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Protein Engineering: A Personal Perspective 

•  Academia 
•  Genex & DuPont CRD 
•  3DP 
•  Imiplex 
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WERMS in 2001

BA Molecular Biophysics  
1962-67 Yale 

Early Protein Structures 
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Protein Engineering: Globular Structure 

•  3D structures of First Proteins (Myoglobin & 
Hemoglobin) showed organization of regular α-helices 

•  Lysozyme and Ribonuclease were more “complicated” 
•  β-sheets in globular proteins were complicated 

distorted structures, unlike regular, “flat” β-sheet 
structures proposed for silk and keratin  

Early Structures 
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Tuna Cytochrome c R. rubrum Cytochrome c2

MS, PhD Chemistry 
UCSD 1968-72 

Structure & AA Sequence 
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Protein Engineering: Structure & Homology 

•  Mammalian and photosynthetic cytochromes 
functionally diverged ~ 2 Billion Years ago 

•  Amino Acid sequences show “twilight”  similarity 

Q: How similar will the 3D structures be? 

A: Overall 3D structure and key heme interactions are 
highly conserved 

=> 3D structure more highly conserved than amino acid  
sequence 
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1987

DuPont Central Research 
1985-1991 

Department of Chemistry & Biochemistry 
University of Arizona  1973-83  

Intermolecular Recognition 
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Protein Engineering: Intermolecular Recognition 

•  Cytochrome C and Cytochrome b5 known to efficiently 
undergo electron transfer reactions  

•  ET rate observed to be dependent on ionic strength  
=> Interaction mediated through complementary 
electrostatic interactions 

Q: Can interheme ET take place through classical outer 
sphere mechanism (aka through direct heme contact)? 

A: No, heme-heme closest approach is ~8Angstroms => ET 
by tunneling mechanism 

First published protein-protein model complex (pre 
interactive computer graphics) 

Still working on the problem 10 years later 
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UCSD Xuong 2D X-Ray Detector 

Department of Chemistry & Biochemistry 
University of Arizona  1973-83  

Recurrent Structural Motifs 
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Department of Chemistry & Biochemistry 
University of Arizona  1973-83  

Recurrent Structural Motifs 
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Recurrent Structural Motifs 
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Protein Engineering: 4-α-Helical Bundle Proteins 

•  Recurrent Structural Motif  seen among several proteins 
with no apparent sequence homology (TMV, 
hemerythrin, myohemerhthrin, Cyt c’, Cyt b562) 

Q: Related by convergent or divergent evolution? 

A: All of the structures are organized on the same 
principles, which results from a degeneracy in possible 
side chain packing arrangements for 4 α-helices crossing 
at ~18 degs. 

⇒  Convergent evolution 

⇒ Helix macrodipoles can facilitate folding and stabilize 
final structure   

⇒  Structural motifs recur because they represent stable 
local minima on protein energy landscapes  
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Department of Chemistry & Biochemistry 
University of Arizona  1973-83  

Recurrent Structural Motifs 
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Protein Engineering: β-Sheet Geometry 

•  β-sheets in proteins have unusual looking curved 
shapes  

Q: Where do these complex shapes come from? 

A: Basic properties can all be explained with atomic 
precision as the results of surface area minimization under 
the constraints of interchain H-Bond geometry  

=> Structural motifs recur because they represent stable 
local minima on protein energy landscapes  
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Yale University Sabbatical 
1981-82  
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Protein Engineering: β-Sheet Geometry & Folding 

•  Some structures in proteins show unusual amide proton 
exchange stability, despite high level of solvent 
accessibility 

Q: How is this possible? 

A: Some structures, like double strand antiparallel β-sheets 
are intrinsically cooperative in their flexibility. 

=> Accounts for recurrent patterns of Greek Key folding 
motifs in proteins 
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Protein Engineering: A Personal Perspective 

•  Academia 
•  Genex & DuPont CRD 
•  3DP 
•  Imiplex 
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Protein Engineering 
Kevin. M. Ulmer (Genex Corporation) 
Science March 1983 

Genex Corporation 
1983-84  
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Streptavidin   

Structural Origins of High Affinity Biotin Binding to Streptavidin, P.C. Weber, D.H. 
Ohlendorf, J.J. Wendoloski, F.R. Salemme, Science  1989; 243: 85-88 

1244 Literature Citations as of 03/18 

DuPont Central Research 
1985-1991 
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Protein Refinement 
via Protein Structural Heuristics 
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= Fitting Atomic Model to ED 

What you know: 
•  Electron density is positive or zero (never negative) 
•  Peptide geometry is regular 
•  Secondary structure geometry is regular (for the most part) 
•  Proteins are assembled from recurring “foldon” structural motifs – 

often having an identifiable amino acid sequence signature 
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In Crystallographic and Modeling Methods in Molecular Design (S Ealick 
& C Bugg eds.) Springer Verlag, New York, 175-189 (1990)

FRAGL

DuPont Central Research 
1985-1991 
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Protein Engineering: Foldons 

•  Local Recurrent Structural Motifs, despite only vestigial 
sequence similarity 

•  Often incorporate elements of secondary structure  
•  Implemented as FRAGL program (1990) for rapid 

construction of protein models for X-ray crystallography  

•  Ultimately the basis for heuristic “protein folding” 
algorithms (aka Rosetta)     
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PROBIT

DuPont Central Research 
1985-1991 
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Protein Engineering: Amino Acid Side Chain Rotamers 

•  Many side-chain rotamers are fixed in a local secondary 
structure context 

•  Context-dependent, Probability-weighted  side chain 
reconstruction implemented in PROBIT (1992) for rapid 
construction of protein models for X-ray crystallography  

•  Ultimately an important feature of heuristic “protein folding” 
and structural optimization algorithms (aka Rosetta)     
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DuPont Central Research 
1985-1991 
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Protein Engineering: Cyclic Permuteins 

Q: Do proteins fold from one end of the polypeptide chain? 

A: For IL1 (a 3-domain β-trefoil motif), N and C terminus 
could be located at any of three domain boundaries,. With 
no apparent adverse effect on folding or function  

=> Reconnection or grafting of protein domains should not  
impede proper folding for suitable stable folding protein 
structural motifs. 
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•  3DP 
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Target Genes 
& Expressed 

Proteins  

ThermoFluor 
HTS 

SAR Analysis & 
Structure-Based 

Design 

In Vivo Testing 

Parallel 
Chemical Synthesis “Smart” Chemical  

Screening Library 
~100K Compounds 

Virtual Library of  
Screening Analogs 

(Billions of Compounds) 

3DP Drug Discovery Platform 

3-Dimensional Pharmaceuticals  
1993-2003 
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Thermofluor (aka DSF)   

•  Thermofluor gives an optical readout of protein melting as e.g. observed with 
DSC. 

•  Optical readout is much more sensitive than direct thermal measurement. 
•  Allows parallel measurements in 384 well-plates using fluorescent imaging 

plate readers. 

3-Dimensiaoal Pharmaceuticals  
1993-2003 
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Ligand Binding Can Stabilize 
 Protein Structure  

Ligand
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Protein Stability Optimization 

ΔTm 

Drug Screening 

But Also … 

3-Dimensiaoal Pharmaceuticals  
1993-2003 
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3DP (Nasdaq DDDP) Stock Price History 

IPO @ $15.00 in 2000
Peak Stock Price $38.87
21,400,000 Shares Outstanding
Peak Market Cap ~$832,000,000

$40

$20

$10

$5

$2

H&Q 
Jan 2002

3-Dimensiaoal Pharmaceuticals  
1993-2003 
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Protein Engineering: A Personal Perspective 

•  Academia 
•  Genex & DuPont CRD 
•  3DP 
•  Imiplex  

–  Protein Engineering for Metamaterials 
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Precedents 

Streptavidin-Linked Nanostructures for 
Molecular Electronics 

Salemme &  Sligar, 1992 

Streptavidin-Linked 2D Protein Lattices 
Ringler & Schulz, 2003 

DuPont Central Research 
1985-1991 

Imiplex LLC 2003 
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Metamaterials & Protein-Based Nanostructure 

•  Metamaterials are new forms of matter - not 
found in nature - that derive their novel 
properties from the precise nanoscale 
structure and organization of their 
components.   

•  Inorganic Metamaterials, composed of metal 
or ceramic, have demonstrated ability to 
modulate electromagnetic radiation in ways 
that are not possible using conventional 
materials. Availability of scalable 
manufacturing methods remain key 
limitation to commercialization. 

•  Organic Metamaterials, composed of 
engineered proteins,  represent a new class 
of materials with diverse applications for 
medicine, biosensors, molecular electronics, 
energy, and industrial-scale chemical 
processes.  
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Protein-Based Nanotechnology 

•  Spontaneous self-assembly with atomic precision 
•  Extensive range of natural functionality  

–  Catalysis 
–  Chemosensation 
–  Charge Separation 
–  Photosynthesis 
–  Mechanical Motion 

•  ~138,000 3D structures (~75,000 unique) known from 
protein crystallography (many more sequences)  

•  Many highly stable structures (>90 deg C)  

•  Protein nanostructural components are readily engineered 
using computational tools and recombinant DNA technology 

•  Natural interface to biological systems 
•  Allows hybrid bottom-up & top-down self-assembly processes 

•  Feasible routes to large-scale, low-cost production 
•  Provides basis for non-organic meta-material formation 
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Protein-Based Nanotechnology for  
Metamaterial Applications 

Protein-Based 
Nanoscale Architecture 

Organic Metamaterials 
•  Composed of proteins & polymers 

•  Properties determined by both 
nanostructural features & 

molecular composition 

Inorganic Metamaterials 
•  Fabricated from metals & 

Semiconductors 
•  Properties uniquely determined by 

repetitive nanostructural features 

 

•  Advanced Structural Materials 
•  Photonic Metamaterials 

•  Superlenses 
•  Cloaking Devices 

•  BioMedical 
•  Smart Drug Delivery 
•  Biosensors 

•  Industrial Catalysis 
•  Molecular Machines 
•  Molecular OptoElectronics 

 

Applications 
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Metamaterial Development Process: 
A Convergence of Enabling Technologies 

 

•  Heuristic Modeling 
•  Energy Minimization 
•  Molecular Dynamics 
 

•  Protein Expression 
•  Directed Evolution  
•  Biophysical Characterization 
 

•  X-Ray Crystallography 
•  CryoEM 

•  Applications Development 
•  Functional Evaluation 
•  Device Integration 

Product Component 

Computational Design Prototype 

Verify Test 

Optimization 
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Protein Structure Database 
~ 138,000 3D Structures (2018) 

FRS PhD 
Thesis  

Genex Protein 
Engineering Division 

Heuristic Protein Design 

•  Foldon Fragment Libraries 

•  Context-Dependent Side-Chain Rotamer Libraries 

•  Foldon-Foldon Packing Interactions 

•  Cyclic Permuteins 

FRAGL 
PROBIT 

Rosetta 

Rnase S 
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Nano-Architecture Principles 

Modular node and strut 
components connected to 

form alternative 2D and 3D 
structures 

Engineered molecular 
components that incorporate 

multiple, alternative, functional 
subdomains 

Custom engineered  component 
 interfaces 
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Streptavidin Struts for Nanostructure Assembly 

Streptavidin D2 Tetramer binds 4 Biotins Kd=10-14 M 

Biotin  
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Strut and Node Lattice Assemblies 

IPP4:4SAV  C4 

1THJ:3SAV  C3 
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TriPol Node Framework Architecture 
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TriPol Hex Lattice Nanostructure Assembly 

With M. Bisher, Princeton University 
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TriPol Node Single Chain Construct 
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TriPol Node Variants 
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EM Image Reconstruction of TriPol Single-Chain Node 

EM Images and processing by Dr. Rubin Diaz-Avalos   
(David Stokes Lab) New York Structural Biology Center 

60 EM Images 

Averaged EM 
Image 

X-Ray Structure 
Molecular Surface 

Schematic 
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Hexagonal TriPol Nanostructure (Edge ~10nm) 

With M. Bisher, Princeton University 
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TriPol-Ig  

Protein G 
Domain Fusion 

Surface 
Immobilization 

His Tag 

Top View 
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TriPol-IgG Nanostructure 

•  Plug-and-Play utility in numerous applications that depend on IgG 
binding for detection specificity 

•  Improve reproducibility and introduce avidity-based binding 
enhancement owing to geometrical control over antibody presentation 
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Strut & Nodes Molecular Architecture (3D) 

•  Multimeric protein nodes with 3D point group symmetry can be 
functionalized with biotin groups and interconnected with 
streptavadin tetramers to form 3D structures and lattices with 
defined molecular geometry. 
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Structural Metamaterials 

Pentamode Metamaterial 
(finite compressibility, near-zero 

shear modulus) 
 

•  Nanoscale 3D lattices can form the basis for advanced materials 
with strength/weight and viscoelastic properties not found in 
conventional materials     
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Metamaterial Photonic Structures 

•  Inorganic photonic metamaterials derive function from the precise size, 
shape, and spatial organization of their constituent repetitive patterns, 
organized at scales that are smaller than the wavelengths of the 
phenomena they influence   

•  Metamaterials can block, absorb, enhance, or bend electromagnetic 
radiation in ways that are not possible using conventional materials  

•  Novel applications include cloaking devices, superlenses that are not 
limited by conventional diffraction limits, novel types of antennas, and   
additional optoelectronic applications  

 Figure modified from Soukoulis and Wegener Nature Photonics (2011)  
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Helical Nanostructure for Photonic Applications 
 

•  Engineered protein:protein interactions provide an alternative 
strategy for building protein nanostructures that spontaneously 
assemble. 
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Photonic Helical Metamaterials  

•  Geometry of helical assemblies can be controlled through 
protein engineering of helical dimer components   
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Inorganic Metamaterial Fabrication Process 

•  Self-assembled protein nanostructures provide patterns for 
nanoscale 3D resists  
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Organic Metamaterials: Biomedical Applications 

•  Active biomaterials opportunities span a wide range of 
applications  

•  Medical applications facilitated owing to intrinsic 
compatibility between living systems and protein-based 
nanostructures 



FRS  57

Organic Metamaterials: Vectorial Chemistry 
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Information Technology: Molecular Data Storage 
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Photo Receptor Antenna LH2 
(9 carotenoids, 9 Bclh 800, 18 Bchl 850) 

Organic Molecular Electronics:  
Optimal function requires precise control intermolecular geometry    
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Information Technology: Optoelectronic Systems 

•  Molecular Electronics 

•  Optically transparent nanoscaffolds for nonlinear optical effects  

•  Numerous examples from nature (e.g. avian magnetic cryptochrome  
navigation) 
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Abraham Ortelius 1570 

Alfred 
 Wegener 

 1912 

Gondwana 
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Summary 

•  Still early days, but technology convergence facilitates 
the emergence of a nanotechnlogy based on protein 
self-assembly.  

“Scientists discover the world that exists; 
engineers create the world that never was.”  

Theodore von Karman 
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frs@beta-sheet.org 
www.beta-sheet.org 


