
Announcements

If you have not filled out the course survey, please help! It 
is tremendously helpful for us to get your feedback so we 
can try to improve the course.

Thanks!

Python review this Friday from 3-5pm in room 300-300



Marks DS, Hopf TA, Sander C. 2012. Protein structure prediction from sequence variation. Nature Biotechnology 30:1072–1080. doi: 
10.1038/nbt.2419.  

Coevolution in sequence
Previously….



How’d we do?

5a435azb

Prolipoprotein diacylglyceryl 
transferase (LGT)

Fluoride ion transporter (CRCB)

5dir 

lipoprotein signal peptidase II (LSPA)

Science 2016Nature 2015Nature 2016

Cytochrome bd oxidase (CYDA/
CYDB/CYDX)

Science 2016

5ir6 

5i20

DMT superfamily transporter (YddG)

Nature 2016

5l2r 

Fumarate hydratase	
(TTDA/TTDB)

PNAS 2016

Previously….



Structure prediction games
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FoldIt: Protein-folding game
• https://fold.it/ 
• Basic idea: allow players to optimize the Rosetta 

all-atom energy function 
– Game score is negative of the energy
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Go to Foldit
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Example	of	human	players	
out-perform	automated	
methods

Each	dot	is	a	structure,	structural	
comparison	is	plotted	as	Rosetta	
energy	vs.	RMSD	to	native	structure.		
The	green	cloud	is	produced	by	
human	players,	and	they	achieve	
lower	energy	and	better	RMSD.	

Red:	Computer	model	
Blue:	experimental	NMR	structure	
green:	best	FoldIt	solution



EteRNA: RNA design game 
• Similar idea, but: 

– For RNA rather than protein. 
– Goal is RNA design.  Users collective design RNA sequences, which are tested 

experimentally. 
• From Rhiju Das (Stanford) and Adrien Treuille (CMU)
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Protein	Design

CS/CME/BioE/Biophys/BMI	279	

Oct.	15,	2017	

Possu	Huang	

Ron	Dror
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predictiondesign

structure

sequence

backbone 
generation

sequence 
optimization

Problem definition 



What are some (useful) examples?

• Designing enzymes (proteins that catalyze chemical 
reactions) 
– Useful for production of industrial chemicals and drugs 

• Designing proteins that bind specifically to other proteins 
– Potential for HIV, cancer, Alzheimer’s treatment 
– Special case: antibody design  

• Designing sensors (proteins that bind to and detect the 
presence of small molecules—for example, by lighting up 
or changing color) 
– Calcium sensors used to detect neuronal activity in imaging 

studies 
– Proteins that detect TNT or other explosives, for mine detection 

• Making a more stable variant of an existing protein 
– Or a water-soluble variant of a membrane protein
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You’re	not	responsible	for	these



Outline for today: Understanding the design work flow

Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

Build a backbone

Build the side chains

Refine

Predict the structure (if small enough)

Directly testing every sequence is not computationally 
tractable, so we simplify the design problem by 
considering the backbone and side chains separately



Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

Digoxigenin

If the goal is to bind a steroid drug, 
what kind of structure may we use?


How would we find this kind of 
structures?


How may we design it to bind?

Nature. 2013 Sep 12;501(7466):212-216



Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

If you realize that your enzyme is not 
binding its substrate tightly enough…


What type of structure can one design 
to solve this problem?


Nature Biotechnology volume 30, pages190–192 (2012) 



Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

25 nm (20x)

negative stain electron micrograph

Huang & Parmeggiani 

If the goal is to make a ruler for electron 
microscopy, how would we find or make 

this type of structure?



Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

If the goal is to make membrane 
channels of different sizes (maybe to 
control ion flow, perhaps to sequence 

DNA), how do we build this type of 
structures?

Possu Huang, Peilong Lu & Tomoaki Matsuura (Osaka Univ.)



Each of these problems is solved with a different strategy, based 
on how the backbone is generated

Fixed-backbone 
design Loop modeling

De novo design 
with fragment 

assembly

De novo design 
with parametric 

equations



For the discussions today, we will again focus on 
Rosetta based strategies

Rosetta is by far the most power design tool, with most 
accumulated successful designs created to date


There are many other methods available for fixed-
backbone design scenarios that only involve 
computations that optimizes the side chains.


But in terms of direct manipulation and construction of the 
backbones, Rosetta has a clear advantage — not just 
because of its large collection of protocols, but because 
of the robustness of the Rosetta energy function

(a tightly designed folding funnel makes discrimination of 
poor structures relatively easily)



Outline for today: Understanding the design work flow

Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

Build a backbone  
(fragment based or parametric eq. based)

Build the side chains

Refine

Predict the structure (if small enough)

We are going to leave out 
the Fixed-bb case for 
now, since that’s just 

side chain design



Thinking about protein structures 
(before solving structures)

(first x-ray structure of myoglobin in 1958)

1951

PNAS April 1, 1951 37 (4) 205-211



ω angle = 180°

geometric requirements for amino acid backbones

“I was thunderstruck by Pauling and Corey's paper. In contrast to Kendrew's 
and my helices, theirs was free of strain; all of the amide groups were planar and 
every carbonyl group formed a perfect hydrogen bond with an imino group four 
residues further along the chain.”

-Max Perutz

This “free of strain” observation is the key to all current protein design 
methods



Fragment based construction  
(this includes loop modeling and de novo design)
• An extension of the ab initio 

setup used for structure 
prediction 

• Secondary structure type and 
range is manually specified  

• When fragments are only applied 
to a local region of a structure, it 
is called a “loop modeling” 
problem 

• When fragments are applied 
throughout, it is a “de novo” 
design (e.g. an entire protein is 
built from scratch) 

• More of an art than science



De novo protein design in action

topology: 4 x ( 5 strand + 3 loop + 13 helix + 3 loop + 5 strand +3 loop + 10 helix +3 loop)



simple sequence rules for coiled-coils: heptad repeats

Alternatively: making regular backbones by 
parametric equations, which works for helices

• on average 3.6 
residues per turn 

• This number can 
vary depending on 
the superhelical 
twist 

• periodic heptads 
maintain “knobs 
into holes” packing 
pattern to form a 
coiled-coil structure

https://doi.org/10.1385/1-59745-187-8:35



Derivation of coiled-coil parametric equations

alpha

(a,b,c)

Alternatively: making regular backbones by 
parametric equations, which works for helices

you are not responsible for the derivations



Helical bundles can be built from a few parameters

α-helix parameters 
R1, ω1, φ1 and Δz  
Superhelical parameters 
R0, ω0, φ0', d 

Harbury, et al. Science 1998; Huang, Oberdorfer and Xu, et al., Science 2014; Crick, Acta Cryst., 1953 ; Mulligan and Huang (movie)

Grigoryan et al., JMB 2011

For unstrained helices  
(ω0 + ω1)= 100°



Programmable specificity 

Heat-map of binding 
(Yeast-2-hybrid)

Scott Boyken, Zibo Chen, Ben Groves, Georg Seelig

Two cool examples of proteins created by parametric equation design

Membrane proteins

Science  02 Mar 2018 Vol. 359, Issue 6379, pp. 1042-1046



Outline for today: Understanding the design work flow

Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

Build a backbone 

Build the side chains

Refine

Predict the structure (if small enough)

Now you know how the 
cool structures are built.  
How do you find the 
sequences to support 
those structures?



The sequence design problem is actually 
really hard

– 20N possible sequences with N residues 
– Given an energy function, what we really want is to find 

the sequence that maximize the probability of the 
desired structure compared to all other possible folded 
and unfolded structures
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For those who are interested ->



We can dramatically simplify this 
problem by making a few assumptions

1. Assume the backbone geometry is fixed when new 
sequences are introduced 

2. Assume each amino acid can only take on a finite 
number of geometries (rotamers) 

3. Assume that what we want to do is to maximize the 
energy drop from the completely unfolded state to 
the target geometry 

– In other words, simply ignore all the other possible 
folded structures that we want to avoid 
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The simplified problem

• At each position on the backbone, choose a rotamer (an amino acid type 
and a side-chain geometry) to minimize overall energy 
– We assume the energy is a free energy.  The Rosetta all-atom force field 

(physics-based/knowledge-based hybrid) is a common choice. 
– For each amino acid sequence, energy is measured relative to the unfolded state.   

• In practice a “reference energy” for each amino acid is subtracted off, corresponding 
roughly to how much that amino acid favors folded states 

• You’re not responsible for this    
– Assume that energy can be expressed as a sum of terms that depend on one 

rotamer or two rotamers each.  This is the case for the Rosetta force fields (and 
for most molecular mechanics force fields as well).  

• Thus, we wish to minimize total energy ET, where
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ET = Ei (ri )+ Eij (ri ,rj )
i≠ j
∑⎡

⎣
⎢

⎤

⎦
⎥

i
∑

Note that ri specifies both the amino acid at position i and its 
side-chain geometry



Optimization methods

• Heuristic methods 
– Not guaranteed to find optimal solution, but faster 
– Most common is Metropolis Monte Carlo 

• Moves may be as simple as randomly choosing a position, then randomly 
choosing a new rotamer at that position 

• May decrease temperature over time (simulated annealing) 

• Exact methods 
– Guaranteed to find optimal solution, but slow for larger proteins 
– Most common is likely Dead-End Elimination Method, which prunes 

branches of the exhaustive search tree by proving that certain 
rotamers are incompatible with the global optimum 

– The A* optimization algorithm (originally developed at Stanford, for 
robot path-finding) is also used 

– You’re not responsible for the details of how these exact methods 
work. 
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First evidence that automated computational protein 
(sequence) design is possible

But notice how the backbone is shifted

A zinc-finger structure 
without the zinc ion

(a zinc finger is a 
structural motif often 
found in proteins that 
interact with DNA)

This was done with an exact optimization method
Annual Review of Biochemistry 68(1):779-819 



Negative design

• A simplifying assumption was that we simply 
minimize the energy of the desired structure 

– We do not consider all other possible structures.  It’s 
possible that their energy ends up even lower. 

• In negative design, we identify a few structures that we 
want to avoid, and we try to keep their energies high 
during the design process.   
– This can help, but we cannot explicitly avoid all possible 

incorrect structures without making the problem much 
more complicated.  So the overall approach is still 
heuristic.
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Fixed backbone design in action



Outline for today: Understanding the design work flow

Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

Build a backbone 

Build the side chains

Refine

Predict the structure (if small enough)

wiggle the atoms to 
create more sequence 
diversity and potentially 
explore better local 
structures



Refinement protocols are very common among structural 
modeling programs

In the design process, the 
initial guess is almost never 
perfect, and this creates an 
opportunity for the 
backbones to drift in a 
refinement step (gradient 
energy minimization). The 
sequence is then 
redesigned to fit the new 
structure, and the steps are 
repeated.  The sequence 
may or may not converge 
but should explore lower 
energy structures.Mike Tyka



https://www.nature.com/articles/s41586-019-1274-4

You can actually use 
Foldit (standalone 

version) for these three 
central steps

Build a backbone 

Build the side chains

Refine



Outline for today: Understanding the design work flow

Starting from a known structure, or a topology if de novo
Understand the structural context  (for what purpose)

Build a backbone 

Build the side chains

Refine

Predict the structure (if small enough)

The problem at the end 
of a design cycle is 
usually that you have 
too many “good 
looking” sequences. 
Need to know how to 
pick solutions to test 
experimentally



boinc.bakerlab.org

When the protein is small enough 
(<150 amino acid, in general), the 
resulting sequence can be run 
through the ab initio prediction 
pipeline to see if the prediction 
converge to the designed structure.  
A few thousand sequences can be 
screened this way.


Even though the algorithm is 
reinforcing it’s own solutions 
energetically.  Think of this step as a 
re-sampling process. The sequence 
should yield the right fragment 
types, and the sampling should 
confirm that the amino acids can 
lock into their target location. If the 
structures came out wrong, the 
models can inform negative designs 
to correct the sequences.

“Forward Folding” — predict the designed sequences


