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Shining Light on Collagen:

Expressing Collagen in Plants

Barbara Brodsky, PhDand David L. Kaplan. PhD

Collagens are a remarkable group of proteins that are critical from a physiological perspective due to their
diverse and versatile functions in vio.However, collagens are challenging to generate ex vico for bioma-
terials or regenerative medicine due to their complex processing and assembly into tunctional materials.

Therefore, collagen availability remains a major unmet need for biomaterials, as relatively limited supplies of
the protein in pure form are available mainly throuh harvesting bovine tissues, This animal source, sub-
sequent to purification, remains associated with significant safety concerns due to the potential carryover of
animal-derived diseases.Other more limited sources of animal collagens are also commercjally available, as

well as collagens generated in heterologous hosts; however, the challenge to these sources remains both
economic and structural.The need for new safe sources of collagens remains high, with a significant po-
tential impact in areas of medicine when considering the opportunity to mimic native collagen features. The
articles in this issue of the journal focus on plant-derived collagens to address some of these needs. Progress

toward plant production of collagens, the ability to self-assemble these recombinant proteins into higher-
order structures, and the utility of these materials in various medical applications suggest an important path
forward for the hield

tissue regeneration of bone or cartilage?"may only get an-foLLAGEN PRoviDEs THE fundamental basis for many
swered by a combination of basic science and tissue engi-,biological functions in the humant body.The relatively
?neering strategjies.simple repctitive (Gly-Xa-Ya), sequence motif can be uscd

Bovine type ] collagen provides the majority of currentas a building block for self-assembly to create structures in
whch mecltanical function andl chemical signaling are or- collagen protein used by the biormedical comrurmunity.Due to

the challenges presented with current sourcing of collagenschestrated to control physiological function, The remarkable
and the lack of ability to recapitulate the important structuraldiversity generated by collagen structures includes soft to
hierarchy,chemical modifications of reprocessed collagensstiff hissues;signaling cells to respond to homecstatic con-

ditions or to more acute conditions that require rapidl re- are often pursued to help stabilize the material when used
modeling; and regeneration and repair due to tissne damage. for biomterials in tissue repairs or related medical needs.

While such methods work well, including dehydrothermalThe molecular and fibril structure of collagen are well
treatments,carbodimide cross-linking chemistry,glutaral-defined, but the code that relates the collagen amino-acid
dehvde cross-linkin and related approaches, the chemistrysequence and structural features to specific biological re-
utilizcd invariably changes the normal signaling achieved bysponses is only beginning to be elucidated. The"Toolkit" of

overlaoping collagen peptides hbas allowed definition of the collgens due to change in structure, epitope displays, and

different peptide fragments released on degradation of thecollagen sequences that are required for binding to receptors,
materials. Thus, improved sources of recombinant humanother matrix proteins, and matrix metalloproteinases (MMPs).'
collagens that would self-assemble into the correct structuralSuch information has created a firm starting point for visual-
hierarchy and avoid the need for post-processing cross-izing the molecular interactions that set oftf signaling cascades.
linking chemistry would transform the field. Both basic sci-Tisste engineering seeks to mimic the structuiral and infor-

mational features of collagen systems. Basic information about ence and tissue engineering approaches would benefit from
the avaflability of new collagen materials in which collagencollagen-specific signaling is important in experimental desfgn
sequences could be varied to make basic structure-functionof regenerative medicine, but the results from tissue engi-

neering will also improve our understanding of how collagen correlations and to provide a means of optimizing control of
drects function. A question such as"Will a biomedical ma- material properties, signaling, and degradation, Alternative
terial prepared from collagen type I versus tvpe Il improve sources of collagens that are being pursued include synthetic
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produce hydroxylated collagen, but annot be scaled up suf-peptides and recombinant collagens. Synthetic peptides have
fidiently to meet the needs of tissue engineering. The hy-been successfully used for fundaental studies and fo
droxylation problem has largely been met by incorporatingcharacterize some elements of higher-order structures.

tea,2013,19,Downloaded from htps//wwwliebertpub.com.By Southern Yangtze University-on November 02,2022.Re-use and distributionis stity notpermitted, exceptfor Open Acessarticles
the two genes for prolyl hydroxylase within the system andHowever, costs for peptide synthcsis and the lack of robust
by optimnizing hvdroxylation. For instance, Merle ef al.12mechanical properties due to the low-molecular-weight
showed that incorporation of the prolv] hydroxvlase genesbuilding blocks limits the utility of these systems for other
within tobacco increased the stability of the recombinant hu-than fundamental inquiries into structure function, including

cell signaling. There is much intcrest in suitable host svstems man collagcn produced. Himan collagcns also requine hy-

droxylation of specific Lys residues, which is necessary orfor scale up ad expression of purified recombinant human
cross-linking in the fibrils. The Shosayev lab has incorporatedcollagers that are biologically active.Heterologous expres-
the gene for an enzyme that is capable of hydroxylating andsicn of human collagens has beer demonstated in mam-
glvcosylating Lys, as well as the prolyl hydroxylasc genes, inrmalian cell lines,baculovirus, and a number of prokaryotes.
an attempt to befter mide thehuman system.Type]collagenSuch recombinant collagens could circumvent concerns with
is a heterotrimer, composed of two alpha 1 chains and oneallergenidity,contamination, and qualiby control in current
alpha 2 chain.Although initial studies were on homotrimers,bovine tvpe I collagen sources.

The transgenic plant approach described in this issue rep- both chaimns have been inserted in yeast, tobacco, and other
resents a useful addition to other recombinant collagens that systems.In the well-characterized veast system, it appears

that both homotrimers and heterotrimners were formed whenare being pursued in a number of Jaboratories (see Ruggiero

both chains were expressed in the system.One challenge forand Kochfor review),induding the longstanding veast

recombinant collagens is their ability to form periodic ibrilsderived recombinant human collagens from the pioneering
that mimic tvpe I collagen fibrils, as te fibril structure iswork of Kivirikke." Sigrificant advanses have been made in
considered important for mechanical properties, degradation,other plant systems as well as tobacco, including barley and
and perhaps for cell signaling, Recombinant type L and typemaize,where the specfic croline hvdroxylation sites were

I collagens in yeast yielded fibrils with a 67nm axial peri-defernined.'Although most molecular biology efforts have
odicity,which is very promising for tissue engineering ap-fxcused on expression of human cullagen, a ccmplementary
plications. Recombinant human colagen expressed in tobaccoapprach has been to express coillagen-like proteins from
formed fibrils, but they did not show the characteristic axialbacteria in Esrhviclhiacoli, as those proteins havea stability that
periodicity. 1is similar to human type ] collagen in the absence of post-

The readily available extracted collagen materials havetranslticnal mcdifications.The high vield and ability to
already been successfully applied in a wide range of druginclude biclogically active sequences,along with favorable

delivery and biomaterials applications.The utility of re-bioxcompatibility properties, makes these collagen-like proteins
combinant collagens, such as those derived from plants, willattractive candjidates for biomaterial appfcations.Recently,

have to be demonstrated in their effectiveness as scaffolds orthe ability to include post-translational modificafions in such
for wound healing; so, the articles in this volume are a wel-bacterial systems has also been developed!
come contribution in this direction. New ways to bioengineerCollagens have a number af unigue features that should be
and understand these systems,as well as to derive newaddressed in any recombinant system (Fig.1). The post-

translational modification of Pro to hydroxyproline (Hyp)commercial materials, will help the fields of biomaterials and
regenerative medicine in many ways. The examples presenledis required for triple-helix stability, Mammmalian cell ines

Biosynthesis of type I collagenlssues in recombinant collagen
zystems:

PTM )Synthasis明ne. 桑
l1. Post-translational Cmt 中

modification(PTM) 警营

2. Formstienof heterotrimersAaccaion 9fC prcospidea
trseMia

3.Stabilityof triple-helix, rudieatan
FIG.1.Summary of challenges in produc- folexHphrelated to PTMing recombinant collagens.

9888888es4. Formationof 67nm D- TgteMtx eproeaoatanperlodicfibils
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triple helical peptides into higher order structures.I Biolin this issue provide a glimpse into what is possible. With the
Chem 281, 33283,2006.advances in recombinant systenis and the increasing range of

4.Kotch。F.W.,and Raincs,R.T. Self-assembly df 》yntheticresearch tools available in bioinformatics, genetics, and blo-

tea,2013,19,Downloaded from htps//wwwliebertpub.com.By Southern Yangtze University-on November 02,2022.Re-use and distributionis stity notpermitted, exceptfor Open Acessarticles
collagen triple helices, Proc Natl Acad Sci U S A 103, 3028,physics, opportunities to pursue new sources of collagerts art
2006.being realized.The way in which the chemistry, structure, and

5.Ruggier,F.,and Koch, M. Making recombirant extracelmorphology of the collagen determines human tissue struc-
lular matrix proteins, Methods 45,75,2008.ture and function is becoming better defined, and this infor-

6. Nokelainen, M, Tu, H, Vuorela, A., Notbohm,H., Kivir-maticn will form the basis tor developing new commercial
ikko,K.L.and Myllyharju,J. High-level production of hu-materials in the biornaterial and regenerative medicine fields.
man type I collagen in the veast Fichia xstoris,Yeast 18,A vision for the cropping of plants tu use sunlight as the 797,2001.cncrgy source to generate viable human medical materials is

7.Xu, X., Gan, Q., Clerugh,RC., Pappu, KM.,Howard,J.A.,very appealing, and the development of successfhul large-cale Baez, J.A.,and Wang,K.Hydroxylation of recombinantpmduction systems for collagen material may usher in a new human cullagen type I alpha 1 in transgenic maize co-ex-cri ot exciting appliations, pressed with a recombinant human prolyl 4-hydroxylase.
BMC Biotechnol 11, 69, 2011.

Conclusions 8. Xu,Y., Keene, D,R.,Bujnicki.J.ML,H6ok,M. and Lukcmski,
S. Streptococcal Scll and Sd2 proteins form collagen-likeCollagen-omics represents the underlving instruction set
triple helices.IBiol Chem 277,27312,2002.for extracellular matrix(ECM) structure and function. Vir-

9, Mohs, A., Silva, T,Yoshida, T,Amin, R.,Lukomski, S.tually all physiological functions in our body,from the mo- Inouve, M,and Brodsky,B. Mechanism of stabilization of alecular to macroscopic level, originate from the underlying
bacterial collagem triple helix in the absence of hydr

collagen chemistry encoded by the geneti templates in all xyproline,JBiol Chermn 282, 29757,2007.our cells. Our ability to dissect the ruls by which collagen 10 Feg, Y.Y,Yoshizumi,A.Danon, S.J, Ghattauer,V.Pns
chemnistry controls cell function, tissue remodeling,me-

kopenko, O.,Minuchnitchenko, O, Ytu,Z,Inouye,M,
chartical prorerties,and intlammation should propel the Werkmeister,J.A.,Brodsky,B,and Ramshaw,J.A. A
fivld into a new realm of major irnpact in medical materials. Streptococeus pyogenes derived cullagen-like protein as a
To achieve such an impact, we should overcome the current nun-cytotoxic and nen-immunogenic cross-linb,able biomat-
constraints with available collagen mnaterials. The articles in terial. Biomaterials 31,2755,2010.

11 Fnkas,D.M,Ding, S,Raines, R.T,and Brrom,AE Tu-this issue offer directions toward this goal, where plant-de-
rived collagens offer a route to new supplies of humnan co- able, post-translaticnal hvdroyabion of collagen domnains

in Escherichia coli. ACS Chem Biol 6,320, 2011.lagens. With broadened approaches such as those described,
12. Merle, C., Perret,S.Lacour,T.Jonval, V,Hudaverdian,S,we can envision options to generate the mnultitude of differ-

Garrone,R.,Ruggiero, F.,and Theisen, M.Hydmoxyhtedent collagen types in high vields, and with high purity, and
human hopctrimeric collagcn[in Agroharcterlum tme/axlenswithout bioburdens, materials that will sef-assemble into the
medialed tansient expression and in transgeric ionbacoreguired structural complexity to mimic what happens
plant. FEBS Lett 515. 114, 2002in @izo. and that wilI have utihity in biomedical prcducts This

13.Stein, H,Wilensky,M,Tsafrir,Y.Rosental, M,Amir,R,is the beginning, but seeing the tools to achieve these goals
Avraham.T..O6ir, K,Dgany.O.Yayon, A.,and Shoseyov,emerge, we suggest not only a major impact in the medical
O, Production of bioacive, post-translationally modificd,comniunity,but also major insights into collagen-omics to
heterotrimeric, human reconibinant type-1 colagen ininform the next generation of fundarmental scientists and
transgenic tcbacco. Bionacromolecules 10，2640， 200炒engineers in the areas of matrix biology, diseases associted

14.Baez,J,Olsen,D.,and Polarek. J.W.Rerombimant microbilwith collagen mutations and the ECM, and material science systems for ihe production of human collagen and gclstin.and engineering in general. Appl Microbiol Biotechnol 69,245, 2005
15 Olsen, DR,Leigh, SD, Chang, R, McMuallin, H,Ong. W。Acknowledgment Tai. E,Chisholm. G.Birk, D.E,Berg, RA.Hitzeman,R.A,
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