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Abstract: A number of bacterial collagen-like proteins with Gly as every third residue and a high
Pro content have been observed to form stable triple-helical structures despite the absence of

hydroxyproline (Hyp). Here, the high yield cold-shock expression system is used to obtain purified

recombinant collagen-like protein (V-CL) from Streptococcus pyogenes containing an N-terminal
globular domain V followed by the collagen triple-helix domain CL and the modified construct with

two tandem collagen domains V-CL-CL. Both constructs and their isolated collagenous domains

form stable triple-helices characterized by very sharp thermal transitions at 35–37�C and by high
values of calorimetric enthalpy. Procedures for the formation of collagen SLS crystallites lead to

parallel arrays of in register V-CL-CL molecules, as well as centrosymmetric arrays of dimers

joined at their globular domains. At neutral pH and high concentrations, the bacterial constructs all
show a tendency towards aggregation. The isolated collagen domains, CL and CL-CL, form units

of diameter 4–5 nm which bundle together and twist to make larger fibrillar structures. Thus,

although this S. pyogenes collagen-like protein is a cell surface protein with no indication of
participation in higher order structure, the triple-helix domain has the potential of forming fibrillar

structures even in the absence of hydroxyproline. The formation of fibrils suggests bacterial

collagen proteins may be useful for biomaterials and tissue engineering applications.
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Introduction

Collagens are the major structural proteins in the

extracellular matrix of multicellular animals and are

defined by their characteristic triple-helix structure

and their unique (Gly-Xaa-Yaa)n repeating sequence.

Evolution has led to specialized types of collagen

which have important biological as well as structural

functions and a family of 28 collagen types is found in

humans.1,2 Collagens are present in all vertebrates and

invertebrates,3 and more recently, collagen-like

sequences with Gly at every third residue and a high

Pro content have been observed in bacteria as well.4–6

Despite the absence of post-translational modification

of Pro to hydroxyproline (Hyp), several bacterial colla-

gens have been shown to form triple-helices which are
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stable near 37�C.5,7,8 Such proteins are amenable to

production in high yield bacterial expression systems,

offering the opportunity for structural and biological

characterization of modified as well as original

versions.

Collagen-like sequences (Gly-Xaa-Yaa)n are

reported in genomes of many bacteria4 and collagen-

like proteins have been shown to be expressed in Bacil-

lus anthracis,6 Streptococcus equi,9 and Streptococcus

pyogenes.5,10,11 For instance, S. pyogenes produces col-

lagen-like proteins Scl1 and Scl2 which are simultane-

ously expressed on the cell surface in the logarithmic

phase and help the bacteria adhere to human cells.5,10–15

Both Scl1 and Scl2 proteins contain a signal sequence,

an N-terminal variable globular domain (V), a colla-

gen-like triple-helix domain (CL) consisting of (Gly-

Xaa-Yaa)n triplet repeats and a C-terminal gram-posi-

tive cell wall attachment domain.5 The Scl2 collagen-

like domain contains a high proportion of charged res-

idues (�30% of all residues) and the number of Gly-

Xaa-Yaa triplets in the collagen-like domain varies in

different serotypes, ranging from n ¼ 14 to 79.11,16 Bio-

chemical characterization of S. pyogenes collagen-like

proteins Scl1 and Scl2 confirmed that in the absence

of any post-translational modifications these proteins

form a stable triple-helix with Tm ¼ 36–38�C16 close

to the stability found in the longer human collagens.

The stabilization of Scl2 has been shown to be largely

due to electrostatic interactions.7 These collagen-like

proteins also mimic some biological activities of colla-

gen in terms of binding to the mammalian a11b1 and

a2b1 integrin collagen receptors.13–15 The Scl proteins

may contribute to S. pyogenes binding and internal-

ization in human cells through their similarity to

mammalian collagens in terms of structure and bind-

ing to human tissues.11,13–15

Self-assembly to higher order structures is a key

aspect of collagen biology in animals. The supramolec-

ular forms of collagen provide mechanical support to

the extracellular matrix and mediate cell attachment

and other biological processes.1 The most abundant

collagens are found in fibrils with an axial periodicity

of 67 nm arising from the staggering of adjacent mole-

cules due to electrostatic interactions, hydrophobic

interactions and hydration forces.17,18 In addition,

supramolecular structures are formed by some non-

fibrillar collagens, such as the network structures of

type IV collagen in basement membranes and the anti-

parallel arrays of type VII collagen in anchoring fibrils

attached to the basal lamina of the skin.1 It is not

known whether collagen-like proteins in bacteria self-

associate to form any higher order structures in vivo,

or whether they have the capacity to do so in vitro.

Here molecular and self-association studies are

reported for protein constructs based on the S. pyo-

genes Scl2 collagen-like domain. The S. pyogenes col-

lagen-like proteins Scl1 and Scl2 were first expressed

in E. coli using a strep-tag II for purification,5 and

more recently Mohs et al. has achieved expression of

Scl2 protein in a cold-shock system7 which directs

highly specific induction of the target gene and pro-

duces very high yields at low temperatures.19 The Scl2

collagen CL domain of 79 Gly-Xaa-Yaa triplets is much

shorter than the (Gly-Xaa-Yaa)338 domain of human

type I collagen, so a construct containing two tandem

collagen domains CL-CL was also constructed. The V-

CL and V-CL-CL constructs of the Scl2 protein were

expressed in high yields sufficient for studies of solu-

bility and self-association. Results show the proteins

form stable triple-helical structures and that the triple-

helical domains CL and CL-CL can self-assemble to

form twisted bundles of units 4–5 nm in diameter.

The ability of bacterial collagen constructs to form

fibrils at neutral pH supports potential biomaterials

and tissue engineering applications.

Results

Production of bacterial collagen constructs:

V-CL, V-CL-CL, CL, CL-CL

The high expression cold-shock vector system was

used to obtain the region of the Scl2.28 collagen-like

protein of S. pyogenes which includes an N-terminal

globular domain (V) and a triple-helical domain of

sequence (Gly-Xaa-Yaa)79 (CL) [Fig. 1(A)]. The con-

struct was designed to have an N-terminal His6 tag for

purification and a protease susceptible sequence

LVPRGSP between the V and CL domains; this con-

struct is referred to as V-CL. The sequence encoding

V-CL was inserted into the cold-shock vector, pCold

III. The plasmid was transformed into E. coli strain

BL21, and V-CL was expressed at 15�C, 24�C, and

37�C; after overnight incubation, expression levels

were analyzed by SDS-PAGE. As shown in Figure 1(B),

the expression level was highest at 24�C, compared

with 15�C and 37�C. A construct was also designed

which contains the V domain followed by two repeats

of the CL (Gly-Xaa-Yaa)n unit, again including an N-

terminal His tag and a short linker sequence suscepti-

ble to enzymatic cleavage between the V domain and

the first CL domain. This protein with two consecutive

CL domains is designated V-CL-CL. The DNA

sequence for V-CL-CL was inserted into the cold-shock

vector, expressed and purified following the procedure

described above for the V-CL protein. The expression

level was again highest at 24�C [Fig. 1(C)].

A large scale purification of all constructs was car-

ried out at room temperature. Notably, V-CL and V-

CL-CL were expressed as soluble proteins without any

protein in the insoluble fraction. Subsequently V-CL

and V-CL-CL were purified on a Ni-sepharose column

and the eluted protein (yield � 0.4 g/L) was detected

as a single band on SDS-PAGE near the expected mo-

lecular weight position [Fig. 1(D)]. Mass spectroscopy

of the V-CL product showed that it has a mass of

33389, which is comparable to the theoretical value
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without the amino terminal methionine (33400). Puri-

fied V-CL-CL (yield � 0.1g/L) showed an SDS-PAGE

band around 56 kDa as expected [Fig. 1(D)], and mass

spectroscopy gave a mass of 55,800, which is compa-

rable to the theoretical value, 55,701.

The CL domains were obtained from the intact

proteins based on the known resistance of native colla-

gen triple-helix to digestion by trypsin. The V-CL

product was treated with trypsin at room temperature

for 4 h [Fig. 2(A)], and the resulting protein was puri-

fied on a DEAE column, followed by gel filtration col-

umn chromatography. Mass spectrometry analysis of

the purified CL protein was 22,850, in good agreement

with the predicted molecular mass of 22,840. On SDS-

PAGE, the CL band was higher than expected, which

is common for rod-like triple-helix proteins [Fig.

1(D)]. The dimer collagen domain, CL-CL, was also

isolated using trypsin [Fig. 2(B) and purified as

described earlier [Fig. 1(D)]. Mass spectrometry of CL-

CL showed 44,938, which is in good agreement with

the expected value of 44,998. The ability to obtain

large amounts of purified bacterial collagen protein, its

collagen-like domain, and the longer construct with

two collagen repeats allows a range of studies on the

physical properties and self-association of these

molecules.

Structural characterization of V-CL, CL, V-CL-CL

and CL-CL molecules

To investigate conformational features, circular dichro-

ism spectroscopy (CD) was carried out on the intact

V-CL and V-CL-CL proteins and their isolated collage-

nous domains. The CD spectra of both V-CL and

V-CL-CL proteins in PBS buffer at pH 7 show typical

collagen features, with a maximum at 220 nm and a

Figure 1. (A) Schematic of the design of the bacterial collagen Scl2.28 construct, showing the V-CL and V-CL-CL products;

His 6, histidine tag (NH2- HHHHHH-COOH); V, globular domain; ;, enzyme cleavage site, LVPR;GSP; CL, collagen-like

domain (Gly-Xaa-Yaa)78; The triplet sequence GKY is included at the C terminal for protein concentration determination. The

linker sequence between two CL domains is GAAGVM. (B) SDS-PAGE of cells lysed after expression of V-CL. (C) SDS-PAGE

of cells lysed after expression of V-CL-CL. For (B) and (C), the first lane is a control sample without 1 mM isopropyl b-D-
thiogalactopyranoside (IPTG) induction at 15�C while the lane 2, 3, and 4 are for samples with IPTG induction at 15�C, 24�C

and 37�C, respectively. (D) SDS-PAGE of the purified proteins for (1) Molecular weight marker, (2) V-CL, (3) CL, (4) V-CL-CL

and (5) CL-CL.

Figure 2. SDS-PAGE monitoring of the time course of the

digestion of (A) V-CL and (B) V-CL-CL by trypsin at room

temperature for different lengths of time in hours. At early

time points, trypsin digestion of the V-CL construct

produces a few intermediate products, representing the

incomplete cleavage of the V domain. Trypsin digestion of

the V-CL-CL construct may also produce intermediate

products, but such products would not be seen due to the

lower resolution of the gel at the higher molecular weight.

After 4 h, complete digestion at the LVPR;GSP occurs, as

shown by mass spectroscopy.
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minimum at 198 nm (Table I). When the purified CL

and CL-CL domains are examined, the CD peaks are

at similar locations but with much higher intensities.

Accurate concentration values could not be determined

for the isolated collagen domains which have no aro-

matic residues, but concentration estimates by weight

lead to an estimated MRE220 �8000 deg cm2 dmol�1

(Table I), a value even higher than seen for animal col-

lagens. The parameter Rpn, which is the ratio of the

intensity of the positive peak near 220 nm over the in-

tensity of the negative peak near 198 nm, has been

shown to be a useful measure of the collagen triple-he-

lix conformation.22 The Rpn values for the isolated

collagen domains (Rpn ¼ 0.13 for CL and Rpn ¼ 0.11

for CL-CL) are similar to the Rpn value observed for

animal collagens, indicating the collagenous domains

form a fully folded triple-helix (Table I).

The thermal stabilities of V-CL, V-CL-CL and the

isolated CL and CL-CL domains were examined by

monitoring the change in the CD peak at 220 nm with

increasing temperature (Fig. 3). Very sharp thermal

transitions are observed for all samples, with similar

values of Tm ¼ 36.8�C for V-CL, Tm ¼ 37.1�C for V-

CL-CL, Tm ¼ 35.2�C for CL and Tm ¼ 36.5�C for CL-

CL. The increased length of the collagenous domain

appears to cause only a slight increase in thermal sta-

bility. The presence of a single sharp transition for V-

CL and V-CL-CL just slightly higher than the Tm val-

ues of CL and CL-CL indicates the V domain confers

little stabilization and that it unfolds simultaneously

with the collagenous domain under these conditions.

Very similar thermal transitions at 37.0–37.9�C are

seen by differential scanning calorimetry (DSC), with a

calorimetric enthalpy of DHcal ¼ 2730 kJ/mol for V-

CL, DHcal ¼ 4290 kJ/mol for V-CL-CL, DHcal ¼ 2820

kJ/mol for CL, and DHcal ¼ 5300 kJ/mol for CL-CL

(Fig. 4; Table I). As expected, the enthalpy for the CL-

CL domain is almost twice as great as that for the sin-

gle CL domain. Calculation of the calorimetric en-

thalpy per tripeptide unit for the CL and CL-CL pro-

teins gives 11–12 kJ/mol tripeptide (Table I), values

somewhat less than seen for collagens23 (e.g. 15.4 kJ/

mol tripeptide for calf skin collagen). Based on previ-

ous analyses and the water mediated hydrogen bond-

ing of charged side chains seen in crystal structures, it

is likely that the high enthalpy values are due to

hydrogen bonding involving an extensive hydration

network.23–25

The ability of the proteins to refold after heat

denaturation was also examined, by monitoring the

CD signal at 220 nm as the sample is cooled from

70�C to 0�C at the same rate as the heating rate (Fig.

3, see reverse arrows). A substantial amount of their

original CD signal is regained by V-CL (60%) and

V-CL-CL (40%) during this process, indicating these

Table I. Physical Properties of Bacterial Collagen in PBS (pH 7) and Bovine Skin Collagen (pH 3)

DLS CD DSC

Rha (nm) Tm (�C)

MRE198

(deg cm2

dmol�1)

MRE220

(deg cm2

dmol�1) Rpnb Tm (�C)
DHcal

(kJ/mol)

DHcal /
tripeptide
(kJ/mol)

V-CL 10.2 � 1.1 36.8 �38,400 1500 0.04 37.9 2730 ND
CL 8.0 � 1.6 35.2 �62,500 8000 0.13 37.0 2820 11.8
V-CL-CL 49.6 � 22.4 37.1 �54,500 5400 0.10 37.5 4290 ND
CL-CL 17.0 � 1.1 36.5 �53,500 6100 0.11 37.9 5300 11.2
BSCc 25.0d 37.5 �50,000e 5261 0.11 37.0 5187 15.4

a The hydrodynamic radius obtained by dynamic light scattering.
b Rpn is the ratio of the positive peak at 220nm to the negative peak at 198nm.
c Pepsin treated-bovine skin collagen type I in 0.5 M acetic acid, since it precipitates in PBS. (Karunakar Kar, unpublished
data).
d Ref. 20.
e Ref. 21.

Figure 3. Thermal transitions of the Scl2 constructs

determined by monitoring CD signal at 220 nm for (A) V-CL,

(B) CL , (C) V-CL-CL and (C) CL-CL. In each figure, the

arrow indicates the direction of temperature change with !
for the unfolding curve with increasing temperature and /
for the refolding curve with decreasing temperature. The

concentrations of all samples were 1 mg/mL and heating

rates were �0.1�C/min in both directions.
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molecules are capable of refolding. Longer incubation

at 0�C following the slow refolding did not increase

the signal, but a temperature jump from 70�C to 0�C

over a 1–2 min period led to almost full recovery of

the original triple-helix signal. The initial drop in the

220 nm signal for V-CL and V-CL-CL upon cooling

(see Fig. 3) likely represents refolding of the V globu-

lar domain prior to triple-helix folding. Sequence anal-

ysis suggests this V domain contains coiled coil a-helix
structure,5,7 and formation of a-helix would result in a

drop in intensity near 220 nm. No signal is regained

upon cooling of the CL and CL-CL proteins. These

results indicate that the globular V domain is essential

for refolding of these isolated collagen domains.

Self association of bacterial collagen products

Since the solubility of animal collagens is related to

their self-association to form fibrils, solubility studies

were carried out to compare bacterial collagen-like

proteins with pepsin extracted bovine skin collagen at

different pH and temperature values (Table II). The V-

CL, CL, V-CL-CL, and CL-CL proteins are completely

soluble in 0.1M acetic acid at 4�C, similar to the high

solubility in acetic acid observed for bovine skin colla-

gen and other animal collagens. In PBS in the cold (1

mg/mL), both V-CL and V-CL-CL are partially soluble,

in contrast to the very high solubility of the isolated

collagenous CL and CL-CL domains, suggesting that

some association may be mediated by the globular V

domains under these conditions. But the isolated CL

and CL-CL domains become less soluble as the con-

centration is increased to 2 mg/mL and as the temper-

ature is increased to 24�C. Bovine collagen is highly

soluble in PBS (pH 7.0) at 4�C and 24�C, but shows a

sharp decrease in solubility at higher temperatures due

to fibril formation. Bovine collagen is insoluble near

its isoelectric point (pI �9) in Glycine buffer (pH 8.6)

at 4�C and 24�C, while the bacterial collagens (pI �
5.5–6.1) are highly soluble at this pH value.

Segment long spacing crystallites (SLS), a lateral

aggregate of parallel collagen molecules in register,

have been used to visualize the molecular length and

charge distribution of animal collagens.26–28 Dialysis

of bovine skin collagen against 0.2% ATP at pH 3, the

procedure typically used to form SLS,26–28 yields crys-

tallites 280 nm in length with a clear set of many dis-

crete positively stained bands which correspond to the

positions of charged residues [Fig. 5(A)]. This protocol

was applied to bacterial collagen protein products. The

isolated collagen domain CL formed a network like

Figure 4. Differential scanning calorimetry (DSC) of (A) V-CL

and V-CL-CL and (B) CL and CL-CL at pH7.0 in PBS, showing

heat capacity (Cp) as a function of temperature. The

concentrations of all samples were 1 mg/mL with a heating rate

of 1�C /min. A small shoulder is seen in the DSC of CL-CL that

is likely due to some heterogeneity in the digestion products.

Table II. Solubility of Bacterial Collagen Proteins and Bovine Skin Collagen in Different Buffers and pH Values
(1 mg/mL)

Protein

0.1M
acetic acid
(pH 2.9)a

50 mM sodium
acetate (pH 5.0) PBS (pH 7.0)

50 mM glycine
NaOH (pH 8.6)

4�C (%) 4�C (%) 24�C (%) 4�C (%) 24�C (%) 30�C (%) 4�C (%) 24�C (%)

V-CL 98.1 76.5 70.6 66.0 69.6 ND 100 100
CL 100 83.6 84.9 100 80.0 ND 100 87.5
V-CL-CL 100 79.4 84.4 80.0 92.7 ND 75.0 82.3
CL-CL 100 ND ND 100 63.6 65.6 ND ND
BSCb 100 65.9 67.5 98.1 93.7 54.0 0 0

a The denatured temperature of V-CL and CL in acid pH is close to 24�C, so solubility studies were not carried out in acid pH
at 24�C.7
b Pepsin treated bovine skin collagen type I.

Yoshizumi et al. PROTEIN SCIENCE VOL 18:1241—1251 1245



structure of thin filaments with no discrete entities,

while preparations of V-CL showed numerous narrow

aggregates with a very heavily stained central band

(Supporting Information Fig. 1). The SLS preparations

of V-CL-CL show discrete aggregates with lengths

clustered around 149 � 18 and 277 � 36 nm [Fig.

5(B)]. Given the expected dimensions of the CL-CL

domain (140 nm) and the V domain (reported as 3.9

nm5), it is likely that the 150 nm crystallites are

formed by an array of parallel single molecules of V-

CL-CL while the centrosymmetric 280 nm crystallites

could be formed by two antiparallel molecules of V-

CL-CL joined at their globular domains (central dark

band). Alignment of the V-CL-CL aggregates with the

distribution of charged residues in the collagen-like

CL domain is consistent with this interpretation and

shows that the broad bands of the aggregates line up

with an extremely high density of basic and acidic

amino acids at the C-terminus of each CL repeat [Fig.

5(C,D)]. It is interesting to find that proteins with the

collagen triple-helix conformation which lack Hyp

and have such a high charged concentration and low

isoelectric point have the capacity to form SLS

assemblies.

Self-association of the expressed bacterial collagen

proteins at neutral pH was studied by dynamic light

scattering (DLS) and electron microscopy. DLS studies

were carried out on all samples to monitor the size

distribution profile and aggregation in PBS, pH 7, at

low temperature (Table I). At 4�C, V-CL and the CL

domain have hydrodynamic radii (Rh) of 10.2 � 1.1

nm and 8.0 � 1.6 nm, respectively, in good agreement

with previous studies on a closely related construct.7

The hydrodynamic radius of CL-CL is Rh ¼ 17 � 1.1

nm, consistent with a molecule that is twice as long as

the CL trimer molecule. In contrast, DLS studies of V-

CL-CL gave Rh ¼ 49.6 � 22.4 nm, which is higher

than expected for a single trimeric V-CL-CL molecule

and suggests the presence of some aggregated form.

Since aggregation is not seen for CL-CL constructs, it

is likely that the self-association is promoted by inter-

molecular interactions between the globular V

domains.

At concentrations of 2 mg/mL, bacterial collagen

products show some precipitation in PBS at 4�C and

these turbid solutions were examined by transmission

electron microscopy (Fig. 6). V-CL precipitates appear

as poorly ordered densely stained clusters while V-CL-

CL appear to have some more regular fibrillar nature

embedded in disordered aggregates. In contrast, the

CL and CL-CL precipitates show the presence of fibril-

lar structures. There appear to be discrete aggregated

units which are in register arrays of CL-CL molecules,

since their length corresponds to the molecular length

(�140 nm) and their diameter (4–5 nm) indicates

more than one molecule. These units are bundled to

form wider and longer fibrillar structures which

appear twisted and staggered. Some subunit structure

Figure 5. Electron micrographs of samples prepared for

Segment Long Spacing collagen (0.2% ATP, at pH 3.0). (A)

pepsin-treated bovine skin type I collagen and (B) V-CL-CL,

with samples positively stained with uranyl acetate and

phosphotungstic acid. The bar indicates 100 nm. (C)

Schematic illustration of the location of positive charges (top

bars) and negative charges (bottom bars) along the V-CL-CL

chain, showing the location of a very high charge

concentration (boxed) within each CL unit and the globular V

domain. (D). Panel of SLS patterns of parallel, in register

array of dimeric head-to-head V-CL-CL molecules (left) and

monomer V-CL-CL molecules (right), with a schematic of the

location of the high charged density regions shown above.

On the left are head-to-head V domains giving a

centrosymmetric pattern with the two CL domains on either

side; on the right, the SLS patterns corresponding to a single

V-CL-CL domain are shown.
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and supercoiling of units is also seen in the CL

aggregates.

Discussion
Increasing concerns over the risk of contamination by

infectious agents as well as challenges in product

standardization have led to the active development of

expression systems for recombinant collagens.

Recombinant human collagens have been produced in

animal cells, mammary glands of transgenic mice, silk-

worms, insect cells, and in tobacco plants.29,30 Com-

mercial production of full length hydroxylated colla-

gens has been achieved using the yeast Pichia

pastoris, where there is co-expression of the prolyl 4-

hydroxylase genes with the human collagen gene.31 An

alternative strategy is to express a bacterial collagen-

like protein which is not dependent on the presence of

hydroxyproline for stability. The bacterial collagen-like

protein construct V-CL and its modified V-CL-CL con-

struct based on the Streptococcus pyogenes Scl2 pro-

tein have been successfully expressed in E. coli and

shown to form triple-helices of stability Tm�35–37�C.

A His tag at the N-terminus allows batch affinity puri-

fication on a Nickel column. The Arg-containing

sequence inserted between the globular domain and

the triple-helix is highly susceptible to trypsin cleav-

age, leading to a homogeous triple-helix collagenous

domain and elimination of the heterogeneity reported

previously.7 The ability to obtain large yields of bacte-

rial collagen protein is due to its expression at temper-

atures well below 37�C in the cold shock system, since

the unfolded monomer is susceptible to non-specific

enzyme digestion while the folded trimer is highly

enzyme resistant. Expression levels of �800 mg/L

were obtained for V-CL, compared to 0.6–20 mg/L

yields in mammalian cells, 40 mg/L for insect cells,

and 1 g/L yields in the Pichia system.29 The bacterial

system, with no requirement for prolyl hydroxylase,

may prove easier to manipulate and to scale up to

commercial production than other currently used

recombinant collagen systems.

The triple-helix stability of these S. pyogenes con-

structs is achieved without the presence of hydroxy-

proline. Previous reports of decreased stability at acid

pH and studies on model peptides indicate that a

major compensation for the lack of hydroxyproline is

stabilizing electrostatic interactions involving the many

repeating highly charged (Gly-Xaa-Yaa)n sequences.7

The high calorimetric enthalpy observed for both CL

and CL-CL collagenous domains indicates a high

degree of hydrogen bonding which is likely to be medi-

ated by hydration,23,24 suggesting that the characteris-

tic high enthalpy values of collagen and its extensive

hydration network may be present even in the absence

Figure 6. Electron micrographs of precipitates of (A) V-CL, (B) CL, (C) V-CL-CL, and (D) CL-CL at neutral pH. The precipitates

were obtained from 2 mg/mL protein solutions after dialyzing against PBS buffer at 4�C and centrifuged at 14, 000 rpm for

10 min. All samples were negatively stained. The bar indicates 100 nm.
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of Hyp residues. Our studies show that the creation of

a longer triple-helix domain (CL-CL) has little effect

on thermal stability. Triple-helix stability of peptides is

known to depend on peptide length until a minimum

size is reached,32 and the lengths of the Scl2 con-

structs and variants reported here and by Han et al.16

appear to be longer than that minimum size.

The SLS parallel array of collagen molecules has

been a useful tool in analyzing the charge distribution

in vertebrate collagens, in clarifying the molecular

packing in fibrils, and in characterizing the length and

charges in invertebrate collagens.26–28 Application of

this preparation procedure to bacterial collagen prod-

ucts suggests that V-CL-CL proteins form SLS crystal-

lites of the length expected for monomer and for

dimers connected through their globular domains,

similar to dimeric SLS forms that have been reported

for animal collagens.33 The few broad bands seen in

these patterns are consistent with the very high den-

sity of charges in the collagen domain.

Studies reported here show Hyp-free bacterial col-

lagen-like products can self-associate to form higher

order structures at neutral pH. Molecules with the

globular domain V-CL and V-CL-CL have less ordered

aggregates while the isolated triple-helix domains, CL

and CL-CL, both form supramolecular structures with

a clearly fibrillar nature, appearing as bundles of some

smaller basic unit. The effect of tandem repeats of the

collagenous domain in CL-CL was not clear, although

the fibrils had a better defined appearance. Increased

length of collagen model peptides does lead to an

increased propensity for aggregation,34 and tandem

repeats of a type II collagen segment were shown in

the Fertala laboratory to exhibit some differences in

terms of stability, the capacity to form fibrils with the

axial D period, and their ability to promote chondro-

cyte growth and migration.35,36

The forces involved in directing collagen fibrillo-

genesis include hydration forces,18 electrostatic inter-

actions, hydrophobic interactions17 and Hyp-mediated

interactions.25,37 Recent studies on collagen model

peptides suggest non-specific lateral assembly is medi-

ated by hydration and Hyp-Hyp interactions,34 while

more specific axial interactions and defined morphol-

ogy are determined by charged and hydrophobic resi-

dues.38,39 It is noteworthy that bacterial collagen

forms fibrillar structures in the absence of Hyp. This

ability for fibril formation without Hyp was also

reported for unhydroxylated human collagen expressed

in transgenic tobacco plants under low ionic strength

conditions.40 Electrostatic interactions are likely to

play an important role in triple-helix self-association

for these bacterial collagen modules and the hydration

network suggested by its high enthalpy values may

also be important for self-assembly into fibrillar struc-

tures. The process of self-association by CL-CL

domains shows some temperature dependence, with

more aggregation at 24�C compared with 0�C, but the

dramatic acceleration of animal collagen fibrillogenesis

near the collagen molecular Tm value is not seen, pos-

sibly because it is mediated by interactions involving

Hyp.

The S. pyogenes Scl2 is a cell surface protein with

no indication of participation in higher order struc-

tures, yet the Hyp-deficient collagen-like domain is

itself capable of self-assembly to form fibrils. The

results suggest some intrinsic propensity of collagen

type molecules to self-associate. The fibrils formed are

small in diameter compared with those found in

human tissues and do not show the characteristic reg-

ular axial banding pattern seen in animal collagen

fibrils. It is possible that periodic, larger collagen

fibrils more suitable for biomaterial and tissue engi-

neering applications can be achieved through manipu-

lation of the bacterial collagen sequence, by selectively

distributing the charged residues, further increasing

the length of the collagen domain, or adding other ma-

trix components. The formation of fibrils by the bacte-

rial collagen-like proteins as reported here is an

encouraging sign that these proteins may be useful for

biomaterials and tissue engineering applications.

Materials and Methods

Construction of pColdIII-V-CL and pColdIII- V-

CL-CL

pColdIII- V-CL was constructed using pColdIII-163

encoding the p163 polypeptide based on Scl 2.28.5,7

The His6 tag sequence was introduced at the N-termi-

nal end of the P163 polypeptide sequence described in

Xu et al.5 A LVPRGSP sequence was inserted between

the N-terminal globular domain (V) and collagen-like

domain (CL) sequences by PCR, to act as a potential

cleavage site for thrombin or trypsin. The cleavage by

thrombin was much slower and required much more

protease than found for trypsin, so all preparations of

collagen domains were done using trypsin. pColdIII-V-

CL-CL was constructed based on an N-terminal V

domain followed by two (Gly-X-Y)79 units with two

additional triplets GAAGVM between two CL domains.

All constructed plasmids were confirmed by DNA

sequencing.

Expression analysis of V-CL and V-CL-CL

pColdIII-V-CL and V-CL-CL were expressed in E. coli

BL21 strain. Cells were grown in 1.5 mL M9-Casamino

Acid with ampicillin (50 lg/mL) medium at 37�C until

A600 reached 0.8. The culture was split into three

equal portions (0.5 mL each), which were then incu-

bated at 15�C, 24�C and 37�C, respectively and 1 mM

isopropyl b-D-thiogalactopyranoside (IPTG) was added

to induce protein expression. After overnight incuba-

tion, cells were harvested by centrifugation. Subse-

quently, the cell pellets were analyzed by SDS-PAGE.
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Large-scale preparation of V-CL and V-CL-CL
A single colony of E. coli BL21 cells harboring pCold

III- V-CL and pCold III- V-CL-CL was innoculated

into 10 mL of M9-Casamino Acid medium with ampi-

cillin (50 lg/mL) at 37�C for 12 h. The cultures were

then transferred into 1 L of M9-Casamino Acid me-

dium with ampicillin (50 lg/mL) and incubated at

37�C until A600 reached 1.2. Cells were harvested by

centrifugation and resuspended in 1 L by 2� concen-

trated L broth with ampicillin (50 lg/mL). Each cul-

ture was shifted to room temperature and 1 mM IPTG

was added to induce protein expression. After over-

night expression, cells were harvested by centrifuga-

tion and disrupted by a French press. Cellular debris

was removed by centrifugation at 4�C. Both V-CL and

V-CL-CL were found in the supernatant fraction as

soluble protein. The supernatant fraction was loaded

onto a Ni-sepharose resin column (75 mL bed volume;

GE Healthcare) and equilibrated with the binding

buffer [20 mM phosphate buffer (pH7.4) containing

500 mM NaCL and 20 mM imidazole] at room

temperature.

After washing with the binding buffer, each protein

was eluted using the eluting buffers (the binding buffer

plus 58, 96, 115, and 400 mM imidazole) in a stepwise

manner. Both V-CL and V-CL-CL eluted at 96–115 mM

imidazole. Their purity was checked by SDS-PAGE and

the concentration was determined using an extinction

coefficient of e275 ¼ 9635 M�1 cm�1.41

Purification of CL and CL-CL domain

Ten microgram of purified V-CL was dialysed against

50 mM glycine Buffer (pH 8.6), and then digested

with 100 lg trypsin at room temperature. The digested

products were loaded onto a DEAE Sephadex anion

exchange column at room temperature. The fractions

containing CL domain as determined by SDS-PAGE

were further purified using a SuperdexTM 200 gel fil-

tration column (GE Healthcare). Protein purity was

checked by SDS-PAGE and MALDI-TOF mass spec-

trometry. The tandem collagen domain CL-CL was

prepared using the same method as described for the

CL domain. To confirm the triple helix nature of CL

and CL-CL, trypsin digestion was carried out for 1 h at

25�C and 37�C. Protein concentrations of CL and CL-

CL were determined using circular dichroism spectra,

assuming a mean residue ellipticity of MRE220 ¼ 6000

deg cm2 dmol�1.21

Circular dichroism (CD) spectroscopy

CD spectra were obtained on an AVIV Model 62DS

spectropolarimeter with a Peltier temperature control-

ler, using cuvettes with 1 mm path length. Protein sol-

utions were equilibrated for at least 24 h at 4�C before

measurements. Wavelength scans were collected from

190 to 260 nm in 0.5 nm steps with a 5 s averaging

time and repeated three times. CD thermal transitions

were monitored at the 220 nm maximum as a function

of temperature. The samples were equilibrated for at

least 2 min at each temperature, and the temperature

was increased at an average rate of 0.1�C/min. The Tm

was determined as the temperature at which the frac-

tion folded was equal to 0.5 in the curve fitted to the

trimer-to-monomer transition. For refolding studies,

the ellipticity at 220 nm was monitored as the temper-

ature was decreased from 70�C to 0�C with an average

decreasing rate of 0.1�C/min. The percentage of refold-

ing was defined as the ratio of the CD signal regained

at 0�C after refolding compared with the original CD

signal at 0�C before melting.

Differential scanning calorimetry (DSC)

DSC experiments were recorded on a NANO DSC II

Model 6100 (Calorimetry Sciences Corp). Each sample

was dialyzed against phosphate-buffered saline (pH

7.0). Sample solutions were loaded at 0�C into the cell

and heated at a rate of 1�C/min. The enthalpy was cal-

culated from the first scan because the scans were not

reversible upon cooling. The thermal transition tem-

peratures measured by DSC at a heating rate of 1�C/

min are always slightly higher (1–2�C) than the transi-

tion temperature observed by CD measured at an aver-

age heating rate of 0.1�C/min.42 This suggests that the

thermal transitions are close to, but not completely at

equilibrium.

Dynamic light scattering (DLS)

DLS measurements were performed using a DynaPro

Titan instrument (Wyatt Technology Corp., Santa Bar-

bara, CA) equipped with a temperature controller

using a 12-lL quartz cuvette. All samples were dia-

lyzed against phosphate-buffered saline (pH 7.0), cen-

trifuged and then filtered through 0.1 lm Whatman

Anotop filters before measurements. To obtain the

hydrodynamic radius (Rh), the intensity autocorrela-

tion functions were analyzed by Dynamic software

(Wyatt Technology Corp).

Solubility studies

The purified V-CL, CL, V-CL-CL preparations, and bo-

vine skin collagen were dialyzed at 4�C for 24 h

against four different buffers: 0.1M acetic acid (pH

2.9) at 4�C; 50 mM sodium acetate buffer (pH 5.0);

phosphate-buffered saline (pH 7.0) and 50 mM glycine

buffer (pH 8.6). These samples were also dialyzed at

24�C against all buffers except for acetic acid, since

the V-CL and CL proteins were shown to denature at

this temperature.7 The CL-CL protein was dialyzed

against PBS at 4�C, 24�C, and 30�C for 24 h, and also

against 0.1M acetic acid at 4�C. After dialysis, each

sample was centrifuged at 14,000 rpm for 10 min to

remove insoluble materials. Solubility was determined

by measuring the concentration in the supernatant,

using the Tyr extinction coefficient of e275 ¼ 9635M�1

cm�1 for V-CL and V-CL-CL and using the CD
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spectrum for CL, CL-CL and bovine skin collagen

assuming a mean residue ellipticity of MRE 220 ¼
6000 deg cm2 dmol�1.21 Lyophilyzed pepsin-treated

bovine skin collagen was dissolved in 0.1 M acetic acid

and stirred for 12 h at 4�C. After spinning down at

14,000 rpm for 10 min to remove the cross-linked col-

lagen, the sample was used for solubility studies.

Segment long spacing (SLS) crystallites
To form SLS aggregates, 0.1–0.2 mg/mL of V-CL , CL

and V-CL-CL were dialyzed at 4�C against 0.5M acetic

acid , and then against 0.2% ATP in 0.01 M acetic

acid for 2 days. Sample were placed on carbon-coated

grids, positively stained with 0.4% phosphotungstic

acid (pH 3.5), and examined with a Philips CM12 elec-

tron microscope.26,27

Electron microscopy

Precipitates of V-CL, CL , V-CL-CL and CL-CL were

analyzed under an electron microscope after negative

staining. The precipitates were obtained after dialyzing

against PBS buffer (20 mM NaPO4,150 mM NaCl, pH

7.0) and centrifuged at 14,000 rpm for 10 min with a

Sorval RC5B centrifuge. After resuspending the precip-

itates with the buffer, 5 lL samples were adsorbed

onto carbon-coated grids for 30 sec, and stained for 5

sec on 1 drop of 0.5% uranyl acetate or 1% PTA (pH

7.0). The grids were dried at room temperature. Speci-

mens were analyzed under a Philips CM12 electron

microscope.

Electronic Supporting Information Figure 1(A,B)

shows the electron micrographs obtained for CL and

V-CL after treatment for SLS preparation (supp_Yosh-

izumi et al.).
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