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are proposed to help overcome the slow turnover rate of
RuBisCO by providing a high local concentration of carbon
dioxide to the enzyme [26,27].

Two other bacterial proteinaceous microcompartments
protect the cell from toxic aldehyde intermediates. The
ethanolamine utilization (Eut) microcompartment
sequesters acetaldehyde, a volatile and toxic intermediate
of the ethanolamine utilization pathway [28]. Likewise,
the 1,2-propanediol utilization (Pdu) microcompartment
encapsulates propionaldehyde, minimizing its toxicity
[29]. These and numerous other bacterial microcompart-
ments have been found in approximately 400 microbial
genomes [2].

Another method of compartmentalization found in na-
ture is multienzyme complexes, which directly link
enzymes involved in a given pathway. Ideally, this results
in substrate channeling, the process by which intermedi-
ates are directly transferred between the active sites of two
enzymes that catalyze sequential reactions in the pathway
[30]. Substrate channeling prevents the loss of intermedi-
ates and minimizes competing cross-reactions. A classic

example is tryptophan synthase, a multienzyme complex
that catalyzes the last two reactions in the biosynthesis of
L-tryptophan [18,31]. The intermediate, indole, is chan-
neled from one active site to the next without being
released into the surrounding environment. This is advan-
tageous for the cell not only because indole is reactive and
easily lost through the cell membrane, but also because, in
the absence of indole, tryptophan synthase catalyzes
dehydration of serine to pyruvate at 5% the rate of trypto-
phan formation [32]. Other multi-enzyme complexes found
in nature include polyketide synthase [33], carbamoyl
phosphate synthetase [34], and cellulosomes [35], which
may function similarly by increasing reaction kinetics and
reducing the loss of intermediates.

Synthetic compartmentalization
The goal of metabolic engineering is to optimize a given
biosynthetic pathway to increase production of a particular
substance [7,36]. Many of these pathways present the same
challenges of toxic intermediates, competing reactions,
and flux imbalances found in nature [10,14]. Therefore,
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Figure 1. Compartmentalization: nature’s solution to various challenges. (a) Nature faces many challenges when conducting the chemical reactions of the cell. (1) Differing
enzyme kinetics may result in flux imbalances. (2) Intermediates may be lost through the cell membrane. (3) Toxic intermediates can result in growth inhibition. (4)
Competing reactions can divert flux through undesired pathways. (b) Compartmentalization systems specifically solve challenges 1–4, respectively, by: (1) creating areas of
local concentrations to favor reaction kinetics; (2) sequestering intermediates; (3) reducing toxicity; and (4) reducing competition. (Adapted from [11].)
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)LJXUH ���� %HQHĆWV RI 6SDWLDO 2UJDQL]DWLRQ� �D� 1DWXUH IDFHV PDQ\ FKDOOHQJHV ZKHQ FRQGXFWLQJ

WKH FKHPLFDO UHDFWLRQV RI WKH FHOO� ��� 'LIIHULQJ HQ]\PH NLQHWLFV PD\ UHVXOW LQ ćX[ LPEDODQFHV� ���

,QWHUPHGLDWHV PD\ EH ORVW WKURXJK WKH FHOO PHPEUDQH� ��� 7R[LF LQWHUPHGLDWHV FDQ UHVXOW LQ JURZWK

LQKLELWLRQ� ��� &RPSHWLQJ UHDFWLRQV FDQ GLYHUW ćX[ WKURXJK XQGHVLUHG SDWKZD\V� �E� &RPSDUWPHQ�

WDOL]DWLRQ V\VWHPV VSHFLĆFDOO\ VROYH FKDOOHQJHV �å�� UHVSHFWLYHO\� E\� ��� FUHDWLQJ DUHDV RI ORFDO

FRQFHQWUDWLRQV WR IDYRU UHDFWLRQ NLQHWLFV� ��� VHTXHVWHULQJ LQWHUPHGLDWHV� ��� UHGXFLQJ WR[LFLW\� DQG

��� UHGXFLQJ FRPSHWLWLRQ�





synthetic biologists have drawn inspiration from nature to
design synthetic compartmentalization systems.

Compartmentalization by tethering using protein
scaffolds
Nature uses proteins and protein–protein interactions to
build functional multienzyme complexes. In some cases,
non-catalytic scaffold proteins are used to assemble these
complexes. One example of such a scaffold protein is Ste5,
which selectively brings together MAPKK Ste7 and its
substrate MAPK Fus3, promoting phosphorylation in this
signaling cascade and disfavoring competing substrates
[37]. Another example is scaffoldins, which organize pro-
tein subunits into the cellulosome and assist in the break-
down of cellulose [35]. Bacterial microcompartments, large
assemblies comprising thousands of protein subunits, also
function as organizational devices in the cell. Attempts to
mimic natural protein scaffolding mechanisms have in-
cluded crosslinking enzymes [38], enzyme immobilization

on solid substrates in vitro [39], and direct enzyme fusion
[10].

Inspired by naturally existing enzyme complexes, a syn-
thetic protein scaffold, capable of colocalizing enzymes and
increasing product titers, was produced [40] (Figure 2b).
Eukaryotic protein–protein interaction domains were fused
to form scaffolds. Each of the domains selectively recruited
enzymes fused to cognate peptide ligands, colocalizing them
to the scaffold.

Protein scaffolds have been tested on various pathways
and increases in titers were shown. The mevalonate path-
way, for example, produces a toxic intermediate and suf-
fers from flux imbalance due to differing enzyme turnover
rates. Scaffolding increased product yields by 77-fold [40].
The glucaric acid pathway was also scaffolded, and 5-fold
improvement was seen over a high baseline titer of 0.6 g/L
[41]. This pathway requires high levels of intermediate
myoinositol to drive myoinositol oxygenase kinetics. A final
example is biological hydrogen production, which suffers
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Figure 2. Protein scaffolds: utilizing nature’s building material for functional complexes. Nature compartmentalizes reactions via enzyme complexes. Proteins often serve
as scaffolds, bringing together pathway enzymes and increasing flux. (a) Bacterial microcompartments are protein structures that encapsulate reactions [2]. Carboxysomes
contain ribulose 1,5-bisphosphate carboxylase oxygenase (RuBisCO) and carbonic anhydrase. The shell comprises pentamers and hexamers, some of which contain pores
that are thought to regulate substrate transport (left). Carboxysomes spatially align in the cell [51] (right). Heterologous expression of microcompartments and further
engineering of targeting and transport has the potential for making microfactories that may be capable of encapsulating various reactions. (Left: reprinted from [46] with
permission from the authors. Right: image courtesy of David F. Savage, Berkeley, CA, USA). (b) Inspired by natural functional complexes, synthetic protein scaffolds were
created [40]. Eukaryotic protein–protein interaction domains (GBD, SH3, PDZ) were expressed as a single polypeptide, creating a synthetic scaffold. Modular protein
domain–ligand interactions were used to colocalize three enzymes of the mevalonate pathway: AtoB, HMGS, and HMGR. The stoichiometries of the enzymes could be
controlled by changing the numbers (x, y, z) of each of the scaffold domains. Scaffolds balance metabolic flux, sequester a toxic intermediate, HMG-CoA, and create a high
local concentration of intermediates, effectively mimicking nature’s strategies of compartmentalization. (c) Scaffolds are hypothesized to oligomerize into large complexes
that resemble metabolite microdomains, trapping intermediates in the interior and quickly converting them to product before they escape [11].
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)LJXUH ���� %DFWHULDO 0LFURFRPSDUWPHQWV DUH SURWHLQ VWUXFWXUHV WKDW HQFDSVXODWH UHDFWLRQV� &DU�

ER[\VRPHV FRQWDLQ ULEXORVH ����ELVSKRVSKDWH FDUER[\ODVH R[\JHQDVH �5X%LV&2� DQG FDUERQLF

DQK\GUDVH� 7KH VKHOO FRPSULVHV SHQWDPHUV DQG KH[DPHUV� VRPH RI ZKLFK FRQWDLQ SRUHV WKDW DUH

WKRXJKW WR UHJXODWH VXEVWUDWH WUDQVSRUW �OHIW�� &DUER[\VRPHV VSDWLDOO\ DOLJQ LQ WKH FHOO �ULJKW�� +HW�

HURORJRXV H[SUHVVLRQ RI PLFURFRPSDUWPHQWV DQG IXUWKHU HQJLQHHULQJ RI WDUJHWLQJ DQG WUDQVSRUW

KDV WKH SRWHQWLDO IRU PDNLQJPLFURIDFWRULHV WKDW PD\ EH FDSDEOH RI HQFDSVXODWLQJ YDULRXV UHDF�

WLRQV� �/HIW� UHSULQWHG� ZLWK SHUPLVVLRQ IURP WKH DXWKRUV� 5LJKW� LPDJH FRXUWHV\ RI 'DYLG )� 6DY�

DJH� %HUNHOH\� &$� 86$��
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)LJXUH ���� &KURPRVRPHV LQ WKH SRO\SORLG EDFWHULXP 6� HORQJDWXV FDQ EH YLVXDOL]HG XVLQJ D ćXR�

UHVFHQW UHSUHVVRU�RSHUDWRU V\VWHP� �$� %DFWHULD FRQWDLQ GLIIHUHQW JHQRPLF DUUDQJHPHQWV� +HUH�

HDFK FRORU UHSUHVHQWV D GLIIHUHQW FKURPRVRPH� 7KH\ FDQ SRVVHVV D VLQJOH FRS\ RI RQH FKURPRVRPH

�,�� RU KDYHPXOWLSDUWLWH JHQRPHV �,,�,,,� ZLWK RQH ODUJH FKURPRVRPH �UHG� DQG RQH RUPRUH VPDOOHU

FKURPRVRPHV �JUHHQ DQG EOXH�� 6RPH VSHFLHV RI EDFWHULD� VXFK DV F\DQREDFWHULD 6\QHFKRFRFFXV

HORQJDWXV 3&& ����� DUH SRO\SORLG� 7KDW LV� WKH\ KDYHPXOWLSOH FRPSOHWH FRSLHV RI RQH FKURPRVRPH

�,9�� �%� &KURPRVRPHV FDQ EH WDJJHG DQG REVHUYHG LQ YLYR XVLQJ D ćXRUHVFHQW UHSUHVVRU�RSHUDWRU

V\VWHP� ODF2 DUUD\V ZHUH LQWHJUDWHG HLWKHU QHDU WKH RULJLQ RI UHSOLFDWLRQ �16�� RU WKH SUHGLFWHG

WHUPLQXV LQ WKH 6� HORQJDWXV FKURPRVRPH� �� ES VSDFHUV ZLWK UDQGRP VHTXHQFHV ZHUH LQVHUWHG

EHWZHHQ WKH RSHUDWRU VLWHV WR DYRLG UHFRPELQDWLRQ �EODFN�� 7KH SURWHLQ IXVLRQ /DFO�*)3 �EOXH

DQG JUHHQ� ERXQG WRPXOWLSOH UHSHDWV RI LWV FRJQDWH ODF2 RSHUDWRU VLWH �SLQN�� �&� 7KH ćXRUHVFHQW
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PLFURVFRS\� 2ULJLQV RI UHSOLFDWLRQ DUH VHHQ WKURXJKRXW WKH FHOO� �'� &HOOV ZLWK ODF2 DUUD\V LQWH�

JUDWHG QHDU WKH SXWDWLYH WHUPLQXV UHJLRQ DW ����0E LQ WKH JHQRPHZHUH YLVXDOL]HG� )RFL DSSHDU

WKURXJKRXW WKH FHOO� VLPLODU WR �&��
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)LJXUH ���� *& GLVSDULW\PDSSHG WKH WHUPLQXV UHJLRQ RI WKH 6� HORQJDWXV FKURPRVRPH� 'XH WR LWV

KLJKO\ UHFRPELQDQW QDWXUH� WKH JHQRPH RI 6� HORQJDWXV JLYHV ULVH WR D *&�VNHZ SORW WKDW GRHV QRW

GLVSOD\ D FOHDU 9�VKDSHG FXUYH W\SLFDO RI RUJDQLVPV VXFK DV (� FROL �EODFN�� )RU 6� HORQJDWXV� WKH $7�

VNHZ �EOXH�� WKH &'6 VNHZ �JUHHQ�� DV ZHOO DV WKH *&�VNHZ �SLQN� LV SORWWHG� :H UHDVRQHG WKDW WKH

WHUPLQXV UHJLRQ ZRXOG EH SUHVHQW ZLWKLQ WKH YLFLQLW\ RI KLJKHVW SHDN RI *& GLVSDULW\ �SLQN� VR ZH

ORRNHG IRU D UHJLRQ DPHQDEOH IRU LQWHJUDWLRQ DQG LQVHUWHG D ��� UHSHDW ODF2�DUUD\ LQ D UHJLRQ OR�

FDWHG DW ����0E LQ WKH FKURPRVRPH�
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XQLIRUP GLVWULEXWLRQ �.6 WHVW� K  �� S  ������� N  �������� FRQĆUPLQJ WKH UHVXOWV VKRZQ LQ �$�� �&�
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)LJXUH ��� �IROORZLQJ SDJH�� &DUER[\VRPHV DUH ERUQ RQH DW D WLPH DW WKH VLWH RI SUHH[LVWLQJ FDU�

ER[\VRPHV� �$� ,Q SXOVH�FKDVH ODEHOLQJ RI 5EF/�61$3 LQ OLYH 6� HORQJDWXV FHOOV� DFWLYHO\ DVVHP�

EOLQJ FDUER[\VRPHVZLWK VROYHQW DFFHVVLEOH 5EF/�61$3 DUH ODEHOHG ZLWK %* G\H� 5HG� SKDVH

FRQWUDVW� *UHHQ� 5EF/� 6FDOH EDU� �wP� �%� 7KH GLVWULEXWLRQ RI WKH QXPEHU RI 61$3 ODEHOHG FDU�

ER[\VRPHV� LQGLFDWLQJ DFWLYH DVVHPEO\� LQ FHOOV GLUHFWO\ DIWHU ODEHOLQJ �Q ����� �&� 7KH ELRJHQHVLV

RI FDUER[\VRPHV FDQ EHPRQLWRUHG IURP ORQJ WLPHODSVHV� 5HG� SKDVH FRQWUDVW� *UHHQ� 5EF/�*)3�

6FDOH EDU� �wP� �'�0RQWDJH VKRZLQJ WKH IRUPDWLRQ RI QHZ FDUER[\VRPH DW WKH VLWH RI D SUHH[LVW�

LQJ FDUER[\VRPH� :KLWH DUURZ LQGLFDWHV WKH ELUWK HYHQW� 3DQHO KHLJKW� �� SL[HOV� 7LPH LQWHUYDO� �

PLQXWHV� �(å)� 5X%LV&2 IRFL HORQJDWH LQWR EDU FDUER[\VRPHV WKDW VXEVHTXHQWO\ VSOLW LQWR WZR FDU�

ER[\VRPHV� 6FDOH EDU� �wP� 7LPH LQWHUYDO� ��PLQXWHV� �*å,� .\PRJUDSKV RI 5EF/�*)3 LQ JURZLQJ

DQG GLYLGLQJ FHOOV� &DUER[\VRPH ELUWK HYHQWV DUH LQGLFDWHG E\ZKLWH DUURZV� 6FDOH EDU� �wP� 7LPH

LQWHUYDO� � PLQXWHV� �-� 6SDWLDO GLVWULEXWLRQ RI ��� ELUWK HYHQWV DORQJ WKH ORQJ D[LV RI WKH FHOO� 4XDU�

WHU FHOO SRVLWLRQV DUH IDYRUHG� �.� 5HODWLYH LQWHQVLW\ RI ��� SDLUV RI QHZ �GDXJKWHU� FDUER[\VRPHV

DQG WKH SUHH[LVWLQJ FDUER[\VRPHV WR ZKLFK WKH\ LQLWLDOO\ FRORFDOL]H �PRWKHUV� UHYHDOV WKDW ELUWK

HYHQWV DUH KLJKO\ DV\PPHWULF� ZLWKPHDQ GDXJKWHU LQWHQVLW\ EHLQJ ��� WKDW RI WKHPRWKHU� %H�

FDXVH SDLUV DUH VRUWHG LQWR GLP �GDXJKWHU� DQG EULJKW �PRWKHU� SDLUV� QR GDWD SRLQWV FDQ IDOO LQWR

WKH VKDGHG DUHD� 'RWWHG OLQH LQGLFDWHV D ��� UDWLR�



)LJXUH ���� �FRQWLQXHG�



)LJXUH ���� 0HDQ DQGPD[LPXP YHORFLWLHV RI FDUER[\VRPHPRWLRQ� ��� FDUER[\VRPHVZHUH

WUDFNHG RYHU DPLQLPXP RI �� IUDPHV� DQG WKHPHDQ DQGPD[LPXP YHORFLW\ RI HDFK WUDFN TXDQWL�

ĆHG� �$� 7KH WUDFNV RYHUODLG RQ RQH IUDPH RI WKHPRYLH� 'LIIHUHQW FRORUV UHSUHVHQW GLIIHUHQW WUDFNV�

�%� 7KHPHDQ RI WKHPHDQ FDUER[\VRPH YHORFLW\ LV ����QP�PLQXWH� �&� 7KHPHDQ RI WKHPD[LPXP

FDUER[\VRPH YHORFLW\ LV ����QP�PLQXWH� �'� 9HORFLW\ LV YDULDEOH DFURVV HDFK WUDFN� ZLWK D VXEVHW

VKRZLQJPD[LPDO YHORFLW\ QHDU WKH VWDUW RI WKH WUDFN� �(� �� WUDFNV ZHUH VHOHFWHG DW UDQGRP IURP

WKLV VHW� DQG YHORFLW\ ZDV SORWWHG DJDLQVW WKH IUDPH QXPEHU �LH� DJH� RI HDFK WUDFN� ,QWHUYDO RI DFTXL�

VLWLRQ� �PLQXWHV� �)� 7KHPHDQ YHORFLW\ SHU IUDPH QXPEHU DFURVV WKHVH �� WUDFNV� $V WUDFN OHQJWK LV

YDULDEOH� IHZHU GDWD SRLQWV FRQWULEXWH WR WKHPHDQ WRZDUG KLJKHU IUDPH QXPEHUV�





)LJXUH ���� %DU FDUER[\VRPHV FRORFDOL]H ZLWK VKHOO EXW DUH QRW R[LGL]HG� �$� %DU FDUER[\VRPHV

FRQWDLQ ERWK 5X%LV&2 DQG VKHOO SURWHLQ� 5HG� &FP.��*)3� *UHHQ� 5EF/�P2UDQJH� 6FDOH EDU� �wP�

�%� %DU FDUER[\VRPHV DUH UHODWLYHO\ UHGXFHG FRPSDUHG WR SXQFWDWH FDUER[\VRPHV� 6WLOO IUDPH FRP�

SRVLWH LPDJHV RI ���QP �UHGXFLQJ� JUHHQ� DQG ���QP �R[LGL]LQJ� SXUSOH� 5EF/�UR*)3� DV LQ )LJXUH

���� 6FDOH EDU� �wP�



)LJXUH ���� 0DSSLQJ RI FDUER[\VRPH OLQHDJHV UHYHDOV WKDW QHZ RUJDQHOOHV XQGHUJR DQ LQLWLDO UH�

IUDFWRU\ SHULRG EHIRUH SURGXFLQJ GDXJKWHUV RI WKHLU RZQ��$� ([DPSOH OLQHDJHV RI FDUER[\VRPHV

IURP WKUHH RXW RI �� WRWDO FHOOV DQDO\]HG IURP D ��� IUDPHPRYLH WDNHQ DW �PLQXWH LQWHUYDOV RYHU

DSSUR[LPDWHO\ ���� KRXUV� (DFK YHUWLFDO VROLG OLQH UHSUHVHQWV D FDUER[\VRPH WUDFNHG WKURXJK WLPH�

ZLWK ULJKW�DQJOH FRQQHFWRUV MRLQLQJ GDXJKWHUV WRPRWKHUV� 'LJLWV DW WKH WRS RI WKH SDQHO LQGLFDWH

WKH QXPEHU RI WLPHV FDUER[\VRPHV SUHVHQW DW WKH EHJLQQLQJ RI WKHPRYLH KDYH FRORFDOL]HG ELUWK

HYHQWV RYHU WKH FRXUVH RI WKH DQDO\VLV ����� KRXUV�� UHSUHVHQWHG LQ WKH KLVWRJUDP LQ SDQHO %� 9HU�

WLFDO GRWWHG OLQHV LQGLFDWH WKH OHQJWK RI WLPH EHWZHHQ WKH ELUWK RI DPRWKHU DQG WKH FRORFDOL]HG

ELUWK HYHQW RI D GDXJKWHU WR WKDW PRWKHU� L�H� WKHPHDVXUDEOH DJH RI WKHPRWKHU ZKHQ D GDXJKWHU

DSSHDUV� 7KH DJHV DUH UHSUHVHQWHG LQ WKH KLVWRJUDP LQ SDQHO &� +RUL]RQWDO GRWWHG OLQHV LQGLFDWH WKH

WLPH RI FHOO GLYLVLRQ� �%� +LVWRJUDP RI WKH QXPEHU RI ELUWKV FRORFDOL]HG WR RULJLQDO FDUER[\VRPHV LQ

WKH HQWLUH GDWDVHW �Q  ���� �&� +LVWRJUDP RIPHDVXUDEOH DJHV RI PRWKHUV WDEXODWHG RYHU WKH HQWLUH

GDWDVHW �Q  ���� %ODFN EDUV LQGLFDWH REVHUYHG GLVWULEXWLRQ RI ELUWK DJHV� ZKLOH JUH\ EDUV LQGLFDWH

WKH WKHRUHWLFDO GLVWULEXWLRQ SUHGLFWHG E\ DQ DJH�LQGHSHQGHQW PRGHO� 7KH WZR GLVWULEXWLRQV DUH

VWDWLVWLFDOO\ VLJQLĆFDQWO\ GLIIHUHQW �.6�WHVW� S ������







)LJXUH ��� �IROORZLQJ SDJH�� 5X%LV&2 VORZO\ IRUPV D VWUXFWXUHG DVVHPEO\ SULRU WR UDSLG FRORFDO�

L]DWLRQ RI VKHOO SURWHLQ� �$� 5X%LV&2 DVVHPEO\� DV PHDVXUHG E\ ćXRUHVFHQFH LQWHQVLW\� IROORZV

VLJPRLGDO NLQHWLFV� (DFK WUDFH UHSUHVHQWV D QHZ FDUER[\VRPH� &HOO LV WKH VDPH DV WKDW GHSLFWHG

LQ )LJXUH ���,� ,PDJLQJ LQWHUYDO� � PLQXWHV� �%� )OXRUHVFHQFH UHFRYHU\ DIWHU SKRWREOHDFKLQJ RI D

VHJPHQW RI D EDU FDUER[\VRPH� 6ROLG ER[ VKRZV EOHDFKHG DUHD� 8QEOHDFKHG DUHD �GDVKHG ER[� ZDV

XVHG IRU SKRWREOHDFKLQJ FRUUHFWLRQ� &HOOV ZHUH LPDJHG DW UHJXODU LQWHUYDOV DIWHU EOHDFKLQJ WR DVVD\

IRU UHFRYHU\� 6FDOH EDU� �wP� �&� 4XDQWLĆFDWLRQ RI )5$3 LQ �%�� *UH\ EDU LQGLFDWHV EOHDFKLQJ HYHQW�

ZKHQ ćXRUHVFHQFH VKDUSO\ GHFUHDVHV� 1R UHFRYHU\ ZDV VHHQ DIWHU ��� VHFRQGV� �'å+� 7LPH ODSVH

RI 5EF/�P2UDQJH �JUHHQ� DQG &FP.��*)3 �UHG�� $UURZV LQGLFDWH ELUWK HYHQWV RI FDUER[\VRPHV�

1HZO\ ERUQ 5X%LV&2 LQLWLDOO\ EXGV RII ZLWKRXW VKHOO SURWHLQ� 6KHOO SURWHLQ FRORFDOL]HV WR 5EF/�*)3

IRFL KRXUV DIWHU ELUWK� ,Q VRPH FDVHV �* DQG+�� VKHOO SURWHLQ DVVHPEO\ LV FRUUHODWHG ZLWK WKH IRUPD�

WLRQ RI D QHZ 5X%LV&2 IRFXV� 6FDOH EDU� �wP� 7LPH LQWHUYDO� ��PLQXWHV� �,å.� .\PRJUDSK RI 5EF/�

P2UDQJH �-� DQG FFP.��*)3 �.� DVVHPEO\� 6KHOO SURWHLQ DVVHPEO\ �\HOORZ DUURZ LQ .� LQLWLDWHV ZHOO

DIWHU 5X%LV&2 ELUWK HYHQW �\HOORZ DUURZ LQ -�� 6FDOH EDU� �wP� 7LPH LQWHUYDO� � PLQXWHV� �/� ,QGLYLG�

XDO WUDFH RI WKH ćXRUHVFHQFH LQWHQVLW\ RI D &FP.� IRFXV LQ WKH SURFHVV RI IRUPDWLRQ� 7LPH LQWHUYDO�

� PLQXWHV�



)LJXUH ���� �FRQWLQXHG�



±





)LJXUH ���� 7KH FDUER[\VRPH R[LGL]HV RYHU WKH FRXUVH RI LWV PDWXUDWLRQ� �$� 5EF/�UR*)3� H[FLWHG

ZLWK ���QP �OHIW� DQG ���QP �PLGGOH� SURGXFHV UDWLRPHWULF ����QP����QP� GLIIHUHQFHV LQ HPLV�

VLRQ �ULJKW�� 6FDOH EDU� �wP� �%� $ KLVWRJUDP RI WKLV UDWLR PHDVXUHG DW HDFK FDUER[\VRPH IRFXV

UHYHDOV DQ DV\PPHWULF GLVWULEXWLRQ ELDVHG WRZDUG D UHODWLYHO\ R[LGL]HG VWDWH� �&å)�0RQWDJHV RI

5EF/�UR*)3� VKRZ WUDQVLWLRQV IURP SUHGRPLQDQWO\ ���QP H[FLWDWLRQ �JUHHQ� WR ���QP H[FLWD�

WLRQ �PDJHQWD� RYHU WKHPDWXUDWLRQ SHULRG RI FDUER[\VRPHV� &DUER[\VRPHV HVWDEOLVK DQ R[LGL]LQJ

VWDWH EHIRUH WKH DSSHDUDQFH RI D QHZ FDUER[\VRPH� UDUHO\ UHRSHQLQJ WR WKH F\WRVRO DIWHU DQ LQLWLDO

FORVXUH �*�� $UURZV LQGLFDWH ELUWK HYHQWV� 6FDOH EDU� �wP� ,QWHUYDO� ��PLQXWHV�





)LJXUH ���� $ VROYHQW�DFFHVVLEOH G\H SXOVH ODEHOV IRFL WKDW VXEVHTXHQWO\ GLYLGH� EXW GR QRW GLVVL�

SDWH� �$�0RQWDJH VKRZLQJ RQH ODEHOHG 5X%LV&2 IRFXV SDUWLWLRQLQJ LQWR WZR RUPRUH GDXJKWHU

FDUER[\VRPHV DQG SHUVLVWLQJ RYHU WKH WLPH LQWHUYDO RI WKH H[SHULPHQW� 5HG� SKDVH FRQWUDVW� *UHHQ�

5EF/�61$3� 6FDOH EDU� �wP� 7LPH LQWHUYDO� � KRXUV� �%� ,QWHQVLW\ RI WKHPRWKHU FDUER[\VRPH �SLQN

WUDFH� VRPHWLPHV GHFUHDVHV ZKHQ QHZ GDXJKWHUV �JUHHQ DQG EOXH WUDFHV� DUH ERUQ� ,Q RWKHU FDVHV�

WKH GHFUHDVH LV QRW GHWHFWDEOH �JUH\ WUDFH�� �&� 'LVWULEXWLRQ RI WKH QXPEHU RI QHZ FDUER[\VRPH

IRFL IRUPHG SHU FHOO RYHU WKH FRXUVH RI DQ H[SHULPHQW ��� KRXUV�� 5X%LV&2 IRFL HLWKHU SHUVLVWHG RU

GLYLGHG RYHU �� KRXUV �Q  ����� $OO RULJLQDO IRFL ZHUH GHWHFWDEOH DW WKH HQG RI WKH H[SHULPHQW�







)LJXUH ���� 0RGHO RI FDUER[\VRPH DVVHPEO\� �$� 5X%LV&2 VHHGV DVVHPEOH IURP SURWRPHUV RYHU

WLPH� �%� /DWH LQ WKH DVVHPEO\ SURFHVV� VKHOO SURWHLQV UDSLGO\ DVVHPEOH DURXQG 5X%LV&2� �&� 6KHOO

FORVXUH FRPSOHWHV WKH FDUER[\VRPH WR HVWDEOLVK DQ R[LGL]LQJ HQYLURQPHQW� VHDOLQJ 5X%LV&2 IURP

WKH F\WRVRO� �'� $ QHZ5X%LV&2 QXFOHXV IRUPV DIWHU FRPSOHWLRQ RI WKH SUHYLRXV FDUER[\VRPH�

&RORFDOL]DWLRQPD\ EH GULYHQ E\ ELVHFWLRQ RI H[FHVV FDUJR E\ VKHOO FORVXUH� RU �(� E\ DIĆQLW\ RI 5X�

%LV&2 DVVHPEOLHV LQLWLDWHG HOVHZKHUH WR WKH RXWVLGH RI WKH VKHOO� �)� 5XSWXUH RI D FRPSOHWH FDU�

ER[\VRPHZRXOG H[SRVH ROG 5X%LV&2 FDUJR WR WHPSODWH QHZ DVVHPEO\�
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)LJXUH ���� )XQFWLRQDOLW\ RI WKH FRUH .DL$%& RVFLOODWRU LQ D KHWHURORJRXV V\VWHP� �$�0RGHO IRU

WKH SKRVSKRU\ODWLRQ VWDWH RI .DL& WKURXJK WKH DQWDJRQLVWLF DFWLYLWLHV RI .DL$ DQG .DL%� �%� /HYHOV

RI SKRVSKRU\ODWHG ��3� DQG XQSKRVSKRU\ODWHG ZLOG�W\SH �:7� RU QRQ�SKRVSKRU\ODWDEOH PXWDQW

�6���$� 7���$� GHQRWHG ê.DL&�XQ3PXWë� RI .DL&�)/$* SURWHLQ ZKHQ H[SUHVVHGZLWK .DL$%� 3UR�

WHLQV ZHUH YLVXDOL]HG E\ 6'6�3$*( DQG LPPXQREORWWLQJ �VHH0HWKRGV�� 7KH UDWLR RI SKRVSKRU\�

ODWHG .DL& WR WRWDO .DL& LV SORWWHG� �&� /HYHOV RI SKRVSKRU\ODWHG DQG XQSKRVSKRU\ODWHG .DL&�)/$*�

FR�H[SUHVVHGZLWK .DL%� ZLWK RU ZLWKRXW .DL$ RYHUH[SUHVVLRQ �VHH0HWKRGV�� 7KH UDWLR RI SKRVSKR�

U\ODWHG .DL& WR WRWDO .DL& LV SORWWHG� 7KH DVWHULVN LQGLFDWHV KLJKHU SURSRUWLRQ RI SKRVSKRU\ODWHG

.DL&ZKHQ .DL$ LV RYHUH[SUHVVHG �3������ 6WXGHQW W WHVW�� �'� .DL& SKRVSKRU\ODWLRQ RYHU WLPH LQ (�

FROL FR�H[SUHVVLQJ .DL$ DQG .DL%� DIWHU V\QFKURQL]DWLRQ �W �K�� 7KHPHDQ UDWLR RI SKRVSKRU\ODWHG

.DL& WR WRWDO .DL& DFURVV ELRORJLFDO UHSOLFDWHV� PHDQ QRUPDOL]HG IRU HDFK WLPH�WUDFH� LV SORWWHG� &LU�

FDGLDQ RVFLOODWLRQV DUH VWDWLVWLFDOO\ VLJQLĆFDQW DV DQDO\]HG XVLQJ 5$,1 �3����������� �(� 3RZHU RI

FLUFDGLDQ SHULRGLFLW\ RI .DL$%& FORFN VWUDLQV �UHG� DQG FRQWURO VWUDLQV H[SUHVVLQJ RQO\ .DL& �EOXH��

7UDFHV� SURGXFHG IURP EDQGSDVV ĆOWHULQJ IRU FLUFDGLDQ SHULRGV ������K� IROORZHG E\ )RXULHU WUDQV�

IRUP RI WLPH FRXUVH GDWD IURP ELRORJLFDO UHSOLFDWHV DUH SORWWHG �Q ��� 9HUWLFDO OLQH LQGLFDWHV WKH

IUHTXHQF\ FRUUHVSRQGLQJ WR D ��K SHULRG� 7KH DVWHULVN LQGLFDWHV LQFUHDVHG SRZHU RI FLUFDGLDQ SHUL�

RGLFLW\ LQ .DL$%& FORFN VWUDLQV �S������ 6WXGHQW W WHVW�� (UURU EDUV� V�H�P� �Q �� LQ �% WR '��







)LJXUH ��� �IROORZLQJ SDJH�� $ V\QWKHWLF WUDQVFULSWLRQDO UHSRUWHU RI .DL& SKRVSKRU\ODWLRQ GHPRQ�

VWUDWHV FLUFDGLDQ RVFLOODWLRQV� �$� 6FKHPDWLF RI WKH V\QWKHWLF WUDQVFULSWLRQDO UHSRUWHU RI .DL&

SKRVSKRU\ODWLRQ VWDWH� ([SUHVVLRQ RI WKH *)3 UHSRUWHU LV GHSHQGHQW RQ WKH LQWHUDFWLRQ EHWZHHQ

.DL&� ZKLFK LV IXVHG WR WKH �VXEXQLW RI 51$ SRO\PHUDVH 1�WHUPLQDO�GRPDLQ �.DL&� 17'�� DQG

6DV$� ZKLFK LV IXVHG WR &, ELQGLQJ SURWHLQ �6DV$�&,�� ,QVHW� 7KH ELQGLQJ RI .DL& DQG 6DV$ LV GH�

SHQGHQW RQ SKRVSKRU\ODWLRQ VWDWH� 7KLFNQHVV RI WKH DUURZ LQGLFDWHV VWUHQJWK RI ELQGLQJ� �%� 2'

QRUPDOL]HG ćXRUHVFHQW UHSRUWHU RXWSXW IURP FHOOV H[SUHVVLQJ HLWKHU ELQGLQJ SDUWQHU DORQH RU ERWK

.DL&� 17' DQG 6DV$�&,� (UURU EDUV� V�H�P� �Q �� �&� 2' QRUPDOL]HG ćXRUHVFHQW UHSRUWHU RXWSXW

RI LQWHUDFWLRQV EHWZHHQ SKRVSKRPLPLF .DL& �6���$� 7���(� �3PXW�� ZLOGW\SH .DL& �:7�� RU QRQ�

SKRVSKRU\ODWDEOH PXWDQW RI .DL& �6���$� 7���$� �XQ3PXW� ZLWK ZLOG�W\SH 6DV$�&,� (UURU EDUV�

V�H�P� �Q �� �' WR *� %DFNJURXQG VXEWUDFWHG DQG2' QRUPDOL]HG WLPH FRXUVH ćXRUHVFHQFH ZKHQ

FR�H[SUHVVLQJ .DL& �'� RU .DL& 6���$ 7���$ QRQ�SKRVSKRU\ODWDEOH PXWDQW �)�� ZLWK 6DV$ IXVLRQ

SURWHLQV� DQG .DL$%� %UDFNHWV LQGLFDWH ��K SHULRGV� 6WDWLVWLFDOO\ VLJQLĆFDQW FLUFDGLDQ RVFLOODWLRQV

ZHUH REVHUYHG LQ �'� XVLQJ 5$,1 �3������� 6WUHQJWK RI WKH SHULRGLFLW\ �SRZHU� DW HDFK IUHTXHQF\

�DQG LWV FRUUHVSRQGLQJ SHULRG� LV FDOFXODWHG XVLQJ IRXULHU DQDO\VLV� 0D[LPXP SRZHU� VKRZQ E\

)RXULHU DQDO\VLV RI �'� DQG �)�� RFFXUV DW D SHULRG RI DERXW �� K LQ �(� DQG SHULRGV!��K DQG�RU SH�

ULRGV���K LQ FRQWUROV �*�� 'DVKHG OLQH LQGLFDWHV D ��K SHULRG� 3HDNV DOLJQ ZLWK GDVKHG OLQH LQ �'�

DQG �)�� EXW QRW LQ �*�� W � LQGLFDWHV V\QFKURQL]DWLRQ� �+� %DFNJURXQG ćXRUHVFHQFH� ZKLFK ZDV VXE�

WUDFWHG LQ ' DQG )� IURP D VWUDLQ FRQWDLQLQJ RQO\ WKH UHSRUWHU DQG QR FORFN FRPSRQHQWV�
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)LJXUH ���� 6LQJOH FHOOV GHPRQVWUDWH RVFLOODWRU\ EHKDYLRU� �$� )OXRUHVFHQW FHOOV LQ FKDQQHOV LQ WKH

PLFURćXLGLF GHYLFH �RUDQJH RXWOLQH� ZLWKPHGLD ćRZ �JUH\ DUURZV� DFURVV WKH EDVH RI WKH FKDQ�
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)LJXUH $��� 4XDQWLĆFDWLRQ RI 5EF/ DQG 5EF/�*)3 OHYHOV E\:HVWHUQ EORW� 7KH LQGXFLEOH 5EF/�*)3

VWUDLQ ZDV JURZQ LQ WKH SUHVHQFH RU DEVHQFH RI ��w0 ,37* DW HDUO\ ORJ SKDVH IRU �� KRXUV� 8VLQJ D

UDEELW SRO\FORQDO DQWL�5X%LV&2 DQWLERG\� WKH LQWHQVLWLHV RI EDQGV DERYH EDFNJURXQGZHUH TXDQWL�

ĆHG� WKH 5EF/�*)3 EDQG LV ��� RI WKH LQWHQVLW\ RI WKH HQGRJHQRXV 5EF/ EDQG�

)LJXUH $��� $GGLWLRQDO EDU FDUER[\VRPH )5$3 GDWD� %OHDFKLQJ HYHQWV DUH LQGLFDWHG E\ JUH\ OLQHV�

8QEOHDFKHG SRUWLRQV RI WKH EDU ZHUH XVHG WR FRUUHFW IRU SKRWREOHDFKLQJ�



)LJXUH $��� $GGLWLRQDO VKHOO SURWHLQ DVVHPEO\ GDWD� �$å&� ,QGLYLGXDO WUDFHV RI WKH ćXRUHVFHQFH

LQWHQVLW\ RI &FP.� IRFL� (DFK SDQHO UHSUHVHQWV D GLIIHUHQW FHOO� DQG RQO\ VKHOO IRFL LQ WKH SURFHVV RI

DVVHPEOLQJ DUH UHSUHVHQWHG� 7LPH LQWHUYDO� � PLQXWHV�

7DEOH $��� 6WUDLQV DQG 3ODVPLGV

Strain  or
Plasmid Relevant  genotype Resistance Reference

E  coli  strains
DH5-α Host  strain  for  plasmid  construction

S.  elongatus  strains
PCC  7942 Wild-type  Synechococcus,  ATCC  organism  33912 (Allen  1968)

RuBisCO/shell  protein
two  color

Papca::ccmk4::sfGFP  inserted  in  neutral  site  1;;  lacI  and
ptrc::rbcL::mOrange2  inserted  in  neutral  site  2

Kan/Sp This  work

Plasmids
pDFS724 rbcL::sfGFP  cloned  into  Neutral  Site  2  at  XbaI  and  NotI  sites Kan (Savage  2010)

pDFS594S Papca::ccmk4::YFP  cloned  into  Neutral  Site  1  at  SpeI  and  NotI
sites

Sp (Savage  2010)

pAHC003 rbcL::mOrange2  cloned  into  pDFS724  in  place  of  rbcL::sfGFP Kan This  work

pAHC134 Papca::ccmk4::sfGFP Sp This  work

pAHC126 rbcL::SNAP  cloned  into  pDFS724  in  place  of  rbcL::sfGFP Kan This  work

pAHC149 rbcL::roGFP1  cloned  into  pDFS724  in  place  of  rbcL::sfGFP Kan This  work

Table  1.  Bacterial  Strains  and  Plasmids.
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)LJXUH %��� 3ODVPLGV EXLOW IRU UHFRQVWUXFWLRQ RI FLUFDGLDQ RVFLOODWRU LQ (� FROL� �$� &RUH RVFLOODWRU

FRPSRQHQWV� NDL$%&� DUH H[SUHVVHG LQ DQ RSHURQ GULYHQ E\ DQ DUDELQRVH LQGXFLEOH SURPRWHU� �%�

$GGLWLRQDO QDWLYH F\DQREDFWHULDO FRPSRQHQWV� VDV$� USD$� USD%� DUH H[SUHVVHG LQ D V\QWKHWLF RSHURQ

GULYHQ E\ DQ ,37* LQGXFLEOH SURPRWHU� �&�P&KHUU\ UHSRUWHU LV GULYHQ E\ D FLUFDGLDQ UHVSRQVLYH

SURPRWHU� VXFK DV NDL%&�
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RI XQSKRVSKRU\ODWHG .DL& RYHU WLPH LQ (� FROL FR�H[SUHVVLQJ .DL$ DQG .DL%� DIWHU V\QFKURQL]D�

WLRQ �W �K�� 7KHPHDQ UDWLR RI XQSKRVSKRU\ODWHG .DL& WR WRWDO .DL& DFURVV ELRORJLFDO UHSOLFDWHV�

PHDQ QRUPDOL]HG IRU HDFK WLPH�WUDFH� LV SORWWHG� �&� 7RWDO .DL& TXDQWLĆHG RYHU WLPH LQ (� FROL FR�

H[SUHVVLQJ .DL$ DQG .DL%� DIWHU V\QFKURQL]DWLRQ �W �K�� 1R VWDWLVWLFDOO\ VLJQLĆFDQW RVFLOODWLRQV

ZHUH IRXQGZKHQ DQDO\]HG XVLQJ 5$,1 �3 ������ (UURU EDUV� V�H�P� �Q ���
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)LJXUH %��� &LUFDGLDQ SKRVSKRU\ODWLRQ RI .DL& RYHU WLPH UHTXLUH .DL$ DQG .DL%�.DL& SKRVSKRU\�

ODWLRQ RYHU WLPH� DIWHU V\QFKURQL]DWLRQ� LQ (� FROL H[SUHVVLQJ RQO\ .DL&ZLWKRXW RWKHU .DL FORFN FRP�

SRQHQWV� 7KHPHDQ UDWLR RI SKRVSKRU\ODWHG .DL& WR WRWDO .DL& DFURVV WKUHH ELRORJLFDO UHSOLFDWHV�

PHDQ QRUPDOL]HG IRU HDFK WLPH�WUDFH� LV SORWWHG� (UURU EDUV� V�H�P� �Q ��� &LUFDGLDQ RVFLOODWLRQV

ZHUH QRW VWDWLVWLFDOO\ VLJQLĆFDQW DV DQDO\]HG E\ 5$,1 �3!������
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CI binding protein 
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(full length) 
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)LJXUH %��� 3ODVPLGV EXLOW IRU WKH V\QWKHWLF RVFLOODWRU EDVHG RQ DPRGLĆHG EDFWHULDO WZR�K\EULG

V\VWHP� �$� 3ODVPLG H[SUHVVLQJ IXOO OHQJWK .DL& &�WHUPLQDOO\ IXVHG WR WKH VXEXQLW 1�WHUPLQDO

GRPDLQ RI 51$ SRO\PHUDVH �.DL&� 17'�� �%� 3ODVPLG H[SUHVVLQJ IXOO OHQJWK 6DV$ &�WHUPLQDOO\

IXVHG WR &, SURWHLQ �6DV$�&,�� 7KH WZR SDUWV RI WKH IXVLRQV DUH FRQQHFWHG YLD �; DODQLQH OLQNHUV

DQG WKHLU FRUUHVSRQGLQJ JHQHV DUH GULYHQ E\ ODF SURPRWHUV�
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7DEOH %��� 6WUDLQV DQG 3ODVPLGV

 

Strain or 

plasmid 

Relevant genotype Resistance Reference 

E. coli strains    

DH10B/Top10 Expression strain  Invitrogen 

MG1655 Parent strain of DH10B for microfluidic device loading and 

growth 

  

DP10 Variant of DH10B for arabinose induction  Kizer 2008 

 

Plasmids 

   

AHC138 pBAD-kaiABC-FLAG Amp This work 

AHC181 Phosphomutant variant of AHC138 with KaiC S431A, T432A Amp This work 

AHC82 pTET kaiBC-6XHis Kan This work 

AHC21 pBAD kaiA Amp This work 

AHC20 pBAD-kaiABC Amp This work 

AHC86 kaiBC promoter -mcherry Kan This work 

AHC65 plac-rpaA, rpaB, sasA Cm This work 

AHC22 AHC20 ΔkaiA Amp This work 

AHC165 AHC20 ΔkaiB Amp This work 

AHC166 AHC20 ΔkaiC Amp This work 

AHC163 AHC65 ΔrpaA Cm This work 

AHC164 AHC65 ΔsasA Cm This work 

AHC123 AHC65 ΔrpaB Cm This work 

AHC170 AHC20 ΔkaiAC Amp This work 

AHC171 AHC65 ΔSasA ΔRpaB Cm This work 

AHC172 AHC65 ΔRpaAB Cm This work 

AHC85 AHC65 ΔSasA ΔRpaA Cm This work 

AHC205 AHC20 KaiC phosphomimic S431D T432D   

AHC 140 AHC65 RpaA phosphomimic D53E Cm This work 

AHC141 AHC65 Non-phosphorylatable RpaA D53A Cm This work 

AHC 142 AHC65 RpaB phosphomimic D56E  Cm This work 

AHC 143 AHC65 Non-phosphorylatable RpaB D56A Cm This work 

AHC 144 AHC65 SasA phosphomimic H161D Cm This work 

AHC 145 AHC65 Non-phosphorylatable SasA H161A Cm This work 

pBR α PlacUV5/Plpp -directed synthesis of the full length a subunit of E. 

coli RNAP 

Amp Dove et al. 1997 

pACλCI PlacUV5-directed synthesis of the lCI protein                          Cm Dove et al. 1997 

AHC096 placUV5- and plpp-directed synthesis of the αNTD (residues 

1-248 of the α subunit of E. coli RNAP) fused via three 

alanines to S. elongatus KaiC protein 

 Amp This work 

AHC097 PlacUV5-directed synthesis of the lCI protein fused via three 

alanines to S. elongatus SasA protein 

Cm This work 

AHC157 placOL2 driving 3x tandem sfGFP Kan This work 

AHC177 AHC096 Non-phosphorylatable KaiC S431A, T432A Amp This work 

AHC178 AHC096 KaiC phosphomimic S431D T432D Amp This work 

AHC179 AHC097 Non-phosphorylatable SasA H161A Cm This work 

AHC180 AHC097 Phosphomimic SasA H161D Cm This work 
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Intracellular organization is a key factor in cell metabo-
lism. Cells have evolved various organizational systems
to solve the challenges of toxic pathway intermediates,
competing metabolic reactions, and slow turnover rates.
Inspired by nature, synthetic biologists have utilized pro-
teins, nucleic acids, and lipids to construct synthetic
organizational systems that mimic natural systems. Many
of these systems have been applied to metabolic path-
ways and shown to significantly increase the production
of industrially and commercially important chemicals.
Further engineering and characterization of synthetic
organizational systems will allow us to better understand
native cellular strategies of spatial organization. Here, we
discuss recent advances and ongoing efforts in designing
and characterizing synthetic compartmentalization sys-
tems to mimic natural strategies and increase metabolic
yields of engineered pathways.

Compartmentalization benefits natural and engineered
systems
Biological complexity requires varying degrees of organi-
zation. Cells require spatial organization to perform the
various enzymatic reactions and processes necessary to
sustain life [1]. This is achieved through compartmentali-
zation, the physical separation of biological reactions.
Examples of compartmentalization include membrane-
bound organelles, bacterial microcompartments [2,3], mul-
tienzyme complexes, and others [4,5].

Inspired by nature, synthetic biologists have recently
devised strategies to mimic cellular organizational sys-
tems. These synthetic systems have been predominantly
designed toward metabolic engineering of pathways, har-
nessing the capability of cells to produce industrially [6,7]
or pharmaceutically useful [8,9] compounds.

In this review, we describe the various difficulties faced
by the cell when performing metabolic reactions and natu-
ral compartmentalization systems that solve these pro-
blems. We review recent advances in designing synthetic
compartments that provide modular solutions to overcome
these same challenges. These systems capture the benefits
of spatial organization and apply them to engineered path-
ways. This has also recently been reviewed in [10–12]. Our
review will discuss the latest progress and challenges in

designing compartmentalization, especially in building
bacterial microcompartments and RNA scaffolds. We also
analyze the degree to which these mimic natural systems
and discuss how they aid in our understanding of the
biological organization of the cell.

The need for intracellular organization
Cells face many challenges that benefit from compartmen-
talization (Figure 1a). First, some enzymes, such as ribu-
lose 1,5-bisphosphate carboxylase oxygenase (RuBisCO)
[13], suffer from slow turnover, which results in flux imbal-
ances or bottlenecks in pathways. Reliance on such
enzymes may require establishing local concentration gra-
dients of substrates. This would increase reaction rates to
support adequate pathway flux [14]. Second, diffusion of
volatile intermediates through the cell membrane results
in their loss from the cell [15]. Third, biosynthetic path-
ways can generate toxic intermediates that inhibit growth,
such as hydrogen sulfide accumulated during bacterial
sulfur metabolism [16]. Finally, metabolites can partici-
pate in multiple competing reactions, reducing their avail-
ability for any single pathway. An example of this is
malonyl-CoA, an intermediate that is consumed in fatty
acid and phospholipid production but is also used in the
biosynthesis of polyketides and flavonoids [17].

Nature’s solutions
To deal with these challenges, nature has evolved compart-
mentalization strategies (Figure 1b), such as large enzyme
complexes [10,18,19] and organelles [2,20], to spatially
organize metabolism. In eukaryotes, compartmentaliza-
tion in the form of membrane-bound organelles is common.
The peroxisome, for example, encapsulates reactions that
generate or consume hydrogen peroxide, a toxic interme-
diate from the breakdown of organic substrates in oxida-
tive reactions [21].

Until recently, prokaryotes were generally thought to
lack internal organization [22]. However, researchers have
recently discovered different types of bacterial microcom-
partments that partition the internal space of the bacterial
cell for specialized functions [2,23]. In cyanobacteria and
other autotrophic prokaryotes, carboxysomes encapsulate
RuBisCO and carbonic anhydrase, enzymes involved in the
rate-limiting step of the Calvin cycle [24,25] (Figure 2a).
These proteinaceous microcompartments are the primary
‘carbon-concentrating mechanism’ in these bacteria. They
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are proposed to help overcome the slow turnover rate of
RuBisCO by providing a high local concentration of carbon
dioxide to the enzyme [26,27].

Two other bacterial proteinaceous microcompartments
protect the cell from toxic aldehyde intermediates. The
ethanolamine utilization (Eut) microcompartment
sequesters acetaldehyde, a volatile and toxic intermediate
of the ethanolamine utilization pathway [28]. Likewise,
the 1,2-propanediol utilization (Pdu) microcompartment
encapsulates propionaldehyde, minimizing its toxicity
[29]. These and numerous other bacterial microcompart-
ments have been found in approximately 400 microbial
genomes [2].

Another method of compartmentalization found in na-
ture is multienzyme complexes, which directly link
enzymes involved in a given pathway. Ideally, this results
in substrate channeling, the process by which intermedi-
ates are directly transferred between the active sites of two
enzymes that catalyze sequential reactions in the pathway
[30]. Substrate channeling prevents the loss of intermedi-
ates and minimizes competing cross-reactions. A classic

example is tryptophan synthase, a multienzyme complex
that catalyzes the last two reactions in the biosynthesis of
L-tryptophan [18,31]. The intermediate, indole, is chan-
neled from one active site to the next without being
released into the surrounding environment. This is advan-
tageous for the cell not only because indole is reactive and
easily lost through the cell membrane, but also because, in
the absence of indole, tryptophan synthase catalyzes
dehydration of serine to pyruvate at 5% the rate of trypto-
phan formation [32]. Other multi-enzyme complexes found
in nature include polyketide synthase [33], carbamoyl
phosphate synthetase [34], and cellulosomes [35], which
may function similarly by increasing reaction kinetics and
reducing the loss of intermediates.

Synthetic compartmentalization
The goal of metabolic engineering is to optimize a given
biosynthetic pathway to increase production of a particular
substance [7,36]. Many of these pathways present the same
challenges of toxic intermediates, competing reactions,
and flux imbalances found in nature [10,14]. Therefore,
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synthetic biologists have drawn inspiration from nature to
design synthetic compartmentalization systems.

Compartmentalization by tethering using protein
scaffolds
Nature uses proteins and protein–protein interactions to
build functional multienzyme complexes. In some cases,
non-catalytic scaffold proteins are used to assemble these
complexes. One example of such a scaffold protein is Ste5,
which selectively brings together MAPKK Ste7 and its
substrate MAPK Fus3, promoting phosphorylation in this
signaling cascade and disfavoring competing substrates
[37]. Another example is scaffoldins, which organize pro-
tein subunits into the cellulosome and assist in the break-
down of cellulose [35]. Bacterial microcompartments, large
assemblies comprising thousands of protein subunits, also
function as organizational devices in the cell. Attempts to
mimic natural protein scaffolding mechanisms have in-
cluded crosslinking enzymes [38], enzyme immobilization

on solid substrates in vitro [39], and direct enzyme fusion
[10].

Inspired by naturally existing enzyme complexes, a syn-
thetic protein scaffold, capable of colocalizing enzymes and
increasing product titers, was produced [40] (Figure 2b).
Eukaryotic protein–protein interaction domains were fused
to form scaffolds. Each of the domains selectively recruited
enzymes fused to cognate peptide ligands, colocalizing them
to the scaffold.

Protein scaffolds have been tested on various pathways
and increases in titers were shown. The mevalonate path-
way, for example, produces a toxic intermediate and suf-
fers from flux imbalance due to differing enzyme turnover
rates. Scaffolding increased product yields by 77-fold [40].
The glucaric acid pathway was also scaffolded, and 5-fold
improvement was seen over a high baseline titer of 0.6 g/L
[41]. This pathway requires high levels of intermediate
myoinositol to drive myoinositol oxygenase kinetics. A final
example is biological hydrogen production, which suffers
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domain–ligand interactions were used to colocalize three enzymes of the mevalonate pathway: AtoB, HMGS, and HMGR. The stoichiometries of the enzymes could be
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from competing reactions and requires close contact of the
two enzymes involved. This pathway benefited by about
fivefold from protein scaffolding [42]. In principle, these
synthetic protein scaffolds can replicate natural compart-
mentalization strategies found in multienzyme complexes,
thereby alleviating the problems sometimes found in engi-
neered metabolic reactions.

The extent of the increase in yields due to scaffolding
depends on scaffold stoichiometry. Nature uses gene du-
plication events and evolution of protein–protein interac-
tions, events that operate on a long timescale, to change
the ratio of each of the enzymes in multienzyme complexes.
Synthetic scaffolds similarly enable us to build and test
many different enzyme stoichiometries, but in a short
period of time, to determine the optimal ratio for produc-
tion of a compound of interest. Varying the number of each
interaction domain in the scaffold was shown to dramati-
cally affect product titers [40]. In this way, designing
stoichiometries and geometries of synthetic protein scaf-
folds may result in more effective compartmentalization
mechanisms.

Although the exact mechanism by which protein scaf-
folds increase yields remains unknown, it has been hypoth-
esized that they may form higher order complexes due to
enzyme oligomerization [11] (Figure 2c), similar to natu-
rally occurring metabolite microdomains, such as Ca2+ or
cAMP microdomains [43,44]. If true, intermediates pro-
duced within the complex would be quickly consumed
before they could escape into the cellular milieu, thereby
reducing their toxicity. This would allow protein scaffolds
to more closely approximate bacterial microcompartments.

Compartmentalization using protein encapsulation
Bacterial microcompartments are relatively closed to the
surrounding environment with protein-based pores that
likely regulate transport of substrate into and out of the
proteinaceous shell (Figure 2a) [45]. This strategy effec-
tively isolates reaction intermediates from the rest of the
cellular milieu and could create high local concentrations of
substrates, thereby increasing product yields.

Microcompartments have been heterologously
expressed and could be used to encapsulate foreign path-
ways. As such, these microcompartments have the poten-
tial to increase pathway flux, making them useful tools for
metabolic engineering. For example, carboxysomes from
cyanobacteria (Figure 2a) were heterologously expressed
in Escherichia coli and the encapsulated RuBisCO was
functional in in vitro assays [46]. The Eut and Pdu micro-
compartments from Salmonella have also been expressed
in E. coli [47,48].

Many challenges remain before heterologously
expressed microcompartments can be utilized in metabolic
engineering. Targeting of foreign enzymes to microcom-
partments is an area of ongoing research and localization
sequences have been found for the Pdu and Eut micro-
compartments [47,49]. However, although associations be-
tween carboxysome shell proteins and other protein
components have been shown [50], targeting novel
enzymes to the carboxysome remains not well understood
[46]. Another challenge is elucidating the mechanism of
substrate transport across the microcompartment shell. In

carboxysomes, diffusion of small molecules across the shell
is likely, but pores that suggest active regulation of sub-
strate crossing have also been revealed in crystal struc-
tures [45]. Heterologously expressed microcompartments,
isolated from their native cellular environment, may help
us better understand these mechanisms.

Spatial organization of microcompartments can be reg-
ulated within a cell, providing the cell with another mech-
anism to optimize metabolic processes. For instance,
carboxysomes are aligned along the major axis of the cell
[51] (Figure 2a, right) and the bacterial cytoskeletal com-
ponent ParA is required for proper alignment to occur. The
exact interaction between the cytoskeleton and the bacte-
rial microcompartment remains unknown and is an active
area of research. This knowledge would enable the design
and construction of a novel synthetic cytoskeletal scaffold-
ing device. By inducing polymerization and depolymeriza-
tion of cytoskeletal proteins in response to substrate
availability or other environmental signals, we may be
able to control the spatial organization and number of
compartments tethered to this synthetic cytoskeleton. This
may allow dynamic regulation of metabolic reactions in
synthetic microcompartments.

Another bacterial microcompartment-like encapsula-
tion device was recently engineered. A lumazine synthase
capsid from Aquifex aeolicus was heterologously expressed
in E. coli [52]. Lumazine synthase, an enzyme catalyzing
riboflavin synthesis, forms icosahedral assemblies that do
not naturally encapsulate other enzymes. However, elec-
trostatic interactions were engineered, enabling it to en-
capsulate a toxic enzyme, HIV protease. Directed evolution
was used to select for a capsid with higher loading capacity.
In addition, the assembly state of lumazine synthase was
controlled through engineered point mutations, which
changed the quaternary structure of the capsid, thereby
changing the size and structure of the capsid, without
disrupting the secondary or tertiary structure [53]. The
ability to insulate toxicity from the cytoplasm using a
designable compartmentalization system is important
for metabolic engineering. It allows the expression of het-
erologous pathways that may otherwise be toxic, or even
lethal, to the cell.

Overall, protein assemblies have been used effectively
to organize metabolic reactions and increase product
yields. Thus far, however, such increases have been low.
Therefore, the present challenge is to further increase
yields to levels high enough for industrial applications.
To do so, the mechanism of scaffold action must be further
elucidated. In addition, scaffolds have been applied to only
a few select pathways as proof of principle. Generality and
scalability of scaffolds will require a better understanding
of localization to synthetic scaffolds.

Compartmentalization using nucleic acids
DNA and RNA nanotechnology is a field of research that
has many promising applications in medicine and industry
[54–56]. Short strands of DNA or RNA can fold into various
structures or assemble into dimer or multimer building
blocks (Figure 3c). These building blocks can then poly-
merize into various 3D structures in vitro, including
simple structures such as sheets, as well as more complex
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structures such as tubes and capsules [57,58] (Figure 3a).
In this way, DNA and RNA nanotechnology can be used to
build complexes that structurally mimic natural organiza-
tional systems, such as enzyme channels and bacterial
microcompartments.

Nucleic acid structures can also functionally mimic nat-
ural organizational systems. That is, proteins can be tar-
geted directly to the scaffolds. Several multienzyme systems
have been successfully organized using nucleic acids in vitro.
NADH-flavin mononucleotide (FMN) oxidoreductase and
luciferase, enzymes that catalyze two consecutive reaction
steps, were assembled onto DNA scaffolds using streptavi-
din–biotin linkages and coupled enzymatic activity was
increased relative to unscaffolded enzymes [59]. Glucose
oxidase (GOX) and horseradish peroxidase (HRP) were
immobilized through covalent conjugation to DNA oligonu-
cleotides and an increase in reactivity was seen in both
scaffolded systems compared with unscaffolded enzymes
alone [60]. Other enzyme cascades have been organized
using large supramolecular DNA scaffolds [61] and DNA
origami [62] and reactivity was found to depend on relative
enzyme positioning on the scaffold.

Although traditional in vitro assembly of DNA or RNA
nanostructures relies on physiologically unsustainable
temperatures and slow cool down to denature and anneal
designed strands correctly [63], isothermal strategies for
both DNA and RNA were recently developed [64–66]. This
paved the way for in vivo applications of RNA and DNA
scaffolds.

A DNA scaffold, in the form of a plasmid, was con-
structed. It recruited enzymes via zinc finger domains that
bound to specific motifs on the scaffold [67]. Several
enzymes were tested using this system, including path-
ways for the production of resveratrol, 1,2-propanediol,
and mevalonate. Yields were found to increase as a func-
tion of scaffold architecture, similar to protein scaffolds.

Scaffolds with more complex geometries were con-
structed using designed non-coding (nc)RNA (Figure 3b,c).
As a building material, RNA has several advantages.
Because the base-pairing interactions in RNA (and DNA)
are well studied [68,69], secondary and tertiary structures of
nucleic acids can be predicted in silico [70–72] with nano-
meter precision [57] and are relatively easy to design [55].
RNA can also be expressed in large amounts by engineered
cells and can stably exist outside the nucleus in eukaryotic
cells, making it portable to a wide range of hosts. Addition-
ally, RNA can recruit proteins fused to adapters via RNA
aptamers, which can be evolved to bind with high specificity
to various ligands [73,74].

A single molecule of RNA (approximately 100 bases) can
fold into a linear discrete scaffold that mimics multien-
zyme complexes in nature [75] (Figure 3b). The RNA
molecule comprises multiple different aptamer motifs,
which can recruit proteins, as well as complementation
regions, which form the scaffold (Figure 3b). This scaffold is
relatively easy to build and characterize and is suitable for
expression of specific stoichiometries of enzymes in a chain
[75]. Scale up, which may allow production at industrially
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Figure 3. Nucleic acid scaffolds: mimicking the diverse geometries found in nature. (a) DNA and RNA nanotechnology can produce many different structures in vitro,
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feasible titers, is also possible; numerous RNA aptamer
domains can be connected in a single molecule of RNA. In
this way, almost 100 proteins were recruited in a chain for
visualization experiments [76], although this has not yet
been adapted for metabolic engineering purposes.

An RNA nanotube was built using short single-stranded
building blocks that polymerized in vivo [75] (Figure 3c).
Here, the directionality of enzyme loading was not speci-
fied; that is, enzymes were tethered to both the interior and
the exterior of the nanotube. However, loading enzymes
selectively to the interior has been shown in vitro [77]. If
such selective loading could be accomplished in vivo, a
modified version of this 1D scaffold could act like a pipe,
preventing intermediates from escaping and increasing
product yields. Another scaffold architecture, a 2D sheet,
was constructed using a similar strategy and product yield
was highest when using this scaffold (Figure 3c). Although
there is no directly analogous system in nature, this
2D-scaffold is likely to function by increasing the number
of neighbors any enzyme has in close proximity, allowing
exploration of the quantitative effect of colocalizing addi-
tional proteins in two dimensions; for example, by recruit-
ing them to a membrane.

As a demonstration of feasibility, [FeFe]-hydrogenase
and ferredoxin, enzymes involved in the biological produc-
tion of hydrogen [78], were recruited to RNA scaffolds. This
pathway is a useful test bed because it suffers from com-
peting reactions and requires the enzymes to be in close
proximity [42]. Hydrogen output was found to increase as a
function of scaffold architecture.

DNA and RNA scaffolds allow metabolic engineers to
mimic many different strategies implemented by nature
for substrate channeling and reducing competition to
increase pathway flux. In vitro work provides a wide array
of tested architectures and functionalities that mimic
various natural compartmentalization systems in differ-
ent ways. This ability to design precise scaffold geometry
is a major advantage of nucleic acid scaffolds over protein
and lipid compartmentalization systems, where structure
prediction and design remain difficult. However, the in
vitro to in vivo transition is a major challenge for nucleic
acid scaffolds and is not always possible due to many
constraints, such as isothermal assembly. Specific control
over scaffold architectures and the ability to design cus-
tomized shapes with RNA and DNA isothermally in vivo
are crucial next steps in utilizing this technology to in-
crease yields. If successful, RNA and DNA may even be
used to build scaffolds in architectures not found in nature.
Although the effects of such structures on the cell’s meta-
bolic load and the crosstalk with native systems may be
problematic, it raises interesting possibilities for metabol-
ic engineers to exceed nature’s capabilities to produce
useful compounds.

RNA scaffolds currently have an added advantage over
DNA and other types of scaffold in that the amount of
scaffold expression can be controlled. However, the effect of
expressing high amounts of nucleic acid on cell growth and
viability is not well understood and titration of scaffold
expression has yet to be performed.

The generality of nucleic acid scaffolds remains to be
demonstrated, because they have been used in only a

few select pathways. Further application of nucleic acid
scaffolds will require generation of additional orthogonal
RNA aptamers or zinc finger domains. The application of
RNA scaffolds, with its diverse architectures, to various
pathways will not only allow further improvement of the
technology, but will also allow testing of the mechanism of
scaffold action. For example, the effect of scaffolding is
hypothesized to be greater for non-diffusible intermediates
compared with diffusible intermediates if local high con-
centration of intermediates is an important contributing
factor. Overall, RNA scaffolds are capable of becoming
versatile, designable scaffolds that can mimic natural
systems of differing geometries, compartmentalize various
metabolic pathways, and increase yields, possibly beyond
nature’s capabilities.

Compartmentalization using lipids
Lipids, often in the form of membranes, are widely used to
encapsulate reactions in nature. Lipid vesicles and oil
emulsions have been used to perform a wide variety of
reactions in vitro, such as gene expression [79], sequencing,
and evolution of new enzymes [80]. Even self-replicating
lipid systems have been created: protocells that are capa-
ble of catalyzing RNA reactions and processing ‘food’
micelles [81]. Although these systems are effective at
encapsulation of reactions, targeting specific enzymes to
synthetic lipid vesicles remains difficult because localiza-
tion signals or other specific targeting mechanisms to lipid
vesicles are unknown.

Another compartmentalization strategy utilizes natu-
rally existing membrane-bound organelles. Unlike lipid
vesicles, many membrane-bound organelles have well
studied localization mechanisms [82]. One study targeted
methyl halide transferase to yeast vacuoles to increase
methyl iodide production [83]. The increases seen were
likely to have been due to added access to a cofactor and
sequestration of halogenated products. Also, targeting of
terpenoid production pathway components to the mito-
chondria significantly increased yields [84]. The advantage
of this system is that it allows engineering of eukaryotic
cells such as commercially important yeast.

Lipid compartmentalization systems remain a relative-
ly unexplored area of synthetic biology, because they have
many weaknesses compared with nucleic acid or protein
scaffolds. For example, controlling the architecture of
compartments and stoichiometries of encapsulated
enzymes is challenging. Other major challenges for in vivo
use of lipid compartmentalization devices include secretion
of final products and, in the case of native organelle utili-
zation, potential interactions with the host metabolism. A
better understanding of these factors and studies in natu-
ral lipid compartmentalization systems may yield results
that can inform the development of synthetic lipid com-
partments.

Using synthetic scaffolds to understand the limitations
of natural systems
Studying engineered scaffolds may give us new insight into
the function and design principles of natural compartmen-
talization strategies. For example, scaffold architecture
and enzyme stoichiometries were found to be important
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to pathway output [40,75]. Through scaffolding pathways
with known stoichiometries and differing architectures, it
may be possible to probe the limitations of native systems
and even improve on them.

Knocking out a native compartment, replacing it with a
synthetic one, and studying the resulting effects on the cell
may allow us to decouple biological functions. This will
help elucidate the functions and limitations of the native
system. Conversely, studying heterologous expression of
natural compartments and targeting will allow us to
determine the components that are necessary and suffi-
cient for proper function. Mechanisms of localization,
assembly, and substrate gating may be elucidated from
such studies.

In addition, the well-studied examples of natural
compartmentalization systems have comprised primarily
proteins and lipid membranes. Synthetic systems have
shown, for example, that nucleic acids can function as
scaffolds. However, RNA and DNA are not commonly used
as materials for scaffolding in nature. Yeast telomerase is
one of a few known examples of RNA serving as a flexible
scaffold for protein subunits [85]. Given findings of the
capabilities of a synthetic RNA scaffold, it may be that an
as yet to be discovered function of ncRNA, which consti-
tutes 80% of total RNA, is scaffolding. Synthetic scaffolds,
in this case, may help us elucidate the organizational
function of the material from which the scaffold was made.

Concluding remarks
Cells have evolved strategies for regulating and maintain-
ing proper metabolic flux. Synthetic biologists have taken
inspiration from nature and developed synthetic systems
that solve some of the same problems. From direct mimicry
using proteins to more novel solutions using nucleic acids,
synthetic biologists have devised promising strategies for
increasing metabolic production of industrially useful che-
micals. However, some major challenges remain (Box 1).
For example, scaffolds must be applicable to various path-
ways outside the test pathways chosen in the proof-of-
principle studies conducted so far. Further increases in
yields must be obtained before scale up to industrially
relevant quantities can be achieved. Utilizing multiple
types of scaffold in the same system, if feasible, may help
accomplish this, because improvements may be made or-
thogonally by each scaffold. In addition, the effect of such
high levels of production on cell growth must be minimized.
To overcome these challenges, a better understanding of
scaffold mechanism of action and enzyme localization must
be achieved. If these efforts prove successful, scaffolds can
be widely applied as an orthogonal novel method of in-
creasing yields in metabolic engineering efforts. In addi-
tion, implementing and studying synthetic systems will
help us understand the native biological organization of
the cell.
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Box 1. Outstanding questions

! What is the mechanism by which scaffolds operate to increase
yield? Do they form higher order structures?

! How can we predictably engineer scaffold architecture and control
assembly?

! For what pathways are different scaffolds most useful? Is there a
pathway size limitation? Does the diffusability of intermediate
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Abstract

The spatial and temporal control of chromosome duplication and segregation is crucial for proper cell division. While this
process is well studied in eukaryotic and some prokaryotic organisms, relatively little is known about it in prokaryotic
polyploids such as Synechococcus elongatus PCC 7942, which is known to possess one to eight copies of its single
chromosome. Using a fluorescent repressor-operator system, S. elongatus chromosomes and chromosome replication forks
were tagged and visualized. We found that chromosomal duplication is asynchronous and that the total number of
chromosomes is correlated with cell length. Thus, replication is independent of cell cycle and coupled to cell growth.
Replication events occur in a spatially random fashion. However, once assembled, replisomes move in a constrained
manner. On the other hand, we found that segregation displays a striking spatial organization in some cells. Chromosomes
transiently align along the major axis of the cell and timing of alignment was correlated to cell division. This mechanism
likely contributes to the non-random segregation of chromosome copies to daughter cells.
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Introduction

Genomic DNA replication and segregation are fundamental
processes crucial to survival for all organisms. This process has
been well studied in many bacterial species, including Escherichia
coli [1], Bacillus subtilis [2–4], and Caulobacter crescentus [5,6]. Most of
these organisms possess a single copy of one, two or three different
chromosomes (Fig. 1A, I-III). In contrast, the cyanobacterium
Synechococcus elongatus PCC 7942 has multiple copies of its single
chromosome – estimates suggest between three to six copies [7,8]
(Fig. 1A, IV). To date, little is known about the dynamics of
replication and segregation in prokaryotes with multiple copies of
a single chromosome.
Most studies of replication and segregation so far have been

conducted in monoploid bacterial species. In many of these
organisms, replication timing and synchrony is strictly regulated
[9]. In E. coli, for example, all origins fire synchronously at a fixed
cell size per origin (initiation mass) that is independent of the
growth rate [5,10]. Synchrony is tightly coupled to cell division
cycles and ensures that daughter cells receive the correct number
of chromosomes. However, regulating timing of replication may
not be as important for proper cell division in polyploid organisms.

In addition to timing of replication, the spatial localization of
replication is important for proper cell division. In E. coli, newly
synthesized chromosomes appear in the cell center or at the
quartile points along the long axis of the cell [11]. Replication
forks appear at the origin of replication, separate into two sister
replisomes that migrate to opposite cell halves as replication
proceeds and returns to mid-cell as replication ends [11]. In C.
crescentus, replisomes move towards the middle from the cell poles
[12]. In this study, we probe the localization dynamics of
chromosome replication in S. elongatus. We also investigate the
stringency of the spatial organization of replication.
It has been suggested that organisms with multiple chromo-

somes do not require an active segregation mechanism, since given
a large number of chromosomes, it is likely that each daughter cell
will receive at least one copy [4]. This is analogous to high-copy
plasmid systems, which typically lack an active segregation
mechanism [13].
In order to better understand chromosome replication and

segregation in the polyploid organism, S. elongatus, we tagged and
visualized the chromosome and the replisome using a fluorescent
repressor-operator system. Chromosome count and localization
data was collected. We probed the spatial organization of S.
elongatus chromosome segregation and found that, contrary to
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previously suggested models, a surprising alignment occurs during
the process. In addition, we calculated the timing of replisomes
and the diffusive dynamics of replication. We found that
chromosome number correlates with cell length but that
chromosome duplication timing is asynchronous. Thus, while
duplication is correlated to cell length, it is not coupled to cell
division. Spatially, chromosome duplication occurs at random
locations in the cell, but movement of each individual replisome
remains confined after initiation. Together, these results elucidate
chromosomal replication and segregation dynamics in a polyploid
prokaryote.

Materials and Methods

Bacterial Strains and Growth Conditions
The wild-type Synechococcus elongatus PCC 7942 strain was

acquired from the American Type Culture Collection (ATCC).
S. elongatus cells were grown in solid BG11 medium following
standard protocols with an illumination of 2000 lux at 30uC [14].
S. elongatus were transformed following standard protocols by
incubating cells overnight in the dark with 100 ng of plasmid DNA
and plating on selective media [15]. Antibiotics (kanamycin,
spectinomycin, or chloramphenicol) were used at a concentration
of 5 mg/ml. To prevent disruption of chromosome replication
during growth, 200 mM isopropyl b-D-1-thiogalactopyranoside
(IPTG) was added to the media. Cells were then replica plated
onto media with 50 mM IPTG [19] for visualization and further
experiments.

Plasmid Construction
All cloning, unless otherwise stated, was done using a Biobrick-

like strategy (SpeI as the upstream site and XbaI-HindIII-NotI as
the downstream sites) [16]. 21 bp lacO operator sites were
assembled with random ten bp spacers. lacO arrays were obtained
from pLAU443 [17]. Two lacO arrays, with 120 lacO sites each,
were then assembled with a kanamycin resistance marker inserted
between them. Using Nhe1 and SalI restriction enzymes, this
series of lacO arrays was then cloned into the neutral site 1 vector
pAM2314 [18] or a vector containing homology regions to the
terminus at 1.59 Mb in the S. elongatus chromosome. In the same
vector LacI, fused to either the superfolder variant of green
fluorescent protein (GFP) or yellow fluorescent protein (YFP) was
inserted.

Image Acquisition and Analysis
Cells were plated onto BG11+50 mM IPTG [19] +2% agarose

pads, which were transferred to a glass bottom dish (MatTek) for
imaging. A Nikon TE-2000 microscope with a 10061.4 numerical
aperture objective equipped with an ORCA-ER CCD camera was
used. Image acquisition utilized custom software, written using
MATLAB (Mathworks), which interfaced with the microscope
control package mManager [20]. Lighting necessary for cell growth
during time lapse microscopy was controlled via a network AC
power controller (IP Power 9258T), which also interfaced with
MATLAB. Image analysis was performed using ImageJ [21],
custom software written in MATLAB using the Image Processing
Toolbox, and MicrobesTracker [22]. Cells were segmented using

Figure 1. Chromosomes in the polyploid bacterium S. elongatus can be visualized using a fluorescent repressor-operator system. (A)
Bacteria contain different genomic arrangements. Here, each color represents a different chromosome. They can possess a single copy of one
chromosome (I), or have multipartite genomes (II-III) with one large chromosome (red) and one or more smaller chromosomes (green and blue).
Some species of bacteria, such as cyanobacteria Synechococcus elongatus PCC 7942, are polyploid. That is, they have multiple complete copies of one
chromosome (IV). (B) Chromosomes can be tagged and observed in vivo using a fluorescent repressor-operator system. lacO arrays were integrated
either near the origin of replication (NS1) or the predicted terminus in the S. elongatus chromosome. 10 bp spacers with random sequences were
inserted between the operator sites to avoid recombination (black). The protein fusion Lacl-GFP (blue and green) bound to multiple repeats of its
cognate lacO operator site (pink). (C) The fluorescent repressor-operator system from (B) was transformed into S. elongatus. The origins of replication
of each chromosome appear as foci (green) in cells (red) when imaged using wide field fluorescence microscopy. Origins of replication are seen
throughout the cell. (D) Cells with lacO arrays integrated near the putative terminus region at 1.59 Mb in the genome were visualized. Foci appear
throughout the cell, similar to (C).
doi:10.1371/journal.pone.0047837.g001
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phase contrast images and cell size was calculated. Chromosomes
were identified as foci in fluorescent images and their location and
number calculated. Tracking and segmentation were verified
manually and corrected as necessary.

Single-Stranded-Binding (SSB) Protein Visualization
SSB protein genes were cloned from S. elongatus, fused to

mOrange, and cloned into the neutral site 3 vector using methods
described above. The resulting plasmid was transformed into
cyanobacteria either alone or with the LacI-lacO plasmid and
visualized using methods described above.

Fluorescently Labeled Nucleotides Incorporation and
Imaging
Cells were grown in the presence of 0.3% pluronic F-68 to

OD750= 0.4. Pluronic F-68 concentration was then elevated to
3% and fluorescently labeled nucleotides tetramethylrhodamine-
5–29-deoxy-uridine-59-triphosphate (Roche) were added at a final
concentration of 3 mM. After growth to late log phase, cells were
washed in PBS and imaged as described above.

Results

Fluorescent Tagging of the Genome Using a Repressor-
operator System Reveals the Spatial Localization of
Origins and Termini of Chromosomes in vivo
Organization of chromosomes has been studied in cyanobac-

teria using DAPI and fixed-cell staining methods [23,24].
However, these methods only give a static and low-resolution
image of chromosome localization. In order to visualize and
quantify chromosome dynamics in vivo, we used a fluorescent
repressor-operator system (Fig. 1B). This system uses fluorescently-
tagged DNA-binding proteins that bind to their cognate recogni-
tion sequences. Multiple proteins bound to operator arrays then
appear as foci when imaged using fluorescence microscopy
[25,26]. In our case, we used the LacI repressor fused to either
yellow fluorescent protein (YFP) or the superfolder variant of the
green fluorescent protein (GFP) as our DNA binding protein [27].
Simultaneously, an array of 240 lacO operator sites [1] was
inserted using homologous recombination at various positions in
the chromosome (Fig. 1B).
The precise location of the origin of replication (oriC) and the

terminus region (ter) was predicted using the program Ori-Finder
on the S. elongatus chromosome [28] and was recently confirmed
with experimental data [29]. This analysis revealed that the origin
of replication is located at the region defined as the start in the
current chromosome sequence from NCBI. It is the intergenic
region between dnaN and ccbZp and contains 11 dnaA boxes
(consensus sequence TTTTCCACA) [28]. Interestingly, the dnaA
gene, which is usually found near oriC in other species, was found
elsewhere in the genome (1.1 Mb). The terminus region was not
clearly defined via either GC skew or base disparity [28]. Due to
the highly recombinant nature of the S. elongatus genome, the GC
skew plot does not display a clear V-shape typical of organisms
such as E. coli [30]. We reasoned that the terminus would be close
to the region with the highest peak of GC disparity (Fig. S1, green
line) so we inserted the lacO array at 1.59 Mb in the chromosome.
Visualization of tagged oriC showed multiple distinct foci

throughout the cell (Fig. 1C). This is unlike previous observations
of oriC localization in E. coli and B. subtilis, where oriC were
replicated and maintained at the poles of cells [31,32]. Tagged
termini also displayed multiple foci throughout the cell (Fig. 1D),
whereas previously, termini in E. coli were found to migrate from

poles to mid-cell during cell division [33]. Also, the origin and
terminus in E. coli are spatially separate, confined to distinct
regions of the cell [1]. We did not find such spatial specificity in
Syenchococcus (Fig. 1D, bottom). Together, these data confirm
earlier studies that S. elongatus does indeed have multiple copies of
its chromosome throughout the cell cycle [34]. They also reveal
that the localization of the oriC and terminus in Syenchococcus is
distinct from that in other bacteria. The strains with the array
integrated near the oriC showed a better signal-to-noise-ratio, so
this strain was used in subsequent experiments.

Chromosome Duplication is Correlated to Cell Length
and not Coupled to Cell Division
Using a custom made algorithm developed in MATLAB, we

quantified the number of fluorescent foci (tagged oriC), represent-
ing the number of chromosome copies in each cell. The algorithm
also allowed us to quantify cell boundaries and cell length using
phase contrast images.
We found that the chromosome copy number distribution was

not significantly different from a log-normal distribution (n= 681,
x2 goodness of fit test, h = 0, p = 0.2621) with a mean of 4.62
copies per cell and a median and mode of 4 copies per cell
(Fig. 2A). Cells harbored 1–10 chromosome copies. Interestingly,
some cells contained an odd number of chromosomes and
chromosome copy numbers other than 2n copies. This observation
does not fit the model typically observed in single replicon
prokaryotes, where replication occurs synchronously [9]. Instead,
it is similar to observations of asynchrony in E. coli replication
mutants [35]. The chromosome copy numbers hint at asynchro-
nous DNA replication, supporting previous fjndings of constant
DNA synthesis rate over time; that is, DNA replication is not
coupled to cell division [34].
We found that larger cells contained higher number of

chromosome copies compared to smaller cells, strongly supporting
a model where chromosomes replicate at a constant rate during
growth. By observing chromosome numbers in growing cells, we
found a linear correlation between cell length and number of
chromosomes (n = 660, r2 = 0.57, p,0.001) (Fig. 2B, red line).
These results suggest that chromosome duplication is correlated to
cell growth.

Replication Timing is Asynchronous: Only One Replisome
is found in Most Cells at Any Given Time
In order to better understand the timing and spatial localization

of single replication events in vivo, we fluorescently tagged single-
stranded-binding (SSB) proteins. SSB proteins play a fundamental
role during chromosome replication, coating single-stranded DNA
that is temporarily exposed; thereby, preventing it from degrada-
tion [36]. Approximately 30 SSB proteins localize to the replisome
in E. coli, and this method has been used extensively to track
replisomes in other organisms [11,37].
Cyanobacterial SSB protein was fused to mOrange and

expressed in cells with the origin of replication tagged with GFP
(as described above). We found that SSB foci (SSB-mOrange) were
co-localized with Origin-GFP foci present in the cell (Fig. 3A),
indicating that tagging did not interfere with SSB function. SSB
foci, therefore, correspond to active chromosome replication
occurring in the cell. We found that at any given time, 85% of cells
contain just one replisome, while 13.6% have two and only 1.3%
have three (Fig. 3B). Since most cells contain only one actively
replicating chromosome (SSB-mOrange foci) but more than one
chromosome (Origin-GFP foci), our data show that, in most cells,
only one copy of the chromosome is being replicated at any given
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time. This, along with chromosome number data (Fig. 2A) suggests
that replication occurs asynchronously in S. elongatus.

Chromosome Duplication is Spatially Randomly
Distributed
Since we found that cells containing multiple chromosomes

typically replicate a single chromosome at a time (Fig. 3), we
hypothesized that new chromosomes may be synthesized at
a particular location in the cell, either at the poles or mid-cell.
We investigated the spatial localization of the replication event and
of newly synthesized chromosomes to determine if there is a spatial
preference for replication.
To accomplish this, we segmented cells using a custom

MATLAB algorithm and sub-segmented each cell along the
major axis into 20 smaller regions. SSB foci location was
distributed into these bins based on their distance from the pole
of the cell along the major axis (Fig. 4A). This distance was
normalized to the total length of the cell. We found that the
distribution of SSB localization was not significantly different from
a uniform distribution (Kolmogorov-Smirnov test, h = 0,
p = 0.4867, k= 0.0456), suggesting random localization of repli-

somes. That is, duplication is equally likely to begin at any point
along the length of the cell in the inner quintiles (20%–80%). SSB
at the poles of cells were not included in this analysis, since
nucleoid volume results in reduced probability of the replisome
appearing at the edge of the cell. In addition, SSB foci are less
likely to be found at the poles due to decreased cell volume at the
ends. From this data, we found a striking absence of spatial
preference for beginning replication.
In order to confirm our finding that chromosome replication

occurs in random locations throughout the cell, we also
fluorescently labeled newly synthesized DNA. To do so, we
permeabilized cells using pluronic F-68 to allow uptake of
fluorescently labeled nucleotides [38]. After cells grew to late
log-phase, incorporation of fluorescent nucleotides into the
chromosome was seen as foci. The images were automatically
segmented and binned as described earlier. There seemed to be no
spatial preference in newly synthesized DNA (Fig. 4B). Chromo-
some localization in the inner deciles (10%–90%) of the cell’s
major axis was not significantly different from a uniform
distribution (KS test against uniform distribution. h= 0,
p = 0.1027, k= 0.0579). We conclude that there is no spatial
preference for chromosome duplication in the cell, confirming our
previous results (Fig. 4a) from replisome localization data. These
findings are in contrast to findings on chromosome replication in
E. coli, which are preferentially localized to the center or the
quartile points along the major axis (in cells with one and two
replisomes respectively), as well as chromosome replication in
other organisms, where chromosomes preferentially replicate at
the poles or the middle of the cell [2,39,40].

Replication Fork Movement is Constrained
We concluded that replisomes appear at random locations

throughout the cell, but how does their localization change over
the course of a single duplication process? To investigate dynamic
behavior of replisomes, time lapse imaging of SSB foci was used to
track movement of replication forks. We followed replisomes over
time, tracking individual foci every 5 seconds. We calculated
a diffusion coefficient of 6.24610256461025 mm2/s (n=20) for
replication forks, similar to the reported values for E. coli (,1024

mm2/s) [11,41].
In order to determine whether movement is constrained over

the time scale of a complete replication cycle, we tracked
replisomes for one hour, acquiring images every two minutes
(Fig. 4C). We found that replisomes were confined to a region of
the cytoplasm, remaining close to their initial position. This
behavior was observed in cells containing one or two replisomes,
suggesting that this is not merely the result of observing two
strands of the same chromosome. The small amount of movement
over the time scale of replication suggests that replisome motion is
constrained to the local cytoplasmic region in which it assembled.
This is distinct from E. coli or C. crescentus in which replication
follows directed motion between mid-cell and the edges of the cell.
The data suggest that chromosomes are spooled through the
replisomes rather than replisomes tracking along the chromosome.
Together, these data give us an understanding of the spatial
organization of chromosome duplication in S. elongatus: duplication
starts in random locations throughout the cell and as duplication
proceeds, the replisomes remain stationary.

Chromosomes Transiently Align During the Cell Cycle
The lack of spatial preference of duplication events supports the

current model that organisms with multiple chromosome copies
do not have an active chromosome segregation system [4]. It is
currently believed that, just as in a high copy number plasmid

Figure 2. Chromosome duplication is correlated to cell length.
(A) Distribution of chromosome number per cell is not significantly
different from a log-normal distribution (n = 681, x2 goodness of fit test,
h = 0, p = 0.2621). Most cells contain 4 chromosomes with values
ranging from 1 to 10. (B) Chromosome copy number is correlated to cell
length (n = 660, r = 0.7519, p,0.001), suggesting chromosome duplica-
tion is coupled to cell growth.
doi:10.1371/journal.pone.0047837.g002
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system [13], a large number of chromosomal copies abolishes the
need for an active segregation system since it is highly likely that
each daughter cell obtains at least one copy by random. We
surmised that our GFP-lacI-lacO method of visualizing chromo-
some dynamics in vivo would provide further insights into the
dynamics of multiple chromosomes during segregation and allow
us to follow up on previous works [24]. We found striking spatial
organization, contrary to earlier models of random chromosome
segregation in polyploid organisms.

Cells in a freely growing population displayed one of two
phenotypes. Most of the cells displayed randomly localized
chromosomes (85%, n= 289) (Fig. 5A right). However, some cells
displayed chromosomes aligned along the major axis of the cell
(Fig. 5A left). This surprising behavior prompted us to analyze the
spatial arrangement of the chromosome copies over time. We
tracked growing cells every hour for eight hours after whichwe could
no longer distinguish signal from background (Fig. 5B). We found
that chromosomes transiently aligned during the cell cycle:
collapsing towards the middle and aligning evenly spaced along

Figure 3. Chromosome duplication is asynchronous and is not coupled to cell division. (A) Single stranded binding (SSB) protein was
tagged with mOrange. These were co-expressed in cells with LacI-GFP (NSl-lacO). Replisome localization appeared as foci and co-localized with
tagged chromosomes (merge), indicating that tagging did not interfere with functioning of SSB. A cell with two chromosomes (left, green arrows)
only contains one actively replicating chromosome (left, blue arrows). A cell with three chromosomes (right, green arrows) also only has one
replisome (right, blue arrows). (B) Most cells contain one actively duplicating chromosome (85%), while the remaining contain two or three
replisomes. Since most cells contain multiple chromosomes but only one replisome, this shows that chromosome duplication is asynchronous.
doi:10.1371/journal.pone.0047837.g003
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themajor axis of the cell (Fig. 5B, 4 hrs, yellow arrows). Shortly after
(1 hr), spatial arrangement was lost. This transient spatial arrange-
ment took place either one or two times during the acquisition
window of 8 hours. In some of the cases, partial alignment was
observed; that is, not all of the chromosomes aligned. This process
was correlated to cell division, hinting that this process is mainly
driven by the cell’s commitment to division and may help maintain
high fidelity chromosome segregation.

Chromosomes are Non-randomly Segregated
The transient alignment of chromosomes prompted us to

hypothesize that chromosome segregation is not random, and that
cells harboring the transient alignment have a high fidelity of
chromosome segregation. This would be analogous to the spatial
organization previously found regulating segregation of carboxy-
somes, microcompartments involved in the ‘‘carbon concentrating
mechanism’’ in S. elongatus [42]. If true, chromosome segregation
organization would be another example of order in bacteria,
which were previously thought to be homogenous ‘‘bags of
protein’’ with little to no internal organization [43]. To test our
hypothesis, we assayed chromosome segregation by quantifying
the number of chromosomes each daughter cell inherited after
cytokinesis of mother cells (n = 48) that had 8 chromosome copies
(Fig. 5C). We found a striking difference between the experimental
results and a predicted binomial distribution based on random
segregation to daughter cells (Fig. 5C Lilliefors test, P,0.001).
Cells with 7, 9, and 10 chromosome copies were likewise found to
undergo nonrandom segregation (Lilliefors test, P,0.001).

Discussion

The goal of this research was to understand the dynamics of
chromosome replication and segregation in S. elongatus. To do so,
we used the GFP-lacI-lacO fluorescent repressor-operator system
to visualize chromosomes in vivo. Similar analyses have been
performed in other bacterial species, including E. coli, and B.
subtilis [1,44]. Here, however, we investigate live chromosomal
dynamics in a bacterial species with multiple chromosomes.
Having multiple copies of a single chromosome changes the
parameters of the biological problem of replication and segrega-
tion that the organism must solve in order to successfully pass on
its genetic information. The replication and segregation organi-
zation we found in S. elongatus differs from that in E. coli or other
bacteria, and the difference can be attributed to the different
challenges these bacteria face in passing on chromosomes to the
next generation.
Bacterial chromosomal DNA is compacted into a nucleoid. In

E. coli, the terminus and the origin can be overlapping or far apart
from each other depending on the timing of replication and the
cell cycle [45]. In our study, we labeled either the terminus or the
origin of replication and analyzed origin movement in replication
and segregation; however, different parts of the chromosome may
be localized differently. We could not maintain the strain with the

Figure 4. Replication occurs in a spatially random manner but
replisomes undergo constrained movement. (A) Chromosome
duplication events have no spatial preference within the cell. Cells
(n = 297) were sub-segmented along the major axis into 20 smaller
regions and SSB foci localization was binned. The distribution of SSB
localization was not found to be significantly different from a uniform
distribution (KS test, h = 0, p = 0.4867, k = 0.0456), suggesting spatially
random replication events. Cell poles were excluded in this analysis
because of boundary effects due to reduced cell volume and the

volume of the nucleoid decreasing the likelihood of SSB foci found at
the edges of rod shaped cells. (B) To confirm the random localization of
chromosome duplication, newly synthesized chromosomes were
visualized using fluorescent nucleotide incorporation. Fluorescent foci
also show a uniform distribution (KS test, h = 0, p = 0.1027, k = 0.0579),
confirming the results shown in (A). (C) Two replisomes (red and green)
were tracked over the time scale of a complete replication cycle with
images taken every two minutes. Replisomes show restricted occupa-
tion of domains in the cytoplasm, remaining close to their initial
position, suggesting that chromosomes are spooled through the
replisomes.
doi:10.1371/journal.pone.0047837.g004

Chromosome Dynamics in a Polyploid Bacterium

PLOS ONE | www.plosone.org 6 October 2012 | Volume 7 | Issue 10 | e47837



lacO array integrated at the terminus regions for long periods of
time and we speculate that this may be due to a higher level of
recombination occurring in that region of the chromosome.
Integrations at other regions of the chromosome will clarify
whether this is a global trend or specific to that region of the
chromosome.
Our studies suggest that S. elongatus chromosome origins are

randomly distributed throughout the cell. This is in contrast to
specific localization of origins and termini in other bacterial
species. In E. coli for example, the oriC is localized mid-cell and the
terminus region is located at the poles of the cells [32]. In

C. crescentus, both the oriC and ter are located at the poles [46]. In V.
cholerae, one of its two origins is localized to the mid-cell, and the
other is at the pole [47]. B. subtilis origins are located at the poles
[31]. In these other species, replicated chromosomes initially
occupy the same regions and require separation for proper
segregation to occur. The relative positions of S. elongatus origin
and terminus are still unclear. Two color experiments with tagging
at both the terminus and origin (or other regions of the
chromosomes) would help elucidate details of replication and
segregation: how the DNA strand is situated within the cell during
different phases of replication and segregation. It will also answer

Figure 5. Chromosomes align transiently before non-random segregation occurs. (A) Chromosomes in cells visualized through Lacl-GFP in
an NSl-lacO background showed two different spatial arrangements. The chromosomes are either aligned along the major axis of the cell (I) or
randomly localized (II). (B) Time-lapse imaging of single cells revealed a transient alignment of the chromosomes (4 hours, yellow arrows)
approximately three hours before the cell entered cytokinesis. (C) Almost all sibling cells descended from mother cells containing eight chromosomes
inherit four chromosomes, thus chromosome segregation is highly non-random.
doi:10.1371/journal.pone.0047837.g005
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how compact and region-excluded each chromosome is from its
neighbors. The chromosomes may occupy distinct territories as
has been previously observed in DAPI stained chromosomes [24].
The existence of local regions occupied by a single nucleoid can be
advantageous for an organism with multiple chromosomes as it
can undergo cytokinesis without the need to untangle chromo-
somes using FtsK or similar proteins.
Chromosome replication and cell division are fundamentally

linked in most organisms [48], that is, replication must occur
exactly once before (or during) cell division. Both events are
believed to be regulated by mass doubling time, i.e. how long it
takes for a cell to grow to double its mass [5]. Contrary to these
studies in other organisms, asynchrony of chromosome replication
has been observed in S. elongatus [8,29]. Indeed, recently,
Watanabe et al. showed that cyanobacterial chromosomes
replicate asynchronously based on mapping analysis and fixed
cell staining methods [29]. They also suggested that while
replication is still coupled to cell division (peaking at a few hours
before cell division occurs), it is less stringently coupled than in E.
coli or B. subtilis. In addition, cell division has been found to be
gated by circadian rhythm [34], that is, cyanobacteria do not
divide at night. Thus, timing of chromosome dynamics may be
regulated by the circadian cycle. We found that replication in S.
elongatus is independent of cell division and is instead correlated to
cell length. We also found that chromosomes were replicated
multiple times every cell division. Both replication and cell division

may still be dependent on cell mass, but if so, the threshold of
activation is much lower for chromosome replication than it is for
cell division in S. elongatus. Observing chromosome copy number in
cells where cytokinesis is inhibited may uncouple these de-
pendencies. In addition, growing cells in multiple conditions
leading to different cell division rates would also clarify the
dependence between cell growth and chromosome copy number.
Several mechanisms ensure chromosomal replication takes

place once every cell cycle and simultaneously from all origins in
E. coli as well as in other prokaryotes [35,45]. These regulatory
cellular processes give rise to a chromosome copy distribution
where all possible values can be written in the form 2n, where n is
an integer. A Gaussian-like distribution of chromosome copy
number similar to the one we observed has been found in E. coli
DnaA mutants, which have disrupted initiation of replication
[35,49]. Such a distribution could arise from the inability of some
chromosomes to complete a single round of replication after the
cell initiates synchronous replication. Alternatively, asynchronous
initiation could also result in distributions containing copy
numbers other than 2n. We found that most cells only have one
replisome and therefore only one actively replicating chromosome
at a time. This supports asynchronous initiation as the mechanism
that resulted in the observed Gaussian distribution of chromosome
copy number.
There are two competing models for how replisomes proceed in

DNA replication [37]. The first is the independent replisome

Figure 6. Model of chromosome replication and segregation in the polyploid bacterium S. elongatus PCC 7942. S. elongatus possess
multiple copies of a single chromosome, shown in red (A). Chromosomes are duplicated asynchronously and coupled to cell growth (B, D, E). Newly
synthesized chromosomes (orange) are synthesized in a spatially random manner (D,E,F). Replisomes (blue) assemble on a spatially random
chromosome (B,D,E), but once initiated, their motion remains confined within the same region of the cell (grey box, B to C). Chromosomes transiently
align (F) before non-random segregation and cytokinesis (F to G &A).
doi:10.1371/journal.pone.0047837.g006

Chromosome Dynamics in a Polyploid Bacterium

PLOS ONE | www.plosone.org 8 October 2012 | Volume 7 | Issue 10 | e47837



model, in which replisomes and replication forks track along the
stationary chromosome. The second is the spooling replisome
model, in which DNA is ‘‘spooled’’ through relatively stationary
replisomes. A variation of the spooling model is the factory model
in which the left and right replisomes are physically coupled
throughout DNA replication. While early results favored a spooling
model, recent results have shown that sister replisomes transiently
separate. Another study observed that sister replisomes appear
together early in S-phase but afterwards independently track DNA
until they meet again as they near the terminus region. While our
results suggest the spooling model is more likely in S. elongatus, we
cannot rule out the independent model given the resolution limits
of wide-field microscopy, especially if chromosomes each occupy
exclusive local cytoplasmic regions during replication.
The spatial organization of chromosome origins along the

major axis of the cell was observed for short periods (,1 hr) of the
cell cycle. This spatial organization of chromosomes is surprisingly
similar to eukaryotic mitosis, in which chromosomes align during
metaphase before migration to the poles. However, in our current
study, an active mechanism maintaining the organization was
missing. Most other mechanisms of prokaryotic spatial organiza-
tion studied such as carboxysome localization in S. elongatus [42] as
well as low-copy plasmid segregation in E. coli [50,51], are
maintained constantly throughout the cell cycle. We speculate that
S. elongatus may not require an active segregation mechanism
throughout the entire cell cycle in part because entropic forces
may not be sufficiently disruptive to the arrangement of
chromosomes post alignment and before cytokinesis. That is,
due to having multiple chromosomes, S. elongatus do not have
a stringent segregation problem and may not need constant
organization. The transient alignment may enrich for rather than
actively impose even segregation.

Conclusions
We have shown that the multiple copies of the chromosomes in

S. elongatus can be tagged and tracked in living cells. Our model
and findings are summarized in Fig. 6. Chromosomes are
replicated in a linear-like fashion correlated with cell length in
growing cells. By tracking replisomes in vivo we show that
chromosome replication takes place in a confined region of the
cytoplasm in accordance with the spooling replisome model and
that chromosome replication does not happen preferentially in
specific locations of the cell. Finally, we show S. elongatus segregates
chromosomes to daughter cells in a non-random fashion, which
we speculate may be the result of a cellular process that transiently
organizes the chromosomes just before completion of cell division.
While this manuscript was in preparation, Jain et. al in-

dependently came to similar conclusions [52].

Supporting Information

Figure S1 GC disparity mapped the terminus region of
the S. elongatus chromosome. Due to its highly recombinant
nature, the genome of S. elongatus gives rise to a plot that does not
display a clear V-shaped curve typical of organisms such as E. coli.
We reasoned that the terminus region would be present within the
vicinity of highest peak of GC disparity (green line) so we looked
for a region amenable for integration and inserted a 240 repeat
lacO-array in a region located at 1.59 Mb in the chromosome.
(TIF)
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Abstract

Background: Cyanobacteria play a significant role in the global carbon cycle. In Synechococcus elongatus, the
carbon-fixing enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is concentrated into polyhedral,
proteinaceous compartments called carboxysomes.
Methodology/Principal Findings: Using live cell fluorescence microscopy, we show that carboxysomes are first
detected as small seeds of RuBisCO that colocalize with existing carboxysomes. These seeds contain little or no
shell protein, but increase in RuBisCO content over several hours, during which time they are exposed to the solvent.
The maturing seed is then enclosed by shell proteins, a rapid process that seals RuBisCO from the cytosol to
establish a distinct, solvent-protected microenvironment that is oxidizing relative to the cytosol. These closure events
can be spatially and temporally coincident with the appearance of a nascent daughter RuBisCO seed.
Conclusions/Significance: Carboxysomes assemble in a stepwise fashion, inside-to-outside, revealing that cargo is
the principle organizer of this compartment’s biogenesis. Our observations of the spatial relationship of seeds to
previously formed carboxysomes lead us to propose a model for carboxysome replication via sequential fission,
polymerization, and encapsulation of their internal cargo.
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Introduction

Intracellular compartmentalization has long been considered
the exclusive province of eukaryotes. However, prokaryotic
cells also contain intracellular organelles, falling broadly into
two categories. Some compartments are membrane-bound,
including Gemmata nucleoids [1], cyanobacterial thylakoids [2],
and magnetosomes [3]. Others are completely proteinaceous,
such as gas vesicles [4] and metabolically active structures
termed bacterial microcompartments. These form icosahedral
structures that enclose enzymes required for certain metabolic
processes, such as ethanolamine and propanediol utilization
[5,6].

The carboxysome is one such microcompartment that
encapsulates the carbon-fixing enzyme ribulose-1,5-

bisphosphate carboxylase (RuBisCO) and carbonic anhydrase
[7]. Carboxysomes are found in diverse cyanobacteria and
chemoautotrophs and are crucial to the carbon sequestering
capabilities of these organisms [8,9]. Inside the carboxysome,
carbonic anhydrase converts bicarbonate to CO2, which, along
with ribulose-1,5-bisphosphate, is consumed by RuBisCO to
produce 3-phosphoglycerate. Thus, the carboxysome serves to
concentrate the metabolically inefficient RuBisCO enzyme and
to increase the local concentration of CO2. It has also been
proposed that the carboxysome shell is selectively permeable
to bicarbonate and ribulose-1,5-bisphophate while excluding
oxygen, a competitor substrate of RuBisCO (Kinney et al.
2012). Finally, it has been speculated that the mature
carboxysome must maintain a distinct internal oxidative
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microenvironment to enable the enzymatic activity of carbonic
anhydrase [10].

The mechanism and temporal sequence of carboxysome
assembly is not known. The interior of the carboxysome is
densely packed with its major cargo RuBisCO and a lower
concentration of carbonic anhydrase. These are enclosed by
proteins that form an icosahedral shell ~100nm in diameter
[11,12]. Though their ultrastructural, but not phylogenetic,
similarity to viral capsids may suggest that carboxyosomes
assemble de novo, the mechanism of their biogenesis remains
an unsolved problem [5].

There is evidence to suggest that shell proteins and cargo
assemble together. Partially assembled carboxysomes have
been observed by electron cryotomography, always containing
both RuBisCO and shell proteins [13]. However, these data
also argue that the cargo must have some intrinsic ability to
self-assemble, as RuBisCO is seen to fill the inner layers of the
nascent compartment. Indeed, in vitro evidence suggests that
carboxysome contents can self-associate to form a structure
without shell proteins [14]. Shell proteins of some
carboxysomes can also independently assemble, forming
empty microcompartments in the absence of cargo proteins
[15].

The sequence by which these proteins assemble to form this
complex organelle is not understood. We employ live cell
fluorescence microscopy of Synechcoccus elongatus PCC
7942 to monitor the dynamics of carboxysome assembly. We
find that carboxysomes originate near, and in some cases
using material from, preexisting carboxysomes. They are born
as small foci of RubisCO, which then grow over a period of
hours. Shell proteins colocalize to these foci hours later,
abruptly assembling to enclose the compartment and establish
a protected internal microenvironment.

Results

Growing cells typically assemble one carboxysome at a
time

Given existing structural evidence, we reasoned that solvent-
accessible labeling strategies could be used to mark only
RuBisCO inside carboxysomes in the process of forming. We
constructed a strain of S. elongatus with SNAP labeled
RuBisCO (RbcL-SNAP) expressed under an IPTG-inducible
promoter (Figure 1A). After a 24 hour induction, we pulsed the
cells with a fluorescent cell-permeable BG dye for 30 minutes
and visualized them with fluorescence microscopy (Figure 1A-
B). Among cells containing labeled foci, 88% had one, 10%
had two, and 2% had three foci (Figure 1B, n=442). Thus, only
a small subset of the average 3.7 carboxysomes per cell are
labeled [16]. We used time-lapse microscopy to determine the
difference between cells that contained labeled foci and those
that did not. We found that all growing and dividing cells
contained labeled foci (n=223), and those without labeled foci
did not grow or divide. Thus, BG-labeled foci represent
carboxysomes being assembling during the labeling pulse,
mature carboxysomes are impermeable to the BG dye, and
quiescent cells are not generating new carboxysomes. The
distribution of foci numbers in growing cells indicates that S.

elongatus carboxysomes are assembled one at a time rather
than in parallel, as has been observed by electron microscopy
in other genera of cyanobacteria [13].

New carboxysome are born colocalized with
preexisting carboxysomes

Using time-lapse microscopy, we visualized the biogenesis
of carboxysomes in live S. elongatus cells with green
fluorescent protein labeled RuBisCO (RbcL-GFP) expressed
under the IPTG-inducible promoter (Figure 1C). Fusions at this
locus produce an additional 11% of wild-type levels of RbcL
(Figure S1) and do not restrict growth [16]. We observed that
new carboxysomes are formed at the site of preexisting
carboxysomes. At the beginning of each birth event, a
preexisting focus of RuBisCO is sometimes seen to take on an
asymmetric character (Figure 1D, white arrow). Subsequently,
a dimmer daughter focus emerges from the brighter mother
carboxysome (Video S1).

The majority of new carboxysomes are generated at the site
of preexisting carboxsyomes. Early after induction of RbcL-
GFP, many unlabeled carboxysomes are still present in the
cell, limiting our ability to determine whether all new
carboxysomes colocalize with preexisting ones or arise at
unrelated locations in the cell. To address this, we induced
RbcL-GFP for 24 hours to label several carboxysomes in each
cell, and then used particle tracking to generate lineage maps
of carboxysomes (Figure 2). At the initiation of imaging, 65
“original” carboxysomes were present, and over the course of
26.1 hours, 106 new carboxysomes were formed. Of these,
only two could not be assigned to visible mothers.

Furthermore, carboxysome birth events are spatially ordered,
preferentially occurring at the quarter positions along the long
axis of the cell (Figure 1J). These data are consistent with
previous findings that cells have a mean of 3.7 carboxysomes
positioned equally along their length by ParA (Savage, 2010).
After birth, however, the new daughter carboxysome frequently
localizes near the cell pole (Figure 1A and 1D). Quantification
of RbcL-GFP intensity reveals that birth events are highly
asymmetric, with an average daughter–mother intensity ratio of
~1:4 (n=141, Figure 1K). We also observe that some birth
events are correlated with rapid motions of either mother or
daughter or both (Video S1). Indeed, automated tracking of
carboxysome velocities suggests that carboxysome velocity is
variable, with the mean maximum speed of a carboxysome
being over 60nm per minute (Figure S2C). This may be related
to the approximately 100nm per minute movement of ParA,
assuming a 3µm cell [16]. Analysis of individual tracks reveals
that mean carboxysome velocity is higher in the first several
hours after birth (Figure S2F).

Elongated bar carboxysomes divide in two. These
carboxysomes are well-documented by electron microscopy
and are found in normal Synechococcus cells [13,17], though
higher frequencies (up to 20% of all carboxysomes) are
associated with environmental carbon limitation or mutations
that compromise carbon fixation [14,18]. Their elongated
morphology (1-3µm in length) provides a means to study the
spatial organization of carboxysomes above the resolution limit
of light microscopy. In our RbcL-GFP strain 0.5% of labeled
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Figure 1.  Carboxysomes are born one at a time at the site of preexisting carboxysomes.  (A) In pulse-chase labeling of RbcL-
SNAP in live S. elongatus cells, actively assembling carboxysomes with solvent accessible RbcL-SNAP are labeled with BG dye.
Red: phase contrast. Green: RbcL. Scale bar: 1µm. (B) The distribution of the number of SNAP labeled carboxysomes, indicating
active assembly, in cells directly after labeling (n=442). (C) The biogenesis of carboxysomes can be monitored from long
timelapses. Red: phase contrast. Green: RbcL-GFP. Scale bar: 1µm. (D) Montage showing the formation of new carboxysome at
the site of a preexisting carboxysome. White arrow indicates the birth event. Panel height: 25 pixels. Time interval: 3 minutes. (E–F)
RuBisCO foci elongate into bar carboxysomes that subsequently split into two carboxysomes. Scale bar: 1µm. Time interval: 75
minutes. (G–I) Kymographs of RbcL-GFP in growing and dividing cells. Carboxysome birth events are indicated by white arrows.
Scale bar: 1µm. Time interval: 3 minutes. (J) Spatial distribution of 234 birth events along the long axis of the cell. Quarter cell
positions are favored. (K) Relative intensity of 141 pairs of new (daughter) carboxysomes and the preexisting carboxysomes to
which they initially colocalize (mothers) reveals that birth events are highly asymmetric, with mean daughter intensity being 1/4 that
of the mother. Because pairs are sorted into dim (daughter) and bright (mother) pairs, no data points can fall into the shaded area.
Dotted line indicates a 1:4 ratio.
doi: 10.1371/journal.pone.0076127.g001
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carboxysomes are bars after induction with 25µM IPTG (n=191
total), and 1% are bars after 50µM IPTG (n=395 total). These
carboxysomes colocalize with shell protein, though their redox
state suggests that they are immature (Figure S3, compare to
Figures 3 and 4). Bar carboxysomes begin as puncta that
elongate and subsequently collapse or split into two
carboxysomes (Figure 1E-F and Video S1).

Maternal age influences the frequency of carboxysome
births

By further analyzing the lineage maps, we found that new
carboxysomes are more likely to be born near recently formed
carboxysomes than near older ones. For each birth event, we
measured the age of the mother carboxysome if it was born

during the course of our observations (dotted lines in Figure 2A
and histogram in Figure 2C). Strikingly, after a carboxysome is
born, there is a marked refractory period until a new
colocalizing daughter appears. This is characterized by a lack
of births in the first three hours of its lifetime and suggests the
structure must mature before another birth event occurs.
Immediately following this refractory period, there is a burst of
birth events. However, our imaging interval favors the
observation of early birth events over late ones. To determine
whether this apparent burst is significant, we compared our
data to a model where birth probability is constant regardless of
carboxysome age, adjusting for the limitations of our imaging
interval. Our observed distribution of birth ages (black bars,
Figure 2C) is significantly different from the theoretical

Figure 2.  Mapping of carboxysome lineages reveals that new organelles undergo an initial refractory period before
producing daughters of their own.  (A) Example lineages of carboxysomes from three out of 25 total cells analyzed from a 522
frame movie taken at 3 minute intervals over approximately 26.1 hours. Each line represents a carboxysome tracked through time,
with right-angle connectors joining daughters to mothers. Digits at the top of the panel indicate the number of times carboxysomes
present at the beginning of the movie have colocalized birth events over the course of the analysis (26.1 hours), represented in the
histogram in panel B. Vertical dotted lines indicate the measurable age of mothers when a daughter appears, represented in the
histogram in panel C. Horizontal dotted lines indicate the time of cell division. (B) Histogram of the number of births colocalized to
original carboxysome in the entire dataset (n = 65). (C) Histogram of measurable ages of mothers tabulated over the entire dataset
(n = 31).
doi: 10.1371/journal.pone.0076127.g002
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Figure 3.  RuBisCO slowly forms a structured assembly prior to rapid colocalization of shell protein.  (A) RuBisCO
assembly, as measured by fluorescence intensity, follows sigmoidal kinetics. Each trace represents a new carboxysome. Cell is
same as that depicted in Figure 1I. Imaging interval: 3 minutes. (B) Fluorescence recovery after photobleaching of a segment of a
bar carboxysome. Solid box shows bleached area. Unbleached area (dashed box) was used for photobleaching correction. Cells
were imaged at regular intervals after bleaching to assay for recovery. Scale bar: 1µm. (C) Quantification of FRAP in (B). Grey bar
indicates bleaching event, when fluorescence sharply decreases. No recovery was seen after 150 seconds. (D–H) Time lapse of
RbcL-mOrange (green) and CcmK4-GFP (red). Arrows indicate birth events of carboxysomes. Newly born RuBisCO initially buds off
without shell protein. Shell protein colocalizes to RbcL-GFP foci hours after birth. In some cases (G and H), shell protein assembly
is correlated with the formation of a new RuBisCO focus. Scale bar: 1µm. Time interval: 25 minutes. (I–K) Kymograph of RbcL-
mOrange (J) and ccmK4-GFP (K) assembly. Shell protein assembly (yellow arrow in K) initiates well after RuBisCO birth event
(yellow arrow in J). Scale bar: 1µm. Time interval: 5 minutes. (L) Individual trace of the fluorescence intensity of a CcmK4 focus in
the process of formation. Time interval: 5 minutes.
doi: 10.1371/journal.pone.0076127.g003
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distribution predicted by the age-independent model (grey bars,
Figure 2C) (Kolmogorov-Smirnov test, h=1, p-value = 0.0416,
k=0.2438). In comparison, our data show that birth rates are
enriched in the first 12 hours of the lifetime of the mother. We
measured the birth rate in the 9 hours following this three hour
refractory period at 0.42 per carboxysome (n=57
carboxysomes), versus 0.28 per carboxysome over 9 hours for
those at least 12 hours old (n=65).

While young carboxysomes have colocalized birth events
more frequently during the burst period, mature carboxysomes
have daughters randomly. By tabulating the number of times
that carboxysomes visible at the start of the time lapse
colocalized with new birth events, we found that this distribution
of events is nearly Poissonian, with a mean of 1.1 and a
variance of 0.8 (Figure 2B). This indicates that births near
mature mothers is a random process. Furthermore, the
probability that a preexisting carboxysome has daughters in the
second half of the movie is not influenced by whether it did
(0.36) or did not (0.37) in the first half of the movie, suggesting
that births near mature carboxysomes are independent events.
Furthermore, timing of carboxysome birth events is not
correlated to cell divisions (horizontal dotted lines in Figure 2A).
The distribution of birth event timing as a fraction of the cell

cycle is not significantly different from a random uniform
distribution across the cell cycle (Kolmogorov-Smirnov test,
h=0, p=0.3222, kstat=0.13).

Carboxysome biogenesis begins with a sigmoidal
assembly of RuBisCO

To understand the nature of the maturation process, we
followed the assembly of RuBisCO and coat protein (CcmK4).
We first examined the kinetics of RuBisCO assembly by
measuring the intensity of RbcL-GFP foci over time. This
indicated that RuBisCO assembles over the course of many
hours in distinct phases that display sigmoidal kinetics (Figure
3A). While individual carboxysomes assemble at different
rates, we observed three regimes: a lag phase, followed by
rapid assembly, and finally a plateau phase - assembly kinetics
reminiscent of nucleation condensation polymers.

Once assembled, RuBisCO does not freely diffuse inside
carboxysome foci. To probe the nature of assembled
RuBisCO-GFP, we monitored fluorescence recovery after
photobleaching (FRAP) of bar carboxysomes (Figure 3B-C and
Figure S4). Bar carboxysomes are sufficiently large such that
only a segment of the bar was bleached (Figure 3B solid box)
while the rest of the bar remained fluorescent (Figure 3B

Figure 4.  The carboxysome oxidizes over the course of its maturation.  (A) RbcL-roGFP1 excited with 410nm (left) and 488nm
(middle) produces ratiometric (488nm/410nm) differences in emission (right). Scale bar: 1µm. (B) A histogram of this ratio measured
at each carboxysome focus reveals an asymmetric distribution biased toward a relatively oxidized state. (C–F) Montages of RbcL-
roGFP1 show transitions from predominantly 488nm excitation (green) to 410nm excitation (magenta) over the maturation period of
carboxysomes. Carboxysomes establish an oxidizing state before the appearance of a new carboxysome, rarely reopening to the
cytosol after an initial closure (G). Arrows indicate birth events. Scale bar: 1µm. Interval: 20 minutes.
doi: 10.1371/journal.pone.0076127.g004
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 dashed box). No recovery of fluorescence was seen up to 150
seconds after bleaching (Figure 3C). RuBisCO hexadecamers
are roughly 500kDa in size, and freely diffusing protein
complexes of similar molecular weight have been reported to
recover in in vivo FRAP experiments in less than two seconds
[19]. This discrepancy indicates that assembled RuBisCO does
not freely exchange with monomers in the cytoplasm or in the
rest of the carboxysome; rather, assembled cargo is static on
the timescale of minutes.

Shell proteins rapidly colocalize with RuBisCO late in
the assembly process

To determine the relative kinetics of RuBisCO and shell
assembly, we performed time-lapse microscopy of cells
expressing inducible RuBisCO fused to mOrange and the shell
protein CcmK4 fused to GFP under a constitutive promoter. At
the beginning of the observation interval, recently born
carboxysomes show strong signal in the RuBisCO channel,
while old carboxysomes show weak, background levels of
signal. New carboxysomes begin assembly with little to no
detectable shell protein (Figure 3D–H and Video S2). Instead,
shell protein associates with nascent carboxysomes at a later
point: the mean time between the first appearance of RuBisCO
and detectable shell protein was 4.7 hours (+/-2.2 hours,
n=54). Kymographs of the formation process are shown in
Figure 3I–K, where the shell protein suddenly colocalizes 8
hours after the birth event of the RbcL-GFP focus. The
assembly of shell protein completes rapidly in contrast to the
many hours required for RuBisCO assembly (Figure 3A); shell
intensity reaches steady state in less than two hours (Figure 3L
and Figure S5). Interestingly, in a fraction of cases, we
observed the apparent birth of small daughter focus from a
carboxysome 3.1 hours (+/- 1.1 hours, n=9) after detectable
shell colocalized with the mother (Figure 3D–H). The timing of
these events correlates with the burst of births following a
maternal refractory period in lineage maps (Figure 2C).

The carboxysome establishes a unique
microenvironment late in the assembly process

The enzymatic activity of carbonic anhydrase relies on an
environment more oxidative than the bacterial cytosol [20]. This
predicts that the carboxysome must maintain an internal
oxidizing state. To monitor changes in the redox state of the
carboxysome over time, we tagged RuBisCO with the redox-
sensitive roGFP1 [21]. The excitation spectrum of this protein
shifts from one dominated by a maxima at ~488nm under
reducing conditions to one dominated by a maxima at ~410nm
under oxidizing conditions. By measuring the ratio of these two
channels, we observed that carboxysomes display varying
redox states within the same cell (Figure 4A). Over the entire
population, we find that carboxysomes are distributed across a
range of redox states (Figure 4B) but that the distribution is
skewed toward oxidizing states (median=440, mean=487).

The late assembly of shell proteins on nascent
carboxysomes predicts that maturing foci of RuBisCO share
the reducing cytosolic environment. Indeed, monitoring
changes in redox state revealed that newly formed RuBisCO
foci are relatively reduced, regardless of whether imaging is

started 6 (Figure 4C-D) or 24 (Figure 4E–G) hours after
induction. As the carboxysome matures, RuBisCO-roGFP1
oxidizes, indicating the establishment of a distinct
microenvironment (Video S3). Though the low signal from
roGFP1 prohibits the time resolution required to measure the
carboxysome lineage, the most recently synthesized
carboxysome typically oxidizes before a new one appears
(Figure 4C–F). Rarely, a carboxysome is apparently born from
a mother rapidly switching between oxidized and reduced
states (Figure 4G). Taken together, our data show that new
carboxysomes are born concomitant with shell closure and
establishment of the oxidizing microenvironment in the
previously synthesized carboxysome.

Carboxysomes persist over the cell cycle and their
cargoes can be redistributed to daughter
carboxysomes

We used the BG pulse-chase experiments (Figure 1A-B) to
track the lifetime and fate of RuBisCO assemblies over days.
We observed that labeled RuBisCO from one initial focus can
partition into two or more daughter carboxysomes, and that it
persists over the time interval of the experiment (45hrs) (Figure
5A). In some cases, the intensity of the mother carboxysome
could be seen to decrease with the birth of a new focus (Figure
5B), indicating repartitioning of RuBisCO to new carboxysomes
from old ones. In other cases, no decrease in mother intensity
was detectable with the appearance of other BG foci. This is
perhaps due to either splitting events with signal changes
beneath our detection limit or the assembly of residual labeled
cytosolic RuBisCO (Figure 5B, grey trace). During the period of
this pulse-chase experiment, the number of labeled foci per cell
was either invariant or increased (Figure 5C). Interestingly,
disappearance of foci was never observed, suggesting that
carboxysomes are not degraded, but rather passed down
through generations.

Discussion

We show that the in vivo biogenesis of carboxysomes occurs
by preferential assembly on preexisting RuBisCO structures
that later separate from mother carboxysomes. These stable,
cytosol-accessible nuclei grow over a period of hours until shell
proteins abruptly enclose the carboxysome, establishing a
microenvironment distinct from the cytosol. This maturation can
be coincident with the release of a new colocalizing daughter
seed of RuBisCO.

Carboxysomes are the major carbon-fixing centers of the
photosynthetic cyanobacterium S. elongatus; thus, maintaining
an appropriate number of organelles is vital to the cell [16]. The
assembly of these compartments is regulated in two ways: 1)
by formation of one carboxysome at a time, and 2) by
regulation of their geometry. Our data suggest that both of
these constraints arise from the assembly properties of the
components.

Formation of the Bacterial Carbon-Fixing Organelle
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Cargo assembly is the primary organizer of
carboxysome biogenesis

Carboxysome biogenesis is tuned to produce one structure
at a time (Figure 1B). This may be an energetically efficient
strategy, as focused assembly minimizes the net time
carboxysomes spend in an incomplete state, during which they
cannot deliver energetic benefits to the cell. In order to achieve
focused assembly, there must be a kinetic barrier to
spontaneous nucleation of cargo so that growth occurs only on
preformed seeds.

Several lines of evidence support a nucleation-limited
assembly mechanism of RuBisCO. First, the one-at-a-time

assembly process suggests that templated assembly is favored
over de novo nucleation. Second, the sigmoidal kinetics of
RuBisCO assembly are reminiscent of nucleation-limited
polymers. Third, the elongation of some RuBisCO seeds into
bar carboxysomes suggests that this assembly is an extensible
process, capable of producing structures far larger than mature
icosahedral carboxysomes. Fourth, FRAP of bar carboxysomes
demonstrates that assembled RuBisCO does not freely diffuse,
again reminiscent of a polymer lattice with stabilizing
interactions between neighboring subunits.

Previous work also supports this idea. Contents from purified
carboxysomes can self-assemble in a concentration-dependent

Figure 5.  A solvent-accessible dye pulse labels foci that subsequently divide, but do not dissipate.  (A) Montage showing
one labeled RuBisCO focus partitioning into two or more daughter carboxysomes and persisting over the time interval of the
experiment. Red: phase contrast. Green: RbcL-SNAP. Scale bar: 1µm. Time interval: 2 hours. (B) Intensity of the mother
carboxysome (pink trace) sometimes decreases when new daughters (green and blue traces) are born. In other cases, the
decrease is not detectable (grey trace). (C) Distribution of the number of new carboxysome foci formed per cell over the course of
an experiment (20 hours). RuBisCO foci either persisted or divided over 20 hours (n = 220). All original foci were detectable at the
end of the experiment.
doi: 10.1371/journal.pone.0076127.g005
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manner in vitro [14]. Furthermore, RuBisCO inside
carboxysomes is organized into a lattice [13,22,23] implying
that multiple self-associating interactions direct cargo to fill the
interior layers of the carboxysome.

Shell assembly specifies organelle size and limits
further addition

Polymerized cargo appears to be stable and capable of
extending far beyond the geometry of a mature icosahedral
carboxysome, as suggested by the existence of bar
carboxysomes. However, most mature carboxysomes are
homogeneous in size. We propose that the rapid enclosure by
the shell protein not only limits further cargo assembly by
isolating the assembled RuBisCO from the cytosolic pool of
subunits, but also sets the size of the carboxysome. Our data
suggest two mechanisms for the size determination of
RuBisCO assemblies: 1) size-selective enclosure, and 2)
bisection of excess cargo.

We observe the assembly of shell protein only late in the
biogenesis process (Figure 3I–K), presumably when the
RuBisCO lattice reaches a given size. The topology of the
growing RuBisCO seed thus would present a multivalent
binding surface, with curvature depending on the size of the
overall assembly. It is known that shell protein also self-
associates into structures of a given radius [15]. Therefore, we
speculate that when the curvature of the RuBisCO assembly
matches that of the shell, RuBisCO-shell interactions organize
shell-shell interactions, facilitating the assembly process. In
other words, the intrinsic structure of the shell may act as a
topological sensor that regulates timing of RuBisCO enclosure,
ensuring that nascent carboxysomes reach a minimum size
before encapsulation.

We also speculate that the polymerization of the shell can
bisect a RuBisCO assembly to generate a mature
carboxysome and a new RuBisCo seed (Figure 6C and D).
This shell-mediated pinching hypothesis presents a
parsimonious explanation for the increased birth rates from
young mothers (Figure 2) and the coincidence of new seed
formation with both shell association and the establishment of a
distinct microenvironment in the mother (Figures 3 and 4). Our
data also support non-pinching mechanisms of templated
carboxysome replication. For example, our pulse-chase data
indicates that mature carboxysomes can fracture, as we
observe repartitioning of RuBisCO to two daughter
carboxysomes (Figure 6F).

While our data support some forms of replicative biogenesis,
our methods cannot discriminate between de novo and
templated nucleation events. It is plausible that RuBisCO
seeds assembled de novo may be brought into close proximity
with preexisting carboxysomes by other mechanisms. The
carboxysome itself may be sufficient to capture independent
seeds: crystal packing evidence from other studies suggests
that shell proteins may contact one another face-to-face or
assemble into antiparallel strips [11,24]. This may expose
cargo-interacting surfaces to the outside of the carboxysome,
creating affinity for cargo on the exterior as well as the interior
carboxysome surface (Figure 6E).

In summary, all proposed mechanisms rely on the self-
association of RuBisCO as the primary organizer and driving
force of carboxysome biogenesis, with shell protein defining
organelle geometry.

Broader implications
In addition to being crucial for global carbon fixation, the

carboxysome has been proposed as a potential protein nano-
factory capable of compartmentalizing heterologous reactions
for metabolic engineering purposes [25]. An N-terminal peptide
has been identified for the targeting of cargoes to 1,2-
propanedeiol utilization microcompartments [26], but such a
mechanism in carboxysomes has been elusive. Our studies of
an assembly process dependent on self-association of cargo
and the establishment of a unique internal microenvironment
will inform the design of any future systems.

Materials and Methods

Bacterial strains and growth conditions
A table of all relevant strains and plasmids is presented in

Table 1. All chemicals were obtained from Sigma-Aldrich
unless otherwise noted (St. Louis, MO). The wild-type
Synechococcus elongatus PCC 7942 strain was acquired from
the American Type Culture Collection (ATCC, Manassas, VA).
S. elongatus cells were grown in solid BG11 medium with an
illumination of 2000 lux at 30°C [27]. S. elongatus were
transformed following standard protocols by washing with
10mM sodium chloride followed by incubation overnight in the
dark with 100 ng of plasmid DNA and subsequently plating on
selective media [28]. Antibiotics were used at the following
concentrations: kanamycin 10 µg/ml, spectinomycin 50 µg/ml,
and chloramphenicol 10µg/ml. 25µM isopropyl β-D-1-
thiogalactopyranoside (IPTG) induction was used for RbcL-
GFP or RbcL-mOrange. 50µM IPTG was used to induce
formation of bar carboxysomes and 1mM IPTG for RbcL-
roGFP.

Plasmid construction
Cloning was done using Gibson assembly unless otherwise

noted. IPTG inducible GFP strain (pDFS724) was obtained as
previously described [16]. This neutral site 2 (NS2) plasmid
contains a region with lacI and a promoter from pTRC99a
followed by RbcL-sfGFP. sfGFP in pDFS724 was replaced by
mOrange2 to obtain pAHC003. The shell protein fusion
pAHC134 was obtained by modifying pDFS594s [16], replacing
YFP with sfGFP. Two color strains were obtained by double
transformation of pAHC003 and pAHC134. RbcL-SNAP fusion
plasmid pAHC126 was obtained by replacing sfGFP in
pDFS724 with SNAP tag. RbcL- roGFP fusion plasmid
pAHC149 was constructed using restriction cloning at NheI and
NotI. sfGFP in pDFS724 was replaced with roGFP1 (University
of Oregon Remington Laboratory).

Image acquisition
Cells were plated onto BG11 + 2% agarose pads with IPTG

as necessary and placed on a glass bottom dish (Part No.
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P35G-1.5-20-C, MatTek, Ashland, MA). The addition of 100µl
of water around dish edges and a paraffin film seal permitted
long-term imaging.

FRAP image acquisition was performed on a Nikon Ti
inverted microscope (Nikon Instruments, Melville, NY) with a
MicroPoint laser targeting system (Photonics Instruments,
Saint Charles, IL) controlling a 100mW solid state 488nm laser
for photobleaching. Imaging was performed using a 100x 1.4
numerical aperture objective, an EXFO XL-120 (Lumen
Dynamics Group, Mississauga, Canada) fluorescence light
source, and an ORCA-R2 charge coupled device camera
(Hamamatsu Photonics, Hamamatsu, Japan).

As previously described [16], all other imaging was done
using a Nikon TE-2000 microscope with a 100x 1.4 numerical
aperture objective, a Lumencor LED fluorescence illuminator,
and an ORCA-ER (Hamamatsu Photonics, Hamamatsu,

Japan) charge coupled device camera. Acquisition was
controlled using a custom MATLAB script controlling µManager
[29] and a network AC power controller (IP Power 9258T) for
photosynthetic lighting. Images were processed and analyzed
with ImageJ.

Image analysis
For carboxysome lineage mapping, we used uTracker [30] to

identify and localize closely-spaced point spread functions. The
coordinates of these particles were imported into TrackMate, a
plugin for FIJI [31] for manual annotation of track splitting
events. Plots of lineages were retraced into vector format for
counting division events and measuring maternal age.

For FRAP quantitation, the photobleaching rate after
background subtraction was approximated with a linear
function, which was used to correct measurements of the

Figure 6.  Model of carboxysome assembly.  (A) RuBisCO seeds assemble from protomers over time. (B) Late in the assembly
process, shell proteins rapidly assemble around RuBisCO. (C) Shell closure completes the carboxysome to establish an oxidizing
environment, sealing RuBisCO from the cytosol. (D) A new RuBisCO nucleus forms after completion of the previous carboxysome.
Colocalization may be driven by bisection of excess cargo by shell closure, or (E) by affinity of RuBisCO assemblies initiated
elsewhere to the outside of the shell. (F) Rupture of a complete carboxysome would expose old RuBisCO cargo to template new
assembly.
doi: 10.1371/journal.pone.0076127.g006
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bleached region. Intensity was normalized to the maximum (in
frame 1).

For ratiometric imaging, we background subtracted both
410nm and 488nm images with a 50-pixel radius rolling ball.
We then registered the images with translations measured from
imaging fluorescent beads and divided the 488nm image by the
410nm after converting to 32 bit format for floating point
operations. This images was then multiplied by a mask of
carboxysomes we generated based on a thresholded, 10-pixel
rolling ball radius background-subtracted 410nm image. The
mean intensities of regions larger than 9 pixels2 were
quantitated with the “analyze particles” features of FIJI.

Pulse-chase SNAP dye labeling
RbcL-SNAP strains that were induced with 25µM IPTG for 12

to 24 hours were labeled with SNAP-Cell BG 505-Star (New
England Biolabs, Ipswitch, MA) following manufacturer’s
instructions. Briefly, 1mL of cells were spun down and
resuspended in 100 µL BG11 with 25µM IPTG and 5µM dye
substrate. Labeling was done for 30 minutes in light. Cells were
washed 3 times with BG11 and resuspended in BG11 with
25µM IPTG for 30 minutes in light. Cells were washed once
more with BG11 and then transferred to an agarose pad for
imaging. Either time-lapse imaging at 1 hour intervals or two
endpoints 1 day apart were taken. Analysis was performed by
manually counting and measuring foci intensity in ImageJ.

Western Blotting
Cells were lysed by sonication in 3% SDS lysis buffer, and

proteins were separated on NuPAGE Novex 4-20% Tris-

Table 1. Bacterial Strains and Plasmids.

Strain or
Plasmid Relevant genotype ResistanceReference
E coli strains    
DH5-α Host strain for plasmid construction   
S. elongatus strains   

PCC 7942
Wild-type Synechococcus, ATCC
organism 33912

 (Allen 1968)

RuBisCO/shell
protein two
color

Papca::ccmk4::sfGFP inserted in
neutral site 1; lacI and
ptrc::rbcL::mOrange2 inserted in
neutral site 2

Kan/Sp This work

Plasmids    

pDFS724
rbcL::sfGFP cloned into Neutral Site
2 at XbaI and NotI sites

Kan
(Savage
2010)

pDFS594S
Papca::ccmk4::YFP cloned into
Neutral Site 1 at SpeI and NotI sites

Sp
(Savage
2010)

pAHC003
rbcL::mOrange2 cloned into
pDFS724 in place of rbcL::sfGFP

Kan This work

pAHC134 Papca::ccmk4::sfGFP Sp This work

pAHC126
rbcL::SNAP cloned into pDFS724 in
place of rbcL::sfGFP

Kan This work

pAHC149
rbcL::roGFP1 cloned into pDFS724
in place of rbcL::sfGFP

Kan This work

glycine gels (Life Technologies, Grand Island, NY). Transfer to
a nitrocellulose membrane was performed using the iBlot Gel
Transfer Device and iBlot Gel Transfer Stacks (Life
technologies, Grand Island, NY). Subsequent blotting was
done using the SNAP-ID Protein Detection System (EMD
Millipore, Bellerica, MA) following manufacturer’s instructions.
Polyclonal anti-RuBisCO antibody (Agrisera, Prod. ID AS03
037) was used at a final dilution of 1:5000 and an HRP-
conjugated goat anti-mouse antibody (Abcam, ab97265) was
used at a final dilution of 1:5000. Peroxidase conjugates were
detected using SuperSignal West Dura Exteded Duration
substrate (Thermo Scientific).

Supporting Information

Figure S1.  Quantification of RbcL and RbcL-GFP levels by
Western blot. The inducible RbcL-GFP strain was grown in the
presence or absence of 25µM IPTG at early log phase for 12
hours. Using a rabbit polyclonal anti-RuBisCO antibody, the
intensities of bands above background were quantified; the
RbcL-GFP band is 11% of the intensity of the endogenous
RbcL band.
(JPG)

Figure S2.  Mean and maximum velocities of carboxysome
motion. 126 carboxysomes were tracked over a minimum of
85 frames, and the mean and maximum velocity of each track
quantified. (A) The tracks overlaid on one frame of the movie.
Different colors represent different tracks. (B) The mean of the
mean carboxysome velocity is 11.5nm/minute. (C) The mean of
the maximum carboxysome velocity is 60.6nm/minute. (D)
Velocity is variable across each track, with a subset showing
maximal velocity near the start of the track. (E) 25 tracks were
selected at random from this set, and velocity was plotted
against the frame number (ie, age) of each track. Interval of
acquisition, 5 minute. (F) The mean velocity per frame number
across these 25 tracks. As track length is variable, fewer data
points contribute to the mean toward higher frame numbers.
(TIFF)

Figure S3.  Bar carboxysomes colocalize with shell but are
not oxidized. (A) Bar carboxysomes contain both RuBisCO
and shell protein. Red, CcmK4-GFP. Green, RbcL-mOrange.
Scale bar, 1µm. (B) Bar carboxysomes are relatively reduced
compared to punctate carboxysomes. Still frame composite
images of 488nm (reducing, green) and 408nm (oxidizing,
purple) RbcL-roGFP1 as in Figure 4. Scale bar, 1µm.
(TIF)

Figure S4.  Additional bar carboxysome FRAP data.
Bleaching events are indicated by grey lines. Unbleached
portions of the bar were used to correct for photobleaching.
(TIFF)

Figure S5.  Additional shell protein assembly data. (A–C)
Individual traces of the fluorescence intensity of CcmK4 foci.
Each panel represents a different cell, and only shell foci in the
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process of assembling are represented. Time interval: 5
minutes.
(TIF)

Video S1.  Normal and bar carboxysomes are born from
replicative events. Division events occur 2 seconds after the
appearance of a white asterisk ~2µm above the relevant
carboxysome. Imaging was initiated ~1 hour after induction.
Green: RbcL-GFP. Red: phase contrast. Scale bar, 2µm.
Frame rate, 12 frames (5 minute)/second.
(AVI)

Video S2.  Shell protein is late to localize to RuBisCO
assemblies. Shell localization events occur 2 seconds after
the appearance of a white asterisk ~1µm above the relevant
carboxysome. The top-most highlighted carboxysome also
nucleates a daughter at the 12 hour mark. Imaging was
initiated ~3 hours after induction. Green: RbcL-mOrange. Red:
CcmK4-GFP. Scale bar, 2µm. Frame rate, 7 frames (5 minute)/
second.
(AVI)

Video S3.  Nascent, reduced carboxysomes oxidize as they
mature. Oxidation events occur 2 seconds after the

appearance of a white asterisk ~1µm above the relevant
carboxysome. Imaging was initiated ~24 hours after induction.
Green: 488Ex RbcL-roGFP1. Magenta: 410Ex RbcL-roGFP1.
Scale bar, 2µm. Frame rate, 7 frames (10 minute)/second.
(AVI)
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