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Back to the beginning:  
Which sequences to align? 
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MSAs: Critical for structure-function studies 



How have enzymes evolved to catalyze the 
many different chemical reactions required 

of living organisms? 



Enolase: 40 rxns 
Amidohydrolase: 

~100 rxns 

Haloalkanoic acid 
dehalogenase: 30-50 
rxns 

Glutathione transferase:44 
major subgroups:  

   ?? rxns 

Isoprene synthase I:  
   ?? rxns 
   >50,000 products           

Crotonase: 20 rxns 

…by re-using a limited set of “privileged” structural 
scaffolds 



Each functionally diverse enzyme superfamily (SF) links 
a conserved active site architecture to a fundamental 

catalytic capability 
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Example: Enolase SF 

Jensen, R.A. Ann. Rev. Microbiol 30:409-425(1976)                                                                                                                                                      
Petsko, G. A. et al., TIBS 18: 372-376 (1993)  

Babbitt & Gerlt, JBC 272: 30591 (1997) 
 Gerlt & Babbitt, Ann Rev Biochem 70: 209 (2001)              



This “chemistry constrained” 
model restricts the search space 

for functional inference for all 
members of the superfamily 

>39,000 sequences, 23+ known reactions, 
many biological functions 



? ? 
? 

Predicting reaction & substrate specificity is much 
harder … 



Goals 
>  Identify the fundamental chemical capability associated with the conserved 

features of the structural superfamily and the catalytic machinery shared by 
all members 

>  Determine the patterns by which divergence has altered the structural 
scaffold and active site architecture to enable many different chemical 
reactions using the superfamily scaffold 

Applications 
>  Inform mechanism in knowns 
>  Use a SF’s fundamental structure-function mapping to limit the search 

space for functional inference in unknowns 
>  Curation of functionally diverse enzyme superfamilies on a large scale 
>  Guide identification of starting scaffolds for enzyme engineering 

‒  which superfamily scaffolds “know” how to catalyze the thermodynamically 
difficult step for a reaction of interest? 

What does this have to do with MSA creation? 
>  How to take advantage of the volume of [diverse] sequence and structure 

data now available 
>  How to incorporate more functionally/biologically informed ways to choose 

which sequences/structures to align  



Superfamily: Subset of active site residues 
conserved in all members of a superfamily 

catalyze a conserved partial rxn 

Family: Family-specific subsets of residues mediate 
reaction & substrate specificity 

Annotation transfer only at the level of granularity at which good supporting evidence exists 

This chemistry-constrained model suggests a general 
classification scheme 



SFLD: http://sfld.rbvi.ucsf.edu 







Chiang et al, PLoS CB, 4:e1000142 (2008) 

Next steps: Identification & integration of conserved chemical 
capabilities in superfamilies & patterns by which their 

chemistry varies 

Gemma Holliday PhD 

Nodes: sequences sets 
Blue nodes: query reaction 
Black edges: sequence 
similarity 
Red edges: reaction 
similarity (>50%) 



Tackling sequence data on a large scale 

Most protein superfamilies are too large to manage & easily explore 
using multiple sequence alignments & trees 

 

 

 

 

 

 Glutathione 
transferase 

>50,000 
Enolase 

~39,000 seqs 

Haloalkanoic acid 
dehalogenase 

>80,000 Enoyl CoA 
hydratase 
>72,000 

Isoprene 
synthase I 
>>16,000 

 We estimate that ~1/3 of the universe of enzyme superfamilies are 
functionally diverse 

                                                                               Almonacid & Babbitt, Curr Op Biol Chem 15:435 (2011) 



> Powerful hypothesis generator for 
structure-function relationships 

>  Interactive 
> Fast 
> Easy visualization (Cytoscape) 
> Handles thousands of sequences, 

structures, etc. 
> Pairwise comparisons don’t require 

a multiple alignment 
> Track well with known structure-

function relationships 
> Capture sequence, structure, 

ligand, relationships 
> Many metrics & algorithms for 

comparison & clustering of similarity 
data 

> Networks not a substitute for 
phylogenetic trees  

Node = sequence (or structure) 
Edge = connections between sequences w 

scores as good as the E-value cutoff threhold 
Sequence networks in this presentation: all-by-

all BLAST (E-values as scores); structure: all-
by-all FAST/TM-align scores Atkinson HJ & Babbitt PC. PLoS ONE (2009) 4: e4345 

Accessing the larger context: Protein similarity networks 



Validation 

Comparison of distance metrics for generating networks shows that 
BLAST correlates well with several other metrics 

 

 

 

 

 

 

 

 
 

Other validation analyses show  
>  Network topologies are generally robust to missing data 
>  Two-dimensional distances in visualized networks correlate well with the 

underlying distances in high-dimensional space 
>  See Atkinson et al, PLoS ONE, 4: e4345 (2009) for more statistical 

validation of PSNs 

  

 

UronateI 
MLE 

BLAST SW MA PT 

BLAST  0.999 0.971 0.953 
Smith-Waterman (SW)  0.998  0.970 0.953 
Multiple Alignment (MA) 0.800 0.798  0.974 

Phylogenetic Tree (PT) 0.731 0.731 0.777  
 

NagA 

 

BLAST SW MA PT 

BLAST  0.997 0.841 0.748 
Smith-Waterman (SW)   0.846 0.753 

Multiple Alignment (MA)    0.719 
Phylogenetic Tree (PT)     

 

 R2 values for linear regressions of distances generated from 
various metrics for scoring similarity among sequences  



Layout used in this talk 

Organic layout: Edge lengths 
represent degree of connectivity, 
track with dissimilarity 
Colors depict function or other 
types of functional information 

Edge-weighted layout 



For the Core SFLD, networks can be downloaded at every level of the hierarchy: 
Superfamily, Subgroup, & Family 





What sequences to align: 
The search for strictosidine variants from plants 

Cancer (vinblastine & 
topotecan 

Malaria (quinine) 

Hypertension (raubasine 
& reserpine) 

Schizhophrenia (hi-dose 
reserpine) 

Disturbed cerebral blood 
flow (vincamine) 

Antiarrhythmia 
(ajmaline) 

 

Figure adapted from Ma X et al, The Plant Cell, 18:907 (2006) 

 *collaboration with Sarah O’connor 



Figure adapted from Ma X et al, The Plant Cell, 18:907 (2006) 

PON1 

STR1 

DFPase 

Nucleophilic attack 6-bladed β-propeller (N6P) SF 



Characterized proteins are outliers in the N6P SF 

2,096 sequences 
E-value threshold = 1 x 10-10 
Large nodes: experimentally 

characterized 
Colored by PFAM model 

Hicks et al, Proteins, 79:3082 (2011) 

Arylesterase 

Senescence marker 
protein-30/Gluconolactonase/
Luciferin-regenerating 
enzyme (SGL) 

Strictosidine Synthase-like (SSL)*     



N6P catalyzes several different reactions involving nucleophilic 
attack on a double-bonded electrophilic group 

Lactonase 

Esterase 

Phosphotriesterase 

* 

* 

* 

* 
Strictosidine synthase (SS) 

Characterized SS enzymes are functional 
outliers 



* 

Active sites of characterized SS enzymes are outliers as well 



Colored by Type of life: 
Bacteria: blue, Plants: green, 
Archaea: magenta; Vertebrates: 
red; Invertebrates: orange, 
Protozoa: yellow 

Large nodes: Sequences used 
in structure-guided MSA   

Many SSL proteins are not from plants 

SSL 

E-value cut-off = 10-10 

E-value cut-off = 10-50 



   44  151            210  254   309 
PON1 (1v04.pdb) GSEDLE SVNDIVAVG DVRVVAEGFDFANGINISP LVDNISVD QGSTVAAV 
Drp35 (2dg1.pdb) QLEGLN CIDDMVFDS TVTPIIQNISVANGIALST GPDSCCID LRSTHPQF 
DFPase (1pjx.pdb) GAEGPV GCNDCAFDY QMIQVDTAFQFPNGIAVRH GADGMDFD EKPSNLHF 
SS (2fpb.pdb) APNSFT WLYAVTVDQ ETTLLLKELHVPGGAEVSA NPGNIKRN EHFEQIQE 
gi|147772032 GPEAIA FLNAVDVDQ EVTVLLRGLGGAGGVTISK TPDNIKRN KTISEVQE 
gi|22326950 GPESVA FTNDLDIAD KAVVLVSNLQFPNGVSISR HPDNVRTN RSVSEVEE 
gi|125556119 GPESVA FTNGVDIDQ QVTVLQSNITYPNGVAISA YPDNVRPD RP-TEVMD 
gi|24308201 GPESIA FVNDLTVTQ EVKVLLDQLRFPNGVQLSP FPDNIRPS TYISEVHE 
gi|1280434 GPECLI IFNGVTVSK VSEVLLDELAFANGLALSP LPDNLTPD T-ISHVLE 
gi|125559158 APEDVY FADAAIEAS EASVVLDGLGFANGVALPP NPDNIRLG NMVTSVTE 
gi|111017930 GPEDVA ACNNSAVGR ETDLLAEGLQFANGVGLAS IPDNMTSQ P-VTGVRE 
gi|15596490 GPEDTA FTDDLDIAS KTEVLLKDLYFANGVALSA LPDNLQGD RMITSAKP 
gi|52549517 GPEDVA LTDDVDIAA TTRLVLNNLYFANGVAVSP FPDGISSN Q-ITSVQE 
 



E-value cut-off = 10-50 
516 SSL subgroup sequences 
Median alignment length = 297 

residues; median percent 
identity = 41% 

Colored by # of metal 
coordinating residues 
 Red = 4 
 Yellow = 3 
 Green = 2 
 Cyan = 1 
 Gray =  0 

   44  151            210  254   309 
PON1 (1v04.pdb) GSEDLE SVNDIVAVG DVRVVAEGFDFANGINISP LVDNISVD QGSTVAAV 
Drp35 (2dg1.pdb) QLEGLN CIDDMVFDS TVTPIIQNISVANGIALST GPDSCCID LRSTHPQF 
DFPase (1pjx.pdb) GAEGPV GCNDCAFDY QMIQVDTAFQFPNGIAVRH GADGMDFD EKPSNLHF 
SS (2fpb.pdb) APNSFT WLYAVTVDQ ETTLLLKELHVPGGAEVSA NPGNIKRN EHFEQIQE 
gi|147772032 GPEAIA FLNAVDVDQ EVTVLLRGLGGAGGVTISK TPDNIKRN KTISEVQE 
gi|22326950 GPESVA FTNDLDIAD KAVVLVSNLQFPNGVSISR HPDNVRTN RSVSEVEE 
gi|125556119 GPESVA FTNGVDIDQ QVTVLQSNITYPNGVAISA YPDNVRPD RP-TEVMD 
gi|24308201 GPESIA FVNDLTVTQ EVKVLLDQLRFPNGVQLSP FPDNIRPS TYISEVHE 
gi|1280434 GPECLI IFNGVTVSK VSEVLLDELAFANGLALSP LPDNLTPD T-ISHVLE 
gi|125559158 APEDVY FADAAIEAS EASVVLDGLGFANGVALPP NPDNIRLG NMVTSVTE 
gi|111017930 GPEDVA ACNNSAVGR ETDLLAEGLQFANGVGLAS IPDNMTSQ P-VTGVRE 
gi|15596490 GPEDTA FTDDLDIAS KTEVLLKDLYFANGVALSA LPDNLQGD RMITSAKP 
gi|52549517 GPEDVA LTDDVDIAA TTRLVLNNLYFANGVAVSP FPDGISSN Q-ITSVQE 
 



Vitus vinifera SSL lacks SS 
activity but shows low levels of 
hydrolase activity typical of the 
SSL and arylesterase subgroups 

The large-scale context suggests the great majority 
of SSL proteins are not SSs 



Challenges 

Technical issues  
>  Extreme sequence diversity 
>  Complex insert patterns and multiple domain architectures within a SF 

Experimentally characterized proteins only poorly sample the 
available sequence and structure space 

Especially for divergent proteins of functionally diverse enzyme SFs, 
clustering by sequence and structure similarity fails to track well 
with functional boundaries 

Uniqueness of structure-function relationships in individual SFs 
complicates development of general solutions 

 

 



Alkaline phosphatase superfamily: Inserts to the common core 
distinguish known reaction classes 

40,000 sequences 

*Collaboration with Dan Herschlag 

Many of these 
inserts are 
unrelated 
>  Locations vary 
>  Multiple insertions 

in a single 
subgroup  

>  Structural insert 
patterns fail to 
track with 
variations in 
reaction or 
mechanism  



What sequences to align? 
How well do characterized proteins sample SF sequence space? 
Most alkaline phosphatase SF members have never been experimentally or 
structurally characterized 

E-value threshold = 1 x 10-13.1 
4590 nodes represent 14,403 sequences 
(40% ID filtered) 
Median alignment length = 422 residues; 
Median pairwise ID = 30% 
Small nodes: experimentally characterized 
Large nodes: structurally characterized 

Collaboration with Dan Herschlag 



Even very well-studied SFs are minimally characterized 
< 2% of GSTs experimentally shown to catalyze GST-like reactions  

Mashiyama et al, PLoS Biol, 12: :e1001843 (2014)  

cytosolic Glutathione transferase 
(GST) SF 

E-value threshold = 1x10-13 
1,568 nodes represent 13,000 

sequences (50% ID filtered) 
Each node contains 1-930 sequences 
Median edge E-value = 4x10-25 

Median alignment length = 210 residues 
Large nodes colored by SwissProt 

classification if >50% of sequences in 
each node belong to that class 

Gray: Not classified 
Triangles: PDB structure 



Many new classes yet to be discovered 

AMPS.1
Main.3: Omega-

and Tau-like

Main.4: 

Theta-like

Main.5: 

Phi-like

Main.2: Nu-like

Main.9

Xi.1
Main.10

Main.6

Main.12

Main.7

Main.8: 

Zeta-like

R1.1

R3.1
R2.2

R4.1

R2.1

Main.11:

Lambda-like

Main.1: Beta-like
Heavy borders: 3D structure by source

Swiss-Prot annotation Recent Classes

Alpha

Mu

Pi

Sigma

Beta

Lambda

Omega

Phi

Tau

Theta

Zeta

Other

Nu

Xi

E-value threshold = 1 x 10-25 
Median E-value = 6 x 10-35 

Median alignment length = 212 
Median sequence ID = 38% 



Reaction types fail to track with similarity clusters 



Node color: Disulfide bond reductase activity 

by evidence source

This work only

Literature

AMPS.1
Main.3: Omega-

and Tau-like

Main.4: 

Theta-like

Main.5: 
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Xi.1
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Zeta-like

R1.1

R3.1
R2.2

R4.1

R2.1

Main.11:

Lambda-like

Main.1: Beta-like

YghU

YfcG

Literature This work and literature

Heavy borders: 3D structure by source

Promiscuity likely more widespread than we know 



Reaction families within a SF evolve at different rates 

Enolase SF 

  

Alignment: sequences of 505 
orthologs 

filtered to 40% ID (54 seqs) 

Bayesian tree (Mr. Bayes) 
branch confidence: 

 ≥ 0.95 
 0.7-0.94 

*structurally characterized 
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Some OSBS’ are promiscuous 

Glasner et al, JMB 360: 228 (2006) 



“Pseudo-convergent” evolution of the same reaction 
from different intermediate ancestors in the SF tree 

Dipep%de	
  epimerase	
  
MLE	
  (syn)	
  
OSBS/NSAR-­‐1	
  
NSAR-­‐2	
  
Unknown	
  

OSBS/NSAR 
MLE	
  (an%)	
  

Sakai et al, Biochem, 48:2569 (2009) 

Song et al, Nat Chem Biol, 3:486 (2007) 



What sequences to align 
SFLD SF curation guided by sequence, structure, and functional 

information 

Level 1 subgroupings by 
domain/insert patterns 

Level n subgroupings by 
sequence/structure similarity 

  Define SF and common 
functional features 

Network-guided SF summary, 
evaluate functional coverage 

1 

2 

3 

4 

Family assignments only for 
clusters with some 

experimental evidence 

5 

Representative or full 
networks 

Full networks, MSAs 

Networks, MSAs, 
HMMs 

Networks, MSAs, 
HMMs 

M
a
p
p
e
d
 
 
w
i 
t
h
 
 
f
u
n
c
t 
i 
o
n
 
&
 
o
t
h
e
r 
 
f
e
a
t
u
r
e
s 



Final thoughts 

Alignment methods with more sophisticated tools for choosing 
“representative” sequences to include in an MSA would 
contribute significantly to these difficult problems 
>  Especially important for both manual and automated curation 

communities 

Automated function prediction experiments (CAFA) suggest the 
value of methods that allow for incorporation of functionally 
relevant features  
>  Already included in some phylogenomic methods  

Similarity network methods could supplement current MSA 
approaches but need more rigorous development  

We can supply manually curated Gold Standard sets for evaluation 
of new methods 
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