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Outline

• Predicting Domain Boundaries by 
Sequence Alone

• Predicting Protein Small Molecule 
Interactions using Conserved Domains
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Domains and Linkers
Choice and position of 

amino acids are 
important factors in 
protein folding.

So,
• What rules exist for the 

choice amino acid in 
domains and the 
intervening sequences 
that link them.

• Can this information be 
used to predict linkers? 

Linkers

Domain1 Domain2 Domain3&4
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Delineating Domains & Linkers

Domain 1 Domain 2

Linker

BA

Simple Case:
Contiguous Domains with 
well defined linker

1a 2 3

B E FA

1b

C D

Complicated Case:
Segmented Domains with 
multiple linkers



5

• GOAL: 
– Determine the amino acid composition bias in 

domain linker regions
– Use this empirical knowledge to make a sequence 

based prediction (no MSA).
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Comparing Domain Definitions

•Non-redundant set of 655 segmented, multi-domain proteins.
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Amino Acid Composition in Domains and 
Linkers
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where DLIaa is the negative log probability of the 
propensity for amino acid i in the linker region (l) and in 
the full protein set (t), where ni,l and ni,d are the number of 
amino acid type i, respectively. 

Domain Linker Index
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Log Likelihood Indices

REI – Residue Entropy Index –
derived from Galzitskaya & 
Melnik1 is based on the 
number of degrees of freedom 
for each amino acid residue.

GHL – derived from George-
Heringa Amino Acid propensity 
of all linkers in their study2

KDH – Kyte-Doolittle 
hydropathy index - control

1Galzitskaya, O. V. & Melnik, B. S. (2003). 
Protein Sci. 12, 696–701.
2 George, R. A. & Heringa, J. (2002). Protein 
Eng. 15, 871–879.
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Applying the index
sequence

1 2 3 3 1 -1 -2 -3 1 5 3 4 2 1 -1 -2 -5 -4 -5 -2 0 1 

Replace AA with index values

Smoothing window (15 aa in length)

FFT & Low-Pass Filter to further 
reduce noise and smooth curve

Normalization & Z-score estimation 
(standardize across different indices)
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Evaluation
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Comparison to other methods
Domain Guess by Size (Wheelan 2003) : Based on statistical distribution of 

domain lengths.
– 28% sensitivity (3x better than random) 
– Armadillo 2x more sensitive

Neural Network (Miyazaki 2002): Uses linker amino acid propensities
– 74 single linker, multi-domain (continuous) proteins
– NN: 59%:36% (sensitivity:specificity)
– Armadillo : 54%:49%

DomSSEA (Marsden 2002) uses secondary structure prediction and alignment
– ~200 two-domain (single linker, continuous) 
– DomSSEA: 49%, 53% (consensus)
– Armadillo : 63.9% sensitivity

SnapDRAGON (George 2002): multiple sequence alignment & 3D models
– SnapDRAGON <400 residues requires 1 hour on 100 linux nodes.
– Armadillo : <1 second
– Continuous domains: SnapDRAGON 42%:40% -- Armadillo 44%:33%
– Segmented domains: SnapDRAGON 33%:40% -- Armadillo 34%:44%
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armadillo.blueprint.org

HELP!

Example:

Src Family Kinase
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Show/Hide by 
clicking on 
legend

Linker

Predictions
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Predicting Linkers for Proteins with 
Conserved Domains



17

Outline

• Predicting Domain Boundaries by 
Sequence Alone

• Predicting Protein Small Molecule 
Interactions using Conserved Domains
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Protein Small-Molecule Interaction Database

• Derived from MMDB (PDB) 
structure database

• Captured in the 3DSM 
division of the Biomolecular 
Interaction Network 
Database (BIND) –
http://bind.ca

• Filtered for crystallographic 
symmetry, buffer agents, 
non-biologically interesting 
small molecules

• 23,000+ non-redundant 
small molecule interactions.

PDB: 1YID
BIND Id:330151

Tryptophanyl-tRNA Synthetase
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SMID: A Domain Small-Molecule Interaction 
Database

• Map binding sites from the protein structure 
to the conserved domain.

• Identify conserved domains using RPS-
BLAST
– Includes SMART, PFAM, CD domain 

alignments
• ~50,000 domain small-molecule binding 

sites.
smid.blueprint.org
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SMID-BLAST
• Enables users to identify putative small-molecule binding 

sites in proteins for which a crystal-structure has not yet 
been determined.

• Requires that protein has a conserved small molecule 
binding domain.

• Annotates binding sites on query protein
– Based on PDB structural interactions

• Freely available
– Web interface 

• http://smid.blueprint.org
– Standalone tool

• ftp://ftp.blueprint.org/pub/SMID/tool/
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SMID
domain small-

molecule interactions

RPS-BLAST

SMID BLAST

Protein 
Sequence

Evaluate binding site 
conservation

cluster binding sites 
from all domains

Alignment to 
conserved small-
molecule binding 
domains

Predicted small-
molecule binding sites 

and ligand scores
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SMID-BLAST Validation

• Can we predict the same ligand?
– 600 PDB chains having 1652 small molecule 

interactions
– 62% exact ligand predicted

• 25% with best ligand score

• How well do we predict the binding sites?
– Over 70% predictions had >80% correct 

binding residues
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SMID-BLAST Example:
HIV Integrase

• Mediates integration of 
the viral genome into the 
host DNA.

• Has no mammalian 
counterpart 

• Zn binding domain, a 
catalytic core and DNA-
binding domain.

Use SMID-BLAST to make short list of small 
molecules that may interact with the integrase
•Basis for pharmacological studies to determine inhibition.
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Small molecules predicted to bind to 
HIV Integrase

• Y3 
– known interactor with 

Avian Sarcoma Virus 
integrase (24% 
sequence identity) 

– Used as a basis for 
finding integrase
inhibitors with in silico
search and validated 
with experimental 
assays1

1Chen et al Bioorg Med Chem. 2000 Oct;8(10):2385-98. 
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SMID Genomes 

• Bridges the gap between structural 
proteomics and genomics

• Small-molecule binding site predictions for 
proteins of 1616 completely sequenced 
genomes

• Allows for comparative analysis of small-
molecule binding profiles



27Currently available at http://smid.blueprint.org
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Browsing SMID-Genomes

Essential 
Genes
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3 views to browse protein 
domain small-molecule 
hits for the genome.

View small-molecule 
binding sites on 
genomic proteins

Click on numbers to 
narrow the scope of 
the search
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Compare Binding Profiles

Malaria
• a disease that directly 

impacts 300-500 
million people 
worldwide and is a 
prominent economic 
and social problem in 
the developing world

• Compare binding 
profiles & identify small 
molecules that target 
proteins of 
Plasmodium 
falciparum exclusively.
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DOXP & Fosmidomycin

• Fosmidomycin
– known antibiotic
– potent inhibitor of 

DOXP 
reductoisomerase, a 
key enzyme of the 
alternative pathway of 
isoprenoid synthesis.

• Plasmodium is dependent 
on this pathway, because 
it lacks the primary 
isoprenoid synthesis 
pathway.
– Effective treatment
– In clinical trials

Parasitol Res. 2003 Jun;90 Suppl 2:S71-6. 
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Ligand Spectrum
• Hits 73% of 

bacteria 
• For eukaryotes, 

hit to malaria 
parasite, rat, but 
only plants (rice, 
thale cress) have 
true ortholog of 
reductoisomerase
but they also have 
both synthesis 
pathways (KEGG)
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Essential Genes Make Better Targets

• Database of Essential 
Genes (DEG)
– 9 organisms

• Mycoplasma
genitalium
– nonchlamydial

nongonococcal urethritis in 
men

• M. penetrans
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Possible Urethritis Targets
• FM2 (formycin A der.) nucleoside 
inhibitor acts on essential gene

• hexameric form in lower orgs.
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Conclusions
• Simple domain linker prediction based on amino 

acid composition
– Good start for sequences that have no similarity to 

anything else
– Prove useful in combining with more sophisticated 

methods
• Annotation of small molecule binding sites 

based on conserved domains 
– Interesting drug targets can be identified by 

comparing binding profiles between sequenced 
genomes.
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Extra Slides
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Analyzing Complete Genomes

T-test suggests that the distribution of 
amino acids significantly changes 
from conserved domains to rest of the 
full open-reading frame

– Preference for smaller hydrophobic 
residues in domains.

– Preferences for negatively charged 
residues over their amide derivatives

– Universal preferences across all 
genomes
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Gln Composition Analysis in Domains and ORFs
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Compositional Bias Sufficient to Identify 
Domains From Different Species

• The log likelihood of a domain having the amino 
acid composition expected from domains of a 
particular organism

• Cross-validation:
– Attempt to discriminate between the model and 

template domain
– Average of 85±8% success in identifying species-

specific domains using amino acid composition alone
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Ligand Score

• Initial Ligand Score = (1 – log10 E) ½ * Id / S2

– E is the RPS-BLAST E-value
– Id is the % identity of binding site residues
– S is the relative entropy score

• Final Ligand Score incorporates the 
binding site occupancy from clustering of 
all domain hits.


