
6 MAY 2016 • VOL 352 ISSUE 6286  657SCIENCE  sciencemag.org

IL
L

U
S

T
R

A
T

IO
N

: 
V

. 
A

L
T

O
U

N
IA

N
/
S
C
IE
N
C
E

PROTEIN DESIGN

Inspired by nature
Designed proteins have structural features 
resembling those of natural active sites

equal length (3). Manners, Winnik, and co-

workers have shown that this approach can 

be extended to the generation of very well-

defined micellar BCPs (see the figure) (4). 

Labeling by fluorescent dyes verifies the high 

definition of these objects. Thus, CDSA pro-

vides the access to 1D objects with fully de-

fined length and sequence.

Qiu et al. performed the next step and 

achieved full 2D control. In earlier work (8), 

they extended CDSA to 2D epitaxial growth 

of micelles with lenticular shape (2). The lat-

est approach uses epitaxial crystallization 

on a cylindrical seed micelle. To this core, a 

mixture of a BCP from PFS and poly(2-vinyl-

pyridine) (P2VP) and the homopolymer PFS 

is added in a solvent chosen to selectively 

solubilize the different blocks. Self-assembly 

leads to rectangular, fully defined platelets. 

The ratio of the BCP to the homopolymer 

controls the aspect ratio of these objects that 

can grow up to a size of 60 µm by 10 µm. 

Hence, a living 2D CDSA has been achieved, 

resulting in platelets with internal structure 

and nearly without defects. Qiu et al. explain 

the high definition of the platelets in terms of 

a simple geometric model.

In additional studies, one of the BCPs 

(P2VP) was cross-linked by addition of 

platinum nanoparticles. Dissolution of the 

non–cross-linked cores led to stable hollow 

nanoframes that could be manipulated by op-

tical tweezers and laid down on a substrate. 

Thus, the platelets formed by controlled 2D 

self-assembly add a new building block to 

nanotechnology. These systems may open 

the way to a large number of applications in 

vastly different fields, ranging from sensors 

to microelectronics (9). At the same time, the 

2D self-assembly having a precision near to 

crystallization presents a fundamental obser-

vation to be studied in further detail.        j
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O
ver the past decade, scientists have 

made exciting progress in designing 

protein folds entirely on the computer 

and then successfully synthesizing 

them in the laboratory (1–5). These 

designer proteins had the same struc-

ture in experiment as in the model and were 

very stable; however, they lacked important 

structural features seen in protein interfaces 

and enzyme active sites. In two reports on 

pages 680 and 687 of this issue, Boyken et 

al. (6) and Jacobs et al. (7) use the Rosetta 

biomolecular modeling software to design 

proteins that include some of these features. 

Experiments show that these new designs 

retain high structural precision and stability.

Although understanding and control of 

biomolecular structure are far from com-

plete, the high precision and stability ob-

served in earlier design experiments (1–5) 

are clearly essential ingredients for designing 

enzymes and binding partners from scratch. 

But natural proteins have other features that 

are crucial for fulfilling their molecular func-

tion. Computer algorithms optimize surface 

polarity, core hydrophobicity, and backbone 

regularity; in a nutshell, they optimize sta-

bility. By contrast, evolution selects proteins 

for their ability to perform a vital molecular 

function, often at the expense of stability. 

Numerous molecular structures of natural 

proteins show that the active site is the pro-

tein’s most energetically perturbed region, 

with multiple same-charge chemical groups, 

buried polar atoms, hydrophobic surfaces 

exposed to water, or broken and twisted a 

helices and b sheets. Can design algorithms 

be extended to encode such features, and if 

so, do the resulting proteins still show high 

stability and precision?

To address this question, Boyken et al. 

aimed to design buried hydrogen bonds in 

protein-protein interfaces starting from de-

signed helical coiled coils. In nature, polar 

interactions encode high-precision binding 

specificity; these interactions typically re-

quire supporting networks of polar groups 

on both binding partners for accurate posi-

tioning (see the first figure). Because of this 

complexity, designed binding partners in 

previous work have not contained elaborate 

polar networks (8). 

To overcome this limitation, Boyken et al. 

designed a large repertoire of coiled coils, in-

cluding novel topologies of dimers, trimers, 

and tetramers. They developed an algorithm 

(called HBNet) to find side-chain constella-

tions in which all polar atoms are connected 

through stabilizing hydrogen-bond networks 

(see the first figure). The authors then syn-

thesized 114 designed oligomers and charac-

terized the structures of various topologies. 

Most of them showed high precision rela-

“...the platelets formed by 
controlled 2D self-assembly 
add a new building block to 
nanotechnology.”
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Designed coiled-coil specificities using polar interaction networks. Natural protein-protein interactions (such as 

those seen between barnase and its natural inhibitor, barstar; PDB entry 1BGS) are often dominated by intricate hydrogen-

bonding networks that involve both side-chain and backbone atoms for accurate preorganization. Boyken et al. have 

designed coiled coils that interact via side chain–only hydrogen-bond networks (such as design 2L6HC3_13 shown here). 
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CANCER IMMUNOLOGY

The “cancer 
immunogram”

By Christian U. Blank,1,2 John B. Haanen,1,2 

Antoni Ribas,3 Ton N. Schumacher2

T
he impact of cancer immunotherapy 

on clinical cancer care is growing 

rapidly. However, different immuno-

therapies remedy distinct problems 

in cancer–immune system interac-

tions. What would be the most effec-

tive therapy for an individual patient? 

Here, a framework is proposed for describ-

ing the different interactions between can-

cer and the immune system in individual 

cases, with the aim to focus biomarker re-

search and to help guide treatment choice. 

This “cancer immunogram” (see the fig-

ure) builds on two key observations. The 

outcome of cancer-immune interactions is 

based on a number of largely unrelated pa-

rameters such as tumor “foreignness” and T 

cell–inhibitory mechanisms. Furthermore, 

the “value” of these parameters can differ 

greatly between patients. For example, in 

some patients, intratumoral inhibition of 

tumor-specific T cells will be the sole defect 

that needs to be addressed, whereas in other 

patients, the tumor may simply be insuffi-

ciently foreign to elicit a clinically relevant 

T cell response in the first place. Because of 

the multifactorial nature of cancer-immune 

interactions, combinations of biomarker as-

says will by definition be required. 

The proposed cancer immunogram as-

sumes that T cell activity is the ultimate ef-

fector mechanism in human tumors. This 

by no means implies that inhibition of, for 

instance, tumor-associated macrophages, 

or modulation of the microbiome, is with-

out value. Rather, the effects of such thera-

pies are assumed to ultimately involve 

enhanced T cell activity. Future research 

will reveal whether this presumption is 

correct. We also acknowledge that our 

tive to the models, formed only the intended 

oligomers, and were stable at temperatures 

as high as 95∞C. 

Furthermore, the hydrogen-bond net-

works in these oligomers were reminiscent of 

the simplicity and elegance of the DNA dou-

ble helix, where every base on one strand is 

paired to a complementary base on the other 

through buried hydrogen bonds. Inspired 

by the double helix, Boyken et al. designed 

long coiled coils built from modular parts, 

each with its own constellation of polar side 

chains. These modular coiled coils may pro-

vide the basis for a new generation of protein-

based molecular structures of programmable 

shape, similar to DNA origami. Unlike DNA, 

however, these assemblies could be easily in-

terfaced with proteins of desired function.

Jacobs et al. address a complementary 

question: how to construct new proteins 

with features seen in protein active sites, 

such as cavities, long unstructured regions, 

and kinked helices (see the second figure). 

The authors first developed an algorithm 

(called SEWING) that generated a “parts 

list”: thousands of backbone fragments ob-

served in natural proteins. They then defined 

structural rules that determine which pairs 

of backbone fragments could be joined and 

ran computer simulations in which three or 

four fragments were combined and subjected 

to sequence optimization. 

This strategy of modular design allowed 

Jacobs et al. to tap into an enormous space 

of potential backbones (more than 1016), ev-

ery fragment of which has been tested and 

retained by natural evolution and is there-

fore inherently stable. Furthermore, because 

each protein is built from natural fragments, 

the designs contain the structural idiosyn-

crasies observed in nature, including kinked 

helices and surface cavities. The authors ex-

perimentally tested 21 SEWING designs with 

diverse geometries, including some with cav-

ities that could allow small-molecule binding 

(see the second figure). Three designs were 

hyperstable; moreover, the molecular struc-

ture of one of them precisely recapitulated 

the computational model, and another re-

quired a further round of computations to 

fix a design flaw. 

Jacobs et al.’s modular design approach 

has natural and protein-engineering paral-

lels; indeed, gene recombination is the main 

means of diversification in natural protein 

families and is regularly used by protein en-

gineers (9). The new work extends the reach 

of modular design to combinations of frag-

ments from nonhomologous proteins, for 

which genetic recombination is unlikely. 

The remarkable selectivities and efficien-

cies seen in natural protein binders and en-

zymes require a balance between stabilizing 

features that specify molecular structure 

and functional features that are often de-

stabilizing (10). Although the two studies do 

not attempt to design new molecular activi-

ties, they show a high level of control over 

biomolecular shape and interactions that 

brings us a step closer to realizing this goal. 

Future studies will show how this delicate 

balance between stabilizing and functional 

features could be leveraged to design new 

binding specificities and activities com-

pletely on the computer. j
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Toward designed active sites. Protein active sites often contain features such as cavities, long unstructured regions, 

and kinked helices. For example, a cavity on the surface of influenza hemagglutinin (wheat, PDB entry 4YY1) is used by 

the virus to attach to glycosylated receptors on the surface of the host cell. Jacobs et al. have designed novel proteins 

that contain features such as surface cavities (such as design CA01 shown here).
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Visualizing the state of 
cancer–immune system 
interactions may spur 
personalized therapy
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