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OverviewOverview

•• Hypothesis of Urea StabilizationHypothesis of Urea Stabilization
Hydrophobic EffectHydrophobic Effect
Second Law of ThermodynamicsSecond Law of Thermodynamics

•• Unfolding Properties of the ProteinUnfolding Properties of the Protein
Behavior in the presence of 2 M ureaBehavior in the presence of 2 M urea
Evidence for Endothermic HeatEvidence for Endothermic Heat in the aggregation processin the aggregation process

•• Thermal Irreversibility increases with Thermal Irreversibility increases with ΔΔHHaggagg
•• Endothermic heat Endothermic heat allignsalligns with massive aggregationwith massive aggregation
•• No exothermic heat evolutionNo exothermic heat evolution

•• Calculation of Solvent EntropyCalculation of Solvent Entropy
Transfer free energies using a surrogate hydrocarbon Transfer free energies using a surrogate hydrocarbon 
molecule (Toluene) in 2 M urea and Hmolecule (Toluene) in 2 M urea and H22OO
MicrocalorimetricMicrocalorimetric measurmentmeasurment of Cpof Cp

•• Proposed MechanismProposed Mechanism of urea stabilizationof urea stabilization
•• ApplicationsApplications to Formulation Developmentto Formulation Development



Working HypothesisWorking Hypothesis
•• Suppose Aggregation:Suppose Aggregation:

–– UnfoldingUnfolding--MediatedMediated
–– EntropyEntropy-- DrivenDriven
–– Governed by the Hydrophobic EffectGoverned by the Hydrophobic Effect

•• Then:Then:
–– ProteinProtein--Protein Hydrophobic Interactions Dominate the Reaction Protein Hydrophobic Interactions Dominate the Reaction 

ProcessProcess
–– Entropy of the Solvent should play a Entropy of the Solvent should play a Key RoleKey Role

HypothesisHypothesis

““Compounds that Increase the Entropy of the Compounds that Increase the Entropy of the 
Solvent in the Presence of Hydrophobic Solvent in the Presence of Hydrophobic 
Surface (i.e., unfolded protein) Should Surface (i.e., unfolded protein) Should 

Result in Higher Thermal Result in Higher Thermal ReversibilitiesReversibilities””



Potential Role of UreaPotential Role of Urea

+
Entropically Driven Process
Driver: Removal of 
Hydrophobic Surface Area 
from the Solvent

Higher Order Aggregates

Applied Heat

Hydrophobic 
Core of Folded 
Protein

Norde, W., and Haynes, C.A., In Protein at 
Interfaces II. Fundamentals and Applications, 
(Hobet,T.A., Brash, J.L. , eds) ACS: 
Washington D.C., 1995; pp 26-40.

+ ΔH



Observations From the LiteratureObservations From the Literature

•• ““SolvationSolvation entropyentropy of of nonpolarnonpolar groups is much groups is much 
less negative in less negative in aqueous ureaaqueous urea solutions than in solutions than in 
waterwater”” –– Brandts, J.F. (1964) Brandts, J.F. (1964) JACSJACS 8686, 4302, 4302--43144314

•• The range from 0The range from 0--6.9 M 6.9 M ureaurea has been analyzed to has been analyzed to 
show that show that subsub--denaturingdenaturing concentrations of urea concentrations of urea 
stabilize the protein stabilize the protein –– BhuyanBhuyan (2002) (2002) 
BiochemistryBiochemistry 4141, 13386, 13386--1339413394

•• Urea prevents aggregationUrea prevents aggregation when present at low when present at low 
concentration in refolding buffer concentration in refolding buffer –– Edwin et al. Edwin et al. 
(2002) (2002) BiochemBiochem. . BiophysBiophys. Res. . Res. CommunCommun.. 290290, , 
14411441--14461446



Mechanism ?Mechanism ?

•• Paradox: Currently there is no mechanism to Paradox: Currently there is no mechanism to 
describe the describe the stabilizationstabilization effects of urea at low effects of urea at low 
concentrations (subconcentrations (sub--denaturing)  while denaturing)  while 
destabilizationdestabilization effects of urea occur at relatively effects of urea occur at relatively 
high concentrationshigh concentrations

Most Common Explanations of Most Common Explanations of DenaturationDenaturation: : 
1)1) Preferential Binding to the Protein Resulting in Preferential Binding to the Protein Resulting in 

UnfoldingUnfolding
2)2) SolubilizationSolubilization of the Hydrophobic Amino Acid of the Hydrophobic Amino Acid 

ResiduesResidues



Properties of Properties of UreaUrea at Low Concentrationat Low Concentration

In most cases, urea binding to proteins is very In most cases, urea binding to proteins is very 
weak within the 0 to 2 M concentration range. weak within the 0 to 2 M concentration range. 

TsumotoTsumoto, K., , K., EjimaEjima, D., , D., KumagaiKumagai, I., and Arakawa, T. (2003) , I., and Arakawa, T. (2003) 
Protein Expression and PurificationProtein Expression and Purification 2828; 1; 1--8.8.

Urea Preferentially Interacts with Water (solvent) Urea Preferentially Interacts with Water (solvent) 
increasing the increasing the SolvationSolvation Entropy.Entropy.

Brandts, J. (1964) Brandts, J. (1964) JACSJACS 8686; 4302; 4302--4314.4314.
ZouZou, Q. et al., (2002) , Q. et al., (2002) JACSJACS 124124; 1192; 1192--1202.1202.
NandelNandel, F.S. et al., (1998) , F.S. et al., (1998) Pure & Pure & ApplAppl. Chem. Chem. . 7070; 659; 659--664.664.

Urea structure geometry reported to disrupt the Urea structure geometry reported to disrupt the 
cagecage--like structure that normally forms around like structure that normally forms around 
nonpolarnonpolar groups. groups. 

BaroneBarone, G., and , G., and GiancolaGiancola, C. (1990) , C. (1990) Pure & Pure & ApplAppl. Chem.. Chem. 6262; ; 
5757--68.68.



Properties of rhuIL-1R (II)Properties of rhuILProperties of rhuIL--1R (II)1R (II)

•• 333 amino acids333 amino acids
•• Polypeptide Mw ~ 38 Polypeptide Mw ~ 38 kDakDa
•• GlycosylationGlycosylation (~ 20%)(~ 20%)
•• Predominant Predominant ββ--sheet sheet 

Structure (~ 32%)Structure (~ 32%)
•• pIpI ~ 3 to 7~ 3 to 7
•• Soluble at pH 7.4 Soluble at pH 7.4 
•• CC--terminus terminus ProteolyticProteolytic Sites Sites 
•• Binds to Neutralize ILBinds to Neutralize IL--11ββ
•• AntiAnti--inflammatory Agentinflammatory Agent



MicrocalorimetryMicrocalorimetry Experimental Experimental 
ConditionsConditions

•• MicroCal MicroCal vpvp--DSC (DSC (upscanupscan rates of 0.25, 0.5, rates of 0.25, 0.5, 
1.0, and 1.5 C/min)1.0, and 1.5 C/min)

•• Material: rhuILMaterial: rhuIL--1R (II) Mfg by 1R (II) Mfg by ImmunexImmunex (now (now 
Amgen)Amgen)

•• Solutions: PBS (Phosphate Buffered Saline); Solutions: PBS (Phosphate Buffered Saline); 
100 100 mMmM sodium phosphate; 2M ureasodium phosphate; 2M urea

•• pH 7.4pH 7.4

•• Protein Concentrations: 0.44  and 2 mg/Protein Concentrations: 0.44  and 2 mg/mLmL



pH Stability Profile of rhuIL-1R (II)

Apparent Tm ~ 60 C

True Tm ~ 54 C (Remmele et al., (2005) JACS 127, 8328-8339)



SEC Results of IL-1R (II) @ 58 °C
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ExcipientExcipient Screening at 2 mg/Screening at 2 mg/mLmL
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Below the Tm, NaCl 
suppresses formation of 
soluble aggregates

Above the Tm, NaCl 
augments formation of 
soluble aggregates

2 min @ 70 C

6 hr @ 44 C

{Tm ~ 54 C}



Concentration Dependence of Concentration Dependence of 
AggregationAggregation

2 min @ ~68 C

48 hr @ ~ 43 C



Calorimetric data without and with Calorimetric data without and with 
2M urea2M urea

1st scan
2nd scan
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EndothermEndotherm that appears to correlate that appears to correlate 
with Aggregationwith Aggregation

Without Urea

With 
2 M Urea



Kinetic Curves 
of IL-1R (II) 

Kinetic Curves 
of IL-1R (II)

pH 7.4

All aggregate All aggregate 
forms remain forms remain 
solublesoluble
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ScanScan--Rate Influences in the Absence Rate Influences in the Absence 
of Ureaof Urea



Table I. Parameters of Thermal Table I. Parameters of Thermal 
Irreversibility and Enthalpy of AggregationIrreversibility and Enthalpy of Aggregation

SampleSample IrreversibilityIrreversibility
(%)(%)

ΔΔHHaggagg

(kcal/mole)(kcal/mole)

w Urea @ 0.44 w Urea @ 0.44 
mg/mg/mLmL

9 9 ++ 22 11 11 ++ 22

w/o Urea @ 0.44 w/o Urea @ 0.44 
mg/mg/mLmL

54 54 ++ 33 27 27 ++ 33

w/o Urea @ 2 w/o Urea @ 2 
mg/mg/mLmL

80 80 + 66 50 50 ++ 55

The Enthalpy of Aggregation Correlates with Thermal Irreversibility!



ILIL--1R (II) Aggregation Governed by 1R (II) Aggregation Governed by 
Hydrophobic EffectHydrophobic Effect

•• Aggregation Reaction is UnfoldingAggregation Reaction is Unfolding--Mediated Mediated 
(massive aggregation occurs above the unfolding (massive aggregation occurs above the unfolding 
transition)transition)

•• Endothermic Heat is consistent with a reaction Endothermic Heat is consistent with a reaction 
that is that is ““EntropyEntropy--DrivenDriven””

•• EntropyEntropy--Driven Reactions are associated with Driven Reactions are associated with 
ProteinProtein--Protein Hydrophobic InteractionsProtein Hydrophobic Interactions

•• The Hydrophobic Effect The Hydrophobic Effect must bemust be in Playin Play



Size Exclusion Evidence of Aggregate Size Exclusion Evidence of Aggregate 
Suppression Above the Tm with 2 M UreaSuppression Above the Tm with 2 M Urea

Protein (~ 2mg/mL) Heated 70 C for 2 min.



Evaluate Solvent Entropy and Estimate Evaluate Solvent Entropy and Estimate 
Relative Entropic ForceRelative Entropic Force

•• Using a surrogate hydrocarbon (toluene) Using a surrogate hydrocarbon (toluene) 
determine in 2 M urea:determine in 2 M urea:

ΔΔGGtrtr = = --RT RT lnln XXtoltol

ΔΔCpCp (T) = (T) = CpCptol/ureatol/urea(T(T) ) –– CpCptoltol(T(T))
ΔΔH = H = ΔΔCpCp (T(T--TThh))
ΔΔS = (S = (ΔΔGGtrtr –– ΔΔH)/H)/--TT

•• Determine relative entropic force:Determine relative entropic force:
EEff = = ΔΔSStol/ureatol/urea//ΔΔSStol/wtol/w



Equilibrium Equilibrium SolubilitiesSolubilities

•• Measured Measured SpectrophotometricallySpectrophotometrically in a constant in a constant 
temperature cell at 260 nmtemperature cell at 260 nm
–– Calibration using standard compositions of toluene Calibration using standard compositions of toluene 

volumetrically prepared in volumetrically prepared in nn--ButOHButOH
–– Sealed Sealed CuvetteCuvette Method (Smith, R.R. et al., (1989) Method (Smith, R.R. et al., (1989) J. J. 

Phys. Chem.Phys. Chem. 9393; 5938; 5938--5943)5943)

•• SolubilitiesSolubilities of Toluene in Water obtained from: of Toluene in Water obtained from: 
IUPAC, Solubility Data Series IUPAC, Solubility Data Series VolVol 37 (1989);Hydrocarbons 37 (1989);Hydrocarbons 
with Water and Seawater Part I: Hydrocarbons C5 to C7; with Water and Seawater Part I: Hydrocarbons C5 to C7; 
PergamonPergamon Press, New York.Press, New York.

•• DensimeterDensimeter measurements at temperature (Anton measurements at temperature (Anton 
PaarPaar DMA 5000)DMA 5000)



Solubility in 2M UreaSolubility in 2M Urea
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Heat Capacity of Toluene in 2M Urea Heat Capacity of Toluene in 2M Urea 
SolutionSolution

•• Determined calorimetrically:Determined calorimetrically:
CpCptoltol/urea/urea = Cp,= Cp,ureaurea(v(v22/v/v11) ) –– ΔΔCpCp,φ/,φ/mm
ΔΔCpCp,φ,φ microcalorimetrymicrocalorimetry measuredmeasured
Cp,Cp,ureaurea specific heat capacity of 2M ureaspecific heat capacity of 2M urea
vv11 molar specific volume of 2M ureamolar specific volume of 2M urea
vv22 partial specific volume of toluenepartial specific volume of toluene

•• Use existing data for Use existing data for Cp,Cp,ureaurea

HakinHakin, A.W. et al.,(1996) , A.W. et al.,(1996) J. J. ChemChem Soc., Faraday Soc., Faraday 
Trans.Trans. 9292; 207; 207--214214



Determination of Partial Specific Determination of Partial Specific 
Volume of Toluene in 2M ureaVolume of Toluene in 2M urea

•• Equation: Equation: 
vv22 = [1 = [1 –– ( ( ρ ρ / / ρρ11) + ( m /) + ( m /ρρ11 V)] (V/m)V)] (V/m)
V = matched cell volume (0.51961 V = matched cell volume (0.51961 mLmL))
ρρ = density of the = density of the toltol/urea solution/urea solution
ρρ11 = density of 2M urea= density of 2M urea
m = mass of solute in cell (grams)m = mass of solute in cell (grams)

Note: this equation can also be used to Note: this equation can also be used to 
determine vdetermine v11 (partial specific volume of 2M (partial specific volume of 2M 
urea)urea)



Calculated Calculated ΔΔCpCp

•• Equation: Equation: 

ΔΔCpCp = = CpCptoltol/urea /urea -- CpCptoltol

•• Use existing data for pure toluene heat capacity Use existing data for pure toluene heat capacity 
((CpCptoltol ))

Makhatadze, G.I., & Makhatadze, G.I., & PrivalovPrivalov, P.L. (1988) , P.L. (1988) J. Chem. J. Chem. 
ThermodynamicsThermodynamics 2020; 405; 405--412412



Thermodynamic QuantitiesThermodynamic Quantities
T ( K)T ( K) SolSol

XXtoltol X X 1010--44
ΔΔGGtrtr

cal/molcal/mol
ΔΔHH

cal/molcal/mol
ΔΔCpCp

cal/molcal/mol--KK
ΔΔSS

cal/molcal/mol--KK
ΔΔSSww

cal/molcal/mol--KK
EEff

291291 1.6261.626 50455045 (2106)(2106) (150)(150) ((--10.1)10.1) ((--19.4)19.4) 0.510.51
295295 1.6501.650 51065106 24172417 134.3134.3 --9.19.1 ((--18.3)18.3) 0.500.50
298298 1.6751.675 51495149 25262526 120.3120.3 --8.88.8 --17.517.5 0.500.50
303303 1.7121.712 52225222 29412941 113.1113.1 --7.57.5 --16.316.3 0.460.46
308308 1.7601.760 52915291 31353135 119.4119.4 --7.07.0 --15.115.1 0.460.46
313313 1.8211.821 53565356 33213321 92.292.2 --6.56.5 --14.014.0 0.460.46
318318 (1.892)(1.892) (5417)(5417) (3541)(3541) (86.4)(86.4) ((--5.9)5.9) --12.912.9 0.460.46
323323 (1.974)(1.974) (5475)(5475) (3731)(3731) (81.1)(81.1) ((--5.4)5.4) --11.811.8 0.460.46
333333 (2.180)(2.180) (5579)(5579) (4081)(4081) (72.9)(72.9) ((--4.5)4.5) --9.99.9 0.450.45
343343 (2.452)(2.452) (5666)(5666) (4363)(4363) (66.1)(66.1) ((--3.8)3.8) --8.18.1 0.470.47
348348 (2.619)(2.619) (5703)(5703) (4485)(4485) (63.2)(63.2) ((--3.5)3.5) --7.37.3 0.480.48
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Proposed MechanismProposed Mechanism

+
Entropically Driven Process
Driver: Removal of 
Hydrophobic Surface Area 
from the Solvent

Higher Order Aggregates

Applied Heat

Hydrophobic 
Core of Folded 
Protein

Norde, W., and Haynes, C.A., In Protein at 
Interfaces II. Fundamentals and Applications, 
(Hobet,T.A., Brash, J.L. , eds) ACS: 
Washington D.C., 1995; pp 26-40.

+ ΔS + ΔH

Unfavorable
Thermodynamic Renaturation

+ Urea



ConclusionsConclusions

•• Aggregation pathway has been shown to depend Aggregation pathway has been shown to depend 
upon protein unfoldingupon protein unfolding

•• Additional endothermic heat correlates with Additional endothermic heat correlates with 
massive aggregation and massive aggregation and ΔΔHHaggagg on the high temp on the high temp 
side of unfolding side of unfolding endothermendotherm

•• An Entropy driven process can explain the An Entropy driven process can explain the 
endothermic heat observed from the aggregation endothermic heat observed from the aggregation 
reactionreaction

•• Toluene probe studies confirm an increase in Toluene probe studies confirm an increase in 
solvent entropy in the temperature regime where solvent entropy in the temperature regime where 
the unfolding of the protein occurs in 2M ureathe unfolding of the protein occurs in 2M urea

•• A significant reduction in propensity to form A significant reduction in propensity to form 
aggregate can be explained by the increase in aggregate can be explained by the increase in 
solvent entropy where unfolded protein solvent entropy where unfolded protein 
predominate (proposed mechanism)predominate (proposed mechanism)



ApplicationApplication

•• Would Would excipientexcipient compounds that afford compounds that afford 
greater thermal reversibility in systems greater thermal reversibility in systems 
that follow an unfoldingthat follow an unfolding--mediated mediated 
aggregation process be better stabilizers?aggregation process be better stabilizers?

•• Would such stabilizers increase Would such stabilizers increase solvationsolvation 
entropy of the solution?entropy of the solution?
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