cɑ between the monomers is only 0.69 Å on average, 
independent of whether they are in the same or a different hex-
amer, and if they have ligands bound or not.

In CASP16, only the monomers were to be predicted. As ex-
pected for a target classified as “easy” the main chain was pre-
dicted very well, with the RMSD on Cα being below 1 Å for 47 
out of 62 groups. The best 10 predictions were inspected more 
closely, revealing that only 4 residues had Cα deviations greater 
than 1 Å. An interesting feature of the structure is a non-proline 
cis-peptide bond (Gly70-Val71), which occurs rarely (< 0.1%) 
[33]. Although not unprecendented, it is encouraging that this 
bond was predicted correctly in 9 out of 10 cases (Figure 6). Cis-
peptide bonds are overrepresented in sugar-binding proteins, 
to which Fgd belongs. Nevertheless, sugar binding is likely not 
the reason for this cis-peptide bond, because it is conserved in 
related F420 enzymes, even if they do not have carbohydrate 
substrates. Regarding side chains, when several alternative con-
formations were observed in the X-ray structures, all were con-
sidered valid. Only 10% of the side chains differed in at least one 
of the χ angles from all observed conformations. Most of these 
residues (70%) were on the surface or in the substrate binding 
site. Residues that were incorrectly predicted (or at least dif-
ferent from any observed conformations) included Arg (50%), 
Lys (25%), Pro (exo vs. endo), Glu, and Gln (approximately 20%). 
Trp100 was the only residue with an aromatic side chain in an 
incorrect conformation. A possible explanation for this could 
be the alternative side chain conformations observed for Ser32. 
In its predominant experimental conformation, Ser32 prevents 
the incorrect Trp100 conformation due to the hypothetical 
close contact of 2.5 Å (Figure  6). Although the occupancies 
were not refined, setting both conformers to 0.5 resulted in a 
B-factor for the Trp100-facing OG that was, on average, 4 Å2 
lower. However, in the predicted models, Ser32 always adopted 
the alternate conformation with less density in the experimen-
tal structure, potentially leading to the incorrectly predicted 
Trp100 conformation.

FIGURE 6    |    Superposition of an experimental model (shown in 
thick sticks in green, chain A of 9HAY) onto the 10 best predicted mod-
els (shown in thin sticks in gray, dark red, and dark blue). The rare 
non-proline cis-peptide bond, Gly70-Val71, is correctly predicted by 9 
out of 10 groups. Trp100 shows the most prominent deviations of the 
side chains' conformations (1 out of 10 groups predicted correctly). The 
2mFo-DFc electron density map is shown in blue contoured at 1.0 RMSD.
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In the predominant experimental conformation, Ser32 blocks 
the incorrect orientation of Trp100, likely due to a steric clash 
at a hypothetical distance of 2.5 Å (Figure  6). Although oc-
cupancies were not refined, setting both conformers to 0.5 
resulted in a B-factor for the Trp100-facing OG that was, on 
average, 4 Å² lower. By contrast, in the predicted models, 
Ser32 consistently adopted the alternate conformation, which 
appears with lower density and occupancy in the experimen-
tal structure. This may have allowed the incorrect Trp100 
conformation to be predicted.

2.6   |   Structure of a Cyclic Nucleotide-Binding 
Protein From Gram-Negative B. bacteriovorus 
(CASP: T1298, PDB: 9SFA). Provided by Matthew 
Jenkins, Henry Box, and Andrew L. Lovering

The predatory gram-negative B. bacteriovorus has a life-
cycle dependent upon invasion of gram-negative prey [34]. 
Sequential stages of free-swimming, prey recognition, surface 
adhesion, and commitment to invasion precede establishment of 
Bdellovibrio in the host cell periplasm, wherein it hydrolyses and 
assimilates host macromolecules. The elongated predator then 
septates into varying numbers of progeny that lyse the prey cell 
and search for a new host [35]. This bacteriocidal mechanism is 
independent of antimicrobial resistance status, prompting inter-
est in its application against pathogens in agriculture, veterinary 
medicine, and human health [36].

This highly specialized niche requires B. bacteriovorus to tightly 
control the transitions between lifecycle stages [35–37]. Several 
second messenger-based regulatory networks are known to con-
tribute to this regulation. These include the highly developed 
bis-3′,5′-cyclic di-guanosine monophosphate (CDG) network, 
with deletion of diguanylate cyclase enzymes shown to impair 
specific stages of the predation cycle [38]. Our interest was in 
the ubiquitous bacterial second messenger 3′,5′-cyclic adenosine 
monophosphate (cAMP).

Beyond its classical role in catabolite repression, cAMP-based 
regulation has been linked to processes associated with anti-
biotic resistance, including oxidative stress response and DNA 
repair [39]. Expression of catabolic enzymes is upregulated 
through the binding of cAMP to the catabolite gene activator 
protein, CAP, also termed cAMP receptor protein (CRP) [40]. 
CAP is a transcriptional activator with an N-terminal nucleotide-
binding domain (NBD) and a C-terminal DNA-binding domain 
(CTD). In its apo-state, CAP forms asymmetric dimers around 
a coiled-coil interface between the α-helix that links the NBD 
and CTD and the central C-helix (PDB: 4N9H and 4N9I). The 
primary cAMP binding site is a moderately hydrophobic pocket 
that contains conserved arginine–serine (RS) and threonine–
serine (TS) motifs. Cyclic nucleotide binding induces extension 
of a flexible hinge region within the C-helix, causing rotation of 
the CTDs relative to the NBD dimer. This results in positional 
rearrangement of the CTD into a conformation that favors DNA 
binding [41].

The only published structure of a B. bacteriovorus cAMP-
binding protein is that of Bd1971, a CDG-degrading enzyme 
of the EAL family that interacts with diguanylate cyclases 

(PDB: 6HQ5). Its N-terminal NBD forms an asymmetric dimer 
around a central C-helix, similar to CAP, but differs in inter-
domain architecture and interactions between subunits, as 
shown in Figure 7C [42].

Bd2879 is a 42 kDa putative transcription factor containing an 
N-terminal NBD (residues 1–118), two putative DNA-binding 
domains (residues 125–228 and 237–335, respectively), and a C-
terminal region with predicted disorder containing a zinc-finger 
motif. To better understand how Bd2879 integrates a CAP-like 
DNA-binding function with a Bd1971-like crossover NBD sen-
sory domain, we solved its crystal structure at 2.88 Å resolution. 
The structure contains two copies, intriguingly arranged in 
an asymmetric dimer (Figure  7A). Residues S2-D342 and S2-
E341 were resolved in chains A and B, respectively, while the 
C-terminal residues 343–380 were presumed to be disordered. 
The Bd2879 NBD adopts a β-roll and three α-helix architecture, 
closely resembling the Bd1971 NBD. The NBD dimerization 
interface is similar to Bd1971, with a crossover-style C-helix 
(Figure  7C). The DNA-binding domains, HTH1 and HTH2, 
adopt winged helix-turn-helix architectures. The Bd2879 NBD 
possesses a 16-residue P-loop (L52-A67), with T65/S66 taking 
the place of the Bd1971 R67/S68 phosphate cradle and D54/Q55 
replacing the ribose sensing E58/M59. Other residues are posi-
tionally conserved in Bd2879 vs. Bd1971 (Figure 7B), including 
the base-capping residue R104 (R108), the nucleobase stabiliz-
ing N110 (N113), and 43-LFQL-46 of β4, equivalent to Bd1971 
β5 (47-LTIL-50).

We grouped the predicted models for the 66 entries into sev-
eral subsets based on their global Cɑ RMSD values when 
superposed onto our crystal structure. These RMSD values 
ranged from 2.2 to 2.8 Å (subset one, 18 models), between 
8.1 Å and 15.3 Å (subset two, 34 models), and 17.7–19.4 Å (sub-
set three, 7 models). The variation in RMSD values for the su-
perposition of individual NBD and CTD domains was lower, 
ranging between ~1.5–3.7 Å and 1.2–3.6 Å, respectively. This 
suggests that the higher global RMSD values were primarily 
due to uncertainties in the predicted domain juxtaposition, 
likely caused by the flexibility of the loop linking the C-helix 
to HTH1. When the full-length models were superposed using 
the HTH domains as a fixed reference point, the three sub-
sets could be seen to adopt distinct NBD positions (Figure 7D). 
The first subset with the lowest RMSD values, positioned the 
NBD in an orientation similar to that observed in the Bd2879 
crystal structure (represented by T1298TS274). In contrast, for 
the second and third subsets (represented by T1298TS465 and 
T1298TS475), the position of the NBD is rotated by ~67° and 
~154°, respectively.

The interdomain interface in the Bd2879 structure is formed at 
the loop that links the C-helix to HTH1 (Figure 7E, top). Residue 
R36 of the β3/β4 turn interacts with D15 (β1–β2 loop) and D233 
(HTH1/HTH2 linker loop), with a cluster of hydrophobic inter-
actions between β3/β4 (NBD) and M117 (C-helix), which lies 
~4.2 Å from Y226. The top model is T1298TS274 (group one, 
global all-atom RMSD 2.5 Å, NBD RMSD 1.59 Å, HTH1/HTH2 
RMSD 1.43 Å, rank 1/66). The relative positions of the C-helix, 
β3/β4 turn, and HTH1/HTH2 linker are similar to the Bd2879 
structure (Figure  7E, bottom), although the observed interac-
tion between R36 and D233 is not predicted. Instead, R36 is 
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predicted to interact with D120 (C-helix) and D125 (HTH1 α1), 
with R113 interacting with D15 and Y226. The relative distance 
between M117 at the top of the C-helix and Y226 of the HTH1/
HTH2 loop remains somewhat consistent at ~4.3 Å. In sum-
mary, this target highlights the ability of structure prediction 
methods to accurately reproduce the asymmetrical features ob-
served in the experimentally determined structure.

2.7   |   Filaments of HD6 (CASP: T1219, PDB: 9R7N). 
Provided by Roman Kamyshinsky and Deborah Fass

HD6 is a member of a family of small, disulfide-bonded pro-
teins that defend the host against bacteria [43]. Unlike other 
defensins, however, HD6 does not appear to be directly mi-
crobicidal. Instead, the protein forms filaments that assemble 

FIGURE 7    |    Crystal structure of Bd2879. (A) The Bd2879 asymmetric dimer, the N-terminal nucleotide binding domain (NBD), and the helix-
turn-helix (HTH1 and HTH2) of the C-terminal domain (CTD) are labeled. (B) Alignment of the Bd2879 NBD (red) site with the cAMP-bound site 
of the homologous Bd1971 NBD (blue). Residue labels are for Bd2879, with those of Bd1971 in brackets, denoting a residue on the opposing subunit. 
(C) The C-helices (colored) of dimeric Bd2879 show the same crossover conformation as Bd1971, distinct from the standard CAP family conforma-
tion. Left—Bd2879; Middle—Bd1971 (PDB: 6HQ5); Right—E. coli CAP (PDB: 4N9H). (D) Predicted structures can be classified into three groups 
depending on the position of the NBD compared to the dimeric Bd2879 crystal structure NBD (red/pink) when models are superimposed using the 
CTDs (white). Group 1, represented by T1298TS274, aligns closely (pale green, RMSD =3 Å). Group 2, exemplified by T1298TS465 (medium green, 
RMSD = ~12.5 Å) and Group 3, represented by T1298TS475 (dark green, RMSD = ~16.6 Å), have NBDs that are rotated by ~67° and ~154° relative 
to the crystal structure, respectively. (E) Top—Close-up view of the interactions at the top of the C-helix in the Bd2879 crystal structure. Bottom—
Interactions of the same interface in the overall top-ranked model (T1298TS274).
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into “nanonets” thought to entrap bacteria and prevent them 
from invading epithelial tissues [44]. Crystal structures of 
HD6 have been determined and revealed a two-fold symmet-
ric (PDB: 1ZMM), or slightly asymmetric (PDB: 1ZMQ), dimer 
of a twisted three-stranded β-sheet fold [45].

In one of the crystal structures (PDB: 1ZMQ), a filamentous ar-
rangement of dimers can be traced within the crystal, serving 
as the basis for models for the HD6 nanonet filaments [44, 46]. 
Along this embedded filament, adjacent dimers form an intermo-
lecular β-sheet-like interaction with an amino-terminal β-strand 
from each dimer. Another way of describing this interaction is as 
follows. Due to the twist of the two interacting three-stranded β-
sheets in each dimer, the six strands nearly form a barrel. However, 
instead of the barrel closing on itself, the amino terminus of the 
next near-barrel contributes a β-strand. This donated strand is not 
long enough to close the first barrel, but as the strand also partici-
pates in the β-sheet of the second dimer, it bridges the β-sheets of 
the first and second dimers, resulting in a continuous β-sheet that 
spirals through the dimers along the filament. The dimers them-
selves also spiral around a central axis.

The CASP predictions for spiral HD6 structures resembled the 
filament model derived from the crystal structure (Figure 8A), 
with some, such as T1219v1TS221o.pdb, maintaining a 90° ro-
tation between successive sets of four HD6 protomers, that is, 
two dimers along the filament, as required by the screw axis 
of the crystal symmetry. Other predictions yielded a similar 
spiral but with slight deviations from the crystal angle, such 
as the 88° rotation between sets of four HD6 protomers in 
T1219v1TS4251o.pdb. The individual dimers observed in the 
crystal structure and CASP predictions closely resembled dimers 

in the cryo-EM filaments, with backbone RMSD values of about 
0.9 Å, making them suitable for fitting into the cryo-EM map. 
However, neither the crystal structures nor the predictions pro-
vided a hint of for the unusual higher-order assembly of dimers 
in the cryo-EM structure. The true self-assembly modes of HD6 
filaments observed experimentally and described below were not 
captured in the CASP models.

Reproducing a previous protocol [46], HD6 filaments were gen-
erated in vitro. These filaments were analyzed using cryo-EM, 
yielding a structure at 3.6 Å resolution. One important insight 
from the HD6 cryo-EM structure was that the core of the HD6 
filaments contained two dimers, not a single dimer, at each 
level around the filament axis (Figure 8B). This arrangement 
was not present in the previous HD6 crystal structures or the 
CASP predictions. The four HD6 protomers at each level of the 
filament in the cryo-EM structure were arranged in two sets of 
dimers, approximately facing one another across the filament 
axis but related by a rotation of 171° rather than 180° around 
the axis. Moreover, one dimer was displaced by about 1.5 Å 
along the filament axis relative to the other. Were it not for 
these two significant breaks in symmetry, the HD6 filaments 
would have displayed D2 symmetry. As the CASP predictions 
did not anticipate the second set of dimers in the filament, the 
symmetry breaks were not a feature of the predictions.

A physiologically important discovery from the HD6 cryo-EM 
structure was that the filament contains phosphate ions along its 
axis. Each set of four HD6 protomers was seen to accommodate 
phosphate in a basic cavity formed by the four copies of His5, 
Arg7, and the NH3+ group at the polypeptide terminus, which 
all pointed inward. This finding implies that the presence and 
distribution of phosphate or related ions in the luminal environ-
ment of the intestine may determine the site and rate of HD6 
nanonet formation. Lack of knowledge of phosphate coordina-
tion may have further complicated the CASP prediction of the 
HD6 filament composition and structure.

Previous studies of HD6 by negative stain transmission 
EM revealed filaments microns in length [46] that appeared 
wider than the original, spiraling dimer model based on the 
crystal structure. Moreover, the remarkably apparent per-
sistence length of the filaments suggested a particularly ro-
bust mode of supramolecular assembly. In addition to the 
core of the filament described above, the cryo-EM structure 
revealed two sets of additional HD6 dimers spiraling around 
the central, phosphate-coordinating dimers (not shown). This 
feature was not suggested by the crystal structure or previ-
ously predicted, but the outer spirals likely stiffen and support 
the filaments. As the outer spirals associate heterogeneously 
with the inner filament of the HD6 cryo-EM structure, their 
presence and helical parameters would likely be very difficult 
to predict.

In summary, none of the CASP predictions captured the 
duplication of the dimer-based spiral seen in the cryo-EM 
structure. The predictions that successfully suggested fila-
ments as the HD6 assembly mode were limited to the dimer 
spirals resembling those derived from the previous HD6 crys-
tal structures.

FIGURE 8    |    Comparison of a CASP helical model for HD6 with the 
experimental structure of the HD6 inner filament. (A) Cartoon and sur-
face representations of the T1219v1TS221_1o prediction. Cysteine side 
chains, participating in disulfide bonds, are shown as spheres with yel-
low sulfurs in the cartoon. One subunit of each dimer is colored vio-
let, and the second subunit is colored teal. (B) The cryo-EM structure 
of HD6 filaments shows two dimers approximately facing one another 
(171°) across the filament axis. A phosphate is positioned near the axis 
at each level of the filament. The four protomers in the two dimers at 
each level are colored violet, teal, light orange, and lime.
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2.8   |   Human Twisted Gastrulation 1 (CASP: T1201 
and T1201o, PDB: 8BWD), and Its Complex With 
Growth Differentiation Factor 5 (CASP: H1202, 
PDB: 8BWL). Provided by Tomas Malinauskas 
and Christian Siebold

Bone Morphogenetic Proteins (BMPs) are secreted extracellular 
proteins that orchestrate the embryonic development and ho-
meostasis of all multicellular organisms. Dimeric BMPs initiate 
signaling by binding to two types of transmembrane receptors: 
BMP type 1 (BMPR1) and type 2 (BMPR2) serine/threonine 
kinases. Bridging both receptors triggers the phosphorylation 
of BMPR1 by the constitutively active BMPR2, which, in turn, 
activates transcription factors. Interactions between BMPs 
and their receptors are controlled by extracellular modulators 
[47–49]. Disrupting BMP-modulator interactions leads to devel-
opmental disorders.

Twisted Gastrulation 1 (TWSG1) is a secreted glycoprotein 
that, together with Chordin family members, is required for 
BMP gradient formation during dorsal-ventral patterning of 
embryos [49]. Human TWSG1 is composed of 223 amino acid 
residues, including 24 cysteines. Our search for structural ho-
mologues using HHpred [50] revealed no homologues of TWSG1 
in the PDB. At the start of our studies on TWSG1, in the pre-
AlphaFold era (around 2017), this protein remained an enigma. 
Its domain architecture, folds, and interactions with binding 
partners (BMPs and Chordin, a modulator of BMP signaling) 
were either completely unknown or poorly characterized. We 
determined the crystal structure of full-length human TWSG1 
at 2.63 Å resolution using de novo heavy-atom phasing, as well 
as the structure of the N-terminal domain of TWSG1 in complex 
with a BMP, Growth Differentiation Factor 5 (GDF5), at 1.96 Å 
resolution [49].

TWSG1 crystallized as a dimer in two different crystal forms, 
which is consistent with its dimerization in solution, albeit rel-
atively weak [49]. The structure of TWSG1 revealed a modular 
architecture comprising an α-helical N-terminal domain (NTD, 
Cys26-Arg80) connected by an extended linker to a mixed α/β 
C-terminal domain (CTD, Pro87-Phe223) (Figure 9A). The NTD 
of TWSG1 folds into a compact bundle of three α-helices, stabi-
lized by seven disulfide bonds. The CTD of TWSG1 is stabilized 
by five disulfide bonds and contains a β-sheet composed of five 
antiparallel β-strands forming its core.

We compared the full-length structure of TWSG1 (PDB: 8BWD) 
to the CASP16 predictions. All 90 predicted models of the 
TWSG1 monomer correctly suggested that TWSG1 is composed 
of two cysteine-rich domains separated by a linker (Figure 9B). 
Of these 90 models, 70 correctly predicted all 12 disulfide bonds 
in TWSG1. The top predictions also accurately captured the 
relative orientation of the NTD and CTD. We remain curious 
whether these top groups first modeled the TWSG1 dimer and 
then presented a single protomer for CASP16.

Interestingly, 5 out of 90 models largely predicted the folds and 
secondary structures of the NTD and CTD correctly, but all 5 
models completely lacked disulfide bonds. This highlights the 
limitations of some models at the level of amino acid side chains 
and their rotamers. The absence of disulfide bonds in these 

TWSG1 models points to a potential opportunity for improve-
ment: considering the extracellular location of the target could 
help with side-chain accuracy, as extracellular human proteins, 
such as TWSG1, are often stabilized by disulfide bonds.

67 out of 74 models of the TWSG1 dimer are largely correct, as 
indicated by the juxtaposition of two antiparallel β-strands from 
two TWSG1 CTDs and the recapitulation of the NTD-CTD in-
terface observed in crystal structures (Figure  9A,C). We were 
pleasantly surprised by the prediction of the TWSG1 dimer, 
given that TWSG1 tends to dimerize only partially and only at 
relatively high protein concentrations in solution (~0.1–1.0 mg/
mL) [49].

In addition, to understand how TWSG1 interacts with BMP li-
gands, we determined the crystal structure of the TWSG1 NTD 
in complex with GDF5 (Figure 9D). The disulfide-linked GDF5 
dimer binds to two TWSG1 NTD molecules, which are related 
by a non-crystallographic pseudo-two-fold symmetry axis [49]. 
Here, we compare the structure of the TWSG1 NTD in a com-
plex with GDF5 (PDB: 8BWL) to CASP16 predictions (H1202).

The high-resolution crystal structures of GDF5, both in isola-
tion and in complexes with its binding partners, are available 
to train the latest protein modeling programs [48, 49, 51–54]. As 
expected, the GDF5 dimer and its secondary structures were ac-
curately predicted in 74 out of 77 prediction models. 70 out of 
77 prediction models recapitulated the key interaction between 
Ile40 of the TWSG1 NTD and a hydrophobic pocket of GDF5 
(Figure 9E). Curiously, none of these largely correct 70 models 
had the same rotamer of TWSG1 Ile40 as observed in the crys-
tal structure (Figure  9F). Some residues lining the side of the 
hydrophobic pocket of GDF5 (such as Trp417) were displaced 
in the predicted models compared to the crystal structure by a 
couple of angstroms. One reason for this discrepancy might be 
the presence of calcium in the crystal structure. The calcium 
and its coordinating water molecules bridge Gly413 and Asp416 
of GDF5 to Asp34 of the TWSG1 NTD in the crystal structure 
(Figure 9G). In contrast, even in the highest-scoring prediction 
models, Asp416 of GDF5 forms a hydrogen bond with Lys37 of 
the TWSG1 NTD. We do not see this interaction in the crystal 
structure. Similarly, we do not observe predicted interactions be-
tween TWSG1 Arg47 and GDF5 Glu442 in the crystal structure 
(Figure 9H).

In summary, top-scoring CASP16 prediction models globally 
recapitulated key hydrophobic interaction surfaces between the 
TWSG1 NTD and GDF5; however, the details of the interactions 
at the level of amino acid side chains and their rotamers differed 
from the crystal structure.

2.9   |   The Structure of the Hemoglobin-NbE11 
Nanobody Complex (CASP: H1204, PDB: 8VYL). 
Provided by Rhys Grinter and Daniel R. Fox

Hemoglobin is an abundant protein found within erythrocytes, 
which most commonly consists of a heterotetramer of α and β 
subunit dimers, with each subunit carrying the iron-containing 
cofactor heme. Using these heme groups, hemoglobin binds 
oxygen (O2) and transports it throughout the body. Due to its 
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FIGURE 9    |     Legend on next page.
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abundance, the heme groups of hemoglobin constitute the larg-
est source of iron within the human body [55]. Many bacterial 
pathogens have evolved strategies to scavenge heme from host 
hemoglobin. In Gram-negative pathogens, this often occurs 
via the direct extraction of heme from hemoglobin by TonB-
dependent transporters (TBDTs) in the bacterial outer mem-
brane [56]. Reduced concentrations of hemoglobin in the blood 
or the presence of hemoglobin outside of the circulatory system 
can be indicative of disease states, such as beta thalassemia [57]. 
Hemoglobin-binding proteins like nanobodies can be used to 
detect the presence and concentration of hemoglobin and are in-
valuable in the development of diagnostics for these conditions. 
In addition, hemoglobin-binding nanobodies aid in the inves-
tigation of the molecular mechanisms of hemoglobin targeting 
TBDTs [56].

Previous work identified NbE11 as a high-affinity hemoglobin-
binding nanobody that can be used to detect hemoglo-
bin in human stool samples and demonstrated that it lacks 
cross-reactivity to other vertebrate hemoglobin species [58]. 
Nanobodies are small, single-domain antibody fragments de-
rived from the heavy-chain-only antibodies found in camelids 
[59]. Their simplified structure allows for the isolation of stable, 
soluble antigen-binding domains that function independently. 
To enhance the usefulness of NbE11, we solved the crystal 
structure of the nanobody bound to adult (αβ) hemoglobin and 
determined the affinity and thermodynamics of binding [57] 
(Figure 10A). This structure shows that NbE11 binds across the 
α and β subunits of hemoglobin, primarily binding the β-subunit 
(Figure 10B). The asymmetric unit of the structure consisted of 
a hemoglobin tetramer bound to two copies of NbE11, with the 
two αβ-hemoglobin dimer-nanobody subcomplexes related by 
non-crystallographic symmetry [57].

We submitted the NbE11-hemoglobin structure to CASP16, as 
it remains challenging to model nanobodies and antibodies 
in a complex with their target antigens with high accuracy. 
We had previously attempted to model this complex using 
current state-of-the-art protein structure prediction programs 
AlphaFold3 and Chai-1, which reported good performance for 
antibody–antigen modeling [60, 61]. However, they failed to 
accurately predict the complex in our case. Nanobodies and 
antibodies possess three and six hypervariable loops, respec-
tively, termed complementarity-determining regions (CDRs), 
which facilitate antigen binding. CDRs can undergo rounds 
of affinity maturation via somatic hypermutation to create 
and improve antigen-binding functionality [62]. Many struc-
ture prediction models are informed by MSA, which derive 

structural information from evolutionary relationships across 
protein families. Because of the variable nature of CDR loop 
generation, MSAs provide little assistance in the prediction 
of antibody/nanobody-antigen structures [63], increasing the 
difficulty of predicting these complexes [64]. Moreover, CDR 
loops can also undergo conformational change upon epitope 
binding and are intrinsically flexible, further complicating 
modeling efforts [65]. Previous entries of nanobody/antibody–
antigen complexes to CASP14 and CASP15 were challenging 

FIGURE 9    |    Comparison of the TWSG1 and TWSG1 NTD–GDF5 crystal structures to the highest-ranking CASP16 models. (A) The crystal 
structure of the TWSG1 dimer, with one protomer depicted in rainbow coloring (N-terminus in blue; C-terminus in red) and the second protomer 
colored gray (PDB: 8BWD). Disulfide bonds are shown as orange balls-and-sticks. (B) Comparison of the TWSG1 monomer (PDB: 8BWD) to the 
six highest-ranked prediction models (CASP T1201; GDT_TS 91.77–92.68). The disordered loop, which was not visible in the crystal structure but 
is present in the predictions, is indicated. (C) Comparison of the TWSG1 dimer (PDB: 8BWD) and the six highest-ranked prediction models (CASP 
T1201o; ICS 0.841–0.850). (D, E) The crystal structure of dimeric GDF5 in complex with two TWSG1 NTDs (PDB: 8BWL) (D) and a comparison to 
the highest-ranking prediction models (CASP H1202; ICS 0.843–0.859) (E). (F–H) A comparison of the GDF5–TWSG1 NTD crystal structure with 
the two highest-ranking models reveals discrepancies at the amino acid side-chain level, such as the rotamer of TWSG1 Ile40 (F), or the predicted 
salt bridges between TWSG1 Lys37 and GDF5 Asp416 (G), and GDF5 Glu442 and TWSG1 Arg47 (H), which are not present in the crystal structure. 
In (F–H), the crystal structure is colored as in (D), while the prediction models are shown in pale cyan and pink.

FIGURE 10    |    Comparison of NbE11-hemoglobin crystal structure 
with top CASP16 predictions. (A) The crystal structure of the NbE11-
hemoglobin complex. (B) A comparison of the orientation of NbE11 
bound to αβ-hemoglobin in the crystal structure (left) and the model 
submitted by G274 (right). (C) A superimposition of NbE11 residues 
interacting with hemoglobin in the crystal structure (yellow) and the 
G274 model (orange). (D) The incorrect orientation of NbE11 in the 
model submitted by G400.
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targets, with no groups able to perfectly model either of the 
complexes comparable to the experimental structures  [6, 7]. 
However, prediction of nanobody/antibody–antigen complexes 
is improving [60, 61, 63, 65, 66].

When assessing the accuracy of the CASP16 models, we noted 
that while our NbE11-hemoglobin tetramer structure was pseu-
dosymmetrical due to the specific nature of the crystal packing, 
most H1204 entries exhibited C2 symmetry, which is also likely 
biologically relevant. As such, when comparing our structure to 
the CASP16 models, we limited our analysis to the alignment of 
one NbE11-αβ dimer pair. While most groups were successful in 
predicting the structure of the hemoglobin αβ-dimer and NbE11 
components separately, only the top-ranked model (based on 
model-target RMSD) from the Kozakovvajda group (G274) 
modeled NbE11 bound to hemoglobin in the same position and 
orientation as our experimental structure (Figure  10B). The 
positioning of sidechains at the interface between NbE11 and 
hemoglobin was also highly accurate, confirming that the struc-
ture of the complex was successfully predicted (Figure  10C). 
This was reflected in the high ICS (0.820), QS (best) (0.902), TM 
(0.942), and DockQ (0.847) scores for this model, in addition to 
it recording the lowest RMSD of the complex (2.561 Å). The next 
six models (G400, G204, G196, G456, G52, G79; ranked by QS) 
all modeled NbE11 in a similar position relative to hemoglo-
bin. The position of NbE11 relative to hemoglobin was broadly 
similar to the experimental structure. However, the orientation 
of NbE11 was incorrect, indicating failure to accurately model 
the complex (Figure 10D). Consistent with this, the scores were 
generally worse for these models (ICS [0.337–0.565], QS [best] 
[0.646–0.678], TM [0.443–0.861], DockQ [0.569–0.628], RMSD 
[3.870–5.609 Å]). The Kozakovvajda group model had a similar 
LDDT score (0.871) to the models of Groups 3–7 (0.815–0.838), 
which is consistent with most top groups accurately modeling 
the αβ-dimer and NbE11 components separately, meaning that 
global LDDT was not a good indicator of the correct placement 
of NbE11 in the complex.

In summary, the Kozakovvajda (G274) was able to accurately 
predict both the correct binding interface and orientation of the 
NbE11b-hemoglobin complex. This is a significant achievement, 
given the difficulties in modeling nanobody/antibody–antigen 
complexes. While accurate modeling of nanobody/antibody–
antigen complexes is still challenging, the successful modeling 
of the NbE11-αβ hemoglobin complex in this CASP round indi-
cates that we are close to a general solution to this problem. The 
accurate modeling of antibody–antigen complexes is important 
for the computational design of de novo antibodies as it allows 
for rapid in silico screening to identify the best designs [67]. The 
advances demonstrated in CASP16 will help to realize the po-
tential of this technology, which has significant medical and bio-
technological applications.

2.10   |   The Nanobody Nb48 Bound to 
the Coiled-Coil Domain of BILBO1 (CASP: 
H1244; PDB: N/A): Provided by Kim Abesamis 
and Gang Dong

Trypanosoma brucei is a parasitic protist causing sleeping sick-
ness (human African trypanosomiasis) and nagana (a disease 

affecting livestock) in sub-Saharan Africa. To survive and thrive 
within its host, the parasite has developed unique adaptations, 
including the flagellar pocket, a specialized membrane invagi-
nation located at the base of its single flagellum [68]. This struc-
ture serves as the exclusive site for endocytosis and exocytosis 
in T. brucei, playing a critical role in nutrient uptake, waste re-
moval, and immune evasion [69]. The integrity and function of 
the flagellar pocket are maintained by a collar-like cytoskeletal 
structure encircling its neck, known as the flagellar pocket col-
lar (FPC) [70].

BILBO1 is a key scaffold protein within the FPC, essential for 
its assembly and structural integrity [71, 72]. The protein com-
prises four distinct domains: a globular N-terminal domain, 
two central EF-hand motifs, an extended coiled-coil domain, 
and a C-terminal leucine zipper [73]. Our previous studies have 
demonstrated that BILBO1 forms antiparallel dimers through 
its coiled-coil domain, which subsequently assemble into long 
filaments via interactions between the leucine zipper motifs of 
neighboring dimers [74]. These filaments can further associate 
laterally, forming tightly packed bundles that contribute to the 
structural robustness of the FPC [75].

A nanobody named Nb48 was developed to specifically target 
BILBO1, inducing rapid cell death, likely by disrupting FPC as-
sembly and function [76]. However, the precise molecular mech-
anism underlying this inhibition remains unclear. Recently, 
using a series of binding assays with Nb48 and various BILBO1 
truncations, we mapped the Nb48 binding site to the coiled-
coil region adjacent to the leucine zipper junction of BILBO1. 
Furthermore, we determined a high-resolution (2.2 Å) crystal 
structure of Nb48 in complex with the BILBO1 junction, which 
includes the EF-hand motif, the leucine zipper, and part of the 
coiled-coil domain (residues 179–335 and 461–587) (Figure 11A). 
The structure of the complex revealed two copies of Nb48 bound 
to a symmetrically arranged pair of BILBO1 coiled coils, featur-
ing three key intermolecular interactions: the antiparallel coiled 
coil, the leucine zipper, and the Nb48-BILBO1 binding interface.

We submitted the BILBO1 junction–Nb48 complex to CASP16 
for protein multimer prediction and analyzed the results using 
the “Per Target Analysis” table available on the CASP website. 
For each prediction category, we selected the top-ranked model 
and assessed the accuracy of the nanobody Nb48. The results 
demonstrated that the structure of Nb48 was predicted with 
high accuracy (Figure 11B). Additionally, all top-scoring mod-
els successfully predicted the antiparallel coiled-coil structure 
of BILBO1, with an overall Cα RMSD of 1.0–1.9 Å (Figure 11C). 
Similarly, these models correctly predicted the leucine zipper 
connecting two neighboring BILBO1 coiled-coil dimers, with 
an RMSD of 1.1–2.5 Å (Figure  11D). However, the positioning 
of Nb48 varied significantly across predictions, with most place-
ments differing drastically from the nanobody's actual bind-
ing site in the crystal structure (Figure  11E). The best RMSD 
score between any predicted model and the target structure was 
11.9 Å (Bhattacharya group/369). We further compared the top 
six non-redundant predictions with overall RMSD values below 
15 Å (Figure 11F). While these predictions positioned Nb48 in 
a similar region on the BILBO1 junction complex, a closer ex-
amination revealed that none of them accurately identified the 
true epitope located on the coiled-coil domain. Instead, the 
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nanobodies were consistently packed against the globular EF-
hand motif (Figure 11G).

Our analysis of the CASP16 predictions highlights the chal-
lenges in accurately predicting recognition sites of antibodies 
and nanobodies on target antigens. We attribute this difficulty 
to two main factors in our case. First, the epitope is situated in 
a highly confined region on an extended coiled coil, making it 
inherently complex to recognize and model. Second, the interac-
tion between the nanobody and the coiled coil involves a sophis-
ticated network of electrostatic and hydrophobic interactions, 
engaging numerous residues from four loops of Nb48 and both 

helices of the BILBO1 coiled coil. This intricate interplay of in-
teractions further complicates accurate prediction.

2.11   |   The Cryo-EM Structure of the LRRK2:14-
3-32 Complex (CASP: H1258, PDB: 9CI3, 
EMD-45609). Provided by Juliana Martinez Fiesco 
and Ping Zhang

Leucine-rich repeat kinase 2 (LRRK2) is a large (2527 residue) 
multidomain protein involved in critical cellular processes in-
cluding signal transduction, cellular trafficking, and autophagy 

FIGURE 11    |    Structural analysis of the nanobody Nb48 in complex with BILBO1. (A) Crystal structure of the Nb48-TbBILBO1 complex, showing 
the filament junction of BILBO1 (residues 179–334 and 461–587) bound to Nb48 (blue, with mesh representation). The structure reveals three inter-
molecular interactions: (1) the antiparallel coiled coil of BILBO1, (2) the antiparallel leucine zipper of BILBO1, and (3) the nanobody binding site on 
BILBO1. (B) Superposition of all Nb48 models in the top-scoring predictions from each category in the “Per Target Analysis” table of the CASP16 
results with the crystal structure of Nb48 (blue). The C-terminal tail of the nanobody is shown to be flexible. (C, D) Superposition of all top-ranked 
CASP16 predictions within the antiparallel coiled-coil region (C) and the leucine zipper junction (D) of BILBO1. (E) Two orthogonal views of the 
CASP16 top-scoring models superimposed on the BILBO1-Nb48 crystal structure (blue). (F) Superposition of the six non-redundant CASP16 predic-
tions with an overall RMSD < 15 Å (purple) onto the BILBO1-Nb48 crystal structure (blue). (G) Enlarged view of the Nb48 binding site from (F). The 
experimentally determined Nb48-BILBO1 binding interface in the crystal structure is highlighted with a dashed blue arch. Notably, in all CASP16 
predictions with an overall RMSD < 15 Å, Nb48 is predicted to interact with the globular EF-hand motif (purple oval) rather than the actual binding 
site.
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[77, 78]. It is composed of several functional domains. The cen-
tral feature of LRRK2 is its kinase domain, which enables the 
phosphorylation of various proteins and thus regulates numer-
ous signaling pathways. LRRK2 also contains in tandem the 
Ras of complex protein (Roc) and the C-terminal of Roc (COR) 
domains, conferring it with GTPase activity. Additionally, 
LRRK2 includes several domains that serve as regulatory or 
protein–protein binding domains; among them are a C-terminal 
WD40 domain and an N-terminal regulatory armadillo (ARM), 
ankyrin (ANK), and leucine-rich (LRR) repeats (Figure  12A). 
The structural understanding of LRRK2 has significantly ad-
vanced in recent years, revealing important insights into its 
monomeric and dimeric forms, as well as its interactions with 
microtubules [79–81].

The biological significance of LRRK2 is underscored by its link 
to neurodegenerative diseases, most notably Parkinson's disease 
(PD). Mutations in the LRRK2 gene are a significant cause of PD 
[82–85]. Most PD-associated mutations lie within the catalytic 
domains, often leading to kinase hyperactivity. This hyperactiv-
ity disrupts cellular processes regulated by LRRK2, ultimately 
leading to impaired autophagy, mitochondrial dysfunction, and 
neuroinflammation [86–88], although the precise mechanism 
linking mutations in LRRK2 to PD remains to be fully eluci-
dated. Consequently, LRRK2 is a promising target for therapeu-
tic intervention in PD, with ongoing efforts to develop inhibitors 
of its kinase activity. Understanding the precise mechanisms of 
LRRK2 function and regulation could open novel avenues for 
therapeutic development in neurodegenerative disorders.

LRRK2 is regulated by 14-3-3 proteins, which influence LRRK2 
stability, localization, and kinase activity through binding 
[89, 90]. Furthermore, several PD-associated mutations have 
diminished 14-3-3 interaction, which correlates with increased 
kinase activity  [91–93]. 14-3-3 proteins are ubiquitous, widely 
expressed dimeric scaffolds that bind primarily through con-
served sequences containing phosphoserines or phosphothre-
onines in their target proteins [94, 95]. Occasionally, a secondary 
interaction can be established by interfaces between the glob-
ular domains of the target proteins and an additional surface 
in 14-3-3 [96]. In LRRK2, a cluster of potential 14-3-3 primary 
binding sites, including pS910 and pS935, is located before the 
LRR domain. Despite the well-established interaction between 
LRRK2 and 14-3-3, the exact molecular details of their inter-
action remain unknown. As part of our efforts to investigate 
LRRK2 regulation by 14-3-3, we determined the structure of the 
LRRK2/14-3-3 complex by cryo-EM.

Our study shows that the complex is formed between a LRRK2 
monomer and a 14-3-3 dimer (Figure 12B). The N-terminal re-
gion (residues 1–906), including the ARM and ANK domains, 
was absent from the density map, suggesting it is flexible. 
LRRK2 adopts a conformation similar to the previously reported 
kinase-inactive LRRK2, with the LRR domain positioned to oc-
clude substrate access to the kinase active site. 14-3-3 assumes 
the canonical cup-like shape with two phospho-client-binding 
grooves that establish the primary interaction with LRRK2 
pS910 and pS935 residues. Additionally, a unique, previously un-
identified secondary binding interface is observed between the 
LRRK2 COR domain and the 14-3-3 dimer (COR-A and COR-B, 
Figure 12B). This secondary interface is functionally relevant as 

it helps to position the LRR domain, thereby reinforcing the in-
hibited state of LRRK2 and evidencing the mechanism by which 
14-3-3 inhibits LRRK2 kinase activity.

For CASP16, participants were provided one copy of LRRK2 and 
two copies of 14-3-3 as input for multimer modeling. Out of 64 
predictions generated, 62 reported binding between the LRRK2 
and a 14-3-3 dimer. Of these, 54 predictions correctly identified 
the 14-3-3 phospho-binding grooves within the 14-3-3 dimer, re-
flecting the conserved nature of this interface. However, most 
predictions failed to localize the correct LRRK2 phospho-sites 
involved in the interaction (pS935 and pS910). Only the top 10 
predictions successfully captured both correct binding grooves 
of 14-3-3 and the interacting LRRK2 segments, aligning with 
our cryo-EM structure (Figure  12C). Despite this success, a 
major limitation of the predictions was the lack of phosphory-
lation modeling. Since 14-3-3 binding is phospho-dependent, 
omitting these modifications likely impaired accurate interface 
modeling.

This underscores the challenge of accurately modeling post-
translational modifications in current prediction methods. 
Additionally, none of the predictions resolved the secondary 
binding interface between LRRK2 and 14-3-3 (Figure 12D). This 
may be due to the relative rarity of these secondary interactions, 
which likely occur within the context of the primary binding 
event. The inability to predict the secondary interface is reflected 
in the maximum prediction scores, which were generally low 
(ranging from 0.0 to 0.6) across all metrics, including Precision, 
Recall, IPS, QS-Glob, and QS-Best. These results highlight that 
predicting multimeric interactions, particularly those involving 
posttranslational modifications and non-canonical secondary 
interactions, remains a significant challenge for current predic-
tion models.

2.12   |   Rabbit Dystrophin–Glycoprotein Complex 
DGC (CASP: H0272, H1272, and H2272, PDB: 9C3C). 
Provided by Shiheng Liu, Tiantian Su, and Z. 
Hong Zhou

Duchenne muscular dystrophy (DMD) is one of the most common 
inherited muscle-wasting diseases, impacting approximately 1 in 
every 3500–5000 male newborns globally [97], which ultimately 
leads to fatal cardiac and/or respiratory failure between 20 and 
40 years of age, even with optimal care [98]. Despite being first 
described in the 1860s, little was known about the cause of DMD 
until the discovery of the dystrophin gene [97, 99]. Systematic 
biochemical characterizations of the dystrophin-associated pro-
teins have established their interactions with the sarcolemma, 
cytoskeleton, channels, and signaling proteins, either directly or 
indirectly, forming the dystrophin-glycoprotein complex (DGC) 
[100–103]. Ironically, despite the identification of most associ-
ated factors, mechanistic understanding of the DGC's function 
as a “molecular shock absorber” for the sarcolemma and its nu-
merous disease-associated mutations remains very limited. This 
could be largely due to a lack of atomic structures of the protein 
complexes involved.

Using cryo-EM, we determined the atomic structure of native 
DGC directly enriched from the skeletal muscle membrane 

 10970134, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/prot.70025 by D

E
SY

 - Z
entralbibliothek, W

iley O
nline L

ibrary on [15/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



43Proteins: Structure, Function, and Bioinformatics, 2026

[104], containing nine core components: dystrophin, dystro-
glycan (DG) subcomplex (α-DG and β-DG), sarcoglycan (SG) 
subcomplex (α-SG, β-SG, γ-SG, and δ-SG), sarcospan, and 

α-dystrobrevin. The DGC comprises five essential protein–
protein interaction clusters that define its overall architecture 
(Figure  13A). First is the extracellular β–γ–δ SG trimer that 

FIGURE 12    |    The complex between LRRK2 and 14-3-3 proteins. (A) Schematic representation of the LRRK2 domain organization. Residues S910 
and S935 are highlighted in red, as they serve as 14-3-3 binding sites upon phosphorylation. (B) Cryo-EM structure of LRRK2: 14-3-32 complex (un-
resolved residues 1–906 dotted yellow), colored as in (A), shown in two different orientations. The primary and secondary contact regions between 
LRRK2 and 14-3-3 are indicated (right), respectively. In the primary interaction, the LRRK2 phosphorylation sites, pS910 and pS935, bind to 14-3-3 
substrate binding grooves (right). In the secondary interaction, the LRRK2-COR domain engages with α-8 and α-9 helices of the 14-3-3 dimer. (C) 
The top 10 predictions closely resemble the LRRK2: 14-3-3 primary interaction. For clarity, only the top prediction (H1258TS031) is shown, aligned 
with the cryo-EM structure by the 14-3-3 dimer. (D) Top 10 predictions grouped by structural similarity in two different groups. Showing the relative 
position of the 14-3-3 dimer to the COR domain within the predicted LRRK2/14-3-3 complexes. None of these predictions recapitulate the LRRK2-
COR: 14-3-3 interface shown in the cryo-EM structure (A).
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forms a curved β-helix. Second, this β-helix interacts with the 
[cadherin-like (CDHL)–SEA] modules of α/β-DG and α-SG. 
Third are the transmembrane helices that are arranged with 
β-DG positioned between sarcospan and the β–γ–δ SGs, while 
α-SG associates with β–γ–δ SGs on the opposite side. Fourth is 
the juxtamembrane fragment of β-DG and SGs that interacts 
with the cystine-rich ZZ domain of dystrophin. And finally, the 
fifth is the cytoplasmic dystrophin–α-dystrobrevin heterodimer 
formed by their cystine-rich regions.

Despite the success of recent machine learning-based struc-
ture prediction methods, as evidenced in CASP15, the DGC's 
large size and compositional/conformational complexity are 
still expected to pose a considerable challenge for the multi-
meric structure prediction tools. Our manual assessment of 
Phase 1 predictions on the first-submitted models revealed 12 
groups from five labs: MULTICOM (G331, G425, G319, G345), 
NKRNA-s (G028), Yang (G052/G456), Guijunlab (G148/G264/

G312), Zheng (G147, G462), which successfully recapitulated 
all five essential DGC interfaces. Among the top five models 
ranked by ICS score, only MULTICOM_human (G345, #2) and 
Zheng (G462, #3) captured all five interfaces. To pinpoint the 
most reliable indicators of model quality, a Z-score heatmap was 
computed across all metrics and models (Figure  13B), reveal-
ing IPS as the top-performing metric (predominantly reddish, 
Z-scores 0.65–0.84), followed by IDDT and QSbest.

Regarding the extracellular part, all 12 groups accurately pre-
dicted the N-terminal half of the curved β-helix formed by the 
β–γ–δ SG trimer and its interface with the two CDHL–SEA 
modules from α-SG and α/β-DG (Figure  13C, left). In con-
trast, the predicted C-terminal half displayed a pronounced 
tilt relative to the cryo-EM structure (Figure 13C, right), re-
flecting challenges in modeling the correct curvature shaped 
by a conserved four-residue insertion in β-SG [104]. Within 
the membrane region, the arrangement of transmembrane 

FIGURE 13    |    Comparison of CASP16 predictions of DGC with the experimental structure. (A) Atomic model of DGC derived from cryo-EM (PDB: 
9C3C), shown in cartoon representation. (B) Z-score heatmap illustrating the relative performance of selected models across evaluation metrics. 
Models from 9 groups (deduplicated from 12) were identified through manual curation as capturing all five essential interfaces observed in the ex-
perimental DGC structure. Each column represents a model, and each row corresponds to a scoring metric. Z-scores were calculated as Z = (x − μ)/σ, 
where x is the respective model's raw score, μ is the mean, and σ is the standard deviation of scores across all 36 deduplicated, first-submitted models 
from Phase 1 predictions. This standardization enables assessment of each selected model's performance relative to the full distribution. Color gradi-
ents represent Z-score values, transitioning from 0 (blue) to 1.2 (deep red), with warmer colors indicating progressively stronger performance across 
metrics. (C–F) Structural comparison of key interfaces between the cryo-EM structure (colored as in (A)) and the predicted models (in light gray): 
(C) β–γ–δ SG β-helix interacting with α-SG and α/β-DG; (D) Transmembrane helices; (E) Transmembrane helices' variability relative to dystrophin's 
ZZ domain; and (F) dystrophin–α-dystrobrevin heterodimer. All nine selected models were included in Panels (C, D, and F). For improved clarity, 
two models from G052 and G148 were omitted in Panel (E). In Panel (F), the dystrophin WW domain is highlighted in magenta, and PDB 1EG4 in 
light green.
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helices, β–γ–δ SG bundle (Figure 13D, left) and β-DG–sarco-
span complex (Figure  13D, middle) was generally well pre-
dicted. However, the transmembrane conformations of β-DG 
and α-SG deviated from the cryo-EM structure (Figure 13D, 
right), likely stemming from subtle differences in cytoplasmic 
juxtamembrane interactions.

For the cytoplasmic part, the juxtamembrane region of β-DG was 
generally docked to the cysteine-rich ZZ domain of dystrophin, 
but the positioning of the ZZ domain relative to the transmem-
brane helices varied across models (Figure 13E). This variabil-
ity is likely due to the fact that the ZZ domain is connected to 
the membrane via a few long, flexible linkers from both β-DG 
and SGs and that no comparable interface has been structurally 
characterized to date. These findings imply inherent structural 
dynamics between cytoplasmic dystrophin and the membrane, 
potentially contributing to the complex's mechanical flexibil-
ity and resilience. Although the EF-hand-mediated interaction 
between dystrophin and α-dystrobrevin was frequently cap-
tured, none of the models accurately predicted the interaction 
between dystrophin's WW domain and α-dystrobrevin's EF1 
(Figure  13F). In all predictions, the WW domain adopted the 
conformation observed in the crystal structure of dystrophin's 
cysteine-rich region (PDB: 1EG4), underscoring the heavy reli-
ance of current structure prediction algorithms on existing PDB 
templates.

3   |   Conclusions

This article presents a comprehensive analysis of selected 
CASP16 targets, focusing on both structural accuracy and bi-
ological relevance. The authors of the experimental structures 
highlighted key features that were successfully reproduced 
in models, while also discussing the limitations of current 
prediction methods. Overall, the ability to predict three-
dimensional protein structures continues to be impressive, 
with many challenging targets modeled to a high degree of 
accuracy.

Notably, we observed successes in predicting structures of 
large protein complexes, although these complexes were gener-
ally smaller than those in the previous CASP round. In several 
cases of protein complex predictions, including targets H1220, 
T1246, H0272, H1222, H1223, H1272, and H2272, the predic-
tions were sufficiently accurate to enable meaningful biological 
interpretation.

Some predicted structures also likely reflected functionally 
meaningful conformational states. For example, the antibody–
antigen complexes, which are important for therapeutic develop-
ment, offer particularly valuable insights into the progress made 
in structure prediction. As shown in H1204, H1222, and H1223 
cases, accurate modeling of nanobody and antibody binding in-
terfaces is becoming more feasible, though challenges remain 
for certain epitopes and interaction modes, such as H1225 
and H1244.

Alongside these successes, CASP16 also revealed areas in need 
of improvement. A persistent challenge is the accurate place-
ment of side chains, especially in functional or interface regions, 

as seen in targets T1201, T1278, and H1202. However, some pre-
dictions, notably H1204, showed surprising accuracy at nano-
body interfaces not observed in previous rounds.

Posttranslational modifications, such as phosphorylation, re-
main difficult to model reliably, as illustrated by target H1258. 
Accurate prediction of these modifications is crucial for under-
standing functionally important interfaces. Another persistent 
challenge is the treatment of flexible domains and inter-domain 
orientations, which prove difficult in targets such as H1225 
and H1220.

Incorporation of ions and small molecules, which are often es-
sential for structural integrity and biological function, also re-
mains suboptimal. Although ion placement was successfully 
predicted for T1246, even without prior information from the 
CASP organizers, predictions for other targets, such as T1219, 
H1202, and H1258, failed to do so. This highlights the need for 
improved identification and modeling of such molecules as part 
of the prediction process. Taking the biological context into ac-
count, including the protein's cellular location and function, can 
offer essential guidance. For example, whether a target is extra-
cellular or intracellular influences disulfide bond formation, as 
illustrated by T1201.

Finally, stoichiometry prediction remains an area for future 
improvement. Several models failed to correctly capture multi-
meric assemblies, including more complex cases such as dimer-
of-dimers or higher-order assemblies, as seen in T1219.

In summary, CASP16 reflected ongoing progress in protein 
structure prediction, highlighting the areas where advances 
have been made. With the observed continued improvements 
in modeling flexible regions, small molecule interactions, post-
translational modifications, and complex assemblies, structure 
prediction is becoming a powerful tool for advancing both basic 
biology and biomedical applications, complementing the experi-
mental work. We are excited to see what progress and challenges 
the next CASP round will deliver.
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