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Most proteins in cells are composed of multiple folding units (or domains) to perform complex functions in a cooperative
manner. Relative to the rapid progress in single-domain structure prediction, there are few effective tools available for
multi-domain protein structure assembly, mainly due to the complexity of modeling multi-domain proteins, which involves
higher degrees of freedom in domain-orientation space and various levels of continuous and discontinuous domain
assembly and linker refinement. To meet the challenge and the high demand of the community, we developed I-TASSER-
MTD to model the structures and functions of multi-domain proteins through a progressive protocol that combines
sequence-based domain parsing, single-domain structure folding, inter-domain structure assembly and structure-based
function annotation in a fully automated pipeline. Advanced deep-learning models have been incorporated into each of the
steps to enhance both the domain modeling and inter-domain assembly accuracy. The protocol allows for the
incorporation of experimental cross-linking data and cryo-electron microscopy density maps to guide the multi-domain
structure assembly simulations. I-TASSER-MTD is built on I-TASSER but substantially extends its ability and accuracy in
modeling large multi-domain protein structures and provides meaningful functional insights for the targets at both the
domain- and full-chain levels from the amino acid sequence alone.

Introduction

Much progress has been made in protein structure prediction as a result of decades of effort'*. The
progress has been particularly notable in recent years owing to the introduction of coevolution-based
contact prediction”” and deep neural-network learning techniques® '’. In particular, the end-to-end
sequence-to-structure training approaches, such as AlphaFold2 (ref. ''), built on the attention and
equivariant transformer networks, have achieved unprecedented modeling accuracy in the protein
structure prediction as witnessed in the recent CASP14 experiment'>. However, most of the advanced
methods have mainly focused on the modeling of individual domain structures, which are the
minimum folding units of proteins that fold and function independently. In fact, more than two-
thirds of prokaryotic proteins and four-fifths of eukaryotic proteins contain two or more domains'”,
where many proteins perform higher-level cellular functions through cooperative domain interac-
tions'“'”. Therefore, determining the full-length structures of multi-domain proteins is a crucial step
towards elucidating their full functions and designing new drugs to regulate these functions.

A common approach for multi-domain protein structure modeling is to split the query sequence
into domains and generate models for each individual domain separately'®'’. The individual domain
models are subsequently assembled into full-length models, usually under the guidance of other
homologous multi-domain proteins from the Protein Data Bank (PDB)'®. However, many multi-
domain proteins have been solved only as single-domain proteins, and just 35.3% of proteins in the
PDB contain multi-domain structures. The lack of homologous multi-domain structures makes
the template-based domain-assembly approach infeasible for most multi-domain protein targets. On
the other hand, template-free (or ab initio) domain structure assembly is challenging, owing to the
fact that multi-domain proteins have a high degree of freedom in domain-orientation space and we
do not have reliable force fields to accommodate the domain-domain interactions. In a recent study,
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Zhou et al. proposed a hybrid approach, called DEMO'®, which first detects analogous structure
templates through domain-complex structure alignment'”. Next, a knowledge-based force field is
combined with deep-learning contact/distance restraints to refine the multi-domain analogous
templates through replica-exchange Monte Carlo (REMC) simulations. As structure alignment can
often detect more distant templates beyond sequence-based alignments, DEMO remarkably enhances
the coverage and ability of the homology-based approaches. Large-scale benchmark tests demon-
strated advantages of DEMO over other state-of-the-art approaches (either homology or ab initio) on
proteins containing both continuous and discontinuous domain structures'®.

Although several methods have been proposed for domain boundary prediction and domain
model assembly'®'”*, there have been very few protocols dedicated to automated multi-domain
protein structure and function prediction from sequence alone. One reason is that the complexity of
modeling multi-domain proteins, which involves various levels of continuous and discontinuous
domain assembly and linker refinement, makes the pipeline development difficult to automate. In
addition, although domains are usually basic units with distinct biological functions, the function of
multi-domain proteins is often predicted using the same strategies used for single-domain proteins;
this is especially true for the modeling of protein-level functions such as Gene Ontology (GO) terms,
while the commonly used GO predictors, such as MetaGO**, NetGO** and INGA®®, do not attempt
to split the sequence into domains and annotate functions at individual domain level. Some studies®’
have attempted to assign GO terms to specific regions of the protein, but they are either not
specifically optimized for multi-domain structure models®® or do not use protein structure at all*’.
These methods are therefore less useful for the function annotation of multi-domain proteins.
Furthermore, several important questions should be considered to improve the modeling accuracy
when developing such unified multi-domain protein structure and function prediction pipelines.
First, coevolutionary analysis and deep learning have been successfully applied to single-domain
protein structure prediction and have notably improved its accuracy”’. How can we extend similar
techniques to guide domain parsing and domain model assembly? Second, is there any intrinsic
correlation between the similarity of single-domain proteins and the global similarity of multi-
domain proteins? If yes, how can such correlation be exploited through analogous multi-domain
protein template detection informed by the structural alignment of individual domains? Third, how
can we incorporate the sparse restraints, such as cryo-electron microscopy (EM) density maps and
cross-linking data, into the simulation to guide the full-length structure modeling? Finally, given that
the distinct functions of individual domains usually contribute towards the overall protein function'”,
how can we draw a more comprehensive function annotation by combining domain-level and full-
length function prediction?

To address the above questions and meet the high demand of the community, we developed
I-TASSER-MTD (with MTD standing for ‘multi-domain’), a fully automated pipeline for multi-domain
protein structure assembly and structure-based function annotation from sequence alone (the I-TASSER-
MTD platform is freely available at https://zhanggroup.org/I-TASSER-MTD/)'****". The core of
I-TASSER-MTD is built on I-TASSER* and DEMO'®, where the former has consistently been ranked as
the top method for automatic protein structure prediction in the last eight iterations of the community-
wide CASP experiments’'~, while the online server for I-TASSER has completed structure and function
predictions for >680,000 proteins submitted by >160,000 registered users from 159 countries*’. With the
integration of cutting-edge inter-domain assembly methods, as well as advanced deep neural-network
techniques*', I-TASSER-MTD dramatically extends the ability and capacity of I-TASSER for modeling
large multi-domain protein structures. Meanwhile, unlike pure deep-learning methods, which largely act
as a block box, the accessibility and interpretability of the domain structure assembly process allows for
the I-TASSER-MTD server to effectively incorporate the restraints from cryo-EM and cross-linking
experiments as input by users. As a validation of the pipeline, I-TASSER-MTD participated in the most
recent CASP14 (under the group name “Zhang-Server’) and achieved the best performance on modeling
the multi-domain proteins among all server groups in the experiment™. To the best of our knowledge,
this represents the first protocol devoted specifically to the modeling of multi-domain proteins, which we
believe will benefit the biological and biomedical communities.

20-22

The I-TASSER-MTD pipeline

I-TASSER-MTD is built on multiple tools that we recently developed for sequence-based domain
boundary prediction, deep-learning spatial restraint prediction, single-domain structure folding,
multi-domain structure assembly and structure-based function annotation. The pipeline is depicted
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Fig. 1 | Overview of the I-TASSER-MTD protocol for multi-domain protein structure and function prediction. Cov is the cutoff of the alignment
coverage for assessing if the query needs to be modeled as a single-unit or multi-unit target, where a unit can contain a single domain or multiple
domains if the latter is fully covered by the LOMETS2 threading alignments. CC, BP and MF represent, respectively, the cellular component, biological
process and molecular function in GO. It should be noted that, following their implementation on full-length sequence, LOMETS2 and DeepPotential
will be run again in D-I-TASSER to generate templates/restraints for each individual domain if the query is deemed as a multi-unit target.
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in Fig. 1. Starting from the query sequence, multiple threading templates are first collected by
LOMETS?2 (ref. **) a meta-server approach that combines up to 11 sequence/hidden Markov model
profile-based methods and deep-learning threading programs—from the PDB, and domain bound-
aries are predicted by FUpred*” and ThreaDom”**’, Meanwhile, residue-residue spatial restraints are
created by DeepPotential** through residual convolutional network training. If the query sequence is
deemed a multi-domain protein by FUpred or ThreaDom, and none of the top ten template align-
ments can cover all domains (i.e., one or more domains with an alignment coverage below the cutoff
Cov = 95%), the ‘multi-domain assembly’ mode will be initiated, where models for each domain will
be independently constructed by D-I-TASSER™, a crucially improved version of I-TASSER powered
by the DeepPotential spatial restraints. Subsequently, the domain models will be assembled into the
full-length model by DEMO'® based on the structurally analogous templates. Otherwise, if the query
is deemed a single-domain protein or one or more top template alignments can cover all domains, the
‘multi-domain assembly’ mode will be turned off and the full-length structure will be directly
modeled by D-I-TASSER. Finally, the protein function annotations, including the Enzyme Com-
mission (EC) numbers, GO terms and ligand-binding sites are predicted by COFACTOR™ for all
individual domains and the full-chain protein, based on the modeled structures, sequences and
protein-protein interactions (PPIs). The main individual programs employed in the I-TASSER-MTD
pipeline are listed in Supplementary Table 1. Next, we briefly describe the main components of the
I-TASSER-MTD pipeline.

Sequence-based domain boundary prediction

Accurate domain boundary assignment is crucial for multi-domain protein structure and function
prediction. In the first stage of - TASSER-MTD, the query sequence is split into domains by com-
bining a threading template-based method, ThreaDom>*’, with a deep-learning contact-based
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program, FUpred** (Supplementary Fig. 1). For doing this, the query sequence is first threaded
through the PDB by LOMETS2 (ref. **), which utilizes and combines 11 state-of-the-art threading
programs, to create multiple template alignments, where the query is assigned as an Easy (or Hard)
target if outstanding templates are (or are not) identified. If the protein is defined as an Easy target by
LOMETS?2 and the alignment coverage is >95%, ThreaDom will be applied to predict the domain
boundary. In ThreaDom, the domain conservation score (DCS), which linearly combines the tem-
plate domain linker score and the gap penalty score, is calculated according to the LOMETS2
template alignments. The domain linker score is evaluated on the basis of the domain boundary
definition of the templates in CATH® or defined by DomainParser*’, while the gap penalty score is
measured by the number of gaps in the multiple template alignments. Finally, the domain boundaries
are determined by the DCS using a target-specific scoring cutoft.

If the protein is defined as a Hard target by LOMETS2 or the alignment coverage is <95%, the
domain boundary will be predicted by FUpred by maximizing the number of intra-domain contacts
and minimizing the number of inter-domain contacts that are predicted by a deep residual con-
volutional neural network model. To create the deep-learning model, the multiple sequence align-
ment (MSA) is first created by iteratively searching the query against four metagenome sequence
databases (Metaclust*®, BED*, Mgnify”’ and IMG/M”') and two whole-genome databases (Uni-
clust30”* and Uniref90°") using DeepMSA”*. Then the secondary structure is predicted by PSSpred™,
and the contact map is generated by the deep-learning-based predictor ResPRE'’, which has been
included in DeepPotential, using features directly extracted from the MSA. To deduce the domain
boundaries from the contact map, a folding unit score (FU-score)”” is calculated for continuous
domain and discontinuous domain detection (for continuous and discontinuous domain definition,
see Supplementary Fig. 2). For a continuous two-domain protein, the FU-score of each residue is
defined in relation to the number of intra-domain contacts and the number of inter-domain contacts
for the two domains by considering the residue as a domain boundary. To calculate the FU-score of a
residue pair (i, j) in a discontinuous two-domain protein, the C-terminal contact map (j + 1, L) is
shifted to the N-terminal contact map (1, i) to convert the discontinuous domain into a continuous
one to form a new contact map, where i < j, and L is the sequence length of the query protein
(Supplementary Fig. 3). The FU-score for the residue pair (i, j) is calculated according to the number
of intra-domain contacts and inter-domain contacts in the new map. The domain boundary is
determined according to a trained cutoff of the FU-score, and the predicted secondary structure is
also used to avoid the boundary being located within a helix or a strand. As the FU-score is defined
for the two-domain case, the above procedure is recursively performed for the determined domains
until no additional domains can be detected.

Deep neural network-based spatial restraints prediction

DeepPotential**, a newly developed deep residual neural-network-based predictor, is used to create
multiple spatial restraints, including distance maps for both C, and Cg atoms, C,-based hydrogen-
bonding networks” and C,-Cj torsion angles. Different from the contact map prediction, DeepPo-
tential, whose architecture is depicted in Supplementary Fig. 4, predicts the probability that inter-
residue distances fall within 36 equal-width bins from [2, 20] A, as well as two additional bins with
distances <2 A and >20 A. The DeepPotential program was trained on a nonredundant dataset of
26,151 solved protein structures obtained from the PDB. Starting from the query sequence, three 1D
features (i.e., field parameters of the Potts model, a one-hot representation of the sequence, and a
hidden Markov model) and two 2D coevolutionary features (i.e., the pseudolikelihood maximized
Potts model™ and mutual information) are extracted from the MSA created by DeepMSA. The 1D
features are tiled in two dimensions and concatenated with the 2D features before being fed into the
neural network, which includes ten 1D residual blocks*' and ten 2D residual blocks. The neural
network model was trained by the Adam optimization algorithm to marginally minimize cross-
entropy loss. In addition to the 20 A C,/Cy distance cutoff, distance maps with multiple thresholds
(ie., 10, 13, 16 and 19 A), inter-residue torsion angles” and hydrogen-bonding networks are also
considered in a multi-task learning strategy’®. The contact maps and domain-domain interface maps
are extracted from the predicted distances by the summation of the cumulative probability of dis-
tances <8 A and distances <18 A, respectively.

Individual domain structure modeling with D-I-TASSER
The structural model for each domain is built using D-I-TASSER, which is an extended version of

I-TASSER*****°! that integrates the DeepPotential spatial restraints with iterative threading
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assembly simulations (Supplementary Fig. 5). For each domain, LOMETS2 is used again to identify
domain-level structural templates from a nonredundant PDB structural library. Meanwhile, distance
maps, hydrogen-bonding networks" and inter-residue torsion angles are predicted by DeepPotential.
The contact maps are also predicted by four deep-learning-based methods (ResPre'’, DeepPLM’’,
ResTriplet®” and TripletRes”’) and a naive Bayes-based contact predictor (NeBcon®*) (see the
description and benchmark results reported in Supplementary Note 1). Then, the domain-level
structure models are constructed using REMC simulations under the guidance of the deep-learning-
based spatial restraints and the I-TASSER potential®, the latter of which contains generic statistical
potentials and threading template-based restraints. Five REMC simulations are performed in parallel
for each protein, where the structural decoys from 8 (or 3 for hard targets) low-temperature replicas
are clustered by SPICKER®. Finally, the decoy of the center of the largest cluster is selected as the
final model, and the side-chains of the final model are then repacked by FASPR®, which is further
refined by FG-MD®’. It should be noted that some programs (e.g., LOMETS2 and DeepPotential) that
have been implemented at full-chain level are performed again in this step to create D-I-TASSER
models for each domain. As the programs and the D-I-TASSER force field have been trained mainly
on the domain level and many template structures solved in the PDB contain only single domains,
the domain-level modeling often generates more reliable results than that starting from the full-chain
sequences; this is also one of the major motivations for the development of the I-TASSER-
MTD pipeline.

Domain assembly through analogous global structural alignments

After all individual domain models are created, they are assembled into full-length models
using DEMO'® under the guidance of the analogous templates detected by domain-complex
structural alignments'® (Supplementary Fig. 7). For this, a nonredundant multi-domain protein
library, which is updated weekly, has been constructed by collecting all multi-domain protein
structures from the PDB. The individual domain models are first aligned to each template of the
library by TM-align'’, and the harmonic mean of the TM-score®® of all domains is defined as the
score of the template (T-score). Then, five initial full-length models are respectively constructed on
the basis of the top five templates with the highest score by searching the best position of each domain
on the template through a sliding-window-based procedure. For each initial model, REMC simula-
tions with all domains randomly rotated and translated as rigid bodies are performed to optimize the
orientation of each domain under the guidance of an energy function (Supplementary Note 2) that
includes C, clashes between domains, domain boundary connectivity, inter-domain distances and
domain-domain interfaces predicted by DeepPotential, a generic inter-domain contact potential,
local domain distance restraints from the initial domain-template superpositions and inter-domain
distance restraints deduced from the top templates. Owing to errors in the tail of domain models,
linkers between domains may be disconnected after the assembly. To reconnect the domain struc-
tures, the linker residues of the full-length model with the lowest energy are relaxed, where the C,
atoms are regenerated by self-avoiding random walks, followed by adding the N, C, O atoms, and
side-chain centers using FASPR®®. Next, Metropolis Monte Carlo simulations are performed to refine
the linker model guided by a potential containing a C, clash term between the linker and domain
structures, a statistical torsion-angle potential from Ramachandran plots™*’, an orientation-
dependent side-chain contact potential, and a statistical N-C,~C bond angle potential. Finally, the
model with the lowest linker energy is selected for side-chain reconstruction and refinement by
FASPR® and FG-MD®".

Structure-, sequence- and PPI-based function annotation

The protein function, including GO terms, EC numbers and ligand-binding sites of the full-length
protein structure and the individual domains are annotated by our latest version of COFACTOR™.
This new version of COFACTOR includes not only the structure-based function prediction pipeline
inherited from the old COFACTOR program’’, but also new methods for sequence- and PPI-based
function prediction (Supplementary Fig. 8). In the structure-based pipeline, the predicted model is
searched by TM-align through the BioLiP library”" for structure templates with known GO terms, EC
numbers and/or ligand-binding residues. Template residues in known active sites and/or ligand-
binding sites are realigned by local structure similarity. The functions are transferred from structure
templates to target structure by both global and local structural similarity. In the sequence-based
pipeline, the target sequence is used to search through the UniProt-GOA database for BLAST and
PSI-BLAST hits with GO annotations. GO terms are transferred to the target through a weighted
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K-nearest-neighbor approach, where K is the number of (PSI-)BLAST hits with E-values <0.01 and
the weight for each template is equal to the global sequence identity of the target-template alignment.
The PPI-based pipeline of the latest version of COFACTOR is ported from MetaGO™. In this
pipeline, the target sequence is mapped by BLAST to the STRING database to identify PPI partners.
The sequences of PPI partners are then mapped to UniProt-GOA by BLAST. GO terms are also
predicted by a weighted K-nearest-neighbor method, where the weight of each UniProt-GOA
sequence is calculated as the product of two values: the sequence identity between the UniProt-GOA
sequence and the STRING PPI partner, and the STRING score between the target sequence and the
PPI partner. Finally, the structure-, sequence- and PPI-based predictions are combined using
weighted averaging to derive the final consensus function prediction.

Estimation of model quality

Estimating the accuracy of a predicted model is essential to decide how users will use the model in
their research. In I-TASSER-MTD, the accuracy of the kth predicted model is estimated by the
estimated TM-score, eTM-score(k), which is calculated on the basis of the convergence of the domain
assembly simulations, the confidence of the full-length templates identified for domain assembly, the
satisfaction rate of the predicted inter-domain distances and the estimated accuracy of the individual
domain model by D-I-TASSER, using the following equation:

10 , T
eTM-score(k) = wiIn (% X m) + wyln (%0 > %’(ﬁ?) + W3Whegeln (%;‘d?re — dmodel (k) |>

o) Ipm’lmodel L L Ndom
+W4Wneff1n TN + ws Nuom Z eTM-scoreqom (D) + wg

7 W

The first term in Equation (1) evaluates the degree of convergence of the domain assembly
simulations, where M, is the total number of full-length decoys generated in the domain assembly
simulations, M(k) is the number of structure decoys with root-mean-square deviation (RMSD) <1.5 A
to the kth full-length model and (RMSD), denotes the average RMSD between these decoys and the
kth reported model. The second term assesses the quality of the full-length template, where T-score(i)
is the template score of the ith full-length template, which is calculated as the harmonic mean of the
TM-scores between the domain models and the full-length template that is used for DEMO-based
domain assembly, and T-scorey = 0.85 is the cutoff used to distinguish good from bad templates. The
third term assesses how closely the distances in the reported model match the predicted distances by
DeepPotential, where T is the number of predicted inter-domain distances used to guide the domain
assembly, and d"* and d™°%l (k) are the distances of the tth residue pair in the predicted distance map
and the kth reported model, respectively. The fourth term accounts for the domain-domain interface
satisfaction rate of the predicted interface map in the reported model, where N(IP*) is the number of
predicted domain-domain interfaces and O(IP', %), is the number of overlapped interfaces
between the predicted interface map and the kth reported model. As restraints in the third and fourth
terms are predicted using MSAs, wp.g is a weight associated with the quality of the MSA and
calculated on the basis of the number of effective sequences (neff; Supplementary Eq. (S12)). Finally,
the fifth term accounts for the quality of individual domain models from D-I-TASSER, where Ngop, is
the total number of domains and eTM-scoregon (D) is the estimated TM-score of the Dth domain
model from D-I-TASSER (Supplementary Note 3). w; = 0.065, w, = 0.063, w3 = —0.08, wy = 0.01,
ws = 0.96 and wg = 0.1 are the weighting factors, which are optimized using an improved differential
evolution algorithm”*~”* to minimize the error between the eTM-score and the actual TM-score of
the decoys to the native structure on the DEMO training set of 425 nonredundant multi-domain
proteins. In addition, the estimated RMSD (eRMSD) of I-TASSER-MTD models is also calculated
on the basis of the same terms in Equation 1 but with an additional term to count for the protein
length (L) (Eq. (S14) in Supplementary Note 4), where the weighting factors for eERMSD are w; = —1.40,
wy = —2.74, w3 = 4.78, wy, = —1.19, w5 = —16.43, ws = 0.0 and w, = 2.66. Meanwhile, we define a new
score to quantitatively assess the relative populations of the assembled conformations for the kth
reported model by

p(k)
> p(k)

P-score(k) = (2)
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where p(k) = % is the normalized number of structural decoys of kth model in the - TASSER-MTD
assembly simulations.

The accuracy of eTM-score and eRMSD were examined on the DEMO benchmark set, which
includes 356 multi-domain proteins with different domain types that are nonhomologous to the
DEMO training dataset. As shown in Supplementary Fig. 9, the eTM-score has a high Pearson
correlation coefficient (PCC = 0.85) with the actual TM-score, where the average error of the
eTM-score is 0.07. Compared with the eTM-score, the eRMSD and RMSD have a slightly lower
correlation (PCC = 0.82), where the average error between eRMSD and RMSD (2.2 A) is relatively
high (see the distribution in Supplementary Fig. 9d). It should be noted that RMSD is not the best
measurement for the accuracy of predicted models when the modeling accuracy is low; as all residue
pairs have the same weight in the RMSD calculation, this renders the RMSD value sensitive to local
variations, such as tails or loops, rather than the global fold. In this regard, it is reccommended to use
TM-score as a more reliable measurement for model accuracy assessment; because the residue pairs
with smaller distance errors are weighted more heavily than the residues with larger errors in the TM-
score calculation, the TM-score value is generally more sensitive to the accuracy of the global fold of
the predicted models®.

As shown in Supplementary Fig. 9a, if we use an eTM-score cutoff of 0.5 to select models with
correct global topologies, both the false-negative and false-positive rate are <0.15, indicating that the
fold-level prediction by the eTM-score is correct in >85% of the cases. As illustrative examples, six
models from two targets are included in Supplementary Fig. 10, showing that the eTM-score is highly
correlated with the actual TM-score of the models in different ranges of model quality. In Supple-
mentary Fig. 11, we also show the eTM-score and thus the model quality will be reduced when more
and more random mutations are introduced to the target sequence of PDBID 1we3F.

In addition to the global quality assessment, to show the local accuracy of each individual domain
model, I-TASSER-MTD estimates the residue-level distance error of the predicted model relative to
the native structure using ResQ””, a method for estimating residue-level quality in protein structure
prediction on the basis of local variations of modeling simulations and the uncertainty of homologous
template alignments.

Experimental design incorporating user-specific data

User-specified domain boundaries

While the I-TASSER-MTD server is capable of fully automated domain partition, it optionally allows
users to provide their own domain definition. If a complete and effective domain definition is
provided, the server will use the provided domain information to split the query sequence into
multiple parts for independent structure modeling, rather than running FUpred or ThreaDom for the
domain boundary prediction. If only a partial domain definition is provided, for example, with a
mixed input sequence of defined and unknown domains, the server will keep the user-defined
domains and predict the domains of unknown regions by FUpred or ThreaDom. After inputting the
domain definition, the server will automatically check the effectiveness of the given domain defini-
tion. Specifically, a domain or a segment should be represented by a starting residue index and ending
residue index with a hyphen between them. Domains should be separated by semicolons, while
segments of a discontinuous domain should be separated by commas. The length of a domain should
be between 30 and 1,000 amino acids, which is the range of domain lengths for the majority of CATH
domains®°. Missing or overlapping residue indices are not allowed in the domain definition if users
want to completely use their own domain definition rather than one determined by the server. All
domains should be written on one line and end with semicolons (for details, see Box 1).

User-specified full-length structure templates

The I-TASSER-MTD server assembles multiple domain structures using analogous full-length tem-
plates followed by knowledge-based domain structure refinement simulations. By default, the server
detects the analogous full-length templates from the multi-domain protein library through structural
alignments by TM-align, where the library includes multi-domain proteins at a pair-wise sequence
identity <70% or sequence identity >70% but with TM-scores <0.5. Alternatively, the server allows
users to specify solved protein structures or separately predicted models as templates. The user-
specified templates must be in PDB format. Users can provide up to 20 templates and compress them
into one file to upload to the server. If more than five templates are provided, each template will be
evaluated by the harmonic mean of the TM-score between all domain models and the template, and
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Box 1 | Providing the domain definition

The three cases listed below should be considered in the provided domain definition.
1 Proteins with a complete continuous domain definition can be pasted in the text box like this example (PDBID:
2gbuA, Supplementary Fig. 2a):

1—131;132 — 228;
where 1-131 indicates that residue 1 to residue 131 belong to the first domain and residues 132-228 to the
range for the second domain. Note that domains must be separated by semicolons, and a semicolon should be
included at the end of the definition.
2 Proteins containing discontinuous domains in a complete domain definition should be prepared similarly to
the following example (PDBID: 1atgA, Supplementary Fig. 2b):

1— 81,191 — 232,82 — 190;

where 1-81,191-232" represents the definition of the first domain, which is a discontinuous domain; 1-81
indicates that residues from positions 1 through 81 make up the first domain segment; and 191-232 indicates
that residues from 191 to 232 belong to its second segment. 82-190 is the range of the second continuous
domain, which is inserted in the first discontinuous domain. Note that different parts of a discontinuous
domain must be separated by commas.

3 The partial domain definition should be prepared like the following example (PDBID: Th88C, Supplementary
Fig. 2¢):

1-—57;
where “1-51" indicates that one of the domains should include residues from 1to 51. The total sequence length
of the protein is 152, and the complete domain definition should be 1-51;52-105;106-152;" as defined in the
CATH database. The server will keep the domain provided by users when predicting the domain boundary.
When providing the defined domain, please ensure that the length of every undefined domain region is be
larger than the minimum length (30) of a domain.

the top five templates with the highest scores will be selected for the initial full-length model
generation. If only one template is specified, the top four analogous templates detected from the
library and the uploaded template will be used to create the initial full-length model. For both cases,
the domain-template alignments are determined by a sliding-window procedure based on TM-score
as used by DEMO'®. Furthermore, all templates provided by the user will be utilized to extract the
inter-domain distance profiles, which will be used to mainly guide the domain assembly simulations
along with restraints deduced from the templates identified from the library. If the provided template
comes from computationally modeled structures (such as those from AlphaFold2 predictions) and
includes the confidence score (pLDDT)'" in the ‘Temperature factor’ column, only the distances of
the residue pairs with pLDDT >70 for both residues are extracted from the template to guide the
assembly simulations.

Incorporating experimental cross-linking data or contact/distance restraints

Distance restraints and spatial contact information for a protein subunit or domain derived from
chemical cross-linking by mass spectrometry can be very useful for protein structure modeling. Given
this, the I-TASSER-MTD server provides an option to incorporate user-specified cross-linking data as
an additional restraint to guide the domain model assembly. Users can upload the cross-linking data
to the server, and the server will automatically check and confirm that the data are in the correct
format: the first column and the second column in the provided file should be the residue indices with
C, distances less than a cutoff, which should be specified in the third column; headers or footers are
not allowed in the data file. Once effective cross-linking data are given, they are converted to a three-
gradient contact potential'® and added to the DEMO assembly energy function, where the weight of
the cross-linking potential was optimized over a training set. The other parts of the DEMO assembly
process will remain unchanged. It should be noted that, since the cross-linking data are implemented
as residue-residue contacts, the provided data are not limited to cross-linking. Instead, contact or
distance restraints obtained from any methods can be written in the specified format and input to the
server to guide the domain model assembly (for details, see Box 2). To allow I-TASSER-MTD to
better implement the restraints, users are recommended to provide a confidence score of each residue
pair in the fourth column when providing the predicted contact or distance restraints. All confidence
scores should be in the range of [0, 1], and they will be considered as 1 if not provided.
The confidence score of each residue pair will be used to determine the weight of the residue pair in
the contact potential (Supplementary Note 4). As residue pairs with low confidence scores usually

NATURE PROTOCOLS | VOL 17| OCTOBER 2022 |2326-2353 | www.nature.com/nprot 2333


www.nature.com/nprot

PROTOCOL NATURE PROTOCOLS

2334

Box 2 | Incorporating residue-residue contact restraints

Residue-residue contacts from experimental cross-linking data or predicted by any other programs can be
prepared and pasted in the text box on the main page of the server similar to the following example (PDBID:
1x7A):

15 165 28 0.85
63 220 21 0.96
94 168 17 0.79

where the first and the second columns are the residue indices, and the third column is the maximum C,, distance
for the residue pair. The fourth column is the confidence score that the distance of the residue pair is less than
the given distance listed in the third column. The confidence score is optional, and it will be set to 1 if not
provided. Values in the same row should be separated by tabs or spaces. For example, the first row ‘15 165 28
0.85' indicates that the C, distance between residues 15 and 165 has a confidence of 0.85 being less than 28 A.
Note that the residue index is for the full-chain sequence rather than each individual domain, and the residue
index starts from 1 rather than O.

have relatively low accuracy in the contact/distance prediction, users are recommended to provide
restraints with confidence score >0.5 to reduce noise.

Integrating experimental cryo-EM data

Cryo-EM has become established as powerful method for macromolecular structure determination in
recent years’®. The I-TASSER-MTD server is equipped to integrate cryo-EM density maps to assist
domain assembly and refinement (Supplementary Fig. 12). Specifically, when a cryo-EM density map
is available, each domain model is first matched into the density map by performing limited-memory
Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) optimization with different starting positions to
identify the best location and orientation with the highest density correlation to the density map. The
top poses of each domain are combined to build multiple initial full-length models. The full-length
models generated on the basis of the templates identified by TM-align are also fit into the density map
using the same L-BFGS algorithm. According to the density correlation score’” between the density
probed from the full-length model and the experimental density, the top full-length models are
selected to optimize the orientations of all domains by DEMO rigid-body assembly under the gui-
dance of the density correlation score and the inherent DEMO assembly force field. To further
improve the individual domain models and the full-length model, the top models are selected from
the rigid-body assembly results according to the density correlation score, and atom-, segment- and
domain-level refinement are performed using REMC simulations guided by a knowledge-based
force field, inter-domain distances predicted by DeepPotential, and the density correlation score.
Finally, the full-length model with the lowest energy is selected for side-chain repacking by FASPR
and FG-MD.

Comparison with other methods

Although a number of webservers have been developed to predict the structures and functions of
proteins, very few are devoted to fully automated multi-domain protein structure and function
prediction from sequence alone. The I-TASSER-MTD server distinguishes itself from other protein
structure prediction servers in several major aspects pertaining to multi-domain proteins (Table 1).
First, unlike other protein structure prediction servers where all query proteins are considered as
single-domain proteins or the domain boundaries are roughly determined using external online
programs such as PFAM’® or the NCBI Conserved Domain Database search service’’, I-TASSER-
MTD automatically detects the domains according to a combination of threading- and deep-learning
based domain boundary prediction algorithms depending on the target type (homologous or non-
homologous). Of particular significance, I-TASSER-MTD can effectively predict complex dis-
continuous domains that consist of multiple separate segments at the sequence level. Second, for
multi-domain proteins, almost all servers can generate individual domain models by submitting the
individual domain sequences independently, but few can automatically assemble the full-length
model. The I-TASSER-MTD server not only can construct the models of individual domains, but can
also assemble all domain models into the full-length model. Third, an important unique feature of
I-TASSER-MTD is that it provides options for several types of experimental restraints to guide the
domain model assembly, including homologous templates, cross-linking data, cryo-EM density maps
and other sources of residue-residue contact or distance information. Fourth, unlike other servers
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Table 1 | Comparison of I-TASSER-MTD with other protein structure prediction servers

Name URL DBP IDM MDA DF, FF EDM
I-TASSER-MTD  https://zhanggroup.org/I-TASSER-MTD/ Yes Yes Yes DF + FF  Yes
RoseTTAFold®?  http://robetta.bakerlab.org/ No Yes No No No
Raptorx 03104 http://raptorx.uchicago.edu/ Yes Yes No DF/FF No
trRosetta”’'%® https://yanglab.nankai.edu.cn/trRosetta/ No Yes No No No
PSIPRED'®® http://bioinf.cs.ucl.ac.uk/psipred/ Yes Yes No DF/FF No
HHpred'®” https://toolkit.tuebingen.mpg.de/tools/hhpred ~ No Yes No No No
Phyre'%® http://www.sbg.bio.ic.ac.uk/phyre2/ Yes Yes No DF/FF No

DBP, domain boundary prediction; DF, domain level function prediction; EDM, experimental data-assisted modeling; FF, full-length level function
prediction; IDM, individual domain modeling; MDA, multi-domain protein structure assembly.

that mostly predict the function of the individual domains, I-TASSER-MTD performs the function
annotation of the query protein at both the domain level and full-length level.

As a blind test, I-TASSER-MTD (as ‘Zhang-Server’) participated in the most recent community-
wide CASP experiment for fully automated protein structure prediction. In Fig. 2a, we present a
summary of the five best performing servers in CASP14, in which we sorted the servers according to
the average global distance test (GDT) score of the full-length models for all multi-domain proteins
with one or more template-free modeling (FM) or template-free modeling/template-based modeling
(FM/TBM) domain. The average GDT score of I-TASSER-MTD for the multi-domain proteins was
the highest among all participating servers. The accuracy of the individual domain models for multi-
domain proteins was also higher than that of other servers. For example, I-TASSER-MTD achieved
an average GDT score of 61.4 for all individual domain models of the multi-domain proteins, which
was 19.4% higher than that of the second-best server, ROSETTA (51.4). This is mainly due to the
incorporation of the highly accurate deep-learning-based restraints from DeepPotential in the
I-TASSER-MTD simulations. The average GDT score of I-TASSER-MTD was also ranked the highest
for the structure modeling of single-domain proteins in CASP14.

Owing to the employment of FUpred and ThreaDom, I-TASSER-MTD can accurately distinguish
multi-domain proteins from single-domain proteins and predict the domain boundaries with rea-
sonable accuracy. Here, since we cannot obtain the domain definitions used by other servers in CASP,
I-TASSER-MTD is compared with two state-of-the-art methods ConDO’' and DoBo™ on all
CASP14 targets. As shown in Fig. 2b, the accuracy of I-TASSER-MTD domain boundary prediction
is significantly higher than the that of the two control methods in terms of normalized domain
overlap (NDO) score’® for the protein domain boundary prediction, as well as accuracy (ACC) and
Matthew’s correlation coefficient (MCC) for protein classification. For example, the NDO score of
I-TASSER-MTD for multi-domain protein was 0.86, which was 65.4% and 79.2% higher than that of
ConDO (0.52) and DoBO (0.48), respectively.

We also compared I-TASSER-MTD with AlphaFold2 (ref. ') and RoseTTAFold®* on all CASP14
targets. As the AlphaFold2 results reported in CASP14 are based on the human-expert group, while
the results of [-TASSER-MTD (as ‘Zhang-Server’) are based on the automated server group, we
regenerated all models by running the standalone AlphaFold2 package for a fair comparison. The
average TM-score of AlphaFold2 is 0.84, which is considerably higher than that of - TASSER-MTD
(0.65). For RoseTTAFold, which has two options, I-TASSER-MTD’s TM-score is slightly higher than
the RoseTTAFold end-to-end version (0.63) but slightly lower than the RoseTTAFold pyRosetta
version (0.69).

To highlight the effectiveness of I'-TASSER-MTD on some protein targets, we list in Fig. 2c—e three
examples of multi-domain models built by I-TASSER-MTD that had a significantly higher TM-score
than models built with the state-of-the-art programs. First, Fig. 2c shows the comparison between the
native and predicted structures of human complement component C6 (Uniprot ID: P13671). Although
AlphaFold2 almost correctly predicted all domain models (TM-score 0.78, 0.93, 0.93, 0.88 and 0.87),
the domain orientations were not correctly generated, resulting in a full-length model with a poorer
TM-score/RMSD of 0.63/31.1 A. The I-TASSER-MTD model obtained a TM-score/RMSD of 0.95/
3.2 A since it correctly generated both domain models and inter-domain orientations after the
assembly. Figure 2d shows the second example from Sarcoplasmic/endoplasmic reticulum calcium
ATPase 2 (Uniprot ID: P16615), where I-TASSER-MTD generated a better-quality model (TM-score/
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RMSD 0.97/1.7 A) than AlphaFold2 (0.65/11.5 A), while the latter misfolded the larger-size domain
resulting in an incorrect overall domain orientation. Finally, Fig. 2e presents an example of
the CASP14 target (T1092) from DNA-directed RNA polymerase beta’ subunit. Although the
RoseTTAFold pyRosetta version generated a correct fold for the domain models (TM-score 0.77 and
0.87), the domain orientations were not correctly modeled, resulting a full-length TM-score/RMSD
of 0.53/14.2 A. Again, I-TASSER-MTD correctly constructed both the domain models and domain
orientations, thus obtaining a full-length model with TM-score/RMSD of 0.82/5.3 A. These data
demonstrate that I-TASSER-MTD is complementary to these state-of-the-art programs, especially for
long protein sequences with multiple domains, although the overall performance on many other
targets of I-TASSER-MTD, the average TM-score of which is still lower than AlphaFold2, needs
further improvement.

In addition, compared with the deep-learning-based end-to-end models (i.e., AlphaFold2 (ref. '")
and RoseTTAFold*), which are largely a block box to both developer and users®’, I-TASSER-MTD
has several advantages due to the fact that its simulation process is accessible and interpretable. First,
I-TASSER-MTD reports the templates used to model each of the regions (domains) and full-length
protein, which can help users better understand where the predictions come from and therefore
provide functional insights for further studies on the protein. In fact, I-TASSER-MTD offers a
separate section for protein function annotation built on the structural modeling results.
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Second, I-TASSER-MTD simulations often generate different models for a query protein, which can
be crucial for the protein folding and function study since there are some proteins that adopt
alternative conformations for different states. For example, the human protein Pinl contains separate
regulatory and catalytic domains which sample ‘extended’ and ‘compact’ states with different
structures®®. Experimental studies have shown that there is an equilibrium between ‘compact’ and
‘extended’ states in a rough approximation with populations of 50:50 (ref. *°). Supplementary Fig. 13
shows that the top five models generated by I-TASSER-MTD are highly diverse and include both
‘extended’ and ‘compact’ states, while models constructed by AlphaFold2 converge to a single
‘compact’ state. Accordingly, I-TASSER-MTD provided a P-score to quantitatively assess the relative
populations of assembled conformations (Equation 2)). Finally, owing to the accessibility of the
modeling process, different sources of user-provided information, including cross-linking and cryo-
EM data, could be readily incorporated into the I-TASSER-MTD pipeline to improve the multi-
domain structure assembly.

Further applications of the I-TASSER-MTD protocol

In addition to its capacity as a powerful protein structure prediction server, the advancements
for multi-domain structure prediction by I-TASSER-MTD provide several additional useful
applications.

First, the domain definition and the corresponding domain models predicted by I-TASSER-MTD
can be used for protein family detection. The classification of evolutionary relationships of proteins is
crucial for protein structure and function studies. Several databases, such as the widely used SCOPe®
and CATH" databases, have been developed to classify protein structures on the basis of individual
domains, which are considered to be the structural, functional and evolutionary units of proteins®.
As structure is more conserved than sequence®, almost all databases group protein domains in the
light of both structural similarity and sequential information. However, the domain definition and
classification for them are only performed on the basis of the solved proteins in the PDB. Therefore,
for proteins without solved structures, the domain boundaries and models predicted by I-TASSER-
MTD can be used to assist protein classification.

Second, I-TASSER-MTD supports cryo-EM data-assisted modeling, which can be used to help
experimental biologists construct protein structures from cryo-EM density maps. Cryo-EM has
become an indispensable method for determining structures of large proteins. For high-resolution
cryo-EM density maps, atomic structures can be constructed by programs traditionally used for X-ray
crystallography”, but these programs perform relatively poorly for medium-to-low-resolution den-
sity maps’'. A common method for the structure modeling of these challenging density maps is to fit
a homologous structure into the density map, followed by atomic-level structural refinement.
However, the success of the approach highly depends on the quality of the initial models, while many
proteins, especially multi-domain proteins, have no homologous proteins with previously solved
structures. For these cases, I-TASSER-MTD can be employed for modeling as it constructs full-length
models by assembling independently predicted domain models, without requiring homologous
full-length structures.

Finally, an important aspect of I-TASSER-MTD is the annotation of protein functions at both the
domain- and full-chain level based on predicted structures using its integrated COFACTOR algo-
rithm. COFACTOR was shown to be accurate and scalable for full proteome-scale structure-based
annotation of microbes’” and higher organisms” alike. For this purpose, the I-TASSER/COFACTOR
pipeline was incorporated into the neXtProt database for automated human protein function mod-
eling”™. Tt was also applied to the JCVI-syn3.0 minimal genome where it found that a substantial
number of previously unannotated proteins are putative vitamin transporters’’. In this regard,
COFACTOR predictions can be useful for function hypothesis generation when planning low-
throughput experiments. For example, the COFACTOR GO prediction was recently used to guide the
characterization of C9orf72, a guanine nucleotide exchange factor, which lead to a better under-
standing of its molecular role in amyotrophic lateral sclerosis’. Similarly, the ligand-binding
prediction of COFACTOR was used for identifying heme-binding sites in Hem], the poorly studied
Protoporphyrinogen IX oxidase in cyanobacteria™.

Limitations
The domain boundary prediction method employed in the I-TASSER-MTD server for Hard targets
with template alignment coverage <95% is based on the deep-learning predicted contact maps that
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require MSA collection. For extremely large proteins (>2,000 residues), contact map prediction and
MSA collection will require a high amount of random access memory (RAM) that the current
computing server cannot provide for some cases, which will result in failed domain partitioning by
FUpred due to memory limit. However, this limitation can be overcome by using ThreaDom for all
targets with sequence lengths >2,000 residues. Users can download the FUpred standalone package
and run it locally to predict the domain boundaries for a query sequence if they want to use the
FUpred-predicted domain definition for these cases. Furthermore, users also can provide the domain
definition predicted by other external programs such as NCBI Conserved Domain Database or
PFAM. This will also speed up the I-TASSER-MTD structure modeling process as the server will not
take time to predict the domain boundaries. See the ‘Experimental design’ section for detailed
instructions on how to provide the domain definition.

One highlight of the I-TASSER-MTD server is that it independently creates the model of each
individual domain and assembles all domain models into the full-length model. However, the quality
of the final full-length model is dependent on the accuracy of the individual domain models.
Although the domain assembly process and scoring function can accommodate some degree of
structural uncertainty, an incorrect domain model (e.g., TM-score <0.5) may affect the full-length
template identification based on structural alignment and misguide the domain assembly. This will
probably result in a poor final full-length model with a low eTM-score because each model is
considered as a rigid body during the domain assembly. For cases with low eTM-scores (e.g., <0.5),
users are advised to provide other sources of structural information, such as cross-linking experi-
mental data, restraints from mutagenesis, high-confidence full-length templates or inter-domain
contacts/distances determined by alternative programs, to guide the domain assembly.

Materials

Equipment

e A personal computer with Internet connection and a web browser with JavaScript enabled
(the I-TASSER-MTD server is compatible with popular web browsers, including Google Chrome,
Firefox, Microsoft Edge and Safari)

¢ The amino acid sequence of the protein of interest A CRITICAL The amino acid sequence should be in
FASTA format, in which only characters from the single-letter code of the 20 standard amino acids are
allowed. Spaces, line breaks and header lines starting with >’ will be ignored and will not affect the
prediction.

Software

e A web browser such as Google Chrome, Firefox, Microsoft Edge or Safari

¢ (Optional) A molecular visualizing software, such as Jmol, RasMol or PYMOL, for viewing the 3D

structure of the modeled protein and the predicted functional sites locally
Procedure

Query sequence submission @ Timing 5 min

1 Navigate to the I-TASSER-MTD website at https://zhanggroup.org/I-TASSER-MTD/.

2 Provide the amino acid sequence by copying and pasting the sequence into the provided form or
directly uploading a plain text file containing the sequence.

A CRITICAL STEP The sequence should contain only one chain. If the provided sequence includes
multiple chains, only the first chain will be used. At present, the I-TASSER-MTD server accepts
protein sequences with a length between 30 and 3,000 amino acids.

3 Input an email address in the text box to receive the results when the job is completed.

A CRITICAL STEP It is crucial to provide a correct email address. Otherwise, the user will not be
able to receive any notifications or the results.

4  (Optional) Enter a name for the protein. The protein will be named ‘query protein’ if no name is
provided.

5  (Optional) Provide the domain definition. Enter the domain definition in the corresponding form.
The maximum length of a sequence accepted by the server will be increased to 3,000 if the domain
definition is provided. Read about specifying the domain definition in the ‘Experimental design’
section or click the question mark to read the explanation.

? TROUBLESHOOTING
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(Optional) Upload the full-length templates to guide the assembly. Put all templates (each template
in one independent PDB file) in one compressed file (*.tar.gz, *.zip, *.tar or *.tar.bz2), and upload
it by clicking the corresponding button. Read about specifying the full-length templates in the
‘Experimental design’ section of this protocol or click the question mark to read the explanation.
! CAUTION The server uses a maximum of 20 templates. If users provide more than 20 templates,
only the first 20 templates will be utilized during the domain assembly simulations.

? TROUBLESHOOTING

(Optional) Exclude some templates from the library for both individual domain modeling and
domain model assembly. Users are advised to keep the default option to use all templates. In rare
scenarios for benchmarking purposes, users can choose ‘remove templates sharing >30% sequence
identity with target’ to remove all the templates that are highly homologous to the target sequence.
! CAUTION Users are advised to keep the default selection of using all templates during the
modeling. In general, excluding homologous templates will make structure prediction harder.
Therefore, this option is only for benchmarking purposes.

(Optional) Decide whether or not to predict the protein function at the domain and full-length
level. If users need to analyze the function of the protein, choose ‘YES’ to predict the function.
Otherwise, keep the default option.

! CAUTION Selecting the option to predict the protein function will greatly increase the job runtime
because the protein function prediction cannot be performed until the model is generated.
(Optional) Provide experimental data to assist the domain assembly. Prepare the cross-linking data
as described in the ‘Experimental design’ section, and select the corresponding box to paste the data
in the form or directly upload the file containing the data. To provide cryo-EM data, select the
corresponding box to show the ‘upload’ button, and upload the cryo-EM density map (in MRC or
CCP4 format) by clicking the button. Users should also enter the resolution of the density map in
the given text box.

A CRITICAL STEP As we showed using the DEMO benchmark set, cross-linking data and cryo-EM
density map will significantly improve the quality of the final full-length model'®”’. In addition,
cross-linking data can also be replaced by contact or distance restraints determined by any contact
or distance prediction program.

? TROUBLESHOOTING

Click the ‘Run I-TASSER-MTD’ button to submit the job.

? TROUBLESHOOTING

monitoring @ Timing 6-12 h

Monitor the job status. Once the job is submitted, the browser will be directed to a new page
displaying a confirmation of the length of the submitted sequence, a job identification number and
an estimated time to complete the job. The page is automatically refreshed every 10 s, and the
results will be shown in this page when the job is finished. Users may choose to bookmark this link
to retrieve the results. Meanwhile, users will receive an email confirmation containing a link to the
page when the job is successfully submitted.

B PAUSE POINT Once the sequence is successfully submitted, it will be put in a queue until all
other jobs before it are processed on the computer cluster. Users may choose to close the job status
page. When the prediction is done, an email notification containing the link to the results page will
be sent to the user. The results can be accessed through this link or the bookmarked page.

Click the link in the email notification or open the link bookmarked in Step 11 to visit the page
containing the results. The page starts with a title and a link to download the tarball file including
all results listed on the page (Fig. 3a). An example results page is available at https://zhanggroup.
org/I-TASSER-MTD/example/.

!'CAUTION The results will be stored on the server for 1 month. Users are recommended to
download the results to their computers.

Query sequence and predicted domain definition @ Timing 3 min

13

View the first section of the results page to check the submitted amino acid sequence and the
predicted domain definitions (Fig. 3b). The sequence of each predicted domain is represented by
different colors in the full-length query sequence. The illustration of the color and the sequence
range for each domain are listed below the query sequence. See Box 1 to follow the representation of
the domain range.
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a
1 |I-TASSER-MTD Results for job ITM118
2 [Click on ITM118 results.tar.bz2 to download the tarball file including all results listed on this page]
b Query Sequence and Predicted Domain Definition

>1fx7A (230 residues)

B domain 1: 1-66 Mdomain 2: 67-141 Mdomain 3: 142-230
3 domains in total. Different colors represent different domains. The domain definition is used for the domain structure modeling, see the domain boundary prediction part for details.

c Final Full-length Models Predicted by I-TASSER-MTD
Top S models constructed by I-TASSER-MTD

(;::Ii:::” eTM-score eRMSD(A) P-score PDB file

® Model 1 0.92+-0.08 2.8+-0.7 0.25 Download model
Model 2 0.78+-0.11 4.2+12 0.24 Download model
Model 3 0.74+-0.15 4.8+-1.1 0.20 Download model
Model 4 0.72+-0.14 5.0+-1.4 0.19 Download model
Model 5 0.70+-0.16 5.3+-1.6 0.12 Download model

Probabilties of inter-domain interactions 1
domain1-domain2: 1.00; domain1-domain3: 0.17; domain2-domain3: 0.85;

(a) Colored by domain: domain 1 in red; domain 2 in blue; domain 3 in green

(b) For each target, I-TASSER-MTD generates an ensemble of structural conformations by starting from a set of initial models
generated by different templates. The server reports up to five final models sorted by the energy. The accuracy of each
model is quantitatively evaluated by estimated TM-score (eTM-score) and estimated RMSD (eRMSD) that are calculated
based on the significance of the structural analogous templates for domain models assembly, convergence parameters of
the domain assembly simulations, satisfaction degrees of the inter-domain distances/interfaces, and the estimated accuracy
of the individual domain model. eTM-score is typically in the range of [0,1], where an eTM-score of higher value signifies a
model with a high confidence and vice-versa

(d) Since the top 5 models are ranked by the energy or cluster size, it is possible that the lower-rank models have a higher eTM-
score in rare cases. Although the first model has a better quality in most cases, it is also possible that the lower-rank models
have a better quality than the higher-rank models as seen in our benchmark tests
More about eTM-score 2

(e) P-score is used to estimate the population formed in the modeling simulations based on the structural similarity or SPICKER
clustering. P-score ranges from 0 to 1, and a higher value means the structure occurs more often in the simulation trajectory.

(f) The inter-domain interaction is defined as 21 residue pairs with distance <8A apart from the linker region. The probability
ranges from 0 to 1, and a large value indicates the two domains have a large probability of interaction.

| Reset |[_|Spin EHigh quality (| White background | Save image

d Predicted Individual Domain Structures

Structure of domain 1 Structure of domain 2 Structure of domain 3

Download dom1.pdb

Download dom2.pdb Download dom3.pdb

eTM-score=0.76 1 eTM-score=0.77 eTM-scor 7
Estimated distance error of domain 1 Estimated distance error of domain 2 Estimated distance error of domain 3
P ; 7
Residue Nut Residue Number Residue Numbe
3 Download distance error of domain 1 Download distance error of domain 2 Download distance error of domain 3
4 Click to view the predicted function Click to view the predicted function Click to view the predicted function

Fig. 3 | Example of the I-TASSER-MTD results page (Sections 2 and 3). a, Title of the results page and the link to download all results shown in the
page. b, Query sequence in FASTA format submitted by the user, where the predicted domains are marked by different colors, and the range of each
domain is listed below the sequence. ¢, Top final full-length models predicted by the server and their estimated accuracy (right). Model 1 is shown
(left), where different domains are represented by different colors. d, Predicted individual domain models that are used to assemble the full-length
model and the estimated distance error of each domain model.
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Full-length structure prediction @ Timing 10 min

14

15

16

17

18

19

20

View the second section of the results page to analyze the full-length structure predictions (Fig. 3c).
The default structure shown in the JSmol applet”” is the first model, where different domain models
are marked by different colors. Users can rotate and zoom the model by dragging the mouse on the
image. The table to the right of the image summarizes the top five predicted models. In the first
column, click the circle in front of the model name to display the corresponding full-length model
in the JSmol applet.

A CRITICAL STEP If only one full-length model is reported in this section, it indicates that the
model was directly generated by D-I-TASSER as the threading templates could cover all domains,
and the top templates identified by LOMETS2 had consistent topologies. In these cases, the final
model usually has a relative high eTM-score, indicating a high-quality final model.

View the second column of the table to analyze the eTM-score for each full-length model. As
defined in Equation. 1, the eTM-score is calculated on the basis of the confidence of individual
domain models and the confidence of the inter-domain assembly simulations. The eTM-score
usually ranges from 0 to 1, where a higher score indicates a model of better quality. In general,
models with eTM-score >0.5 have a correct global fold.

? TROUBLESHOOTING

View the eRMSD to the native structure shown in the third column of the table. As defined in
Eq. (S14), eRMSD is estimated in a similar way as the eTM-score but with the sequence length
incorporated.

!'CAUTION Since the top five models are ranked by energy or by cluster size, in rare cases it is
possible that the lower-rank models have a higher eTM-score or lower eRMSD. Accordingly,
although the first model has a better quality on average, it is also possible that the lower-rank
models have a better quality than the higher-rank models as seen in our benchmark tests. Users can
also estimate the total local distance difference test (IDDT) of the model for reference by using
deep-learning based quality assessment methods, such as DeepAccNet” and DeepUMQA””.
View the P-score reported in the fourth column of the table. Here, P-score is used to assess the
relative populations of complex conformations under the assumption that the relative populations
of the complex conformations are approximately proportional to their entropy variations in the
domain structural assembly simulations. The P-score value ranges between [0, 1], and a higher
value indicates the structure occurs more often in the simulation trajectory.

Download the predicted models in PDB format by clicking on the ‘Download model’ link shown in
the corresponding row of the column marked as ‘PDB file’. Users can interactively view the
predicted structure on their computer using the programs mentioned in the ‘Materials’ section.
View the predicted probability of the inter-domain interaction for every two domains, which is
listed under the table (see label 1 in Fig. 3c). Here, an inter-domain interaction is defined as one or
more residue pairs with distance <8 A apart from the linker region. The domain interaction
probability is estimated by the average probability score of the top 1% of the inter-domain residue
pairs predicted by the deep-learning models. It ranges from 0 to 1, with a higher value indicating
that the two domains have a larger probability of interaction.

Click the link labeled ‘More about eTM-score’ (see label 2 in Fig. 3¢) to open a new page containing
more information about the eTM-score and eRMSD.

Individual domain modeling @ Timing 5 min

21

22

23

24

Scroll down further to see the individual domain models that are independently created by
D-I-TASSER (Fig. 3d) and used to assemble the full-length models shown in Fig. 3c. The 3D model
of each domain is independently displayed using the JSmol applet.

Download the PDB file of the predicted individual domain structure by clicking on the ‘download
domX.pdb’ link below the image of each individual domain model.

View the eTM-score of the domain modeling shown below the download link for each domain
model (see label 1 in Fig. 3c), and the distance error to native (in angstrom) for each residue
estimated by ResQ”” which is displayed in the chart (see label 2 in Fig. 3c) under the structure.
Users can view the estimated error of each residue by moving the mouse on the chart and download
the file summarizing the predicted distance error of all residues by clicking on the ‘Download
distance error of domain X’ link (see label 3 in Fig. 3¢c) below the chart.

View the predicted function of each individual domain. If the query protein is predicted to be a
multi-domain protein and the user chose the option for function prediction, the predicted function
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a Predicted Secondary Structure

1 20 40 60 80 100 120

| | | | | | I
Sequence MNELVDTTEMYLRTIYDLEEEGVTPLRARIAERLDQSGPTVSQTVSRMERDGLLRVAGDRHLELTEKGRALATAVMRKERLAERLLVDVIGLPWEEVHAEACRWEHVMSEDVERRLVKVLNNPTTSPEGNPI]
Prediction CCCCCHHHHHHHHHHHHHHHHCCCCCHHHHHHHHCCCHHHHHHHHHHHEHHCCCSSSCCCCCSSSCHHHHHHHHHEHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHCCCCHHHHHHHHHHHCCCCCCCCCCCCY
Conf.Score 975676899999999999961898669999999799937999999999991978981797264588899999999999997799999984999899999999986369899999999983798879999978¢

H: Helix; S: Strand; C: Coil

‘ »

b Predicted Solvent Accessibility

i 20 40 60 80 100 120

I I I I I I I
Sequence MNELVDTTEMYLRTIYDLEEEGVTPLRARIAERLDQSGPTVSQTVSRMERDGLLRVAGDRHLELTEKGRALAIAVMRKHRLAERLLVDVIGLPWEEVHAEACRWEHVMSEDVERRLVKVLNNPTTSPFGNPI!
Conf.Score 875246431300200030266754131430063171442101400430364310222543302026403510440042020024103410604363026202401113265005102611730540443420:

Values range from 0 (buried residue) to 8 (highly exposed residue)

< »

c Information for Domain Boundary Detection
Predicted domain boundary on contact map FU-score curve of continuous domain FU-score h p of disconti | i Predicted domain(s)
— - Modeling?®
Domain 1(D1): 1-66
8 Domain 2(D2): 67-141
A Domain 3(D3): 142-230
o Without linker®

8 2 Domain 1(D1): 1-64
‘é e g Domain 2(D2): 73-141
3 g s Domain 3(D3): 151-230

g 02 > 3
i - i 4

’ -

o1
° °
° 50 100 150 200 ° 50 100 150 200 100 150
Residue index Residue index Residue index
1 2 3
Download contact map Download the FU-score (continuous) I he FU- (discontinuous)
(a) Domain definition for the domain structure ing. (b) Domain definition without including the linker.

Fig. 4 | Example of the I-TASSER-MTD results page (Sections 4-6). a, Predicted secondary structure of the full-length sequence, where different
types of secondary structure are marked by different colors. b, Predicted solvent accessibility of the full-length sequence, where a larger confidence
score indicates a higher probability of exposure. €, Results of the domain boundary prediction, which includes the contact map used to guide the
domain boundary prediction (1), the curve of the FU-score for continuous domain detection (2), the heatmap of FU-score for discontinuous domain
detection (3) and the predicted domain definitions (4).

of each domain can be viewed by clicking the link labeled ‘Click to view the predicted function’
below the corresponding predicted domain distance error chart (see label 4 in Fig. 3¢). The function
results page will be interpreted in Steps 38-52.

Secondary structure prediction @ Timing 2 min

25 View the next section to analyze the predicted secondary structure of the full-length sequence
(Fig. 4a). The results contain three typical states: helix (H), f-strand (S) and loop/coil (C), which are
determined according to the confidence scores of each residue shown in the next row of the
predicted results. The confidence score ranges from 0 to 9, where a higher value represents a state
with higher confidence. The predicted secondary structure results are employed to guide domain
parsing and domain modeling.

Solvent accessibility prediction @ Timing 2 min

26 Scroll down further to see the section for the predicted solvent accessibility of the
full-length sequence (Fig. 4b). For each residue, a confidence score ranging from 0 (buried
residue) to 8 (highly exposed residue) is shown below the sequence. These results are used by the
threading methods during the individual domain modeling in D-I-TASSER to guide the template
identification.

Domain boundary prediction @ Timing 5 min
27 View the next section of the results page to analyze the predicted domain boundaries (Fig. 4c). If the
user does not provide the domain definition, the results of the domain boundary prediction will be
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28

29

30

reported in four columns. The first column displays the contact map applied to guide the prediction
of domain boundaries (see label 1 in Fig. 4c), according to which different domains (or segments of
the discontinuous domain) are separated by red lines. Each domain or segment is marked by a
name on the contact map. For example, ‘D1’ indicates the first domain (continuous). If a ‘D1-1’ is
marked on the figure (Supplementary Fig. 14), it indicates that the second domain is a
discontinuous domain, and ‘D1-1’ represents its first segment (Box 1). Users can click ‘Download
contact map’ to download the contact data for further study.

! CAUTION If the domain boundary is predicted by ThreaDom, only two columns will be shown in
this section (Supplementary Fig. 15), where the first column is the curve of the DCS, and the second
column is the predicted domain definition.

View the second column of the domain boundary prediction results (see label 2 in Fig. 4c). The
figure shows the FU-score curve of all residues for the continuous domain detection, on which
vertical red lines correspond to the indices of the predicted domain boundary residues with
FU-scores below the cutoff (the horizontal dotted line). Users can download the FU-score file by
clicking ‘Download the FU-score (continuous)’.

! CAUTION For some cases, the domain boundary does not correspond to the residue index with
the lowest FU-score. This is because the predicted boundary is located within a strand or a helix,
and so the boundary is shifted to the coil region as domain boundaries occur mainly at loop regions
rather than on regular secondary structures.

View the FU-score heatmap for discontinuous domains shown in the third column of the domain
boundary prediction results (see label 3 in Fig. 4c). The figure is generated according to the
FU-score matrix for the discontinuous domain detection, where the colors ranging from blue to red
indicate low to high scores, and the black dotted lines represent the predicted continuous domain
boundaries. Users can download the FU-score matrix by clicking ‘Download the FU-score
(discontinuous)’.

View the predicted domains reported in the fourth column of the domain boundary prediction
results (see label 4 in Fig. 4c), where each domain is written in one line. The ‘Modeling’ and
‘Without linker’ parts refer to the domain definitions used for the domain structure modeling and
the domain boundary definition without including the linker, respectively.

Full-length templates for domain assembly @ Timing 5 min

31

32

33

34

35

View the next section of the results page to analyze the top ten full-length templates identified by
the TM-align-based structural alignments on the basis of the domain models (Fig. 5a). These
templates are employed to construct the initial full-length model, and the structurally aligned
regions of these templates are used to deduce the inter-domain distance profiles to guide the
domain assembly simulations.

View the sequence identity between the query and the template proteins (column Seqld), where a
higher value indicates a strong evolutionary relationship between the query and template proteins.
View the score of the full-length template (column ‘TplScore’), which is the harmonic mean of the
TM-scores between the domain models and the template. The higher the score, the higher the
structural similarity between the template and the query protein.

! CAUTION As described in the section entitled ‘The I-TASSER-MTD pipeline’, the full-length
model will be directly created by D-I-TASSER if the LOMETS2 threading templates cover all
domains. Therefore, in this case, the templates shown here will be those identified by LOMETS2
threading, and the TplScore will be the harmonic mean of the TM-scores between all domain
models and the LOMETS2 template.

View the structural alignments to identify similar regions in the query and the template proteins.
The query sequence is colored by domains, and the aligned residues in the template that are
identical to the corresponding query residues are colored on the basis of their amino acid properties
in the alignment.

Click on the PDB code and chain identifier for the templates in the “Template’ column. The browser
will be directed to the Research Collaboratory for Structural Bioinformatics website showing
information about the template protein.

Predicted distance/interface map for domain assembly @ Timing 5 min

36

Scroll down to see the predicted distance/interface map section for the domain model assembly
(Fig. 5b). The first column and the second column show the deep-learning predicted distance maps
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Top 10 Full-length Templates for Domain Assembly
20 40 60 80 100

Rank Template Seqld TplScore jlh | | X | |

Query
406j/A 029 0.76
605¢A 027 0.76
ScviB 0.27 0.72
ndlA  0.19 0.54
3rirA 0.19 0.53
wnA  0.21 0.51
3gphA 024 0.50
4gygA  0.26 0.48
6k8nA 029 0.48
10 4xgcC 029 0.47

OCONOOUVH WN =

MN TIYDLEEEGVTPLRARIAERLDQSG TVSRMERDGLLRVAGDRHLELTEKGRALAIAVMRKHRLAERLLVDVIGLPWEEVHAEACRWEHVMSEDV
== LKIIQELVLYKGYATLADISRSLNVKRQSVRDEINHLISLSMAEK
LKCIYEIGEQEPKITNKMVAEKMHVSAFAVSEMIKK ISQGWIVK-=====—
————— PNKEDYLKII SERDEKISNKQIAEK-SVSAPAVSE-VKKLLLEDLVLK-
————SKYSQDVLQLLYKNK--PNYISGQSIAESLNISRTAVKKVIDQLKLEGCKID-
————SKYSQDVLQLLYKNK--PNYISGQSIAESLNISRTAVKKVIDQLKLEGCKID-

EVFLIHQLGYNTQ
EVFL-NHLNYTADEIHEEAEVLEHTVSDVE
-AFSMISKFNLFIALGIRDAIQ-HFSQFLERLLQEIEKRYNQLESE
-AFSMISKFNLFIALGIRDAIQ-HFSQFLERLLQEIEKRYNQLESE
QGPAAATIGLSLVIGIVMAEVLRKLGILLAAMLIRELRAALELELAE
EVIGMTVVKSIIFSQYSLIIEIFKESTLEK

WMYLSRLAAIKEFAFMKALYEEGF-———————-— EPAVMS---FNIL
VSSAGRVQSPTLVQVVNSEIERSRYTKVSLLKWMSNTEATRGRIIEILVKRKYLTN-————————— ELCKYHYEAKVRLLDAVEIWKERTKYDHKKILKRISSSTGK-———-
HTALPPDLSVVYKLHLECGR---MINLFDWLQAFRVIQARFTRAVAELQFLGYIKM-————————— RDLLHFLLFRCSLEFLTELVGDLPRC--GKLRRELYVNCLAII-—-

(a) Al the residues are colored in black; however, those residues in template which are identical to the residue in the query sequence are highlighted in color. Coloring scheme is based on the property of amino acids, where p:
(b) Rank of templates represents the top five structural aligenment templates identified by using TM-align.

(c) Seqld is the ratio between the number of identical residues and query length

(d) TpiScore is the score of the template calculated based on harmonic mean of TIM-scores between all domain models and the template.

b

CA distance map with distance < 20A CB distance map with distance < 20A

Residue index

[ 50 100 150
Residue index

Download CA distance map

200

Predicted Distance/Interface Map for Domain Assembly

CA interface map with distance < 18A  CB interface map with distance < 18A
SR b -4—"; 4 ‘-"

150

Residue index
Residue index

£ K : o~
0 50 100 150 200 1 50 100 150 200 1 50 100 150 200

Residue index Residue index Residue index
R Download CA interface map Download CB interface map

Fig. 5 | Example of the I-TASSER-MTD results page (Sections 7 and 8). a, Top ten full-length templates identified by the global structural alignment,
which are used to guide the domain model assembly. b, Predicted residue-residue distance maps and domain-domain interface maps for domain

model assembly.

2344

with C, and Cy distances <20 A, respectively. The subsequent two columns show the interface maps
with C, and Cj distances <18 A predicted by deep learning, where all residue pairs are included in
the map. In these maps, only the inter-domain distances and inter-domain interface probabilities
are employed to guide the domain model assembly.
? TROUBLESHOOTING

37 Click the link below the figure to download the corresponding predicted distance map for further
analysis. For example, click the link labeled ‘Download CA distance map’ to download the predicted
distance map with C, distances <20 A.

Analogous proteins of the predicted full-length model @ Timing 5 min

38 View the structurally analogous proteins of the predicted top full-length model, which is
identified from the PDB by TM-align structural alignment (Fig. 6a). The table to the right of the
model summarizes the analogous proteins, where the proteins are ranked according to the
TM-score (shown in the fourth column) between the predicted full-length model and the TM-align
detected templates. The analogous proteins with a TM-score >0.5 can be used to determine the
structural family of the query protein'®.

39 View the RMSD’, IDEN’ and ‘Cov.’ columns in the table to analyze the RMSD, sequence identity
and coverage of the aligned regions determined by TM-align, which indicates the conservation of
spatial motifs in the model and the structurally analogous proteins.

A CRITICAL STEP Users are recommended to read the explanation of each criterion, which is
provided below the table.

40 Click the link in the last column of ‘Download Alignment’ to download the PDB file with the top
model structurally aligned to the corresponding analogous protein.
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a Proteins Structurally Close to the Query Protein b Predicted Gene Ontology (GO) Terms
Top 10 structural analogs in PDB (as identified by TM-align)

Click DB DeWaicad] Molecular Function (MF)
toview Rank "y TM-score RMsSD2 IDEN? Cov. Alignment 1 GOterm  Cscore@O Name
O 1 1cowd 080 150 0580 0052  modoll_1cOwB.pdb G01901363  0.89  heterocyclic compound binding

2 3hisA 077 286 0241 0922 modell 3hrsApdb . 1 G00097159 0.89  organic cyclic compound binding
3 zbiva 077 310 0619 0926  modell_7bivApdd 600003700 006  Ui@nsiiplion factor activity, sequence-specific
4 1fx7A 076 321 0778 0930 modell_1ix7Apdb DNA binding
5  605cA 072 330 0244 0887 modell_605cA.pdb 600003677 086  DNAbinding
O a0 196 0291 0791  modell SzrdApdo GO:0046903  0.84  protein dimerization activity
7 4o6A 072 331 0271 0909  modeli_406/Apdd
8 B 0.70 332 0238 0878 model1_5cviA pdb Download full result of the above consensus prediction
9 25A 048 193 0221 0517  modolt_2f5cApdb
100 o5t 048 239 0252 0552  modell 2xdnApd Click the graph to show a high resolution version.
T (@) Cscore®O s the confidence score of predicted GO terms. Cscore®©

values range in between [0-1]; where a higher value indicates a better
confidence in predicting the function using the template.

(b) The graph shows the predicted terms within the Gene Ontology hierachy
Rskng o pses]sToaselaniniscorTornsnsss s e LY - for Molocular Function. Confidently prediced terms are color coded by

@ - DA badng CscorcGO.
RMSD? is the RMSD between residues that are structurally aligned by Thi-align 10405)
10.5,0.6) [N (07,0 ) (0:6,0.9) NS
() |DEN s the percentage sequence identity in the structurally aligned region.

(¢) Cov. represents the coverage of the alignment by TM align and is equal to the number of
structurally aligned residues divided by length of the query protein.

() Query structure is shown in cartoon, while the structural analog is displayed using backbone

Reset | (Jspin @ High quality| Save image
D! igh quality o

C Predicted Enzyme Commission (EC) Numbers
Biological Process (BP)

Top 5 enzyme homologs in PDB 2 R il o
i . . score

1 view RanK Cscore®C TR Th:score RusD? DEN? Cov. EC Number PGCeCEttye C0:0008152  0.83  metabolic process
1 0080 1fwA 0411 568 0100 0674 31111 979 GO.0050696  0.81  response to stimulus
2 0060 2alsC 0275 652 0029 0530 31134 NA GO0009967 081 cellular process
3 0060 ImdwA 0316 626 0043 0574 342253 NA GO.0044237 080  cellular metabolic process
4 0060 2qxA 0414 568 00170713 31111 NA - GO0071704 077  organic substance metabolic process
5 0060 1mioD 0409 611 00550726 11861 NA 60:0009098  0.73  biosynthetic process

600044249  0.72  celular biosynthetic process

G0:0006807  0.72  nitrogen compound metabolic process

600010043  0.70  response to zinc ion

G0:1901576  0.69  organic substance biosynthetic process

600034641  0.64 cellular nilrogen compound melabolic process

GO.1901360  0.63  organic cyclic compound melabolic process

G0.0006725 0.63 cellular aromalic compound metabolic process

060  Cellular nittogen compound biosynthetic
procoss

44 055 single-organism process

FC is the confidence score for the Enzyme Commission (EC) number prediction.
CscoreFC values range in between [0-1]; where a higher score indicates a more reliable EC
number prediction

(b) TM-score 1s a measure of global structural similanty between query and template protein

() RMSD? s the RMSD between residues that are structurally aligned by TM align.

@ cscore!

(d) IDEN? is the percentage sequence identity in the structurally aligned region
(€) Cov. represents the coverage of global structural alignment and is equal to the number of
structurally aligned residues divided by length of the query protein

1

Download full result of the above consensus prediction.

Reset | spin @ High quality| Save image
D! gh a 0

d Predicted Ligand Binding Sites Py Cellular Component (CC)
PP 3 GO:0005575 GO term Cscore®®  Name
Template proteins with similar binding site cellular component T e T

Click

o . s PDB M- 2 Ena Cov, BS- Lig. Download  Predicted binding GO:0005886 093 plasma membrane
vi:w ank Cscore’ Hit score RMSD™ IDEN™ COV- cogrg Name Complex  site residues. GO 0005737 087 cytoplasm
1 037 1wDO0741 103 0697 0./61 191 ONA complexlpdb 7,36,37,39,40,4347
2 010 1cOwA 0734 097 07050752 080 CO complex? pdh79,98172175 GO:0044464 GO:0016020 Download full result of the above consensus prediction
3 004 2h090 0462 236 0258 0517 094 Il complex3pdh 32,34,85,90,9293 91 cell part membrane
4 003 3jsoB 0207 325 0.119 0348 123 QNA complexdpdb 57,36,37,39,40,43,4
5 001 2ff4B 0414 527 0060 0648 066 Il complex5.pdb 5152535455666

(@) Cscore! B is the confidence score of predicted binding site. Cscore' ® values range in between [0-1]
indicates a more reliable igand-binding site prediction

(b) BS-score is a measure of local similarity (sequence & structure) between template: binding site and predi
query structure. Based on large scale benchmarking analysis, we have observed that a BS score >1 ref
match between the predicted and template binding site.

(c) Ti-score is a measure of global structural similarity between query and template protein.

() RISD? the RMSD between residues that are structurally aligned by Thi-align
(€) IDEN@ is the percentage sequence identity in the structurally aligned region.

G0:0005737
(f) Cov represents the coverage of global structural alignment and is equal to the number of structurally aligr:
length of the query protein. cytoplasm

Fig. 6 | Example of the I-TASSER-MTD results page (Sections 9-12). a, Top ten analogous structures that are structurally close to the top model of
the query protein. b, Results of the predicted GO terms including MF (1), BP (2) and CC (3). ¢, Results of the predicted EC numbers from the top five
homologous enzyme templates. d, Results of the predicted ligand-binding site from the top five homologous templates.

Reset | Spin @ High quality| Save image

GO term prediction @ Timing 5 min

41 View the GO terms predicted according to the I-TASSER-MTD full-length model, full-chain
sequence and PPI networks (Fig. 6b). The predicted results include three subsections: molecular
function (MF) (Figs. 6b-1), biological process (BP) (Figs. 6b-2) and cellular component (CC)
(Figs. 6b-3).

42 For each GO aspect, view the directed acyclic graph by Graphviz'®" shown in the left panel of the
corresponding subsection, which is plotted by combining the predicted GO terms and their parent
terms. On the graph, the predicted GO terms are colored by the confidence score Cscore“®
(Supplementary Note 6), where the color code for the range of Cscore®? is illustrated in the bottom
of the right panel. The Cscore“® values range between 0 and 1, and a higher value usually indicates
a better confidence in predicting the function using the template. The precision of each range of
Cscore®® is shown in Supplementary Fig. 16a. For example, BP has a 71% probability of being
correctly predicted if Cscore“® >0.9.

43 View the table for the summary of predicted results shown on the right of the graph.
The three columns of the table show the predicted GO terms, the confidence score and the
corresponding common name of the GO term. Click on each GO term in the first column to
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44

visit the Amigo website (http://amigo.geneontology.org/amigo) to analyze the definition and lineage
of the term.
Click on the link ‘full result’ below the table to download the results presented in the table.

EC number prediction @ Timing 5 min

45

46

47

48

Scroll down further to analyze the top five EC number predictions (Fig. 6¢). The left panel shows
the first I-TASSER-MTD model, as well as the predicted active sites in case that they exists, in an
accompanying JSmol applet.

View the table in the right panel, which summarizes the results of the predictions. In the table, the
EC predictions are ranked on the basis of the Cscore™ (confidence score of EC, Supplementary
Note 6) reported in the third column. Here, Cscore” values range between 0 and 1, where a higher
score indicates a more reliable EC number prediction The relationship between the precision and
Cscore®™ is reported in Supplementary Fig. 16¢c. For example, the Cscore™ in the range of [0.6, 0.7]
indicates that the first digit, first two digits, first three digits and all four digits of the EC number
have probabilities of 76%, 66%, 63% and 44% of being correctly predicted, respectively. Users can
click the circle in the first column to see the corresponding predicted active sites in the left
JSmol panel.

View the TM-score between the predicted model and the enzyme analogs (column ‘PDB Hit’),
RMSD of aligned regions, sequence identity, coverage of aligned regions, predicted EC number and
predicted active sites in the table.

ACRITICAL STEP Although the Cscore®™ is used to rank the predicted EC number,
users are advised to consult both the Cscore™ and the TM-score. For example, if most
of the identified functional analogs with similar folds (i.e., TM-score >0.5) have the same EC
number digits and the Cscore®™ is relatively high, the likelihood of the prediction being correct is
very high.

Click on the EC numbers to visit the ExPASy enzyme database (https://enzyme.expasy.org/) to
further learn about the enzyme families, such as reactions catalyzed by the enzyme, the cofactors
required and the metabolic pathway in which they function.

Ligand-binding site prediction @ Timing 5 min

49

50

51

52

In case that there exist predicted ligand-binding sites, view the last section of the results page to
analyze the best predicted ligand-binding sites in the predicted full-length model (Fig. 6d). The full-
length model, together with the predicted binding site residues and the corresponding ligand, is
displayed in the left panel using the JSmol applet. The binding site residues of the query protein are
highlighted as ‘ball and stick’ with the corresponding residue numbers labeled in magenta, whereas
ligand atoms are represented by colored spheres.

View the table reporting the top identified functional analogs and the derived binding site residues
in the right panel. The predicted binding site residues are ranked according to the confidence score
Cscore™® (confidence score of ligand-binding site, Supplementary Note 6) listed in the third column
of the table. The Cscore™® value ranges from 0 to 1, with a higher value corresponding to a more
reliable ligand-binding site. The precision versus Cscore"® is reported in Supplementary Fig. 16b to
show how reliable the results are. For example, Cscore™® >0.7 indicates the ligand-binding site has
>82% probability of being correctly predicted. Users can click on the PDB links to track the bound
ligands in the functional analogs.

View the TM-score, RMSD, sequence identity and coverage of the aligned regions between the
query model and the identified functional analogs, as well as the binding site score and predicted
binding site residues in the table. The binding site score is a measure of local similarity calculated
according to the local structural similarity of the ligand-binding sites and the sequence identity
between the I-TASSER-MTD model and the structural analogs. A binding site score >1 indicates a
outstanding local match between the predicted and template binding sites based on a large-scale
benchmark study*>”’.

Download the ligand-protein complex. Users can click on the link listed in the column ‘Download
Complex’ to download the PDB file containing the predicted model and the bound ligand. The file
can be viewed interactively using any molecular visualization tool. Rendering the ligand as colored
spheres and depicting predicted binding site residues as ‘ball and stick’ will aid in visualizing the
binding site cleft and help with analyzing the ligand-protein interactions.

NATURE PROTOCOLS |VOL 17 | OCTOBER 2022|2326-2353 | www.nature.com/nprot


http://amigo.geneontology.org/amigo
https://enzyme.expasy.org/
www.nature.com/nprot

NATURE PROTOCOLS PROTOCOL

Troubleshooting

Troubleshooting advice can be found in Table 2.

Table 2 | Troubleshooting table

Step Error message or problem

Possible reason

Solution

5 Error! Some residues are missed in
the domain definition

Error! Residue overlaps in the
domain definition

Error! Wrong format of the
domain definition

Error! Too many domains in the
domain definition

Error! Too large domain in the
domain definition

Error! Too short domain in the
domain definition

6 Error! Incorrect template name
Error! Wrong tarball format (XXX)

of the templates
9 Error! Wrong cross-linking data

Error! Wrong density map file

10 The protein sequence is too short
or too long
15 Low eTM-score full-length model
35 No predicted distance maps
Timing

Some residue indices are not included in the
domain definition

Some residue indices are included in multiple
domain ranges

The domain definition cannot be recognized
by the server

Maximum number of domains accepted by the
server is 20

Maximum length of the domain accepted by
the server is 1,000

Minimum length of the domain accepted by
the server is 30

The template name cannot be recognized by
the server

The tarball format is not supported by

the server

The cross-linking data cannot be read by
the server

The cryo-EM density map data cannot be read
by the server

The range of sequence length is not within
[30, 2000]

Low-quality individual domain models,
full-length templates or distance map

The sequence length is large, which causes a
larger distance map than can be predicted by
the server owing to RAM limitations

Check the domain definition to make sure
that the domain definition includes all residue
indices

Check the domain definition to make sure
each residue index is included in only
one domain

Read the instructions on how to correct the
format of the domain definition or follow the
formatting shown in the example input

Merge short domains in the domain

definition or model the first 20 domains and
the rest of the domains independently using
the server, and assemble them using DEMO

Further split large domains into multiple parts
Merge short domains with other domains

Rename the template according to the
instructions

Repackage the templates as *.tar.bz2,
*tar.gz, *.tar or *.zip

Check the instructions or the example input
to ensure the cross-linking data is in the
correct format. Ensure that the residue index
is within the sequence length range

Make sure that the density map is in the 8-
bit, 16-bit, or 32-bit MRC and CCP4 format,
and fix the error according to the instructions

Check the sequence to make sure that the
length is within [30, 2000]. Users who want
to model larger proteins with sequence
lengths >2,000 residues should specify their
own domain boundary

As described in the ‘Limitations’ section,
users are advised to seek other sources of
structural information, such as experimental
data, full-length templates and contact/
distance restraints predicted by other tools

Users can download the standalone package
and predict the distance locally

Steps 1-10, query sequence submission: 5 min
Steps 11-12, job monitoring: 6-12 h

Step 13, query sequence and predicted domain definition: 3 min
Steps 14-20, predicted full-length structures: 10 min
Steps 21-24, individual domain modeling: 5 min
Step 25, secondary structure prediction: 2 min

Step 26, solvent accessibility prediction: 2 min

Steps 27-30, domain boundary prediction: 5 min
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Anticipated results

Steps 31-35, full-length templates for domain assembly: 5 min
Steps 36-37, predicted distance/interface map for domain assembly: 5 min
Steps 38-40, analogous proteins of the predicted full-length model: 5 min
Steps 41-44, GO term prediction: 5 min
Steps 45-48, EC number prediction: 5 min
Steps 49-52, ligand-binding site prediction: 5 min

Prediction of the 3D structure and function for a medium-size multi-domain protein (~300-500
residues) requires 6-10 h using the I-TASSER-MTD server. Longer proteins with more domains will
take more time as the server independently models the structure of each domain, and the domain
assembly can be performed only when all individual domain models are generated. The actual pro-
cessing time, however, also depends on the number of jobs in the queue. Currently, the I-TASSER-MTD
server is working on a supercomputer cluster that consists of 59 20-core IBM NeXtScale nx360 M4
nodes running at 2.8 GHz, and users can receive the results within 1-3 d in most cases.

2348

Here we used the iron-dependent regulator from Mycobacterium tuberculosis (PDB ID: 1fx7A) as an

example to predict the structure and function of the protein using the I-TASSER-MTD server. In

Step 8, we chose the ‘Option IV’ as ‘YES’ to predict the function of all individual domains and the

full-length protein, while other options were kept as default. Once the job is finished, the user will

receive an email containing a link to the results page. Clicking on the link will open the results page

containing the following results, which are shown in Figs. 3-6:

e The title of the results page: I-TASSER-MTD results for job jobid (see label 1 in Fig. 3a).

e The link to download the results files. Click on the link to download a compressed file containing all
results shown on the results page (see label 2 in Fig. 3a).

e The user submitted sequence in FASTA format with predicted domains marked by different colors
(Fig. 3b). Users can confirm the sequence length shown in the parentheses after the query name.

*The top five full-length models predicted by I-TASSER-MTD (Fig. 3c). The left panel shows the
predicted model using the JSmol applet, while the right panel summarizes the information of the
predicted models.

e The predicted individual domain models (Fig. 3d). Each domain model is shown in an independent
JSmol applet, with a link to download the model, and the predicted functions are given below the model.
The predicted functions for each individual domain are shown in Supplementary Figs. 17-19.

e The predicted secondary structure of the full-length sequence (Fig. 4a). The results contain three rows.
The first row shows the query sequence, while the second and the third row report the predicted
secondary structure and the confidence score, respectively.

e The predicted solvent accessibility of the full-length sequence, which contains two rows (Fig. 4b). The first
row and the second row display the query sequence and the confidence score for the predicted solvent
accessibility, respectively.

e The predicted domain boundary (Fig. 4c). This section contains the deep-learning-predicted contact map
for the domain boundary prediction, the FU-score curve for the continuous domain detection, the
FU-score heatmap for the discontinuous domain detection and the predicted domain definition.

e The top ten full-length templates identified by TM-align structural alignment (Fig. 5a). This section
reports the sequence identity, template score and the alignment between the query and the template.

e The distance/interface map predicted by deep learning (Fig. 5b). The C,/Cj distance maps with distances
<20 A, the C,/C; interface maps with distances <18 A and the corresponding link to download the
distance/interface maps are shown in this section.

e The top ten proteins structurally close to the query protein (Fig. 6a). The predicted full-length models
with the aligned analogous models are depicted in the left panel using the JSmol applet, while the
information for the structural analogs is shown in the right panel.

e The predicted GO terms (Fig. 6b). This section contains the predicted MF, BP and CC. For each section,
the predicted GO terms are plotted using a directed acyclic graph displayed in the left panel, while a table
with the predicted GO terms is shown on the right panel.

e The predicted EC numbers (Fig. 6¢). The JSmol panel on the left shows the full-length model and the
predicted active site residues. The table on the right summarizes the predicted active sites.

e The predicted ligand-binding sites (Fig. 6d). The full-length model, predicted binding sites and
corresponding ligands are displayed on the left panel using the JSmol applet, and a summary of the
predicted ligand-binding sites is reported in a table on the left panel.
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It should be noted that only the domain definition will be shown in the predicted domain
boundary section if the user provides the domain definition. In addition, the link to the predicted
functions of each individual domain will not be generated if the query protein is predicted as a single-
domain protein or the user did not choose the option for function prediction. Proteins structurally
close to the query protein, predicted GO terms, EC numbers and ligand-binding sites for the full-
length protein will not be reported in the results page if the user kept the default option to not include
protein function prediction.
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