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Abstract: We have analyzed the thermodynamic properties of the von Willebrand factor (VWF) A3

domain using urea-induced unfolding at variable temperature and thermal unfolding at variable
urea concentrations to generate a phase diagram that quantitatively describes the equilibrium

between native and denatured states. From this analysis, we were able to determine consistent

thermodynamic parameters with various spectroscopic and calorimetric methods that define the
urea–temperature parameter plane from cold denaturation to heat denaturation. Urea and thermal

denaturation are experimentally reversible and independent of the thermal scan rate indicating that

all transitions are at equilibrium and the van’t Hoff and calorimetric enthalpies obtained from
analysis of individual thermal transitions are equivalent demonstrating two-state character. Global

analysis of the urea–temperature phase diagram results in a significantly higher enthalpy of

unfolding than obtained from analysis of individual thermal transitions and significant cross
correlations describing the urea dependence of DH0 and DC0

P that define a complex temperature

dependence of the m-value. Circular dichroism (CD) spectroscopy illustrates a large increase in

secondary structure content of the urea-denatured state as temperature increases and a loss of
secondary structure in the thermally denatured state upon addition of urea. These structural

changes in the denatured ensemble make up ~40% of the total ellipticity change indicating a highly

compact thermally denatured state. The difference between the thermodynamic parameters
obtained from phase diagram analysis and those obtained from analysis of individual thermal

transitions illustrates that phase diagrams capture both contributions to unfolding and denatured

state expansion and by comparison are able to decipher these contributions.

Keywords: denatured state expansion; Urea–temperature phase diagram; circular dichroism;

fluorescence; differential scanning calorimetry; Von Willebrand factor

Introduction

More than two decades ago, a new method was

developed in the Pace lab for determining the heat

capacity change for two-state reversible protein

unfolding (N�D) that did not require a calorimeter.1

This method utilized spectroscopy to monitor the

denaturation of proteins by urea at variable temper-

ature combined with thermal denaturation in

the absence of urea. Urea- and temperature-induced
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unfolding transitions were analyzed by the linear

extrapolation method2 and van’t Hoff analysis. The

free energies obtained by linear extrapolation to

zero urea, DG0, and by the van’t Hoff equation

knowing the enthalpy, DH, at the melting tempera-

ture, Tm, within the thermal transition were fit

using the Gibbs–Helmholtz equation3 to obtain the

heat capacity, DCP.

At the time, the linear extrapolation method

was gaining wide acceptance because the stability of

many, although not all, proteins obtained from lin-

ear extrapolation was comparatively independent of

the chemical denaturant used.4,5 Moreover, it had

been recently demonstrated that the DG0 obtained

from extrapolation complied with the properties of

path independence required for all thermodynamic

functions of state.6 The advantage of this approach

was that it provided a means to quantify the ther-

modynamic stability of proteins over the full range

of temperature enabling a robust determination of

the heat capacity term in the Gibbs–Helmholtz

equation. It also obviated problems of protein solu-

bility at concentrations required for calorimetry.

The first graphical urea–temperature phase dia-

gram to appear in the literature was published by

the Scholtz lab using the Escherichia coli (E. coli)

histidine-containing phosphocarrier protein of the

phosphoenolpyruvate-dependent carbohydrate trans-

port system.7 The purpose was to provide a complete

two-dimensional characterization of the unfolding to

determine the urea dependence of the enthalpy and

heat capacity and the temperature dependence of

the m-value, the slope ðoDG=oCÞ that quantifies the

cooperativity of urea denaturation. The m-value was

independent of temperature over a 45�C range, map-

ping the DG obtained from both urea and thermal

denaturations onto the Gibbs–Helmholtz equation,

which resulted in continuous functions and identical

measures of the calorimetric and van’t Hoff enthal-

pies verified two-state character. More recently, the

DNA-binding domain of Lac repressor was rigor-

ously subjected to urea–temperature phase diagram

analysis by the Record lab who observed circular

dichroic equivalence of the thermally and urea-

denatured states and a miniscule temperature

dependence of the m-value.8 Urea denaturation of

RNase T1 and A also show a temperature insensi-

tive m-values.1,9 Guanidine hydrochloride-

temperature phase diagrams have also demon-

strated that the m-values for lysozyme, Barstar, and

the thermophilic variant of RNase H are constant

with temperature.10–12 These early studies provided

experimental validation of the use of the linear

extrapolation model to determine the thermody-

namic stability of proteins by denaturants at various

temperatures, but they also illustrated that when

proteins are two-state and reversible, the cooperativ-

ity of denaturant-induced protein unfolding was

invariant with temperature, at least within experi-

mental error.

The temperature dependence of the m-value is

directly related to the urea dependence of DG and

DCP through the urea and temperature mixed deriv-

ative of the natural logarithm of the equilibrium

constant between, N�D.13 In principle, the m-value

can have a temperature dependence because it rep-

resents the sum of the thermodynamics of transfer

from water to aqueous urea of all protein groups

that become newly exposed on protein unfolding. We

have shown that m-values can be quantitatively pre-

dicted over a wide range of stability for a variety of

proteins using the Transfer Model and protein group

transfer free energies from water to urea determined

at 25�C.14,15 Transfer free energies are based on the

differential solubility of protein groups (amino acid

side chains and the peptide backbone unit) in water

and aqueous urea and should also depend on tem-

perature because solubility varies with temperature

depending on the heat of dissolution.16 However, it

is likely that the temperature dependence of group

transfer free energies is small because their absolute

magnitudes are also small. Therefore, any signifi-

cant changes in these thermodynamic parameters

with respect to temperature and urea are more

likely to reflect folding properties of proteins such as

the population of intermediates in the unfolding

pathway, as with the VWF A1 domain and the dro-

sophila notch ankyrin repeat domain,17,18 or changes

in the physical and structural character of the

native and=or denatured states.

Using the thermodynamic property of proton

inventory which measures the change in protonation

of ionizable sidechains upon denaturant-induced

unfolding, the Bolen lab illustrated cases in which

proteins that appeared two-state by spectroscopic

means could have substantial thermodynamic vari-

ability in either the native, denatured or both

ensembles.5,19 This variability was also manifested

in the physical dimensions of thermodynamic ensem-

bles, particularly denatured state ensembles.20–22

Pace illustrated that a greater hydrophobicity

results in more compact denatured states with

extensive secondary structure and smaller m-val-

ues.23 Given that the hydrophobic effect strengthens

with increasing temperature, protein denatured

states should contract depending on their hydropho-

bicity as the temperature rises.24 Yet expansion of

the thermally denatured state of a simple two-state

folder by urea and contraction by osmolytes has also

been attributed to hydrogen bonding on the correla-

tive basis of group transfer free energies.25

Here, we show using the phase diagram

method,13 that the thermodynamics associated with

the expansion of the denatured state ensemble by

urea can be quantified. The protein is the von Wille-

brand factor (VWF) A3 domain (23 kDa) which
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adopts a a=b-Rossmann type fold that is cross-linked

by a single disulfide bond at the N and C termini.

This protein reversibly unfolds in urea26 and it is

demonstrated that thermal unfolding is also both

experimentally reversible and independent of ther-

mal scan rate with no evidence of intermediates and

therefore consistent with a classical two-state folder.

Despite a tendency to aggregate at high protein con-

centrations and temperatures, the thermally dena-

tured state expands upon addition of urea and the

urea-denatured state contracts with increasing tem-

perature as indicated by far UV circular dichroism

(CD). Comparison of the thermodynamic enthalpy

derived from van’t Hoff and calorimetric analysis of

individual thermal transitions with the phase dia-

gram analysis demonstrates that although

DHVH5DHcal, urea more completely denatures A3

resulting in a significantly higher enthalpy obtained

from the phase diagram method. The expan-

sion=contraction of the denatured state ensemble is

also manifested in the urea concentration depend-

ence of the higher order thermodynamic parameters,

DCP and its temperature dependence, that results in

a complex temperature dependence of the m-value.

Finally, the difference in the stability curves

obtained by the phase diagram method and from

thermal denaturation in the absence of urea is dis-

cussed in terms of the free energy associated with

denatured state expansion.

Results

Spectra of native and urea-denatured states

As the scope of this study is to give a detailed

description of the urea–temperature phase diagram

between the native and the unfolded states of the

A3 domain, we began our experiments by character-

izing the CD and fluorescence (FL) spectral proper-

ties of this domain. Figure 1(A) shows an alpha

helical dominated spectrum of native A3 with two

characteristic minima at 222 and 208 nm and a

maximum at �195 nm. In the presence of 9 M urea,

A3 is fully denatured and exhibits a mostly random

coil-like spectrum. The intrinsic fluorescence spec-

trum of native A3-domain [Fig. 1(B)] has a wave-

length of maximum intensity, k max ’ 351 nm, upon

excitation at 280 and 295 nm. In the crystal struc-

ture, three of the four tyrosines are mostly solvent-

exposed on the protein surface, whereas the trypto-

phan is well buried in the interior of the protein

molecule. Upon unfolding in 9 M urea, all fluoro-

phores become fully solvent exposed, the FL inten-

sity decreases and k max is red-shifted to ’ 361nm.

Thermal denaturation in the absence of urea
Thermal unfolding of the A3 domain was performed

as a function of protein concentration and tempera-

ture scan rate using both FL and CD. Figure 2(A)

shows the change in the intrinsic fluorescence inten-

sity as a function of temperature at defined protein

concentrations ranging from 0.1 to 2 lM at a scan

rate of 2�C=min. This FL experiment was also done

at 0:4�C=min; 0:9�C=min, and 1:6�C=min. The mid-

point of thermal unfolding is Tm ’ 68�C. The FL

intensity was found to be linear with respect to pro-

tein concentration at all temperatures [inset of Fig-

ure 2(A)]. The slope of this linear dependence, oI=oC

plotted at the various scan rates in Figure 2(B),

demonstrates that the Tm is independent of the scan

rate within experimental error. Monitoring CD at

222 nm with 1 lM protein concentration also shows

that within experimental error, the change in sec-

ondary structure content has the same scan rate

independent Tm, Figure 2(C).

Using differential scanning calorimetry (DSC),

we scanned from 10�C to 95�C. The heat capacity of

unfolding yields a symmetrical peak centered on 67

6 1.2�C, Figure 3(A). The inset demonstrates that

the following scan is calorimetrically irreversible.

Figure 1. (A) Far UV CD spectra of A3 in buffer (•) and 9 M

urea (�). (B) FL emission spectra of A3 in buffer with

excitation at (280 • and 295 nm W) and 9 M urea (280 �

and 295 nm w).
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Visual inspection of the protein sample after the

experiment indicated aggregation of the thermally

denatured state. DSC was also performed as a func-

tion of protein concentration between 10 and 70 lM

as shown by the excess heat capacity in Figure 3(B).

Analysis of the data gave a constant Tm and

enthalpy ðDH0Þ with respect to protein concentration

within experimental error. The van’t Hoff and calori-

metric enthalpies were 34962 and 35665 kJ=mol,

respectively. Thermal aggregation of the denatured

state prevented accurate determination of the calori-

metric partial molar heat capacity change ðDC0
PÞ of

the transition because of post-denaturation baseline

noise evident in Figure 3(A).

For all of the methods employed in thermal

denaturation, Figure 4 plots the Tm and DH0 as a

function of thermal scan rate at all protein concentra-

tions examined within the first and second standard

deviations from the average. Figure 4 demonstrates

that all parameters derived from the unfolding tran-

sitions are independent of the thermal scan rate

within experimental error. In addition, Figures 2–4

Figure 2. Thermal denaturation of A3 monitored by (A) FL

emission at 359 nm with excitation at 280 nm as a function

of A3 concentration at a scan rate 52�C=min. 2 mM (•), 1

mM (�), 0.5 mM (W), 0.2 mM (W), 0.1 mM (�). Inset of (A)—Lin-

ear dependence of FL intensity as a function of protein con-

centration at 20�C, 50�C, 65�C and 80�C from top to bottom.

(B) Slope of FL intensity with respect to protein concentration

ðo=oCÞ at 0.4�C=min (W), 0.9�C=min (W), 1.6�C=min (�), and

2.0�C=min (•). (C) Far UV CD at 222 nm at 0.5�C=min (W),

1.0�C=min (W), 1.5�C=min (�), and 2.0�C=min (•).
Figure 3. Thermal denaturation of A3 monitored by DSC at a

scan rate 5 2�C=min. (A) Heat capacity trace of 50 mM A3 rel-

ative to the second irreversible scan with polynomial baseline

indicated as dashed line. Residuals of the baseline fit to pre-

and post-denaturation. Inset of (A) example instrument data

for protein scan (solid line) followed by second irreversible

scan (dashed line). (B) Protein concentration dependence of

the excess heat capacity at 10 mM (•), 30 mM (�), 50 mM (W),

and 70 mM (W) after subtraction of the polynomial baseline.
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also demonstrate that the thermodynamic stability of

A3 is not dependent on protein concentration within

the �3 orders of magnitude range investigated,

(0.1–70 lM).

Extent of thermal reversibility

FL was used at 0.1 lM protein concentration and a

faster thermal scan rate of ð2�C=minÞ to minimize

aggregation and determine the extent of thermal

reversibility. Figure 5(A) shows 18 repeat scans to

progressively higher temperatures followed by cool-

downs and 30 min equilibrations at 10�C on the

same protein sample. The inset of Figure 5(A) is a

measure of the extent of thermal reversibility as a

plot of the percent recovery of the FL intensity after

the cool-downs and equilibrations. Although this

experiment retains the history of the previous scans,

the inset demonstrates that up to 60�C, A3 is still

100% reversible. Upon scanning through the transi-

tion to 72�C, A3 is still �90% reversible and up to

95�C, A3 is � 60% reversible. The same experiment

was also performed using DSC with 70 lM protein

sample. Whereas a complete scan from 10�C to 95�C

completely aggregates the protein, step-wise repeat

scans to incrementally higher temperatures did yield

partial reversibility when compared to the single

scan over the full temperature range, Figure 5(B).

The extent of visible aggregation shown in Figure

5(C) was determined from light scattering during

the thermal scan as a function of protein concentra-

tion ranging from 20 lM down to 0.5 lM. At concen-

trations �10 lM, there is no visible aggregation at

temperatures �60�C and at 0.5 lM no visible

Figure 4. Thermal denaturation parameters, Tm and D0 as a

function of scan rate obtained from independent analysis of

all protein concentrations. FL (•); CD (�); DSC (W). Horizon-

tal gray lines represent the average (solid), one standard

deviation (dashed) and two standard deviations (dotted) of

data from all methods. m567:261:2�C and

D05361630 kJ mol21. Analysis of the slope of the FL

intensity (right) with respect to protein concentration yields

m567:460:9�C and D0538768 kJ mol21.

Figure 5. Test for thermal reversibility at scan rate 5 2�C=min.

Repeated scans on the same protein sample from 10�C to the

indicated temperature followed by a drop back down to 10�C

and equilibration for 30 min. Inset of (A) Percent reversibility at

10�C after scanning to the indicated temperature. (A) 0.1 mM A3

by FL emission at 359 nm excitation at 280 nm. Square at

10�C represents the FL intensity after the last scan to 95�C.

(B) 70 mM A3 by DSC. (C) Thermal aggregation of the

denatured state of A3 monitored by light scattering at an

excitation and emission wavelength of 600 nm as a function of

A3 concentration at a scan rate 1.6�C=min. 20 mM (•);10 mM

(�); 5 mM (W); 2 mM (W); 0.5 mM (�).
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aggregates are observed by light scattering at any

temperature.

Isothermal urea denaturation and iso-urea

thermal denaturation

To ascertain a complete stability profile as a function of

temperature, urea denaturations at defined tempera-

tures and thermal denaturations at defined urea con-

centrations were performed. Figure 6 shows the urea

unfolding of A3 between –5�C and 45�C by CD (panel

A) and between 10�C and 30�C by FL (panel B). Like

the thermal denaturations, increasing urea causes a

loss of secondary structure and exposure of the trypto-

phan and tyrosines decreases the FL intensity. The

inset of panel B shows that k max becomes red-shifted

from 352 to >360 nm upon unfolding. Figure 6(C)

shows that the thermal denaturation monitored by CD

as a function of increasing urea concentration simulta-

neously decreases the Tm and increases the extent of

unfolding at higher temperatures as seen by the dena-

tured state baseline shift to lower magnitudes of ellip-

ticity. At high urea concentrations, the urea-denatured

state gains secondary structure as the temperature

increases. While FL is not sensitive to the extent of

unfolding in the denatured state, it does show a

decreasing Tm with increasing urea, Figure 6(D).

Figure 7 shows the temperature dependence of

the unfolding free energy (panel A) and urea-

dependent cooperativity of unfolding (panel B) derived

from the analysis of individual isothermal urea-

denaturation transitions shown in Figure 6(A,B). Both

CD and FL yield consistent values of the stability, DG0,

and the m-value as a function of temperature. In panel

A, DG0 was fit using Eq. (5). Extrapolation of DG0 to

high and low temperature results in a melting temper-

ature, Tm ’ 71�C, and a cold denaturation tempera-

ture, TC ’ 213:8�C. In panel B, m/RT was fit using

Eq. (10). This urea-dependent cooperativity of unfold-

ing progressively decreases in magnitude as the tem-

perature increases. The parameters for isothermal

analysis are given in panel A of Table I. Figure 7(c)

shows the urea and temperature dependence of the

enthalpy derived from the analysis of individual iso-

urea thermal denaturation transitions shown in Fig-

ure 6(C,D). Both CD and FL yield consistent values of

the enthalpy of thermal unfolding as a function of urea

and temperature. In panel C, TC ’ 213:8�C was fit

using Eq. (15). At the Tm ’ 70�C, the enthalpy of ther-

mal denaturation decreases linearly with respect to

both urea concentration (o2ln K=oCob) and tempera-

ture (o2ln K=ob2). The parameters for iso-urea analysis

are given in panel B of Table I.

Figure 6. Urea denaturation of A3 at variable temperature monitored by (A) CD at 222 nm at 25�C(•), 0�C(�), 15�C(W), 25�C(W),

35�C(�), and 45�C (filled diamonds). (B) FL emission at 359 nm with excitation at 280 nm at 10�C (•), 20�C(�), and 30�C(W). The

same unfolding trend was also observed with excitation at 295 nm. Inset of (B) kmax at 20�C; 280 (•) and 295 nm (�). Thermal

denaturation of A3 at variable urea concentration monitored by (C) CD at 0 M (•), 1 M (�), 2 M (W), 3 M (W), 4 M (�), 6 M (~), 7

M (�) 8 M (!), and 9 M (filled diamonds) urea, and (D) FL at 0M (•), 0.5M (�), 1.5M(W), 2.5M(W), 3.5M(�), and 9 M(~) urea.
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Urea–temperature phase diagram

The unfolding midpoints derived from the isother-

mal and iso-urea studies determine the shape of the

urea–temperature phase diagram where the protein

exists as a mixture of 50% populations of native and

denatured states. Figure 8 illustrates this phase dia-

gram as a plot of urea concentration versus temper-

ature derived from the unfolding transitions in

Table I. Thermodynamic Parameters Defining the VWF A3 Domain Urea–Temperature Phase Diagram

Taylor expansion thermodynamic parameters Classical thermodynamic parameters

(A) Isothermal urea denaturation branch
Tc �213:8�C
Tm 71 6 2�C
oln K=ob 2739 6 27 kJ=mol DH0 739 6 27 kJ=mol
o2ln K=ob2 ð12:9 6 0:8Þ � 103 ðkJ=molÞ2 DC0

P 13:1 6 0:8 kJ=mol K21

o3ln K=ob3 Not Included oDC0
P=oT Not included

oln K=oC 0:83 6 0:32 kJ=mol M21 m 22:36 6 0:91 kJ=mol M21

o2ln K=oCob 111 6 18 kJ=mol M21 oDH0=oC 2111 6 18 kJ=mol K21

o3ln K=oCob2 ð22:65 6 0:6Þ3 103 ðkJ=molÞ2M21 oDC0
P=oC 22:69 6 0:62 kJ=mol M21K21

o4ln K=oCob3 ð33:9 6 9:7Þ3 103 ðkJ=molÞ3M21 o2DC0
P=oCoT 0:05 6 0:006 kJ=mol M21K22

(B) Iso-urea thermal denaturation branch
Tc �26:2�C
Tm 70:0 6 0:5�C
oln K=ob 2387 6 5 kJ=mol DH0 387 6 5 kJ=mol
o2ln K=ob2 ð15:1 6 1:8Þ � 103 ðkJ=molÞ2 DC0

P 15 6 2 kJ=mol K21

o3ln K=ob3 Not included oDC0
P=oT Not included

oln K=oC 0:95 6 0:06 kJ=mol M21 m 22:71 6 0:18 kJ=mol M21

o2ln K=oCob 23:4 6 5:6 kJ=mol M21 oDH0=oC 3:4 6 5:6 kJ=mol K21

o3ln K=oCob2 Not included oDC0
P=oC Not included

o4ln K=oCob3 Not included o2DC0
P=oCoT Not included

(C) Global analysis of the phase diagram
Tc �215:7�C
Tm 68:9 6 0:1�C
oln K=ob 2 828 6 23 kJ=mol DH0 828 6 22 kJ=mol
o2ln K=ob2 ð17:97 6 1:43Þ3 103 ðkJ=molÞ2 DC0

P 18:46 6 1:47 kJ=mol K21

o3ln K=ob3 ð2 9:46 6 3:26Þ3 104 ðkJ=molÞ3 oDC0
P=oT 20:208 6 0:045 kJ=mol K22

oln K=oC 1:165 6 0:082 kJ=mol M21 m 23:31 6 0:23 kJ=mol M21

o2ln K=oCob 100 6 10 M21 kJ=mol M21 oDH0=oC 2100 6 10 kJ=mol M21

o3ln K=oCob2 ð22:36 6 0:55Þ3 103 ðkJ=molÞ2M21 oDC0
P=oC 22:43 6 0:56 kJ=mol M21K21

o4ln K=oCob3 ð29:1 6 12Þ3 103 ðkJ=molÞ3M21 o2DC0
P=oCoT 0:045 6 0:009 kJ=mol M21K22

All parameters are referenced to the indicated Tm in the absence of urea.

Figure 7. (Panel A) D0 obtained from isothermal urea denaturation as a function of temperature. (Panel B) Cooperativity of iso-

thermal urea denaturation ð=Þ as a function of temperature. (Panel C) Temperature and urea dependence of the enthalpy

obtained from iso-urea thermal denaturation. CD (W); FL (•).
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Figure 6. This phase diagram is composed of urea-

transition midpoints (cm) from isothermal urea dena-

turations in the low-temperature regime and melt-

ing temperatures (Tm) from thermal denaturations

at defined urea concentrations in the high-

temperature regime. The A3 domain is in the native

state at concentrations and temperatures under the

curve and in the denatured state above the curve.

The dashed line on the isothermal urea denatura-

tion branch of the phase diagram is a result of Eq.

(16), a ratio of Eqs. (5) and (10) used to fit the tem-

perature dependence of DG0 and m/RT in Figure

6(A,B). The dashed line on the iso-urea thermal

denaturation branch of the phase diagram is a fit to

Eq. (16) for oln K=oC while holding constant the

parameters obtained from the fitting of the urea and

temperature dependence of the enthalpy in Figure

6(C). The solid line represents a refined global fit of

both isothermal and iso-urea data to Eq. (16) using

the fitting results of isothermal urea denaturation

as starting parameters for the global fit. The param-

eters for global analysis are given in panel C of

Table I. The overall variance of the residuals in the

global analysis reduced to 0.031 demonstrating a

robust description of the data over the full tempera-

ture range of stability.

Comparison of the fitting results in Table I dem-

onstrates that the isothermal urea analysis agrees

better with the global analysis than does the iso-

urea thermal analysis. Isothermal urea analysis

results in a cold-denaturation temperature,

TC ’ 213:8�C; close to that obtained from the global

analysis, TC ’ 215:7�C. Fitting the iso-urea thermal

denaturation branch of the phase diagram results in

a much higher cold-denaturation temperature,

TC ’ 26:2�C, where the protein is known to be

folded. Although the isothermal urea and iso-urea

thermal analysis compared well with the global

analysis within the temperature range of the data,

the extrapolation of the iso-urea thermal analysis to

lower temperatures is limited by the small range of

the thermal unfolding data, 55270�C. Isothermal

urea denaturations were done over a larger temper-

ature range between –5�C and 45�C. We performed

a statistical comparison of the resulting parameters

from each analysis by calculating the standard error

on the difference [(global – isothermal urea) –

(global – iso-urea thermal)] to identify which param-

eters are statistically different in each type of analy-

sis. A paired t-test was also performed. These

comparisons demonstrated that the only parameters

statistically different among the three analyses were

the enthalpy (oln K=ob), its urea concentration

dependence (o2ln K=oCob), and the m-value

(oln K=oC). The heat capacity (o2ln K=ob2) and its

urea concentration and temperature dependencies

were not statistically different from each type of

analysis. The iso-urea thermal analysis resulted in a

significantly lower enthalpy (387 6 5 kJ=mol) than

the global analysis. Figure 9 demonstrates that all

van’t Hoff, calorimetric, and iso-urea thermal phase

diagram analyses of the data result in a statistically

equivalent measure of the enthalpy of thermal dena-

turation, whereas analysis of the isothermal urea-

denaturation branch and global analyses of the

Figure 8. Urea–temperature phase diagram (C1=2 vs. T)

defines the 50% folded/unfolded boundary for the two-state

unfolding of A3. Isothermal urea denaturation by FL (�) and

CD (•). Iso-urea thermal denaturation by FL (W) and CD (W).

Dashed lines represent separate fitting of the isothermal urea

denaturation and iso-urea thermal denaturation branches of

the phase diagram. Solid line represents the global fit of the

phase diagram over the full temperature range for all meth-

ods employed.

Figure 9. Comparison of the enthalpy ðD0Þ obtained from

thermal denaturation using the various experimental methods

and the enthalpy obtained from fitting the iso-urea thermal

denaturation and isothermal urea denaturation branches of

the phase diagram and the global fitting of the phase

diagram.
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phase diagram resulted in enthalpies that were

2–2.3 fold greater in magnitude.

Discussion

The data presented demonstrate that the isolated

A3 domain fragment of VWF behaves thermody-

namically as a monomeric protein that reversibly

unfolds in a two-state manner between the native

and denatured conformations.

Although the unit cell of the crystal structure

contains two A3 domain macromolecules,27 in solu-

tion the domain behaves as monomer because the

transition midpoints do not depend on the protein

concentration over an experimental range of three

orders of magnitude. For proteins that noncovalently

dimerize or oligomerize, the apparent urea and ther-

mal unfolding midpoints will depend on protein

concentration.13,28

Reversibility of isothermal urea denaturation

has been previously demonstrated by equilibrating a

sample containing A3 in 8 M urea at 25�C for 1 h,

diluting it to urea concentrations within the transi-

tion and equilibrating for an additional 1 h prior to

taking a spectral measurement.26 Thermal revers-

ibility was demonstrated here by repeated scans

interspersed with low-temperature equilibrations

[Figure 5(A)]. In addition to experimental verifica-

tion of thermal reversibility, empirical evidence dem-

onstrated that the thermal unfolding transition was

not kinetically controlled because the Tm and DH0

are, within experimental error, independent of the

thermal scan rate (Figure 4). Further evidence of

the lack of kinetic effects was demonstrated calori-

metrically by the symmetric excess heat capacity

curves centered on the Tm [Figure 3(B)]. The pres-

ence of kinetic irreversibility is known to produce a

thermal scan rate dependence and also to skew the

excess heat capacity curves to lower temperatures.29

Even though the unfolding of A3 is at a thermody-

namic equilibrium throughout the transition, irre-

versibility eventually arises because of denatured

state aggregation [Figure 5(C)]. Because we observe

a symmetrical transition that is scan rate independ-

ent and experimentally reversible, the aggregation

of the thermally denatured state must be kinetically

slow at temperatures below and within the thermal

transition.

All spectroscopic and calorimetric experiments

indicate that the unfolding of A3 is two-state with

no evidence of intermediates. If intermediates were

significantly populated, CD and FL would show mul-

tiple or asymmetric transitions and DSC would pres-

ent two or more peaks that may or may not overlap.

Additional thermodynamic evidence of two-state

character is inferred by the agreement between the

thermodynamic parameters obtained from CD and

FL because each reports on a different structural

property, backbone secondary structure, and global

tertiary structure through exposure of tryptophan

and tyrosine (Figure 7). Furthermore, the van’t Hoff

enthalpy derived from fitting the spectroscopic ther-

mal unfolding transitions in the absence of urea is

equal to the calorimetric enthalpy within experimen-

tal error [Figure 4(B)]. Agreement between van’t

Hoff and calorimetric enthalpies has historically

been a stringent test for defining two-state

character.30

Comparison of the thermodynamic parameters

obtained from global analysis of the phase diagram

to those obtained from iso-urea thermal analysis and

analysis of individual thermal unfolding transitions

in the absence of urea reveals a primary discrepancy

in the enthalpy of unfolding. While both calorimetric

and van’t Hoff two-state analyses are in agreement

with DH0
exp ’ 361630 kJ=mol, global analysis of the

phase diagram results in DH0
PD ’ 828622 kJ=mol.

The experimentally observed enthalpy change is

only 4464% of that obtained from the phase dia-

gram analysis and this results in a profound differ-

ence between the free energies of unfolding as

illustrated in Figure 10. At first glance, these dis-

crepancies seem untenable for a simple two-state

thermodynamic equilibrium between native and

denatured states, yet there is no evidence for the

significant population of intermediates by any of the

methods used to interrogate the unfolding. One rea-

son for these discrepancies might be that aggrega-

tion of the thermally denatured state lowers the

detectable enthalpy change of unfolding because of

an exothermic heat of protein association into aggre-

gates. However, this argument breaks down when

one considers that the same thermodynamics are

obtained at 0.1 lM protein concentrations which is

Figure 10. Comparison of the free energy ðD0Þ of unfolding

derived from global analysis of the urea–temperature phase

diagram with the free energy of thermal denaturation in the

absence of urea. The gray area highlights the difference plot-

ted in the inset as ðDD0Þ corresponding to the free energy of

denatured state expansion.
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much less than protein concentrations used for DSC

and where aggregation is detectable by light scatter-

ing (Figure 5). If unfolding is reversible two-state

and aggregation effects on the observable thermody-

namics is negligible, then what is the cause of these

discrepancies?

Upon closer inspection of Figure 6(A,C), CD

reveals additional information about the thermody-

namic states that FL and calorimetry do not cap-

ture. The native state of A3 has an ellipticity ’ 212

and up to 4M urea and 40�C, this secondary struc-

ture is constant. In the presence of 7–9 M urea, the

urea denatured state gains secondary structure con-

tent as the temperature is raised ranging from ’ 22

ellipticity units at 0�C to ’ 24:5 ellipticity units at.

By contrast, the thermally denatured state in the

absence of urea at 80�C has an ellipticity of 5 26

and the secondary structure content of this state

progressively decreases upon addition of urea. Rela-

tive to the native state and the urea-denatured

state, the thermally denatured state at 80�C has an

ellipticity ranging between 5260% and 80% of the

total ellipticity change over the full range of temper-

ature. The remainder of the total change is because

of the loss of secondary structure content of the ther-

mally denatured state as a function of increasing

urea at high temperature and the loss of secondary

structure in the urea-denatured state at low

temperature.

Recent literature has correlated the amount of

ordered secondary structure content of proteins rela-

tive to their denatured state to the degree of com-

pactness as given by the ratio of the denatured and

native state hydrodynamic volumes. Using the rela-

tionship of Uversky and Fink,31 the ellipticities we

observe indicate that the thermally denatured state

has a hydrodynamic volume that is 1.8 times greater

than the native state and the 9 M urea denatured

state can range between �2.5 and 6 times larger

than the native state over the full range of tempera-

ture. The moderate increase in hydrodynamic vol-

ume of the thermally denatured state over that of

the native state illustrates that the thermally dena-

tured state is highly compact relative to the urea-

denatured state. These relationships indicate that

physical character of the native state is fixed as a

function of both urea and temperature, but that the

denatured state has a variable physical character

that expands with increasing urea and decreasing

temperature.

The resulting discrepancy between the

enthalpy derived from individual unfolding transi-

tions and what is obtained from the phase diagram

method indicates that the thermodynamic charac-

ter of the unfolding is linked to the physical char-

acter of the states involved. Enthalpy is known to

scale with the amount of solvent accessible surface

area changes on unfolding.32 Because DH0
exp <

DH0
PD and the physical character of the native state

is fixed, the thermally denatured state exposes less

surface area than the urea-denatured state. This

linkage between the thermodynamic character and

the macromolecular dimensions of the denatured

state is also evident by the temperature depend-

ence of the DC0
P and the m-value. DC0

P also scales

with the change in solvent accessible surface area

on unfolding.33 Given a fixed native state charac-

ter, a negative oDC0
P=oT indicates that the surface

area of the thermally denatured state decreases

with increasing temperature. Furthermore, the m-

value in Figure 7(B) also decreases in magnitude

as a function of temperature. Because the m-value

is proportional to the thermodynamic contributions

of protein groups that become solvent exposed on

unfolding,14 it represents the energetic equivalent

of the size of the cooperative unfolding structural

unit. This cooperative unit becomes smaller as tem-

perature increases. With a fixed physical thermody-

namic character of the native state, the only way

the size of the cooperative unit can become smaller

with increasing temperature is if the denatured

state becomes more compact and structurally

ordered. Thus, the negative temperature derivative

of the DC0
P obtained from the phase diagram analy-

sis and the decreasing magnitude of the m-value

with respect to temperature are thermodynamic

manifestations of the physical dimensions of the

denatured state ensemble.

The thermodynamics of denatured state expan-

sion are profound when viewed from the perspective

of free energy. Figure 10 compares the thermody-

namic stability curves of A3 obtained from analysis

by the phase diagram method with that of thermal

unfolding in the absence of urea. The difference in

these stability curves (DG) illustrates the many kilo-

joules of free energy resulting from the urea-induced

expansion of the denatured state ensemble. Phenom-

enologically, it represents the excess free energy

required to denature residual structure in the dena-

tured state ensemble. This difference is approxi-

mately linear (inset) with respect to temperature

because the primary difference is the enthalpy.

There is no indication that this expansion is cooper-

ative because the magnitude of the ellipticity of the

thermally denatured state decreases linearly with

respect to urea concentration at 85�C and as the

temperature is lowered, the ellipticity of the urea-

denatured state also decreases in a curvilinear man-

ner. Perhaps the reason for the large free energy of

denatured state expansion is because of the single

disulfide bond that crosslinks the N and C termini.

This disulfide restricts the conformational entropy of

the protein chain which constrains both the ther-

mally and urea-denatured states. As a result, the

thermally denatured state is so compact that it is on

the verge of collapse to the folded state, but because
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of reduced solubility it is also poised to aggregate at

higher concentrations.

In conclusion, our results demonstrate that

when thermally denatured states are highly com-

pact, comparative analysis of individual thermal

transitions by either van’t Hoff or calorimetric meth-

ods combined with phase diagram methods using

urea at variable temperature can result in ener-

getics associated with denatured state expansion.

For the A3 domain, this is primarily evident in the

excess enthalpy of urea denaturation relative to

thermal denaturation in the absence of urea, but it

is also manifested in urea dependence of the higher

order terms that define the stability curve and in

the temperature dependence of the m-value. The

combined analysis presented here offers a distinct

advantage over traditional methods because of its

ability to decipher the energetics of unfolding from

the energetics of unfolding residual structure in the

denatured state ensemble.

Materials and Methods

Protein expression and purification

cDNA of recombinant VWF-A3 (amino acids S1671–

G1874) domain was expressed in E. coli M-15 cells as

a fusion protein containing an N-terminal 63His tag

using BamHI and HindIII restriction sites in the Qia-

gen pQE-9 plasmid vector and purified from inclusion

bodies by Ni21 affinity chromatography.26 The purity

was verified by coomassie stained SDS-PAGE and

also by size exclusion chromatography using a Phe-

nomenex SEC S3000 column on a BioCAD Sprint

perfusion chromatography system. A3 was stored in

TBS-T (25 mM Tris-Cl, 150 mM NaCl; 0:5% Tween-

20, pH 7.4) on ice until experimentation when it was

dialyzed against a temperature stable buffer mixture

containing 10 mM NaAcetate, 10 mM NaPhosphate,

10 mM Glycine, 150mMNaCl, 1mM EDTA, and

pH 5 8.

Spectroscopy

Protein concentration was quantified using UV

absorption at 280 and 333 nm (to correct for light

scattering) on a Shimadzu UV2101PC spectropho-

tometer using an extinction coefficient of

10;490 L=mol=cm in water calculated from 4 tyro-

sines and 1 tryptophan.34,35 All experiments using

spectroscopic observables were performed on an Aviv

Biomedical Model 420C CD spectrometer and a

Horiba Jobin-Yvon Fluorolog 3 spectrofluorimeter

equipped with a Wavelength Electronics Model LF1-

3751 temperature controller.

Far UV CD spectra between 190 and 260 nm

were recorded at 1 nm wavelength increments with

20 s integration time at 1 nm bandwidth using a

0.1 mm quartz cell. Ellipticity values with a photo-

multiplier amplifier voltage above 600 V were

not evaluated. Circular dichroic ellipticity uðmdegÞ
was converted to mean residue molar ellipticity

Hð½deg cm2�=½dmol res�Þ5½100 � uðmdegÞ �MWðg=molÞ�=
½Cðmg=mLÞ � pathlengthðcmÞ � # res�. MWA3523; 293

g=mol and the number of residues res5219 includes

residues derived from the plasmid construct.

FL emission spectra (excitation wavelengths of

280 and 295 nm) between 305 and 440 nm were

recorded at 0.5 nm wavelength increments with 1 s

integration time using a micro quartz cell. Relative

FL intensity is reported as signal intensity divided

by the intensity of the reference. All measured spec-

tra were corrected for the background ellipticity and

FL of the buffer.

Calorimetry
DSC was performed on a TA Instruments NanoDSC

equipped with a fixed capillary cell design at 3 atm

pressure. The calorimeter was calibrated at each

scan rate by performing a cell balance scan and

residual scans as described in the manual. All buf-

fers and protein samples were degassed with moder-

ate stirring for 10 min prior to use in a standard

glass vacuum desiccation chamber. The calorimeter

was equilibrated overnight on buffer present in both

the reference and sample cells with repeat thermal

scans until a stable baseline was obtained after

which the buffer in the sample cell was replaced

with protein solution during the equilibration step

between scans. One measurement per second was

recorded over a range of 20�C – 95�C. DSC traces

were corrected for a subsequent irreversible scan

that was used as the baseline. Calorimetric power

compensation ðlJ=sÞ was converted to molar heat

capacity CPðkJ = mol=KÞ5 powerðlJ=sÞ=ðmð�C=minÞÞ=
60�VðmLÞ�Cðlmol=LÞ�. Excess molar heat capacity

hCPiðkJ=mol=KÞ, was obtained by subtracting poly-

nomial baseline to the pre- and post-transition

regions of the heat capacity traces using a Mathe-

matica (Wolfram, Inc., Champaign, IL) script devel-

oped in our laboratory.

Thermal denaturation and reversibility
Thermal denaturation was also performed using FL

and far UV CD. Thermal scans were recorded using

1 cm teflon-capped quartz cells under moderate stir-

ring with 15 min prior equilibration at 10�C. Using

FL, the scan rate and protein concentration depend-

ency was determined at 2.0, 1.6, 0.9, and 0:4�C=min

for each concentration of 2.0, 1.0, 0.5, 0.2, and 0.1

lM. Relative FL emission intensity at 359 nm with

280 nm excitation was collected for 4 s and averaged

at each temperature point between 10�C and 60�C.

Using CD at 222 nm, the scan rate dependence for 1

lM protein was determined at 0.5, 1.0, 1.5, and

2:0�C=min with a 20 s integration time and 1 nm

bandwidth. Thermal denaturation of 1 lM A3 in the
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presence of various urea concentrations was deter-

mined by both CD and FL at 2:0�C=min.

Right angle light scattering at 1:6�C=min as a

function of the temperature was measured to deter-

mine the extent of aggregation using excitation and

emission wavelengths 5600 nm. Light scattering

was averaged for 30 s at each temperature.

To ascertain the extent of thermal reversibility

in the absence of urea, both FL and DSC were used

to acquire repeat thermal scans at 2:0�C=min on a

single protein sample from 10�C to incremental tem-

peratures throughout the range of the thermal tran-

sition up to 95�C, interspersed with cool downs and

30 min equilibrations at 10�C. A protein concentra-

tion of 0.1 lM in a 1 cm teflon-capped quartz cell

with moderate stirring was used for FL and 70 lM

was used for DSC.

Isothermal urea denaturation

Urea denaturation was performed at defined tem-

peratures by incubating separate protein samples at

various concentrations of urea in a water bath over-

night. Far UV CD at 222 nm and FL emission at

359 nm with either 280 or 295 nm excitation was

used to monitor the unfolding transition. 10 lM pro-

tein in a 1 mm quartz cell was used for CD and 2

lM in a microquartz cell was used for fluoresence.

The FL emission red shift on unfolding by urea at

20�C was monitored by collecting spectra between

330 and 370 nmat 2 nm intervals with 0.5 s integra-

tion time. The maximum wavelength of emission

intensity k max was determined by fitting the spec-

tra with the Gaussian function Ið k Þ5A � exp

ð20:5ðð k 2 k maxÞ=BÞ2Þ.

Analysis of individual unfolding transitions

All nonlinear least squares fitting routines were per-

formed with gnuplot version 4.4.2. Unfolding transi-

tions monitored by CD and FL spectroscopy were

analyzed using Eq. (1) where S is the spectroscopic

observable, SN and SD are linear baselines for the

native and denatured state spectroscopic observables

and K is the unfolding equilibrium constant.

S5
SN1SDK

11K
(1)

Unfolding transitions monitored by DSC were ana-

lyzed by two methods to obtain both calorimetric

and van=t Hoff enthalpies. The calorimetric

enthalpy ðDHcalÞ of the transition was determined

from the area under the excess molar heat

capacity curve and the van=t Hoff enthalpy ðDHvhÞ
was obtained from fitting the excess molar heat

capacity curve to Eq. (2), where the excess molar

enthalpy of the transition, hHi5ðDH0KÞ=ð11KÞ
and b51=RT.

hCPi½T�5
21

RT2

ohHi
ob

5
2DH0

RT2

o K
11K

ob

� �
5

DH0

RT2

K

ð11KÞ2

(2)

For the analysis of individual unfolding transitions,

the urea concentration and temperature depend-

ence of the equilibrium constant were expressed

as linear functions of the natural logarithm of

K with respect to DC5ðC2CmÞ and Db5

ð1=RT21=RTmÞ: ln K is equal to 0 at the midpoints

of the isothermal urea and iso-urea thermal transi-

tions (cm and Tm).

ln KT½C�5
oln K

oC

� �
T

DC (3)

ln KC½T�5
oln K

ob

� �
C

Db (4)

Phase diagram analysis
Analysis of individual transitions at various temper-

atures and urea concentrations provides the zero

order (cm and Tm) and first order parameters

(oln K=oC and oln K=ob). The zero order parameters

define where the native and denatured states are

equally populated and the first order parameters

define the cooperativity of the unfolding transition

either by urea or temperature. To ascertain higher

order parameters that further define the urea and

temperature dependence of the unfolding, a stand-

ard Taylor expansion of the equilibrium constant

(ln K) and the first order parameters as a function of

Db and urea concentration is used as we previously

described.13 All parameters are defined with refer-

ence to the Tm of thermal denaturation in the

absence of urea. For the sake of completion, Eq. (5)

expands ln K as far as the third derivative with

respect to b,

ln K ½T�5 oln K

ob
Db1

o2ln K

ob2

Db2

2
1

o3ln K

ob3

Db3

6
(5)

in which these parameters are related to the classi-

cal thermodynamic parameters, DG0; DH0; DC0
P, and

the temperature dependence of DC0
P via the follow-

ing relationships.

ln K5
2DG0

RT
(6)

oln K

ob
52DH0 (7)

o2ln K

ob2
5

oð2DH0Þ
ob

5RT2 oðDH0Þ
oT

5RT2DC0
P (8)
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o3ln K

ob3
5

oðRT2DC0
PÞ

ob
52RT2 oðRT2DC0

PÞ
oT

52R2T3

�
2DC0

P1T
oDC0

P

oT

�
(9)

Likewise, the urea-dependent cooperativity of the

unfolding transition, oln K=oC, is expanded to the

third derivative with respect to b,

oln K

oC
½T�5 oln K

oC
1

o2ln K

oCob
Db1

o3ln K

oCob2

Db2

2
1

o4ln K

oCob3

Db3

6

(10)

accounting for the urea concentration dependence of the

classical thermodynamic parameters, mvalue; oDH0=oC;

oDC0
P=oC, and o2DC0

P=oCoT via the following

relationships.

oln K

oC
5

21

RT

oDG0

oC
5

2mvalue

RT
(11)

o2ln K

oCob
52

oDH0

oC
(12)

o3ln K

oCob2
5

oð2oDH0=oCÞ
ob

5RT2 oðoDH0=oCÞ
oT

5RT2 oDC0
P

oC

(13)

o4ln K

oCob3
5

oðRT2oDC0
P=oCÞ

ob
52RT2 oðRT2oDC0

P=oCÞ
oT

52R2T3 2
oDC0

P

oC
1T

o2DC0
P

oCoT

" #
(14)

The thermal cooperativity of the unfolding transi-

tion, oln K=ob, is a two-dimensional function of tem-

perature and urea concentration that describes the

enthalpy of unfolding in terms of the parameters

listed above.

oln K

ob
½T;C�5 oln K

ob
1

o2ln K

oCob
C1

o2ln K

ob2
Db

1
o3ln K

oCob2
CDb1

o3ln K

ob3

Db2

2
1

o4ln K

oCob3

CDb2

2
(15)

Taking the ratio of Eqs. (5) and (10) yields the phase

diagram in terms of the temperature dependence of

the urea concentrations at which native and dena-

tured states are 50% populated.

Cm½T�52ln K ½T�= oln K

oC
½T� (16)

The criteria used to determine the number of

parameters to include in the fitting was based upon

the minimal number required to sufficiently describe

the data within the data range, a minimal root

mean square deviation of the residuals and asymp-

totic standard errors typically less than 10215% but

no greater than 40%.
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