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ABSTRACT Integrin-mediated cell adhesion plays a central role in cell migration and signaling. Overexpression of integrins is
also associated with cancer invasion and metastasis. Although a number of problems in integrin-matrix interactions have been
studied in detail, the molecular specificity, which increases integrin adhesion to native collagen but results in poor integrin-gelatin
interaction, is not understood. In this report, we study the role of individual amino acids in integrin-collagen and integrin-gelatin
interactions using long-term (.100 ns) molecular simulations. The results, which are force-field independent, show that dena-
tured collagen induces helical conformations in integrin amino acids and significantly reduces the poly-proline II content, which
stabilizes the integrin-collagen interactions. Our simulations provide a possible explanation of the molecular specificity in
integrin binding and suggest new targets for regulating integrin-mediated invasion and metastasis.

Received for publication 14 September 2006 and in final form 20 October 2006.

Address reprint requests and inquiries to Muhammad H. Zaman, E-mail: mhzaman@mail.utexas.edu.

Integrin-matrix interactions are critical for cell adhesion,

migration, signaling, and survival (1,2). Recent studies have

linked overexpression of integrins with the progression of

a number of fatal diseases, including pancreatic cancer (3).

Although the role of integrins in migration, adhesion, and

signaling has been studied through a number of experimental

approaches, only very few computational studies have ad-

dressed the molecular basis of these complex interactions.

Although integrin-fibronectin complexes have been studied

using steered molecular dynamics (4–6), no study, to the best

of our knowledge, has addressed the dynamic and conforma-

tional properties of integrin-collagen complexes. Such a

study of molecular interactions between integrin and colla-

gen will provide much needed information on the role of

individual amino acids in complex formation and the effects

of various mutations in stabilizing or destabilizing the integrin-

ECM complex. Using long time atomistic simulations, we

address the molecular basis of specificity in integrin-collagen

interactions.

It has been shown that a number of different cell lines

show strong adhesion and migration on native collagen sur-

faces but are unable to attach on denatured collagen. (gelatin)

(7–10). So far, no quantitative hypothesis has been presented

for this behavior. A detailed molecular level understanding

of integrin-collagen and integrin-gelatin interactions will there-

fore serve two key purposes: 1), to quantitatively answer the

question of molecular specificity in collagen-integrin and

collagen-gelatin interactions; and 2), to suggest possible mu-

tations that may help in decreasing integrin-collagen adhe-

sion and thus provide targets for invasion and metastasis

control in numerous cancer treatments.

In this study, we present long-time Langevin dynamics

(LD) simulations (.100 ns) of I domain of a2b1 complexed

with a triple helical collagen peptide containing a critical

GFOGER motif (Protein Data Bank: 1DZI) (11). Simula-

tions were performed with the LD algorithm using the

solvent-accessible surface area solvation potential described

elsewhere (12). The LD simulations with solvent-accessible

surface area potential have shown very good agreements with

explicit solvent simulations as well as experimental studies

(12–14). To ensure that our results were not affected by the

structural and energetic biases in force fields (14,5), simu-

lations were performed with two distinctly different force

fields, namely the all-atom OPLS 2001 force field (16) and

the Garcia/Sonbonmatsu modified Amber 94 force field (17).

For each force field, each simulation was carried out for 3–10

ns at 298 K, after an initial equilibration of at least 1 ns and

was repeated at least 10 times with different initial conditions.

The different initial conditions were generated by starting the

simulation with the structures that had been equilibrated for

different lengths of time (between 1 and 2ns).To study the

interactions of integrins with denatured collagen, the colla-

gen triple-helix peptide was mechanically unfolded using a

force of 500 pN until a completely stretched structure was

obtained.

To capture some of the aspects of the unfolded ensemble,

the unfolded collagen chain was equilibrated for different

lengths of time (between 1 and 2ns), and 10 distinct starting

unfolded structures were generated for each force field. This

unstructured collagen (gelatin) was then placed in place of

the native collagen peptide in the original Protein Data Bank

structure. The integrin-gelatin complex was then equilibrated

for another 1–2 ns, and based upon the length of equilibra-

tion, different starting structures were obtained. Once again,
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at least 10 different simulations were performed for both

force fields and length of the simulation time varied between

3 and 10 ns.

To study the molecular specificity of collagen and gelatin

interactions with a2b1 integrin, the conformational prefer-

ences of all amino acids in the integrin molecule were

recorded every 10 ps. We then focused on conformations of

all amino acids in the integrin molecule that were ,10 Å

away from the collagen triple helix (Supplemental Fig. 1).

Four such regions of amino acids were identified in the

integrin molecule, namely amino acids 151–159, 215–222,

255–261, and 280–29. These amino acids represented regions

of integrin most likely to interact with the collagen triple-

helix peptide. Although the hydrogren-bond operating dis-

tance is much smaller, we wanted to include all possible amino

acids that had the slightest possibility of a direct interaction

with the collagen peptide. Based on the f/c-angle, the con-
formations of each amino acid at each interval were classi-

fied as a, b, PP-II, or other by a previously published method

(14).

Detailed analysis of conformational preferences of integrin

amino acids in the vicinity of collagen triple helix suggested

that 1), overall conformational preference of the integrin

molecule remains the same regardless of the presence of

collagen or gelatin in the integrin vicinity (Fig. 1 and

supplemental figure); 2), deconstructing the conformational

preferences shows that the PP-II conformations decreased

significantly in all four regions of amino acids close to

collagen upon unfolding (Fig. 1 and supplemental figure);

and 3), on the other hand, regardless of the force field, there

was a significant increase in a-helical conformations of

amino acids in the vicinity of the ligand upon unfolding of

collagen. We also note that a-helical preference either

increased significantly (in 80% of the amino acids in the

collagen/gelatin vicinity) or remained the same (within the

margin of error), but never decreased in the regions close to

the ligand. On the other hand, the PP-II conformation always

decreased upon folding. The b-conformations showed no

particular trend. These results are independent of force fields.

Further tests with shorter simulations employing the

CHARMM 27 force field also showed similar trends (data

not shown).

Using long time simulations, our force-field independent

results demonstrate two key aspects of integrin-ligand inter-

actions that were previously unknown. First of all, we show

that unfolded collagen induces a-helical conformations in the

residues in its vicinity while decreasing the PP-II conformations.

FIGURE 1 Percent occupation of individual amino acids in a

given basin. (A) The percent occurrence of all integrin amino

acids in both force fields. Both force fields show that upon

unfolding of collagen, the global conformational preferences

remain the same. However in all regions of the integrin molecule

close to the ligand (i.e., amino acids 151–159, 215–222, 255–261,

and 280-291) the a-conformations increase whereas PP-II

conformations decrease. No particular trend is observed in

b-propensities.
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As a high percentage of PP-II structure has been shown in a

number of experimental and theoretical studies focusing on

unfolded peptides (18,19), our results suggest that a proline

rich collagen triple helix decreases the PP-II structure in its

binding partner upon unfolding while increasing the helical

content; however, the overall structural preferences remain

conserved (Fig. 1). Thus a high PP-II content is desirable for

increased binding.

These results suggest that although the global propensity

of integrin structural preferences is intact, local changes lead

to decrease in binding. We conclude that for integrin col-

lagen interactions, formation of PP-II structure in integrin

significantly increases the stable interactions and the loss of

PP-II structure is associated with poor binding. The obser-

vation also suggests a possible mutation strategy for de-

creased integrin adhesion desired in many cancer therapies.

Decreasing the PP-II propensity by single or multiple muta-

tions may lead to a strong decrease in integrin-mediated cell

adhesion in cancers where increased invasion and migration

rates are observed due to integrin overexpression.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.

ACKNOWLEDGEMENTS

The author thanks Prof. Collin M. Stultz (MIT) for his comments and sug-

gestions on the manuscript.

This work was supported by faculty startup funds to the author from the

Department of Biomedical Engineering and the offices of the Dean and the

Provost at the University of Texas at Austin.

REFERENCES and FOOTNOTES

1. Hynes, R. O. 2002. Integrins: bidirectional, allosteric signaling
machines. Cell. 110:673–687.

2. Hynes, R. O., J. C. Lively, J. H. McCarty, D. Taverna, S. E. Francis, K.
Hodivala-Dilke, and Q. Xiao. 2002. The diverse roles of integrins and
their ligands in angiogenesis. Cold Spring Harb. Symp. Quant. Biol.
67:143–153.

3. Logsdon, C. D., D. M. Simeone, C. Binkley, T. Arumugam, J. K.
Greenson, T. J. Giordano, D. E. Misek, R. Kuick, and S. Hanash. 2003.
Molecular profiling of pancreatic adenocarcinoma and chronic pancre-

atitis identifies multiple genes differentially regulated in pancreatic
cancer. Cancer Res. 63:2649–2657.

4. Craig, D., M. Gao, K. Schulten, and V. Vogel. 2004. Structural insights
into how the MIDAS ion stabilizes integrin binding to an RGD peptide
under force. Structure. 12:2049–2058.

5. Craig, D., M. Gao, K. Schulten, and V. Vogel. 2004. Tuning the
mechanical stability of fibronectin type III modules through sequence
variations. Structure. 12:21–30.

6. Krammer, A., D. Craig, W. E. Thomas, K. Schulten, and V. Vogel.
2002. A structural model for force regulated integrin binding to fibro-
nectin’s RGD-synergy site. Matrix Biol. 21:139–147.

7. Elliott, J. T., J. T. Woodward, K. J. Langenbach, A. Tona, P. L. Jones,
and A. L. Plant. 2005. Vascular smooth muscle cell response on thin
films of collagen. Matrix Biol. 24:489–502.

8. Tuckwell, D. S., S. Ayad, M. E. Grant, M. Takigawa, and M. J.
Humphries. 1994. Conformation dependence of integrin-type II colla-
gen binding. Inability of collagen peptides to supporta2b1 binding, and
mediation of adhesion to denatured collagen by a novel alpha 5 beta
1-fibronectin bridge. J. Cell Sci. 107:993–1005.

9. Davis, G. E. 1992. Affinity of integrins for damaged extracellular
matrix: a v b 3 binds to denatured collagen type I through RGD sites.
Biochem. Biophys. Res. Commun. 182:1025–1031.

10. Jones, P. L., J. Crack, and M. Rabinovitch. 1997. Regulation of
tenascin-C, a vascular smooth muscle cell survival factor that interacts
with the a v b 3 integrin to promote epidermal growth factor receptor
phosphorylation and growth. J. Cell Biol. 139:279–293.

11. Emsley, J., C. G. Knight, R. W. Farndale, M. J. Barnes, and R. C.
Liddington. 2000. Structural basis of collagen recognition by integrin
a2b1. Cell. 101:47–56.

12. Shen, M. Y., and K. F. Freed. 2002. Long time dynamics of met-
enkephalin: comparison of explicit and implicit solvent models.
Biophys. J. 82:1791–1808.

13. Shen, M. Y., and K. F. Freed. 2002. All-atom fast protein folding
simulations: the villin headpiece. Proteins. 49:439–445.

14. Zaman, M. H., M. Y. Shen, R. S. Berry, K. F. Freed, and T. R. Sosnick.
2003. Investigations into sequence and conformational dependence of
backbone entropy, inter-basin dynamics and the Flory isolated-pair
hypothesis for peptides. J. Mol. Biol. 331:693–711.

15. Sorin, E. J., and V. S. Pande. 2005. Exploring the helix-coil transition via
all-atom equilibrium ensemble simulations. Biophys. J. 88:2472–2493.

16. Kaminski, G. A., R. A. Friesner, J. Tirado-Rives, and W. L. Jorgensen.
2001. Evaluation and reparametrization of the OPLS-AA force field for
proteins via comparison with accurate quantum chemical calculations
on peptides. J. Phys. Chem. B. 105:6474–6487.

17. Garcia, A. E., and K. Y. Sanbonmatsu. 2002. a-Helical stabilization by
side chain shielding of backbone hydrogen bonds. Proc. Natl. Acad. Sci.
USA. 99:2782–2787.

18. Shi, Z., R. W. Woody, and N. R. Kallenbach. 2002. Is polyproline II a
major backbone conformation in unfolded proteins? Adv. Protein Chem.
62:163–240.

19. Shi, Z., C. A. Olson, G. D. Rose, R. L. Baldwin, and N. R. Kallenbach.
2002. Polyproline II structure in a sequence of seven alanine residues.
Proc. Natl. Acad. Sci. USA. 99:9190–9195.

Biophysical Journal: Biophysical Letters L19

Biophysical Journal: Biophysical Letters


	Understanding the Molecular Basis for Differential Binding of Integrins to Collagen and Gelatin
	SUPPLEMENTARY MATERIAL
	ACKNOWLEDGEMENTS
	REFERENCES and FOOTNOTES

