
Bacterial microcompartments (BMCs) 

are hollow protein shells that encapsulate 

enzymes involved in bacterial metabolism. 

They serve to co-localize the enzymes and 

their reactants for greater efficiency, as 

well as to sequester reaction products 

from the rest of the cell. Despite the avail-

ability of structural information on indi-

vidual shell components, the principles 

governing how the pieces fit together have 

remained elusive. Researchers have now 

performed protein crystallography studies 

at the ALS and at Stanford Synchrotron 

Radiation Lightsource (SSRL) of a fully 

assembled BMC as well as its separate 

building blocks. The resulting atomic-reso-

lution views reveal the basic principles of 

shell construction and provide important 

information for fighting pathogens and for 

bioenergy or biotechnology applications.

The first BMCs to be discovered were 

used by some bacteria to metabolize (or 

“fix”) carbon dioxide, similar to the way 

plants combine carbon dioxide with 

sunlight (via photosynthesis) to produce 

food or fuel. Understanding how these 

microcompartments are assembled, as 

well as how they let some compounds pass 

through while impeding others, could 

contribute to research in enhancing 

carbon fixation and, more broadly, bioen-

ergy. BMCs also help many types of patho-

genic bacteria metabolize compounds that 

are not available to normal, non-patho-

genic microbes, giving the pathogens a 

competitive advantage.

The contents of a given BMC deter-

mine its specific function, but the overall 

architecture of BMCs are fundamentally 

the same. The microcompartment shell 

provides a selectively permeable barrier 

which separates the reactions in its inte-

rior from the rest of the cell. This enables 

higher efficiency in multi-step reactions, 

prevents undesired interference, and 

confines toxic compounds that may be 

generated by the encapsulated reactions.

Although BMCs are functionally 

similar to the membranes that surround 

organelles in plant and animal cells, these 

bacterial analogues are structurally 

different: they are polyhedral shells made 

of proteins rather than sacs made of lipids. 

To allow selected molecules to pass 

through, lipid-based membranes are 

dotted with proteins that create pores. 

Exploring the 
Subcellular Realm

Cheryl Kerfeld remembers the first 
time she saw, in her freshman biology 
textbook, electron-microscope images 
of subcellular structures: wormlike 
shapes with mysterious names like 
endoplasmic reticulum and Golgi 
apparatus. The images captured her 
imagination and helped shape her 
career. Now, she is a structural and 
synthetic biologist—a scientist who 
studies biological structures with the 
goal of re-engineering them to work 
more efficiently or to perform entirely 
new, beneficial functions.

In the work described here, Kerfeld 
and her team focused on the structure 
of tiny geometric containers found in 
bacterial cells. The containers serve as 
a way to compartmentalize and 
regulate the interactions between 
substances essential to helping the 
bacteria thrive and multiply. For 
pathogenic bacteria, interrupting this 
process could prevent the host from 
getting sick. In other bacteria, the 
containers help make the conversion 
of carbon dioxide into complex organic 
compounds (i.e., food or fuel) more 
efficient. An understanding of how 
these subcellular factories are 
constructed would help scientists 
target them with therapeutics or 
design customized versions for the 
conversion of carbon dioxide into 
useful organic materials such as 
rubber or plastic.
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BMC shells, on the other hand, are already 

made of proteins. Thus, these constituent 

proteins not only play a structural role, 

they are also responsible for selectively 

channeling molecules in and out.

Earlier studies had revealed the struc-

tures of some individual components that 

make up the BMC shell, but imaging the 

whole thing was challenging because of its 

large mass of about 6.5 megadaltons, 

roughly equivalent to the mass of 6.5 

million hydrogen atoms. This size of 

protein compartment can contain up to 

300 average-sized proteins. Researchers 

crystallized the BMCs from Haliangium 
ochraceum (ocean-dwelling slime bacteria) 

and collected x-ray diffraction data at ALS 

Beamline 5.0.2 and SSRL Beamline 12.2.

The complete shell structure shows 

how three different kinds of shapes—

pentagons, hexagons, and double-stacked 

hexagons—self-assemble into a 20-sided 

polyhedron, with the pentagons at the 

vertices and the hexagons forming the 

facets. It answers the fundamental ques-

tions of whether the shell is single or 

double layered (single), how the stacked 

hexagons are accommodated (the “extra” 

hexagon protrudes to the outside), and 

how the individual components are 

oriented (concave side out). The angles 

between the various components were 

measured, and their side-chain interac-

tions were catalogued. The intact shell was 

shown to be tightly packed, with the only 

way in or out being through pores formed 

at the centers of the hexagons. The pores 

in the double-stacked hexagons could be 

open in one layer open and closed in the 

other. Other details influencing the curva-

ture and final size of the compartment 

were elucidated, resulting in scaling princi-

ples for constructing a range of shell sizes.

Given the high degree of similarity 

among shell proteins of all BMCs, these prin-

ciples apply to functionally diverse micro-

compartments across the bacterial kingdom 

and can inform the design and engineering of 

shells with new functionalities.
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Cheryl Kerfeld and Markus Sutter, scientists with joint appointments at Berkeley Lab and Michigan 

State University, at ALS Beamline 5.0.2.

Components of the BMC shell, shown from the side (top row) and looking down into their concave faces 

(bottom row). Colored areas indicate the repeating subunits. BMC-H (blue) is a hexamer.  

The three BMC-Ts (green) are trimers that form hexagonal shapes (peudohexamers). BMC-T2 and 

BMC-T3 consist of two pseudohexamers stacked on top of each other. BMC-P (yellow) is a pentamer.


