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Ø Secondary structure prediction
Ø Transmembrane protein prediction

Ø Assignment 12 (due: May 9)

TODAY'S TOPICS
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PSIPRED prediction accuracy
Distribution of prediction accuracy from 

187 PDB proteins (structure is known)
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Percentage correctly predicted residues per protein

(Rost, B. 2001)

Accuracy varies for proteins

Q3=84.2% in ver 4 Buchan & Jones (2019)

Jones (1999) BIOS477/877 L26 - 
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SCORPION: Singlet/doublet/triplet prob. + PSSM
SPIDER2: Iterative learning of secondary structure, backbone torsion angles, 

and solvent accessible surface area using deep NN (three layers) 
with PSSM + physico-chemical properties

DeepCNF: Deep convolutional NN with PSSM + 78 AA related features

BIOS477/877 L26 - 
PSIPRED 4: Q3=84.2%; PSSM + 2 hidden layer NNs 
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Limit of secondary structure 
prediction accuracy:

estimated to be 88% (Rost 2001)

BIOS477/877 L26 - 

Evolutionary or 
profile information

= MSA
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Deep Neural Networks

Recurrent NN (RNN)

Multi-layer feedforward NN
Convolutional NN (CNN)Multiple hidden layers

Outputs depend on 
the prior elements[IBM cloud education]

Savojardo et al. (2020) 
BMC Bioinformatics

Filters move along the 
sequence generating feature 

maps
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Secondary structure prediction

Torris et al. (2020) 

✚  Statistical methods

▲  Machine learning methods
 e.g., shallow neural networks (NN) 

and support vector machines

Deep learning methods:

  ◼  Recurrent NN 
  ●  Convolutional NN

JPRED4

PHD

SPIDER3

PSIPRED v1

PSIPRED 4

Deep learning based
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Bioinformatics, 35, 2019, 2403-10

DeepCNF

SS3=Q3, SS8=Q8
ASA: Solvent accessible surface area
CN: Contact numbers
HSE: Half-sphere exposure

Backbone torsion angles
(mean absolute error)

(250 
proteins)
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No MSA

No MSA

SS3=Q3, SS8=Q8
ASA: Solvent accessible surface area
HSE: Half-sphere exposure; CN: Contact numbers
LM: language model (natural language processing)

Backbone torsion angles
(mean absolute error)

*NetSurfP-3.0: no MSA, LM + deep learning is also now available

*
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Bioinformatics, 37, 2021, 3744-51

Uses bidirectional gated recurrent unit (GRU)
with 1024 hidden dimensions in each direction

S4PRED (= next version of PSIPRED-single) 
achieved 75% accuracy without using profiles
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Secondary structure prediction

Ø Prediction program servers
 • PSIPRED Server  http://bioinf.cs.ucl.ac.uk/psipred/

 • MPI Bioinformatics Toolkits (Quick2D)  
  https://toolkit.tuebingen.mpg.de/tools/quick2d

 • PredictProtein Server  http://www.predictprotein.org/
  

 
 [Recent review papers (on Canvas)]

Meng and Kurgan (2016); Jiang et al.  (2017); Oldfield et al. (2019);
Torris et al. (2020); Ismi et al. (2022)
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Secondary structure prediction
MPI Bioinformatics Toolkits (Quick2D) https://toolkit.tuebingen.mpg.de/tools/quick2d

BIOS477/877 L26 - 

disorder
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http://bioinf.cs.ucl.ac.uk/psipred/
https://toolkit.tuebingen.mpg.de/tools/quick2d
http://www.predictprotein.org/
https://toolkit.tuebingen.mpg.de/tools/quick2d
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Membrane proteins

30 - 40 % of all proteins are membrane proteins

Hydrophobic a helix

From Molecular Biology of the Cell. 4th ed. Alberts et al.

Lipid 
bilayer

b barrel

Amphipathic 
a helix
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Membrane proteins
The number of alpha helical 
membrane protein structures 
solved per year

The number of released 
structures per year in PDB
(from PDB statistics)

In 2018, 
3,908 of 147,546 

total protein 
structures in PDB 
(only ~3%) were 
from membrane 

proteins

Tsirigos et al. (2018)
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BIOS477/877 L26 - 167 Transmembrane regions (Structure is known)
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BIOS477/877 L26 - 177 Transmembrane regions (based on prediction)
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Transmembrane proteins (alpha helical)

Halorhodopsin: light-driven chloride pump

7 transmembrane regions

Amino acids embedded 
in the membrane region
need to be hydrophobic

18
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Muscarinic Acetylcholine Receptor M1 (Human)

TM1 TM2 TM3 TM4 TM5 TM6 TM7

Amino acid position(Hydrophobic < 0)

Polarity

Hydrophobicity (GES)
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Freq. of W & Y

Freq. of D & E

Freq. of R & K

Hydrophobicity (GES)

Growth Hormone Secretagogue Type 1 (Human)
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Transmembrane helix prediction
Ø Basic concept
 • TM helices are 12 – 35 residues long and mainly 

 apolar
 • Regions between helices (loops) are typically 
  shorter than 60 residues
 • Positive-inside-rule: loops at the inside of the 
  membrane have more positive charges than 
  loops outside (von Heijne 1986, 1989)
 • Long globular regions (>60 residues) do not 
  follow this rule

21
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Transmembrane helix prediction

AAs in TMH ±  5 res.:
Low freq. neg charged

1,544
single-pass

TM H 

15,564
multi-pass

TM H 

(single-pass TM)
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Transmembrane helix prediction
Ø Hydrophobicity scales

http://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/650/Hydrophobicity_scales.html
https://web.expasy.org/cgi-bin/protscale/protscale.pl
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Transmembrane helix prediction
Ø Kyte-Doolittle hydrophobicity plot 
 

MSITSVPGVVDAGVLGAQSAAAVRENALLSSSLWVNVALAGIAILVFVYMGRTIRPGRPR

Average hydrophobicity score

(window size)

http://fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi?rm=misc1

(Hydrophobic > 0)
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http://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/650/Hydrophobicity_scales.html
https://web.expasy.org/cgi-bin/protscale/protscale.pl
http://fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi?rm=misc1
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MSITSVPGVVDAGVLGAQSAAAVRENALLSSSLWVNVALAGIAILVFVYMGRTIRPGRPR

BIOS477/877 L26 - 25

Transmembrane helix prediction
Ø Kyte-Doolittle hydrophobicity plot 
 

 • Averaging window

Average hydrophobicity score

Simple averaging using
the equal (or no) weighting (Hydrophobic > 0)

http://fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi?rm=misc1
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GVVDAGVLGA

Transmembrane helix prediction
Ø TopPred (Heijne et al. 1992)

 ➜ Uses GES and other hydrophobicity scale
 • Averaging window

 

 
 • Uses “positive-inside-rule” to predict the 
  transmembrane topology

Trapezoid averaging
(smaller weighting at both sides and
more weighting at the window center)

https://github.com/C3BI-pasteur-fr/toppred
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Transmembrane helix prediction
Kyte-Doolittle plot TopPred

AVRENALLSS SLWVNVALAG IAILVFVYMG RTIRPGRPRL IWGATLMIPL VSISSYLGLL SGLTVGMIEM PAGHALAGEM VRSQWGRYLT WALSTPMILL
    HHHHHH HHHTHHHHHH HHHHHHHHHH TT  TTHHHH HHHHHHHHHH HHHHHHHHHH HTTT EEEE   TTTTTTT E EEE HHHHHH HTTHHHHHHH  

ALGLLADVDL GSLFTVIAAD IGMCVTGLAA AMTTSALLFR WAFYAISCAF FVVVLSALVT DWAASASSAG TAEIFDTLRV LTVVLWLGYP IVWAVGVEGL 
HHHHHHT  H HHHHHHHHHH HHHHHHHHHH HH  S HHHH HHHHHHHHHH HHHHHHHHHT HHHHHHHHHT THHHHHHHHH HHHHHHHHHH HHHHHSTTTT

ALVQSVGATS WAYSVLDVFA KYVFAFILLR WVANNERTVA VAGQTLGTMS SDD 
 SS  HHHHH HHHHHHHHHH THHHHHHHHH HHHHTHHHHH            
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Transmembrane helix prediction

TMHMM:
https://services.healthtech.dtu.dk/service.php?TMHMM-2.0
Krogh et al. (2001) JMB 305:567-580

HMMTOP:
Tusnady & Simon (1998) JMB 283: 489-506

: States
 (emission probabilities)
: Transition probabilities

28
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Transmembrane helix prediction

>sp|P16102|BACH_HALSA 
MSITSVPGVVDAGVLGAQSAAAVRENALLSSSL
WVNVALAGIAILVFVYMGRTIRPGRPRLIWGAT
LMIPLVSISSYLGLLSGLTVGMIEMPAGHALAG
EMVRSQWGRYLTWALSTPMILLALGLLADVDLG
SLFTVIAADIGMCVTGLAAAMTTSALLFRWAFY
AISCAFFVVVLSALVTDWAASASSAGTAEIFDT
LRVLTVVLWLGYPIVWAVGVEGLALVQSVGVTS
WAYSVLDVFAKYVFAFILLRWVANNERTVAVAG
QTLGTMSSDD

TMs predicted
from GPCR 

(7TM proteins)
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Proteins 83: 473-484

Signal peptide prediction can be incorporated with TM prediction
➜ False positive rates can be reduced
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http://fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi?rm=misc1
https://github.com/C3BI-pasteur-fr/toppred
https://services.healthtech.dtu.dk/service.php?TMHMM-2.0
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Phobius
https://phobius.sbc.su.se/or
https://www.ebi.ac.uk/jdispatcher/pfa/phobius/

(Käll et al. 2004 J Mol Biol 338: 1027-1036; Käll et al. 2007 Nucl Acids Res 35: W429-W432)

Signal peptide model 
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Proteins 83: 473-484

(a) Soluble proteins without signal peptides (SP)
(b) Soluble proteins with SP, (c) Transmembrane proteins with SP
FPR: false positive rate; Sens: Sensitivity 

(a) 
(b) (c) [no TM] [no TM]

32
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Proteins 83: 473-484

PSSM+SVM (binary classifier)
- TM helix or not
- inside or outside loop
- Re-entrant helix or not
- TM or globular protein

OCTOPUS/SPOCTOPUS
also considers re-entrant helix 

PSSM

33
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MEMSAT-SVM
PSSM+
SVM (binary classifier)
- TM helix or not
- inside or outside loop
- Re-entrant helix or not
- TM or globular protein

http://bioinf.cs.ucl.ac.uk/psipred/
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TOPCONS2

http://topcons.net

TOPCONS
HMM

S: signal pep
M: TM region
i: inside
o: outside
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Prediction statistics (general)
Accuracy = (TP+TN)/(TP+FN+FP+TN)
Error = 1 - Accuracy
Sensitivity = TP/(TP+FN) [=TP/(actual positives)]
Specificity = TN/(TN+FP) [=TN/(actual negatives)]

True positive rate = Sensitivity (or Recall)
False positive rate = FP/(TN+FP) = 1 - Specificity
Precision (or Positive predictive value) = TP/(TP+FP)

 • Mathews correlation coefficients: CC (or MCC)
    

    

 If everything is correct, CC = 1, if all predictions are wrong, CC = -1

• F-measure (F or F1): the harmonic mean of precision and recall

  F = 2TP/(2TP+FN+FP) 0 < F < 1

• ROC (receiver operating characteristic) plot
  ROC plot can be obtained using different threshold scores 
  for identifying positive and negative predictions

  X: if prediction is perfect (TP=1, FP=0)
  The worst case scenario (random choice prediction)
  FP rate 

TP
 r

at
e 

X

€ 

CC =
TP •TN − FP •FN( )

(TN + FN)(TN + FP)(TP + FN)(TP + FP)

predicted

+ -

+ TP FN

- FP TNac
tu

al

Confusion
matrix

TP: True positive, TN: True negative,
FP: False positive, FN: False negative
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https://phobius.sbc.su.se/
https://www.ebi.ac.uk/jdispatcher/pfa/phobius
https://www.ebi.ac.uk/Tools/pfa/phobius/
http://bioinf.cs.ucl.ac.uk/psipred/
http://topcons.net/
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CCTOP

http://cctop.ttk.hu/

S: signal pep
M: TM region
i: insode
o: outside

Three steps:

1) Remove cleavable parts 
(e.g., signal peptide 
predicted by SignalP 
4.0).

2) TMP filtering 
(distinguish TM and 
globular proteins) using 
a simple voting for the 
results of Phobius, 
Scampi, and TMHMM.

3) Topology prediction 
using ten methods 
(constrained HMM 
using HMMTOP model) 
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MEMBRAIN3
http://www.csbio.sjtu.edu.cn/bioinf/MemBrain/

Residue-precision Residue-recall Helical-precision Helical-recall

Precision: # correct TM / # predicted TM Recall: # correct TM / # true TM
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Secondary structure prediction TM topology prediction

39
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MembraneFold:
(AlphaFold + DeepTMHMM)
https://ku.biolib.com/MembraneFold/

(uses protein language model embedding)

https://services.healthtech.dtu.dk/services/DeepTMHMM-1.0/

40

BIOS477/877 L26 - 41https://github.com/BernhoferM/TMbed?tab=readme-ov-file

41

BIOS477/877 L26 - 42

Transmembrane protein databases

More reviewed in: Sun et al. (2023)

http://memprotmd.bioch.ox.ac.uk

https://www.unitmp.org
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http://cctop.ttk.hu/
http://www.csbio.sjtu.edu.cn/bioinf/MemBrain/
https://ku.biolib.com/MembraneFold/
https://services.healthtech.dtu.dk/services/DeepTMHMM-1.0/
https://github.com/BernhoferM/TMbed?tab=readme-ov-file
http://memprotmd.bioch.ox.ac.uk/
https://www.unitmp.org/
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MEMPACK (PSIPRED Workbench)

Predicts: residue contacts
helix-helix interactions

optimal helical packing arrangement

http://bioinf.cs.ucl.ac.uk/psipred/
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http://bioinf.cs.ucl.ac.uk/psipred/

