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1 Materials and Methods

1.1 Materials

Tris HCl, GdnHCl, Tween 20 and disodium hydrogen phosphate were from Fisher Scientific. EDTA and
sodium acetate were purchased from ICN Biomedicals. Urea, Glycine, Iodoacetamide, DTT and NaCl were
from Sigma Aldrich. All chemicals were of analytical grade or higher purity. Human placenta Collagen
III was obtained from Sigma. For all spectroscopic measurements a buffer consisting of 10mM Disodium
hydrogen phosphate, 10mM Glycine, 10mM sodium acetate (PGA) and 150mM NaCl, pH 8 was used.

1.2 Expression, purification and preparation of RCAM A3

The vWF A3 domain (Ser1671-Gly1874) was expressed in E. coli M15–cells as a fusion protein containing an
N–terminal 6× Histidine–tag and refolded and purified from inclusion bodies by Ni2+ affinity chromatog-
raphy. The purity of the protein was confirmed using reducing SDS PAGE and analytical size–exclusion
chromatography. RCAM A3 was prepared by an initial complete denaturation of A3 in 6M urea. After
addition of 10mM EDTA and of 6mM DTT, the A3 was incubated for 3hrs. After the addition of 12mM
Iodoacetamide, the sample was incubated for 1hr in the dark and the reaction was stopped by addition of
2–Mercaptoethanol followed by excessive dialysis against buffer overnight at 4◦C.

1.3 Collagen binding via surface plasmon resonance

Fig.1 compares the binding of A3 and RCAM A3 to collagen. SPR kinetic experiments were performed
on a Biacore T–100 at 25◦C. Collagen III was covalently coupled via primary amines to the active channel
of a CM5 chip resulting in ∼3000RU (∼30 ng/mm2 collagen). The reference channel lacking collagen was
subtracted as background. The flow rate was 30µL/min and the association and dissociation phase both were
500s. Regeneration of the biochip was performed using 1mM EDTA, 2M NaCl, 100mM sodium citrate, pH 5
for 60s at 10µL/min, followed by injection of 100mM phosphoric acid for 30s at 30µL/min. The sensorgram
response at the end of the association phase was used to determine the collagen binding affinity of A3 and
RCAM A3 using the following Eq.1.

RU [c] =
c(1/KD)Rmax

c(1/KD) + 1
(1)

1.4 Limited proteolysis Mass Spectrometry

Table 1 list the theoretical fragments of A3 trypsinolysis with the secondary structure regions of the fragments
in the crystal structure of A3 (pdbID = 1ao3).

1.5 Global 2-dimensional Analysis of CD unfolding transitions.

Table 2 lists the resulting N 
 D1 and N 
 D2 fit parameters used in the quantitative analysis of the
unfolding transitions shown in Fig.2. Three base–planes were fit to the CD data defining the native state,
N (b=1), the compact thermally–denatured state, D2 (b=2), in low urea concentrations, and the expanded
urea–denatured state, D1 (b=3), as a function of temperature at high urea concentration. These base–planes
for each state were defined as 2–dimensional Taylor expansions of ∆c and ∆T .

Sb[T, c] =

2∑
j=0

1∑
k=0

(
∂j+kSi[T, c]

∂T j∂ck

)
∆T j∆ck

j!k!
(2)

Once determined, the baseplanes were kept constant and the transitions were fit to a thermodynamic equation
of state whose partition function, Q = 1 + K1 + K2, accounts for reversible unfolding from N 
 D1 (i=1)
and from N 
 D2 (i=2) as a function of c and T .

lnKi[T, c] =

3∑
j=0

1∑
k=0

(
∂j+k lnKi[T, c]

∂βj∂ck

)
∆βj∆ck

ji!k!
(3)
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The overall equilibrium constant for unfolding, K = K1 + K2, and free energy ∆G = −RT lnK. The free
energy of unfolding to each denatured state, ∆Gi = −RT lnKi. Enthalpy was defined as the first derivative
of lnK with respect to ∆β.

∆Hi[T, c] = −
3∑

j=0

1∑
k=0

(
∂j+k+1 lnKi[T, c]

∂βj+1∂ck

)
∆βj−1∆ck

(j − 1)!k!
(4)

The overall unfolding enthalpy is defined by the individual unfolding equilibrium constants (K1 and K2) and
individual enthalpies (∆H1 and ∆H2).

∆H[T, c] = −
(
∂ lnK[T, c]

∂β

)
=
K1∆H1 +K2∆H2

K1 +K2
(5)

Likewise, the m–value was defined as the first derivative of lnK with respect to ∆c.

mKi
[T, c] =

(
−mi[T, c]

RT

)
=

3∑
j=0

1∑
k=0

(
∂j+k+1 lnKi[T, c]

∂βj∂ck+1

)
∆βj∆ck−1

j!(k − 1)!
(6)

The overall unfolding m–value is defined by the individual unfolding equilibrium constants (K1 and K2) and
individual m–values (mK1

and mK2
).

mK [T, c] =

(
−m[T, c]

RT

)
=

(
∂ lnK[T, c]

∂c

)
=
K1mK1

+K2mK2

K1 +K2
(7)

The CD data as a function of T and c were fit to the following equation ...

S[T, c] = SNPN + SD1PD1 + SD2PD2 (8)

where PN = 1/Q, PD1
= K1/Q, and PD2

= K2/Q.

1.6 Size-Exclusion Chromatography

Given molecular weight standards of a variety of proteins, we calibrated the retention times at 20◦C for
elution in terms of the reciprocal retention coefficient (1/Kd) with respect to their known Stokes radii
in Fig.3. Based on this calibration, the Stokes radius (SR) was calculated from the reciprocal retention
coefficient 1/Kd of A3 and RCAM A3 at each urea concentration according to Eq.9.

1/Kd = 1.247(±0.153) + 0.077(±0.00432) ∗ SR (9)

1.7 Assessment of the thermal reversibility of unfolding.

The reversibility of thermal unfolding of A3 and RCAM A3 was assessed by following intrinsic protein
fluorescence as a function of thermal scan rate (Fig.4) and by repeated 2◦C/min thermal scans on the
the same sample (Fig.5). Intrinsic reversibility was confirmed for both proteins via scan rate independent
transition midpoints (Tm) and enthalpies (∆H). The average Tm of A3 was found to be 67.5 ± 1.1 ◦C
with an average ∆H of 363 ± 6 kJ/mol. RCAM A3 was less stable to thermal unfolding with a reduced
average Tm of 59.8 ± 0.8 ◦C and a slightly reduced ∆H of 318 ± 8 kJ/mol. Experimental verification of
thermal reversibility was assessed by repeated fluorescence scans on the same sample to successively increasing
temperatures (Fig.5A). Protein concentrations were 0.1µM and the % fluorescence recovery after scanning
to the indicated temperatures was determined by measuring the fluorescence at 10◦C following a 30min
equilibration. Fig.5B demonstrates that the % fluorescence recovery of the native state was ≥50% even
after scanning well beyond the transition temperature although both proteins were susceptible to thermal
aggregation at high temperature.
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Figure 2

Concentration (�M)
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Figure 1: Surface plasmon resonance of the binding of A3 and RCAM A3 to collagen III. KD for A3 = 4.1 ±
0.4 µM−1 and KD for RCAM A3 = 4.8 ± 0.4 µM−1. Rmax = 206 ± 10 response units. Inset: Representative
sensorgrams at 5µM concentration of A3 and RCAM A3.
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Figure 2: Global 2–dimensional analysis of the CD unfolding data. A) A3 domain. B) RCAM A3 domain.
Top – Combined urea and thermal unfolding data with the resulting fit described by Eq.8. Bottom –
Population of native (N, green) and denatured states, (D1, blue; D2, orange). Insets: Base planes defining
the CD as a function of temperature and urea concentration for native (green), expanded urea–denatured
(blue), and compact thermally–denatured (orange) states.
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Figure S1
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Figure 3: Molecular weight calibration curve for standard proteins (top) and 1/Kd as a function of Stokes
radius (bottom). Proteins used for the calibration curves were: Ferritin (a), Gamma Globulin (b), Bovine
Serum Albumin (c), Ovalbumin (d), Soybean Trypsin Inhibitor (e), Myoglobin (f), Ribonuclease (g), and
B12 (h). Top panel: Retention times of A3 and RCAM A3 in presence and absence of 8M urea.
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RCAM A3
RCAM A3
A3

Figure 4: Thermal unfolding scan rate dependence of A3 and RCAM A3. A) Thermal unfolding of 1µM
RCAM A3 (top) and A3 (bottom) measured with fluorescence (λEx = 280nm, λEm = 359nm) at scan rates

of 2 (u), 1.6 (E), 0.9 (p), and 0.4◦C/min (@). B) Constant Tm and ∆H as a function of the instrumental
thermal scan rate indicates reversible thermal unfolding. Lines represent average values from all scan rates.
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Figure 5: Experimental thermal unfolding reversibility of A3 and RCAM A3. A) Test for reversibility of
thermal unfolding of 0.1µM A3 and RCAM A3 using fluorescence at a scan rate of 2.0◦C/min. Repeated
thermal scans were carried out on the same sample from 10◦C to the indicated temperature followed by a
drop back and an equilibration phase of 30 min at 10◦C. B) Percent reversibility at 10◦C after scanning to
the indicated temperature. Loss of fluorescence is due to protein aggregation at high temperature.
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