
Prof. Bystroff talks about BIOINFORMATICS

• Sequence database searching 
• Phylogenetic Trees 
• Protein Structure
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Protein sequence alignment uses a "substitution" 
score instead of dots.

Sequence 1

Se
qu

en
ce

 2

alignment matrix

substitution table

lookup table for scores



The best sequential pathway through the 
substitution scores is the alignment 

6"dynamic programming" algorithm.



BLAST searches millions of 
sequences

GenBank  contains over 162 million sequences!!

The score for each should be the optimal alignment score. 
Even if we can do 1 per millisecond, it would take 45 hours to 
do one search. BLAST usually finishes in under a minute.

How does BLAST do it so fast?



BLAST precalculates all triplet 
hits in the database.

PGQ

...

PGQ PGR PGS  ... 
PGT PGV PGW
PGY PAQ PCQ
PDQ PEQ PFQ ...
...

BLAST uses an expansion table 
to allow for near perfect matches

My sequence has 
this triplet BLAST saves a 

lookup table (called 
an INDEX) for all of 
the near identity 
triplet location in the 
whole database.

This is all done when BLAST is set up, before any searches are carried out.



BLAST finds diagonal arrangements 
of triplet hits

triplet hits in one database 
protein

Hits are joined by extension



BLAST scores only the best hits (saves time)

BLAST connects the 
diagonals (FASTA 
algorithm)

This protein is given 
a score, and we save 
it for later only if 
the score passes a 
cutoff.

Re-scoring.

Convert score to 
a e-value*.

Rank by e-value.  

cutoff

*later...
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Protein Databases available for 
BLAST search

Go to BLAST search page (i.e. blastp) , select a database to search and then select ? to learn a little about that database.
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Protein Databases available for 
BLAST search

On BLAST search page, select.a database to search and then select ? to learn a little about that database.
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Protein Databases available for 
BLAST search

On BLAST search page, select.a database to search and then select ? to learn a little about that database.
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forms of BLAST
BLAST query database

blastn nucleotide nucleotide

blastp protein protein

tblastn protein translated DNA

blastx translated DNA protein

tblastx translated DNA translated DNA

psi-blast protein, profile protein

phi-blast pattern protein



How significant is that?

Please give me 
a number for...

...how likely the 
data would not 
have been the 
result of chance,...

...as 
opposed 
to... ...a specific 

inference. 



p-value

score of random alignment

freq. of 
chance 
scores

The p-value for score x is the 
likelihood that a chance score is 
greater than x.

x

p-value

for score x

Thus, the p-value is the probability that the 
result is "by chance."



p-value is the significance of one (1) alignment score. 
e-value is the significance of the highest score out of 

many tries.

Searching a database of 162 million sequences for one hit is like trying 162 
million times to get one good high score. 

So, the number of times you will see that high score by chance is the p-value 
times 162 million.

e-value = p-value * 162,000,000 (GenBank search)

Throwing n random darts 
at a normal distribution



The Extreme Value Distribution

Histograms of Random Gaussian scores, best of N tries.  
N=1,2,5,10,100,1000
EVD  is the "null" model for database hits.

Freq



e-value

E-value = p-value x n
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the likelihood of score x by chance
the expected number of 
times you will see a score of 
x or better in n tries.

the number of tries

A better metric of significance.



Pop-quiz

BLAST  HIT.................... e-value
1.  annotation                       3.0 
2.  annotation                       3.0
3.  annotation                       3.0 
4.  annotation                       3.0
5.  annotation                       3.0 
6.  annotation                       3.0
7.  annotation                       3.0 
8.  annotation                       3.0
9.  annotation                       3.0 
10.  annotation                     3.0

How many of the above 10 hits are the expected to be by chance?



Pop-quiz

BLAST  HIT.................... e-value
1.  annotation                       1.0 
2.  annotation                       2.0
3.  annotation                       3.0 
4.  annotation                       4.0
5.  annotation                       5.0 
6.  annotation                       6.0
7.  annotation                       7.0 
8.  annotation                       8.0
9.  annotation                       9.0 
10.  annotation                   10.0

How many of the above 10 hits are the expected to be by chance?



Pop-quiz

BLAST  HIT.................... e-value
1.  annotation                       0.0 
2.  annotation                       0.01
3.  annotation                       0.01 
4.  annotation                       0.01
5.  annotation                       0.02 
6.  annotation                       0.02
7.  annotation                       0.02 
8.  annotation                       0.02
9.  annotation                       0.02 
10.  annotation                   10.0

How many of the above 10 hits are the expected to be by chance?



23

Trioxx non-
users

Trioxx users

RLS 4 0

no RLS 12 16

€ 

ui − u( ) ri − r( )∑
ui − u( )2 ri − r( )2∑∑

Biology Grad Core course: Discussion Topic  
Merck Smith-Kline was the author on a study of Trioxx, an anti-inflammatory drug used to treat arthritis, for which 
it was know to be effective. The study followed over 500 long-time Trioxx users and an equal number of control 
subjects who had never used the drug. Dr.  Smith-Kline  was looking for correlations between the use of Trioxx and 
the incidence of  any disease other than arthritis, in any demographic group.  He noted in the study that Tunisian 
Americans, in the age range from 45-55, male or female, and who had been a vegetarian for more than 6 months at 
any time in their lives, had a "strong negative correlation" between the use of Trioxx and the incidence of restless 
leg syndrome (RLS), and began touting Trioxx as an effective anti-RLS drug. 

 The numbers were as follows:  

Total Tunisian American vegetarians age 45-55 : 32 
Total Tunisian American vegetarians age 45-55 Trioxx users : 16 
Total Tunisian American vegetarians age 45-55 Trioxx non-users : 16 
Total Tunisian American vegetarians age 45-55 who have RLS : 4 
Total Tunisian American vegetarians age 45-55 who do not have RLS : 28 

Dr. Smith-Kline correctly calculated the correlation between Trioxx and RLS as follows: 
Corr  =, where ui = 1 if subject i is a user, and 0 otherwise, ri is 1 if the subject has RLS and 0 otherwise.  

The sums were carried out over all 32 subjects in the subset, and the resulting correlation was -0.378.    This 
confidence level was cited as 99%, since the p-value for this correlation was 0.01, The sample size of 32 and the 
uneven distribution of subjects with RLS were taken into account.  

The data itself was collected correctly and the calculations were correct, both for the correlation and its confidence. 
Yet Merck Smith-Kline did something dishonest in this study. What was it and what specific question would you ask 
him to reveal his dishonesty?



Bioinformatics
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• Sequence database searching 
• Phylogenetic Trees 
• Protein Structure



Evolutionary time
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(D:5,(A:1,(C:1,B:6):1):3)

parenthesis (Newick) notation has both labels and distances.



A multiple sequence alignment is made using many pairwise sequence alignments

Multiple Sequence Alignment



Construct a distance-based tree
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Sequence homology trees are complicated 
by paralogy 

Orthologs: homologs  originating from a speciation event
Paralogs: homologs originating from a gene duplication event.

cl
am

du
ck

cr
ab

fis
h

cl
am

 A

du
ck

 A

cr
ab

 B
fis

h 
A

du
ck

 B

fis
h 

B

Sequence tree !!
cl

am
 A

cr
ab

 B

du
ck

 A
du

ck
 B

fis
h 

A
fis

h 
B

duplication

speciation

speciationgene loss

True Species tree reconciled trees



Life is not strictly a tree -- 
horizontal gene transfer

29

BF Smets, T Barkay  (2005) “Horizontal 
gene transfer: perspectives at a 
crossroads of scientific disciplines” 
Nature Reviews Microbiology.

Discrete Steps Needed for Stability of Gene Transfer
Stably incorporating horizontally transferred genes into a recipient genome involves 
five distinct steps (Fig. 1). 1. First, a particular segment of DNA or RNA is prepared for 
transfer from the donor strain through one of several processes, including excision and 
circularization of conjugative transposons, initiation of conjugal plasmid transfer by 
synthesis of a mating pair-formation protein complex, or packaging of nucleic acids 
into phage virions. 2. Next, the segment is transferred either by conjugation, which 
requires contact between the donor and recipient cells, or by transformation and 
transduction without direct contact. 3. During the third step, genetic material enters the 
recipient cell, where cell exclusion may abort the transfer. 4. Otherwise, during the 
fourth step, the incoming gene is integrated into the recipient genome by legitimate or 
sitespecific recombination or by plasmid circularization and complementary strand 

synthesis. Barriers to transfer during this step 
come from restriction modification systems, 
failure to integrate and replicate within the new 
host genome, and incompatibility with resident 
plasmids. 5. In the final step, transferred genes 
are replicated as part of the recipient genome and 
transmitted to daughter cells in stable fashion 
over successive generations. Researchers from 
different disciplines tend to focus on specific 
stages within this five-step sequence. Thus, 
evolutionary biologists who examine microbial 
genomes for evidence of past transfers tend to 
look at HGTs from the perspective of step five. 
Molecular biologists are more likely to examine 
the details of the transfer events, while microbial 
ecologists look more broadly when they describe 
the magnitude and diversity of the mobile gene 
pool, sometimes called the mobilome.

http://www.nature.com/nrmicro/journal/v3/n9/abs/nrmicro1253.html
http://www.nature.com/nrmicro/journal/v3/n9/abs/nrmicro1253.html
http://www.nature.com/nrmicro/journal/v3/n9/abs/nrmicro1253.html
http://www.nature.com/nrmicro/journal/v3/n9/abs/nrmicro1253.html


Use orthologs to make trees

• To make the right inferences about 
evolution, make sure your phylogenetic tree 
is composed of orthologs

How do you know it's an ortholog?

1.  It has the same function in both 
species.

2.  It has about the same number of 
differences across species as other 
orthologs.

3.  Often you can't know.



Functional inference from multiple sequence 
alignments

ConservedNot conserved

folding

function



ConservedNot conserved

folding

function

stability

kinetics
enzyme activity

binding

post-translational 
modification

species differences



Next time:

• Visit rcsb.org 

• Try visualizing a protein. 

• Locate a residue that is conserved across 
all species in a BLAST search. 

• Locate one that is conserved except in 
one species. What might be its function?



Designed  
LOO GFP

Target Peptide 
in target protein

Target Peptide-GFP 
complex

LOO GFP Missing Peptide Reconstituted GFP 

Computationally designed LOO-GFP 
biosensors 

protein design

Crone, D. E., Huang, Y. M., Pitman, D. J., Schenkelberg, C., Fraser, K., Macari, S., & Bystroff, C. (2013). GFP-based biosensors. In State of the Art in Biosensors-General Aspects. IntechOpen.



LOO7-HA
Overnight colonies of LOO7-HA library

Huang, Y. M., & Bystroff, C. (2009). Complementation and reconstitution of fluorescence from circularly permuted and truncated green fluorescent 
protein. Biochemistry, 48(5), 929-940.Huang, Y. M., Banerjee, S., Crone, D. E., Schenkelberg, C. D., Pitman, D. J., Buck, P. M., & Bystroff, C. (2015). Toward computationally designed self-reporting biosensors using leave-one-out green 

fluorescent protein. Biochemistry, 54(40), 6263-6273.
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1.... Strand 7 changed to H1-antigen 
SSHEVSLGVSSA 

2.... Dead-end elimination design algorithm 
applied to surrounding positions. 

3.... Gene library made by degenerate codon 
assembly PCR. 

4.... Library was co-expressed with HA peptide.  
Colonies picked.



New, Manual design 

process. 

1. Pick a target sequence. 

2. Pick a strand to leave out 

(4,7,8,9, or 11) 

3. Mutate the strand to the 

target sequence. 

4. Mutate residues around 

the target until all 

criterea are met. 



Protein Data Bank

• rcsb.org 

• 4ms2   a voltage-gated calcium channel.

1) visualize overall structure in NGL
2) view ligands, ions
3) view electron density
3) Look at ion gate.
4) Look at ion-selective channel.
5) Look at voltage sensitive domain



Next time:

• Read CatSper vaccine paper 
 KN, Jordan TB, Yuan X,Basore DA, Zagorevski D, Clarke C, Werner G, Hwang JY, Wang H, Chung 
J-J, McKenna A. Jarvis M, Singh G, Bystroff C. (2023) Bacterial production of recombinant 
contraceptive vaccine antigen from CatSper displayed on a human papilloma virus-like 
particle.. Vaccine, 41(46), 6791-6801 

Read at least one part of the paper in detail. Bring a comment, suggestion, or question to 
class 2/19.

https://www2.bioinfo.rpi.edu/bystrc/pub/Nand2023.pdf
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The Bystroff LabThe Bystroff Lab
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Fewer births if every child is a wanted child =   41.3 million/year (2016) 

Almost half of all pregnancies are unintended.



The Bystroff Lab

• On by default. No action needed. 
• Reversible on demand 
• Safe 
• Cheap to produce 
• 100% effective 
• Non-hormonal 
• No surgury needed 
• One shot



The Bystroff LabThe Bystroff Lab
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(d)(e)

(b) antigen(a)

sperm

(c)

epitope

VLP(f) immunity

A contraceptive vaccine

long-term. cheap. hands-off. no side effects. reversible.



The Bystroff LabThe Bystroff Lab
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Jean-Ju Chung, Yale

CatSper is sperm-specific, 
extracellular and required for 

fertility

CatSper

membrane



The Bystroff Lab

Identification of calcium-blocking epitopes on the CatSpersome



The Bystroff LabThe Bystroff Lab

Human	papillomavirus	type	66 M W R P S D N K V Y L P P T - P V S K V V A T D T Y V K R T S I F Y H A G S S R L L A V G H P Y Y S V S K S G T - - - - K T N I P K V S A Y Q Y R V F R V R L P D P N K F G L P D P S F Y N P D Q E R L V W A C V G L E V G R G Q P L G A G L S G H P L F N R L D D T E V S N L A S N N V A E D N R D N I S V D C K Q T Q L C I V G C A P A L G E H W T K G A V C K S T P V N T G D C P P L A L V N T P I E D G D M V D T G F G A M D F K Q L Q E S K A E V P L D I V Q S T C K Y P D Y L K M S A D A Y G D S M W F Y L R R E Q L F A R H Y F N R A G N V G E A I P T D L Y W K G - - - G N G R D P P P S S V Y V A T P S G S M I T S E A Q L F N K P Y W L Q R A Q G H N N G I C W G N Q V F V T V V D T T R S T N M T I N A A K S T - - - L T K Y D A R E I N Q Y L R H V E E Y E L Q F V F Q L C K I T L T A E V M A Y L H N M N N S L L D D W N I G L S P P V A T S L E D K Y R Y I K S T A I T C Q R - E Q P P A E K Q D P L A K Y K F W E V N L Q D S F S A D L D Q F P L G R K F L M Q L G P
Human	papillomavirus	type	30 V W R P S E T K V Y L P P T - P V S K V V P T D A Y V K R T N I F Y H A G S S R L L A V G H P Y Y S I S K A G N - - - S K T D V P K V S A F Q Y R V F R V R L P D P N K F G L P D T N V F N P E Q E R L V W A C V G L E I G R G Q P L G V G V S G N P L F N K L D D T E S S T I A N Q D T A E D S R D N I S V D P K Q T Q L C I I G C T P A I G E H W A K G T A C R S A P P A Q G D C P P L E L V N S P I Q D G D M V D I G F G A M D F K T L Q E S K S D V P L D I S Q S T C K Y P D Y L K M S A D A Y G D S M W F Y L R R E Q L F A R H Y F N R A G V I G E Q L P S T L Y I K G - - - K N N R D P P P S S V Y V A T P S G S M V T S E A Q L F N K P Y W L Q R A Q G H N N G I C W G N Q V F V T V V D T T R N T N M T I S A T T Q T - - - L S T Y D S R Q I K Q Y V R H V E E Y E L Q F V F Q L C K I S L S A E T M A Y L H T I N S T L L E G W N I G L S P P A A T S L E D K Y R Y V K S L A I T C Q K - D Q P P A E K E D P L A K Y K F W D V N L Q D S F S A D L D Q F P L G R K F L M Q L G V

Human	papillomavirus	type	94 L W R P S D N L V Y L P P T - P V S K V L S T D D Y V T R T N I Y Y Y A G T S R L L T V G H P Y F P I P K S S N - - - N K V D V P K V S A Y Q Y R V F R V R L P D P N K F G L P D A R I Y N P D A E R L V W A C A G V E V G R G Q P L G V G L S G H P L Y N K L D D T E N S N I A H G N I G Q D S R D N I S V D N K Q T Q L C I I G C T P P M G E H W G K G T P C N R S A P A P G D C P P L E L V T S F I Q D G D M V D T G Y G A M D F T A L Q L N K S D V P I D I C Q S T C K Y P D Y L G M A A E P Y G D S M F F Y L R R E Q L F A R H F F N R A S A V G D T I P D T L I L K A - - - A S G G Q N V G S A V Y S P T P S G S M V T S E A Q L F N K P Y W L R R A Q G H N N G I C W G N Q M F V T V V D T T R S T N L S L C V P S D A - S T A T T Y D A T K F K E F L R H G E E Y D L Q F I F Q L C K V T L T P E I M A Y L H T M N S S L L E D W N F G L T L P P S T S L E D T Y R F L S S S A I T C Q K - E T P P T E K Q D P Y A K L N F W D V D L K D R F S L D L S Q F P L G R K F L L Q L G V
Human	papillomavirus	type	27b L W R P N E S K V Y L P P T - P V S K V I S T D V Y V T R T N V Y Y H G G S S R L L T V G H P Y Y S I K K G S N - - - N R L A V P K V S G Y Q Y R V F H V K L P D P N K F G L P D A D L Y D P D T Q R L L W A C V G V E V G R G Q P L G V G V S G H P Y Y N R Q D D T E N A H T L D S - - A E D G R E N I S M D Y K Q T Q L F I L G C K P S I G E H W S K G T T C N G F S - A A G D C P P L Q F T N S T I E D G D M V E T G F G A L D F A T L Q S N R S D V P L D I C T N V C K Y P D Y L K M A A E P Y G D S M F F S L R R E Q M F T R H F F N R A G K M G D T I P D E L Y I K - - - - S T T I S D P G S H V Y T S T P S G S M V S S E Q Q L F N K P Y W L R R A Q G H N N G M C W G N R I F L T V V D T T R S T N V S L C A A E V S D - - N T N Y K A T N F K E Y L R H M E E Y D L Q F I F Q L C K I T L T P E I M A Y I H N M D P Q L L E D W N F G V P P P P S A S L Q D T Y R Y L Q S Q A I T C Q K - P T P P K T P T D P Y A N M T F W D V D L R E S F S M D L D Q F P L G R K F L L Q R G -

Human	papillomavirus	type	106 L W K P S D N K V Y L P P A - P V P K V L S T D D Y V S R T N I Y Y Y A G S S R L L T V G H P Y Y P I K K Q S G - - R N P I V V P K V S G Y Q Y R V F R V R L P D P N K F G L P D A S L Y N P D S Q R L V W A C T G V E V G R G Q P L G V G V S G H P L Y N R L Y D T E N T N L F D V V P G D D N R D N M S M D Y K Q T Q L C I I G C K P P L G E H W A K G T P C N T S N V T A G D C P P L E L T S S T I Q D G D M I D T G F G A L D F A S L Q T N K S D V P L D I V T T T C K Y P D F L Q M A A E P Y G D L M F F S L R R E Q M F V R H F Y N R A G T M G E D V P E G F L L K G - P T T T S R A S A T S S L Y G S T P S G S M V T S E S Q L F N K P Y W L Q R A Q G R N N G I C W G N Q V F V T V V D T T R S T N M T I C A T Q T E - - - N A T Y K A S N F K E Y L R H G E E F D L Q F I F Q L C V I N L T A E V M A Y L H S M N A A L L E D W N F G S L P P P T A S L G D T Y R F L Q S Q A I T C Q K P S A A P A K K K D P Y D G L T F W D V D L S E R F S L E L D Q F P L G R K F L L Q H R T
Colobus	guereza	papillomavirus	type	1 M W R P S D N K V F L P P A T P V S K V L S T D D Y V S R T T I Y Y Y A G S S R L L T V G H P Y F P I K K S G G - - R N S L L V P K V S G Y Q Y R V F R V R L P D P N K F G L P E G S L Y N P E T Q R L V W A C R G V E V G R G Q P L G V G T S G H P L S I D L E D T K N S T L F D G A P G N D S R D N V S M D Y K Q T Q L F I I G C K P P L G E H W A K G T P C N S S T V N A G D C P P L E L A S T T I Q D G D M V D T G F G A M D F A A L Q S N K S D V P L D I L N A T C K Y P D Y L Q M A A E P Y G D K M F F S L R R E Q M F V R H F Y N R A G T M G E S V P E E L I L K G - A P S S S R A T P G S S I Y A S T P S G S M V S S E S Q L F N K P Y W L Q R A Q G R N N G I C W G N Q V F L T V V D T T R S T N L T V C A T A T S - - - E T T Y K A S N F K E Y L R H G E E F D L Q F I F Q L C V V N L T A E V M T Y I H G M D P S L L E D W N F G T L P P P S A S L G D T Y R F L Q S Q A I T C Q R P P A P E K D K Q D P Y A G L T F W E V D L T E R F S V D L D Q F P L G R K F L L Q T G G

Human	papillomavirus	type	73 M W R P T D A K V Y L P P V - S V S K V V S T D E Y V T R T N I Y Y Y A G S T R L L A V G H P Y F P I K - D S Q - - K R K T I V P K V S G L Q Y R V F R L R L P D P N K F G F P D A S F Y N P D K E R L V W A C S G V E V G R G Q P L G I G T S G N P F M N K L D D T E N A P K Y I A G Q N T D G R E C M S V D Y K Q T Q L C I L G C R P P L G E H W G P G T P C T S Q T V N T G D C P P L E L K N T P I Q D G D M I D V G F G A M D F K A L Q A N K S D V P I D I S N T T C K Y P D Y L G M A A D P Y G D S M W F Y L R R E Q M F V R H L F N R A G D T G D K I P D D L M I K G - - - T G N T A T P S S C V F Y P T P S G S M V S S D A Q L F N K P Y W L Q K A Q G Q N N G I C W H N Q L F L T V V D T T R S T N F S V C V G T Q A S S S T T T Y A N S N F K E Y L R H A E E F D L Q F V F Q L C K I S L T T E V M T Y I H S M N S T I L E E W N F G L T P P P S G T L E E T Y R Y V T S Q A I S C Q R - P Q P P K E T E D P Y A K L S F W D V D L K E K F S A E L D Q F P L G R K F L L Q L G M
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Placement of antigen loops within HPV L1 is guided by structure and evolution 



The Bystroff Lab

Formation of virus-like particles (VLP) from refolded protein.
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The Bystroff Lab

Round 5 vaccine testing in mice.






