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ABSTRACT. With knowledge of individual transfer free energies of chemical groups that become newly
exposed on protein denaturation and assuming the group transfer free energy contributions are additive,
it should be possible to predict the stability of a protein in the presence of denaturant. Unfortunately,
several unresolved issues have seriously hampered quantitative development of this transfer model for
protein folding/unfolding. These issues include the lack of adequate demonstration that group transfer
free energiesAGy) are additive and independent of the choice of model compound, the problem arising
from dependence ahG; on concentration scales, the lack of knowledge of activity coefficients, and the
validity of the mathematical constructs used in obtaink@; values. Regarding transfer from water to

1 M concentrations of the naturally occurring osmolytes, trimethylaritedde (TMAO), sarcosine,
betaine, proline, glycerol, sorbitol, sucrose, trehalose, and urea, using cyclic glycylglycine, zwitterionic
glycine peptides, anil-acetylglycine amide peptides as models for the peptide backbone of proteins, we
set out to address these issues and obtdby values for the peptide backbone unit. We demonstrate
experimental approaches that obviate the choice of concentration scale and demonstrate addit&jty in

of the peptide backbone unit for all solvent systems studied. Evidence is presented to showAl@t the
values are independent of the chemical model studied, and experimental conditions are given to illustrate
when the mathematical constructs are valid and when activity coefficients can be ignored. Resolution of
the long-standing issues that have stymied development of the transfer model now make it possible to
design transfer experiments that yield reliable and quantitative values for the interactions between osmolyte-
containing solvents and native and unfolded protein.

Although Hofmeister’s classic paper regarding the effects effect, heat capacity changes on denaturation, the structure
of salt on protein properties was published more than a and properties of lipid bilayers, and protein denaturation by
century ago, interest in how solute molecules and ions urea and guanidinium chloride (GdnHCBH—<10, 12—16).
interact with protein groups remains strong even todgy ( More recently, transfer free energy measurements were used
A key development in the early part of the last century made to understand how naturally occurring osmolytes stabilize
it possible to measure propensities for certain types of weakproteins in vivo (7—20). From these measurements, the
interactions involving proteins and solvent components. solvophobic interaction of osmolyte with peptide backbone
Following the work of Brgnsted2] and Noyes §, 4) on (the osmophobic effect) was identified as the driving force
solubility and on the basis of the solubility limits of solute favoring protein folding in protecting osmolyte solutio24);
in two solvents, Lewis and Randab)(noted the principle  In terms of contributions, the wealth of conceptual ideas
that at the solubility limit the chemical potentials of a solute derived from the transfer free energy considerations form a
in the crystal and in the saturated solution are equal. Fromsubstantial part of the foundation of our present day
this came the ability to evaluate the transfer free energy of understanding of biological structure and function.

a solute from one solvent to another. The principle was later  While transfer free energy considerations have been
applied to solute partitioning between immiscible solvents, instrumental to the development of several fundamental
as well as solubility-based transfer free energy measurementgoncepts and ideas in molecular biophysics, its success as a
to identify and understand fundamental interactions respon-tool in quantitatively describing such important processes
sible for the structure and function of protein§—(14). as protein denaturation has been lacking. Some 40 years ago,
Among other benefits, this body of work helped to establish Tanford and Nozaki began development of a quantitative
a basis for developing and understanding concepts concerningnodel for explaining the basis of urea- or GdnHCl-induced
the globular nature of soluble proteins, the hydrophobic denaturation of proteins, a model referred to as the transfer

model of protein denaturatio®,(10, 22, 23). Basically, the
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energy change that occurs in the absence of denaturant is Three unresolved issues arise immediately from these

also an inherent part of the model, eq 1, studies: (1) Are peptide backbone transfer free energies
additive as required of the transfer model? (2) Are the
AG, = AGI° + Zinioqégmi 1) constructs of subtraction and subtraction/division combina-

tions valid ways of evaluating transfer free energies? (3) The
where o; is the average fractional change in degree of results of Nozaki and Tanford and Nandi and Robinson seem
exposure to solvent of groups of typ@dgy, is the free energy  to show that different chemical models give different peptide
of transfer of a group of typefrom water to the specified  backbone transfer free energies. Can the transfer free energy
concentration of denaturant, amdis the total number of  of the peptide backbone unit be shown to be independent of
groups of typei present in the protein24). An inherent the chemical model used?

assumption implied by the summation term in eq 1 is that  Adding to the list above, a fourth issue (4) arises from
the free energy contributions of all parts of a protein are the fact that the absolute value of the transfer free energy is
additive. dependent on whether one chooses to use the molarity, the

The linear extrapolation model (LEM), the denaturant molality, or the mole fraction concentration scale to describe
binding model (DB), and the transfer model for protein the solubility @1, 32). The differences in magnitudes of the
denaturation are the principal models applied to denaturant-transfer free energy are particularly acute when the transfer
induced protein unfolding2®). In their present usage, the s from one solvent whose density differs significantly from
LEM and DB models provide means to evaluAii°, but that of the other solvent and/or the solute is highly soluble.
they have little or no predictive value and provide little or The issue then is to learn how to deal with the variability in
no molecular-level detail or insight into denaturant-induced transfer free energies brought on by the choice of the
unfolding. By contrast, if the transfer model could be fully concentration scale. The final problem arises from the
developed, it would have the potential for providing rich historical practice of ignoring activity coefficients in transfer
detail on the interaction of denaturants or protecting os- free energy measurements. Thus, the fifth (5) and final issue
molytes with side chain and backbone units of the native is to know when it is and when it is not necessary to take
and denatured states, as well as providing predictive capa-activity coefficients into account.

bilities regarding protein stabilities and relative solubilities | initiating the studies to be described, our goal was to
of proteins in the presence of denaturants and protectingtake a comprehensive look at all of these issues with the
osmolytes. . ) _objective of resolving them or reconciling why they cannot
The reason that little progress has been ma_lde in developingye resolved. Using cyclic glycylglyine anb-acetylated
the transfer model over the past 40 years is that there areg|ycinamide peptides of different chain length, we show that
serious unsolved and unresolved issues dealing with practicalf model studies are properly designed and carried out, a
matters of evaluating dependable transfer free energies ofyransfer free energy of the peptide backbone can be deter-
the various parts of proteins and in demonstrating that the mined that exhibits additivity, is independent of the chemical

the summation shown in eq 1. For the model to be advanced.gcale. In addition, we show conditions under which the

itis clear that these unsolved and unresolved issues must b&ptraction, division, and subtraction/division combination

fully addressed and evaluated. The issues can best begnstructs give valid results and when they do not. Overall,
illustrated in the context of the original work of Nozaki and  thjs study demonstrates that with proper experimental design
Tanford, who chose glycine, diglycine, and triglycine as jssyes encountered by previous workers can be overcome,

models in evaluating the transfer free energy of a peptide yhys paving the way for quantification of the transfer model
backbone unit, the most numerous group in a proté® ( for protein unfolding.

23). Solubilities of the glycine model compounds were

determined in water and in urea solutions of known MATERIALS

concentration, transfer free energies were calculated, and

evidence of additivity was sough®)( Additivity in the Osmolytes.The osmolytes glycine, betaine;proline,
transfer free energy of a peptide backbone unit in such aglycerol,p-sorbitol,0-(+)-sucrose, and-(+)-trehalose with
series of peptides requires the transfer free energy to changdurity above 99% were purchased from Sigma Chemical Co.
by the samedgy; increment with each successive glycine Sarcosine was purchased from Fluka, and ultrapure urea was
peptide unit in the chain. To obtain evidence of additivity Purchased from ICN. All purchased osmolytes were used
for peptide backbone transfer free energy, Tanford and Without further purification. Trimethylamini-oxide (TMAO)
Nozaki used mathematical constructs devised originally by Was synthesized using a modification of the procedure of
Cohn and Edsall§). These constructs involve subtraction Hickinbottom @3) as described by Russo et &4J.

of transfer free energies of peptides differing in chain length  Peptide Backbone Model Compoun@dycine (Gly) and
and constructs that combined subtraction and division. The acetamide were purchased from Acros Organics. Diglycine
peptide backbone transfer free energies resulting from their (Gly,), triglycine (Glys), tetraglycine (Gly), and cyclic
studies and others provide no convincing evidence that theglycylglycine (CGG, also known as glycine anhydride or
peptide backbone transfer free energies are addity®,( diketopiperazine) were purchased from Sigma Chemical Co.
10, 18, 22, 23, 26—29). Much later, using chemically blocked  All purchased model compounds were used without further
N and C termini, Nandi and Robinson obtained evidence of purification. N-acetylglycinamide (NAGA)N-acetyldigly-
additivity in peptide backbone transfer free energies from cinamide (NAGA), N-acetyltriglycinamide (NAGA), and
water to urea, but their numbers were significantly different N-acetyltetraglycinamide (NAg) were synthesized as
from that of Nozaki and Tanford3(). described below.
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Organic Synthesis MaterialsGlycinamide HCI, 98% with cold acetone. The filtrate and the acetone washings were
purity, was purchased from Acros Organics, while diglycin- combined, and the remaining product in these washings was
amide HCI, triglycinamide HCI, andll-acetylglycine nitro- allowed to crystallize overnight at 2C to form a second
phenylester were purchased from Bachem. ACS gradecrop. The crystals were combined, rinsed with acetone, and
sodium hydroxide was purchased from Fisher Scientific, and recrystallized in ethanol/ether to a constant melting point,
Aldrich Chemical Co. was the supplier for acetic anhydride, 205-207°C. Yield ~ 74%. Elemental analysis: C, 41.58%,
99+% purity, andN,N-dimethylformamide. Mixed bed ion-  H, 6.56%, O, 26.14%, N, 24.18%.
exchange resin AG 501-X8 was purchased from BioRad. Al NAGA. Upon reaction, a precipitate of the product formed
synthesis reagents were used without further purification. and was filtered from the solvent and rinsed with cot®0

°C) methanol. The filtrate and the methanol washings were

METHODS combined, and the remaining product in these washings was
, , allowed to crystallize overnight at 2C to form a second
Organic Synthesis crop. The precipitate and the second crop crystals were rinsed

with acetone, combined, and recrystallized from water/
methanol to a constant melting point, 25253°C. Yield ~
74%. Elemental analysis: C, 41.29%, H, 6.27%, O, 26.29%,
N, 23.98%.

NAGA. The precipitate of the product was filtered and
rinsed with cold (4°C) chloroform to remove excegmra-
nitrophenol and triethylamine hydrochloride. The product
was recrystallized in water/methanol to a constant melting
point, 273-274 °C. Yield ~ 83%. Elemental analysis: C,
41.67%, H, 6.03%, O, 27.85%, N, 24.06%.

IH NMR spectra were obtained for each of the peptides
in de-dimethyl sulfoxide, and the proton chemical shifts and
integrals were found to be consistent with the structure. The
elemental analyses were consistent with the calculated atomic
compositions of the peptides.

Acetylation.The hydrochloride salt of glycinamide (20 g,
181.4 mmol, 1 equiv), diglycinamide (10 g, 59.7 mmol, 1
equiv), or triglycinamide (1 g, 4.45 mmol, 1 equiv) was
dissolved in water at OC near the solubility limit in an ice
bath while stirring. To generate the free reactive amine, the
initial pH (~3.0) of the mixture was titrated to 10.2 using a
cold (0°C) saturated solution of sodium hydroxide in water.
The temperature of the mixture increased during the titration
and was adjusted to OC by adding ice to the reaction
mixture. Acetic anhydride stored in the freezer-é20 °C
(25 mL, 226 mmol, 1.25 equiv for reaction with glycinamide;
7 mL, 74.5 mmol, 1.25 equiv for reaction with diglycin-
amide; or 1.6 mL, 16.7 mmol, 1.25 equiv for reaction with
triglycinamide) was added to the stirring reaction mixture
in one portion to facilitate the acetylation, which resulted in
a significant increase in solution temperature upon reaction.
The reaction mixture was allowed to stir in the ice bath until
the temperature reached°G. Solubilities were determined as described by Liu and
Bolen (18). To a minimum of eight glass vials, each
containing a fixed weight of solvent, was added weighed
amounts of a peptide backbone unit model compound to
provide a series of mixtures of increasing composition of
the peptide unit model compound. Each vial was capped with
a Teflon-coated screw cap and the caps were wrapped with
Parafilm to produce a watertight seal. Based on experience,
the range of compositions, in units of (grams of peptide/100
g of solvent) calculated from eq 2, was selected so that
approximately half of the solutions made were unsaturated
and the remaining solutions saturated.

Solubility Measurements

Amino Acid CouplingTwo solutions were prepared. For
solution 1, dissolution of the triglycinamide HCI (1 g, 4.45
mmol, 1 equiv) into 200 mL oN,N-dimethylformamide was
facilitated by heating the solution to 8C. Dropwise titration
of triethylamine into the mixture generated the free reactive
amine of triglycinamide and the biproduct, triethylamine
hydrochoride. For solution 2\-acetylglycine nitrophenyl-
ester (1.06 g, 4.45 mmol, 1 equiv) was dissolved in
approximately 10 mL of dimethylformamide, and the cou-
pling of N-acetylglycine to triglycinamide was achieved by
titrating solution 2 dropwise into solution 1 while stirring.
During the titration, the mixture became bright yellow in o
color due to the generation of tpara-nitrophenol biproduct. Composition (geptid‘!loo Sotvend =
Also the solution slowly became cloudy indicating the weight,epige(9)
precipitation of the produch-acetyltetraglycinamide. The m x 100 (2)
mixture was allowed to stir and cool on ice to facilitate the olvent

complete precipitation of NAG. The vials were immersed in a Tronac large capacity water
NAGA.To remove the SaItS, mixed bed ion-eXChange resin bath equipped with a Submerged reciprocaﬂng (30 Cyc|es/
AG 501-X8 was added to the reaction mixture until the m|r]) shaker p|atf0rm maintained at 25 0.001°C with a
solution CondUCtiVity was minimal. The mixture was filtered Tronac PTC-41 precision temperature controller. The solu-
from the ion-exchange resin and evaporated to dryness undefions were allowed to equilibrate at 2& for 48 h before
reduced pressure at 6IC using a Behi rotoevaporator  the solubility was determined. After equilibration, the
System. The remaining solid prOdUCt was rinsed with acetonesupernatant of each solution was removed via Syringe and
and recrystallized from 100% ethanol to a constant melting fijjtered through glass fiber, and the density of the solution
point, 139-141°C. Yield ~ 70%. Elemental analysis from  was determined using an Anton Paar DMA 602 density
Galbraith Laboratories Inc.: C, 41.40%, H, 7.08%, O, measuring cell and DMA 60 density meter. The temperature
27.03%, N, 24.04%. of the density measuring cell was maintained at26.001
NAGA. The reaction mixture was sonicated in an ice bath °C with a Sodev Peltier programmable circulating water
at 0 °C, and crystals of the product began forming within thermostat equipped with a Sodev PC-A small volume high
10 min. The crystals were filtered from the solvent and rinsed flow rate positive displacement pump. The temperature of



1332 Biochemistry, Vol. 43, No. 5, 2004 Auton and Bolen

the cell was monitored using an Anton Paar CKT100 of the peptide. For model peptides with high solubilities, the
precision thermometer. The solubilities of the peptide additional volume contributed by the soluble peptide will
backbone unit model compounds, CGG, Gly, $IGlys, cause the concentration of the osmolyte on the molar and
Gly,, acetamide, NAGA, NAGA, NAG:zA, and NAGA mole fraction scales to be significantly diminished. However,
were determined from plots of density vs composition in for model peptides with low solubilities, the molarity and
water and m 1 M concentrations of each of the nine mole fraction of the osmolyte will not be significantly altered.
osmolytes, trimethylamindloxide (TMAO), sarcosine, be- Transfer Free Energylhe transfer free energy of a solute
taine, proline, glycerol, sorbitol, sucrose, trehalose, and urea.from a pure aqueous system to a mixed aqueous osmolyte
The solubility limits expressed as (grams of peptide/100 g system is based upon the solubility of the solute in each of
of solvent) are converted to molarity (moles of peptide/liter the systems and gives the preference of the solute for one
of solution), molality (moles of peptide/kg of solvent) and system over the other. Here, the solute refers to the chemical
mole fraction (moles of peptide/total moles), and the transfer compound that is used to model the peptide backbone unit,

free energies were calculated as described below. and the aqueous osmolyte system is prepared to be unit
) molarity when the solute solubility is vanishingly small. At
Theory and Design and above the solubility limit, the solute in the crystalline

Corversion of Composition to Molarity, Molality, and ~ Phase is in equilibrium with the solution phase, so the
Mole Fraction. According to eq 2, the composition at the Cchemical potential of the solute in solution is equal to the
solubility limit gives the number of grams of peptide soluble chemical potential of the solute in the crystalline phage (-
in 100 g of solvent. This quantity is converted to the more SINCe the chemical potential of the solute in the crystal is
appropriate units of molarity, molality, and mole fraction constant and independent of the solvent with which it is in
that are commonly used in determining transfer free energies.contact, the chemical potential of the solute at saturation in
Equations 3, 4, and 5 convert the composition to the molarity @ PUré aqueous system must be equal to the chemical
scale, molality scale, and mole fraction scale, respectively, Potential of the solute at saturation in a mixed aqueous
for a solution containing 100 g of solvent. osmolyte systemy), eq 6.

molarity = prsn 3) Ui+ RTIn SwT RTIn Yiw=
MP(WD + WSV) /’ticjos—i_ RTIn S,os—i_ RTIn Yios (6)
molality = W, 1000 @) where 7, and uf ., are the standard chemical potentials
M, W, assigned to the solute in water amdli M osmolyte s, v and
S.0s are the solute solubilities in water and1 M osmolyte
C Wy, and are expressed either in molar, molal, or mole fraction
W Woy = Mos— c W units as calculated from eqgs 3, 4, and 5, ang and ;o
mole fraction= —"/|— + S L are the activity coefficients of the solute expressed in terms
Mp Mp My Psv of molar, molal, or mole fraction in water and in 1 M
(5) osmolyte, respectively, at the solubility limit. The transfer

free energy of the solute from watert M osmolyte is equal
to the difference between the standard state chemical
potentials of the solute in each solution, eq 7.

whereW, is the model compound weight in gramg, =

100 g of solvent,ps, is the density (g/L) of the saturated
solution at the solubility limit determined experimentally,
and M, is the model compound molecular weight. In using o o o
the equations, we set the osmolyte molarity, equal to A = Uios = i = RTIN(S /S 09 + RTIN(; W/Vi o)

zero when the solubility of the peptide in pure water is (7)
desired and equal to 1 when considering the solubility of . o o o
the peptideri a 1 M osmolyte solutionps, represents the Traditionally, the term containing the activity coefficients

density (g/L) of te 1 M osmolyte solventM, is the has been ignored because of the difficulty in obtaining these
molecular weight of water, anidosis the molecular weight ~ Valueés for three component systems. When the activity
of the osmolyte. _coeffu:lents are d|sre_garded, part of t_he information describ-
Equations 3, 4, and 5 can also be used to determine the"d the free energies of transfer is lost, and the total
molar, molal, and mole fraction of osmolyte in the presence intéraction free energy between the solute and the solvents
of saturating amounts of the model peptide by simply iS not known. What follows is an empirical approach that
substituting the number of moles of 0sMolytg\Ne/ ps, for compares free energies of transfer calculated on the molar,
the number of moles of model compountl,/M,, in egs 3 molal, an(_i _mole frapt!on concentration scales to help identify
and 4 and in the numerator of eq 5. Because the solutionsWhen activity coefficients might be neglected.
are made by weight, this substitution emphasizes that the When activity coefficients are neglectesl,® becomes an
osmolyte concentration is constant on the molality scale as@Pparent transfer free energiGg,, that depends on the
a function of the composition of the peptide model com- concentration scale used to express the solubilities of the
pound. While it is conceivable to design the experiment such solute in each sol\{ent S_ystem. The_ apparer_n transfer free
that the osmolyte concentration is constant on the molarity €N€rgy expressed in units of molarity, molality, and mole
or the mole fraction scales, this is inherently more difficult fraction is shown in egs 8, 9, and 10, respectively.
because it requires prior knowledge of the density and _
composition of the saturated solution at the solubility limit AGg,, .= RTIn(n; \/n; ) + RTIN(Vs odVsy)  (8)
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AGZ,, m= RTIn(n /0y o) + RTIn(wt,dwt,)  (9) Table 1: The Concentration Scale Correction Free Eneigy,,
(cal/mol), Corresponding to 100 g of Solvent Evaluated at Infinite

Aé;pp,x: RTIN(N; /1 o9 + RTIN((Ny, o5+ Nos 1 o)/ Dilution of the Solute at 23C
(ny tn;y) (10) molarity mole fraction
' 1 M osmolyte RTIn(dw/dos) RTIN((Nw,0s T Nog)/Nw)

In our experimental approacRT In(wt.dwt,) = 0 in eq 9 TMAO —1.47 —34.84
because we have chosen to express the solubility on the basis 350> T —azo9
of 100 g of solvent, regardless of whether the solvent is water proline ~19.17 —58.66
or osmolyte solution. Herey ,, andn; os represent the moles glycerol —12.60 —44.74
of solute soluble in 100 g water and in 100 g of 1 M sorbitol —36.19 o
osmolyte;Vs,, andVs gsare the total volumes of the aqueous trehalose 7386 —20051
solution and the osmolyte solution containing the saturating urea —9.25 —25.12

solute on the molarity scale; wand wts are, respectively,
the total mass of water and M osmolyte on the molality =~ Scheme 1

scale;n,, andn, s are, respectively, the moles of water in (o}

R . Il H
the aqueous solution andetl M osmolyte solution, each H\N/c\cr””IH
containing the saturating solute, and for the mole fraction " /n
casefysis the actual moles of osmolyte indli M osmolyte H'Lfc\c/ “H
solution containing the saturating solute. 5 -

The first term on the right of egs 8, 9, and 10 provides
free energy of transfer information on the number of moles completely correct for differences between the transfer free
of solute soluble in 100 g of water and 100 g of 1 M energies evaluated on different concentration scales because
osmolyte, while the second term contains all of the informa- the solute makes a significant contribution to the solution
tion that defines the particular concentration scale that could density and the mole fraction.
be used, that is, the total volumes, masses, and numbers of Operationally, eq 14 suggests a means for identifying those
moles of the solutions. Taking the limit atG;,, as the model compounds having solubilities low enough that
solubility of the solute becomes very low renders the second AG},, is numerically the same in each of the concentration
terms on the right of egs 8, 9, and 10 as constants of knownscales. For such model compounds, the solutions begin to
value, and one can factor out the concentration scaleapproach ideality with respect to the solute when the ratio
dependence of the apparent transfer free energy. To sum-of the solute activity coefficients on different concentration
marize, the limit of the first term corresponds to the intrinsic scales approaches unity, eq 15, and the experimentally
free energy of transfer of the solut&y,;, from water to 1 measured\G;; becomes equal tdyx° in that limit.
M osmolyte (this limit is indeed reached with model
compounds that have very low solubilities). As— 0, the n
second term approaches a constant that is defined by the _ _ _
properties of pure water andeti M osmolyte solution and (il Viode = (il Viedm = (Vi Viiode = 1 (15)
is simply a concentration scale correction factor in eqs 8, 9, \odel Systems and Coentions for Determining the
and 10 that can be numerically evaluated, as shown in €qspeptide Unit Transfer Free Energy
11, 12, and 13, respectively.

In the lim
i—0

B B Cyclic Glycylglycine (CGG)CGG, first developed as a
limAG,, .= AGj, + RTIn(d,/d,) (11) peptide model by Gill, has been the preferred model of the
0 peptide backbone unit in our lab because it contains two
; Ro Ao peptide groups in a structure that exposes the peptide unit
rLIrl]oAGa”pvm AGi (12) to the solvent35). The transfer free energy of this compound
_ _ from water b 1 M osmolyte is divided by 2 to obtain the
rl]i_mOAG;pp,xz AG + RTIn((ny s T Ned/ny,)  (13) contribution of one peptide unit as shown in Scheme 1.

' This divisional construct reports an average value for the
whered,, anddsare the densities of waterdd M osmolyte; transfer free energy of each of the peptide units in the model
Ny is 5.55 mol/100 g of pure waten,s and ns are the peptide. Because there are no end group effects with CGG,
number of moles of water and the number of moles of the peptide unit transfer free energy for this compound should
osmolyte in 100 g ba 1 M osmolyte solution. All this can ~ P€ an accurate representation of the actual transfer free
be represented in a single equation for model compounds€nergy, though the transfer free energy will depend on which

that have low solubilities in water and osmolyte solution, concentration scale is used. _ .
see eq 14. Zwitterionic Glycine SeriesThe use of glycine peptides

B ~ ~ to ascertain the transfer free energy contribution of a single

AG), = AGgpp— AGec,, = Au® — RTIN(y; W/7iod (14) peptide unit was Nozaki and Tanford’s model of choigg (
~ 10, 22, 23). To evaluate the transfer free energy of the peptide

where AGg.,, is the concentration scale correction factor backbone unit, these authors subtracted the transfer free
defined above. Table 1 provides the numerical free energiesenergies of glycine peptides that differ in their lengthrby
of AGg,, for each of the osmolytes on the molar and mole — n peptide units, as shown in Scheme 2, wherandn
fraction concentration scales based on equal masses of thare the number of internal peptide units in the glycine
two solvents. At high solute solubilitie®\Gg,, will not peptides such thah > n + 1. This subtraction provides a
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Scheme 2 100
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mathematical means to remove the contribution of the end F
groups. Two types of mathematical constructs arise from such I
-100llllllllll

a scheme, simple subtractional constructs for whck n
+ 1 and composite constructs for whiom > n + 1. The
simple subtractional constructs consist of subtracting the
transfer free energies of two peptides, such as &ty Gly,
that differ in length by one peptide unit, whereas the Ficure 1: Transfer free energy of the peptide backbone unit (cal/

composite constructs consist of subtracting the transfer freemol) from water 6 1 M of theindicated osmolytes defined by the
energies of two peptides that differ in length by more that divisional construct of cyclic glycylglycine, Scheme 1 (blaek
molarity scale, gray= molality scale, and white= mole fraction

one peptide unit, such as Gland Gly, and then dividing  gcaie):” (a) apparent transfer free energys;,, before concen-
the difference by the number of peptide units, three, tration scale correction for the solubility at infinite dilution; (b)
remaining. The expressed purpose of the subtractive andintrinsic transfer free energyAG;,, after the concentration scale
composite constructs is to eliminate the transfer free energycorrection for the solubility at infinite dilution.
contribution of end groups and evaluate the transfer free
energy of an interior peptide backbone uragy, concerning the peptide unit transfer free energy. First, panel
N-Acetylglycinamide SeriesThe N-acetylglycinamide @ shows the apparent transfer free energy of the peptide unit
series is analogous to the zwitterionic glycine series with before making theAGg.,, correction. These data demon-
the exception that the charged end groups have been blockedtrate a marked difference betwee/GZ,, calculated on
by an acetyl and an amide moiety. In these models, the enddifferent concentration scales. For TMAQ, sarcosine, betaine,
groups are chemically related to an internal peptide unit, so Proline, and urea, there are significant differences in the
the transfer free energy of the peptide unit can be ap- magnitude of the free energy, while for the polyols, glycerol,
proximated by dividing by the number of internal units plus Sorbitol, sucrose, and trehalose, even the sign of the free
one, shown in Scheme 3, wharés the number of internal ~ €nergy is changed using the mole fraction scale. Second, as
peptide units that in our experiments range from 0, for the is shown in panel b, these differences in magnitude and sign
transfer free energy of acetamide, to 4, for the transfer free Of the peptide unit transfer free energy are completely ac-
energy ofN-acetyltetraglycinamide. The divisional constructs counted for upon applying th&Gg.,, correction of Table 1
provide an average transfer free energy of the peptide unitUsing eq 14, and all concentration scales conform to the same
that contains contributions from the end groups. value. This shows that the differencesA®; are due only

Just as with the zwitterionic glycine series, the transfer of © differences in the definitions of the concentration scales.
a single peptide unit from wateotl M osmolyte can be The fact thatAG?, on each concentration scale gives the

int
evaluated as shown in Scheme 4 where n + 1, by first

TMAO
Sarcosine
Betaine
Proline
Glycerol
Sorbitol
Sucrose
Trehalose

same numerical result tells us that in water and the respective

subtracting the transfer free energies of two peptides thatoSmolyte solutions the solubilities of this model compound
differ in their length bym — n peptide units and then dividing &€ SO low that CGG contributes little to the solution density

by m — n pepide units. and the mole fraction. Third, the intrinsic transfer free

All of these mathematical constructs for each of the model EN€r9'€S of panel b .ShOW a pattern that '”d'Ca_“eS that all
peptide systems provide a prediction for the peptide unit P"Ot€CtiNg osmolytes interact unfavorablyGuansteris posi-

transfer free energy, but whether they provide reliable valuest've) with the p_eptlde backbone, Wh'le.the nonprotecting
of the peptide backbone transfer free energy remains to beosmolyte', urea, interacts favlorablyf&ran'sferls'negqﬂve) with .
tested the peptide backbone. Being a cyclic dipeptide, CGG is

unique in comparison with all of the linear chain models in
RESULTS that there are no end effects with which to be concerned.
Accordingly, the divisional construct is a proper construct
Cyclic Glycylglycine.Figure 1 shows results for the for CGG; this does not hold true for linear peptide models.
transfer free energy of the peptide unit as evaluated using Zwitterionic Glycine Seriesrigure 2 gives the intrinsic
the CGG model. The data illustrate three important featurestransfer free energy of the peptide unit obtained for the
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250 lack of activity coefficient corrections, or some combination
200F G, - Gly (a) | (Gly, - Gly)i2 (d) of effects. Near the end of the Results section, we will
. F provide evidence that it is the high solubility, the lack of
g 150:' activity coefficient corrections, and the charged end group
1'3? 100E effects of zwitterionic glycine model compounds that are
. 50F [H responsible for the erratic nature of the data shown in Figure
?3 0 E ml-l-l-—nl-ﬂl-ﬂ rn'ﬂ IH - I 2. i i i . .
< E b el [T |” N-Acetylglycinamide Serie§hown in Figure 3 are the
£ -50F intrinsic transfer free energies of tid-acetylglycinamide
- S T N T T T series obtained using the divisional constructs plotted as a
2 200F s - O, (b) | (Gly, - Gly,)/2 (e) function of the number of internal peptide units present in
& the model peptide. Here, we arbitrarily take the N-terminal
':; 150 3 acetamide, CECONH, and C-terminal H as end groups and
:‘5_ 100 define CHCONH as the internal peptide unit (Scheme 3).
: 50 Plotting the data as in Figure 3 illustrates three important
2 of Iﬂ I-HI”[H‘n points. First, for each of the osmolytesG;,; approaches a
g il '-”I_U limiting value for the peptide unit as the chain length of the
9 -50F model peptide is increased, and second, this limiting value
i S T N T T T R S N T T is independent of concentration scale at long chain length.
B 200F G, GV, (c)| (Gly, - Gly)/3 (f) For peptides with small chain lengths, acetamide and
p N-acetylglycinamide, the solubility is high, resulting in large
S 150;‘ differences inAG;,; between concentration scales, while at
o 100F longer chain lengths, the lower solubility of the peptides
g 50F causesAG;, values to converge. This indicates that for
E 0 peptide lengths longer than two internal units, the solubility
I I” is low enough that the peptides contribute negligibly to the
S0F solution density and the total number of moles in solution.
BT 71 0 = T N T T T T T [ T T T O T The third and final point is that like the cyclic glycylglycine

Qg2gos2a8s Q2223524888 divisional construct of Figure 1, thAG:, for protecting
2§88 25 B3 88225 int .
Fg ge>59 2 Fg gi>s9 2 osmolytes all approach unfavorable transfer free energies
= 7] = . .
& ©"af & c"ag whereas the nonprotecting osmolyte, urea, clearly gives a

Ficure 2: The intrinsic transfer free energy of the peptide backbone favorable transfer_fr.ee energy. Wh'le the d|V|_S|onaI constr_uct
unit, AG;, (cal/mol), from water @ 1 M of the indicated os- is useful for providing insight into the relative adequacies
molytes defined by the simple subtractional constructs (a,b,c) and of the model compounds as a function of chain length, it
the composite constructs (d,e.f) of the zwitterionic glycine series, gssumes that there are no end group effects on the transfer
Scheme 2 (black- molarity scale, gray= molality scale, and white  free energy. Thus, the absolute value of the transfer free
= mole fraction scale). . .
energy even at the longest chain length in our study may

not be the best value for the peptide unit.

The subtractional and composite constructs of Nozaki and
Tanford were also applied to tiacetylglycinamide series
of model compoundsAG?, values for all possible subtrac-

zwitterionic glycine series of model peptides. Because these
were the compounds used by Nozaki and Tanford in their
studies, we will use the same mathematical constructs with

our data. A major difference between the two studies is that ) int . .

. . tional and composite constructs with the series are plotted
Nozaki and Tanford focused on the transfer to urea, while . . . . .
we use a much larger variety of naturally occurring os- in Figure 4 as afgnctlon of the numbe_r _of internal units left

. . . after the subtraction and before the division for each of the
molytes. Shown in panels a, b, and ¢ are the peptide unit.

indicated osmolytes. For example, at one internal unit,

transfer free energies obtained from the subtractional Con'Aéﬁn values for each of the subtractive constructs are

structs, while the composite con_structs are given in par_‘elsplotted for each concentration scale, along with composite
d, e, and f. For all of the protecting osmolytes, the peptide ., nstrcts for two, three, and four internal units. These data
unit transfer free energy varies both in sign and in magnitude jsrate two important points. First, the scatter in the transfer
from one construct to another regardless of the concentration oo energies of the peptide unit defined by these constructs
scale used to desgribe the system. iny for the nonprotecting;g initially quite large and can range over 1004800 cal/
osmolyte, urea, is the peptide unit transfer free energy mo| spanning both positive and negative values. In large
consistently favorableAGuanster is Negative) although sig-  part, the variations are due to the high solubility of many of
nificant differences in magnitude remain among the con- the participants and the resulting discrepancies due to choice
structs. The results in Figure 2 show that the zwitterionic of concentration scale. As the number of internal peptide
glycine series and mathematical constructs fail to give any units increases, this scatter becomes progressively smaller
clear pattern or basis for deciding which transfer free energiesand convergence occurs because only one compound meets
to believe. From these data alone, it is impossible to tell what the requirement of having four internal peptide units.
is responsible for the observed variation in the data, whetherVariation between concentration scales is still evident at four
it is due to the inadequacies of the mathematical constructs,internal peptide units because even at the highest chain length
the choice of concentration scale, the chain length not beinga low molecular weight (and highly soluble) model com-
long enough to eliminate the effects of charged end groups,pound must be subtracted. For this reason, the converged
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Ficure 3: The average intrinsic transfer free energy of the peptide backboneA@fj, (cal/mol), from waterd 1 M of theindicated

osmolytes defined by the divisional constructs of fkacetylglycinamide series, Scheme 3, as a function of the number of internal peptide
units, n: (O) molarity scale; [@) molality scale; £) mole fraction scale.

value will not be the best value for the peptide backbone free energy per peptide unit demonstrates that the peptide
transfer free energy. Second, despite these problems theaunit transfer free energy from wates i M of each of the
composite constructs demonstrate that the protecting os-osmolytes is additive and that this additivity is unfavorable,
molytes approach unfavorable free energies for peptide (dAGy/dNy = (+)), for protecting osmolytes and favorable,
backbone transfer, while the nonprotecting osmolyte, urea, (0AG,/oN,y, = (—)), for urea.

approaches a favorable transfer free energy. Among all of the plots in Figure 5, urea, glycerol, betaine,

The Constant Increment Methodlith model systems of ;14 sarcosine show the least variation A, at two

increasing chain length, Nandi and Robinson used aniniernal peptide units. For these osmolytes, we use the linear
additional construct30), which we will call the constant e fits of the data involving 2 internal units to obtain the
increment meth_od.Thls method determines the transfer freeslope. Upon extrapolation of the resulting lines to the
energy per peptide unit from the slope of a plot of the peptide qginate, it is observed that the molar concentration scale
transfer free energy versus the number of internal peptide y5t4 fit the respective lines better than do the other

units, and Figure 5 gives such data for ecetylglycin- ;o centration scales. We take this as empirical evidence that
amide series of model peptides using the molar, molal, and of the three scales the molar scale best represents(ﬂﬂ@

mole fraction scales. According to the transfer model, the value at two internal peptide units. Accordingly, in all cases

plots shown in Figure 5 may be represented by eq 16. i Figure 5, we use the molar scalS?, values to obtain

linear fits to data>2 internal peptide units and report the
slopes, §AGy/dNy), as constant increment values.

where AGy pepigeis the intrinsic transfer free energy of the ~ Activity Coefﬂmerltf and Charged End Group Effedts.

model peptideAGes is the transfer free energy contribution  SNOWn in eq 14,AGj, becomes equal to Ehe change in

of the end groupg\y is the number of internal peptide units ~ Standard state chemical potential for transfgr?, only when

in the model peptide, andAG,/oN) is the transfer free Fhe activity coefﬂuent ratio forth_e solute in the two solvgnts

energy per internal peptide unit. is unity. I_n the interest of I_<nowmg at what_ concentrations
As expected from the previous figures, the shorter peptides, the activity coefficient ratio becomes unity, we turn to

acetamide and\-acetylglycinamide, show large deviations activity coefficient data presented in the literature.

due to the higher solubility of short peptides and because While activity coefficient data on three component systems

solvation end effects dominate short chain length transferis scarce, fortunately their exists enough measurements

Gibbs energies. But for peptides longer than two internal involving the zwitterionic glycine series (Gly, Glyand Gly)

units in length, the slope of the plot shows that the transfer in water andm 1 M urea solution to apply to our stud$g—

free energy changes by the same increment for each peptidel0). Solubilities of the zwitterionic series along with that of

unit added in chain length. This constant increment in transfer the N-acetylglycinamide series shown in panel a of Figure

AGtr,Peptide: AGgg + Ny (0AG,/oNy,) (16)
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FiGURE 4: The intrinsic transfer free energy of the peptide backbone AGf, (cal/mol), from watera@ 1 M of theindicated osmolytes
defined by the subtractional and composite constructs otheetylglycinamide series, Scheme 4, as a function of the number of internal
peptide unitsih — n): (O) molarity scale; [d) molality scale; {>) mole fraction scale. Shown are simple subtractional construnts; ()

= 1, and composite constructsn( n) > 1.

6 are all observed to decrease exponentially with chain _ NAzlzZe2 1 1\/1 1
length. As a function of molal concentration, panel b shows AGy, gipole = 47e, b RI\D 50 (17)

the activity coefficients of Gly, Gl and Gly in water (lines where Na is Avogadro's numbereo is the permitivity

5 3, and 1, respectively) and L M urea (lines, 6, 4, and 2 constant of a vacuune is the elementary charge of an

respectively). The activity coefficients for the zwitterionic me . y 9

model compounds approach unity only at very low concen- electron, andl_andzz are the unit _charggs on th.e carboxylate,
(—1), and amino groups;H1). b is the ion radiusR is the

gg::cc:)gr?{ra?igi rtgr?ye iroever:]el:jcg I?k:/; egoltgt?irlli i 1|'i?ni?sve|—r|o$-e distance separating the centers of the carboxylate and amino
9 y y ) groups, and, andD are the dielectric constants of water

ever, iF must be recognized that it is the ratio of act?vity and 1 M urea, respectively?). Following Cohn and Edsall,
coefficients of the compounds in watercah M urea thatis 1o = 1 24 A @3) and evaluat values for mono-

important and not the absolute value of the activity coef- through tetraglycine, from the dipole momengs)(of these

e e o MU g = 0.79(y(49), where o vlues
y P for the compounds are taken from Table IV of Edsall and

the data (Flgure 6b) to b.e very glqse but pqt exactly equal Wyman @5). The dipolar ion contributions to the transfer
to unity. Knowing the ratio of activity coefficients for Gly, free energies of these compounds from watet tM urea
Glyf’ and Gly at thelr solub|l_|ty I'm'tf along with their are given as open circles in Figure 7. Subtracting these
AGj, values, permits evaluation dku® for each of the onuibtions from the overall transfer free energies (open
compounds, using eq 14. These data are shown as OpeRy ares) gives a linear dependence (open triangles) of the
squares in Figure 7 along with the datum of glyhe remaining transfer free energy of these model compounds
solubility of which is low enough that the activity coefficient o< 5 function of the number of peptide units. The linear
ratio can legitimately be taken as 1.0. dependence is presumed to reflect the peptide backbone
It has long been considered that the zwitterionic glycine transfer free energy of the glycine series of compounds with
series may not be good models for obtaining the transfer removal of electrostatic effects on the transfer free energy
free energy of the peptide backbone due to the long-rangedue to the ionized end groups. The slope of this linear
electrostatic attraction of the formal charges on the ends of dependence gives56 cal/mole for the transfer of the peptide
the molecules). In the case of dipolar ions such as glycine, backbone unit from wateotl M urea.
diglycine, etc., the electrostatic part of the free energy of
their transfer from water to a medium of different dielectric DISCUSSION
constant can be approximated by use of the Scatchard and Concentration Scalesn performing transfer free energy
Kirkwood expression41), eq 17, measurements, one is immediately faced with the question
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FiGUrRe 5: The intrinsic transfer free energy of the peptide backbone AGf, (cal/mol), from watera@ 1 M of theindicated osmolytes

defined by the constant increment method of khacetylglycinamide series, eq 16, as a function of the number of internal peptide units,
Niu: (O) molarity scale; @) molality scale; {) mole fraction scale. The slope of the linear fit through the data for two, three, and four
internal units gives the transfer free energy per peptide unit. The data for 0 and 1 internal units were not used for the linear fit. The slopes,
(dAGy/ONyy), are given in Table 2.

of choosing a concentration scale to use. Figure la showsa basis for comparison (e.g., equal masses or equal volumes
that for transfer of CGG from wateotl M concentrations  of the solvents) and evaluating the mole ratio of the model
of either glycerol, sorbitol, sucrose, or trehalose, the mole compound in each solvent, one can readily make corrections
fraction scale gives a favorable transfer free energy while for the differences between the two solvents, and the various
the molal and molar scales show the transfer is thermody- concentration scales will all give the same transfer free
namically unfavorable! Others have noted the same discon-energy for the basis selected when the model compound
certing finding that for the same compound, different solubility is low in both solvents. Figure 3 shows that this
concentration scales can give transfer free energies that diffedlow solubility condition is reasonably met for chain lengths
in sign 32). Cohn and Edsall, Kauzmann, Tanford, and of 2, 3, and 4 internal peptide units on transferring the
others have argued the mole fraction scale as the mostN-acetylglycinamide series to a variety & M osmolyte
suitable for transfer free energies, 8, 15, 29, 46), while solutions. The transfer free energy results for compounds of
Robinson and Jencks promoted use of the molarity sd¢dle (  low solubility in the model series are to be contrasted with
47). On the basis of a statistical mechanics treatment of the the results for highly soluble model compounds in the series.
problem, Ben-Naim has argued strongly in favor of the The model compounds representing zero and one internal
molarity scale and against the mole fraction sc&8®.( peptide units in theN-acetylglycinamide series (Figure 3)
There are two ways that the choice of concentration scaleare soluble enough that they contribute significantly to the
can affect values reported for transfer free energy; one is density and total moles of their respective saturated solutions,
observed with compounds of low solubility, and the other and though corrections for solvent differences have already
can best be seen with highly soluble compounds. For a solutebeen applied, the data show that concentration scale depend-
of low solubility, we mean low enough that the compound ent contributions remain. These residual concentration scale
does not contribute substantively to the total moles of the effects are, no doubt, responsible for much of the lack of
solution or the density of the solution. For such solutes, the agreement of transfer free energy results between different
transfer free energy differences between the various con-labs dealing with highly soluble model compounds and
centration scales arise entirely from differences in the perhaps different chemical models.
densities of the two solvents and differences in the total moles Nowhere is the influence of residual concentration effects
of species in the solvents (egs 8, 9, and 10). Upon choosingmore evident than the data shown in Figure 4 under the
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o7k solubility limit (O) and the difference between electrostatic energies
i due to charged end group attraction within the peptides in water
0.65 E and in 1 M urea as evaluated using the Scatchard and Kirkwood
0.6 Fosvoomd + il ¢ vvumd 2ovd ieim expression, eq 17). The distanceR, between charged end groups
was obtained from the dipole moments listed in Table IV of Wyman
0.001 0.01 01 1 10 100 and Edsall usingR = ,(3.34 x 10-29)/e, wheree s the elementary
Molality (mol/kg H0) charge of an electromgy = 2.75 A;Rgy, = 4.71 A;Rg)y, = 6.13

A; Ray, = 7.02 A. The dielectric constant was taken to be that for
Ficure 6: Comparison of model peptide solubilities on the molality the solvents water, 78.54, éril. M urea, 81.3642), at 25°C.
per kilogram of water concentration scale (a) with molal activity Triangles are the difference between the squares and the circles,
coefficients of polyglycine-water-urea ternary systems reported  which approximately removes the electrostatic contributions of the
in the literature (b): (a) solubilities of model peptides in water as charged end groups from the transfer chemical potential. The slope
a function of chain length for A) cyclic glycylglycine, () of the triangle data;-56 cal/mol, represents the transfer free energy

zwitterionic polyglycine series, an®j N-acetylglycinamide series;  of the peptide unit free from charged end group effects.
(b) activity coefficients for polyglycinewater-urea ternary sys-

tems on Egg rg;))la(lzger kilogram(gg)w?g)er concent(rget;ii)ggic?dlﬁi (1) possible conditions under which the subtractive and com-
Y Glys,water (96, ) Y Glys,1M Urea ; Y Gly,,Water ) i nstr n aive reliable transfer fr nerai i
YGly,1M Urea (36, 39); (5) Yoiywater (38, 40); (6) Yly,1m urea (40). \?vohse:-]e bc(g[hsé(;];tsoaidsginsoﬁ,e%bhea;[,: I(fV\? solile;il?ty? gies s
These two constructs, as well as the divisional construct,
category of one internal unit for each of the nine osmolytes. also have a bearing on the question of additivity. Robinson
The highly scattered data reported in this category were and Jencksl(l) pointed out that because of their reciprocal
obtained by subtractindG;,, of any one of theN-acetyl- relationship, subtracting transfer free energies of compounds
glycinamide model compounds froMG;, of the model whose structures differ by one additional functional group,
compound one peptide unit longer. While a small number implicitly assumes that the transfer free energies of the
of the points represent transfer free energy differenceschemical groups are additive. The same is true of the
between model compounds that fit in the low solubility divisional construct. Accordingly, if group additivity indeed
regime, the majority of the points arise from compounds occurs, it must be demonstrated by means of empirical
whose solubility is significant enough to cause changes in observation. Through use of the constant increment method
solution density and contribute a significant number of moles (Figure 5), such evidence is provided by the transfer free
to the total solution. The high solubility of the relevant model energies ofN-acetylglycinamide compounds having2
compounds is what introduces this particular type of internal peptide units. The slope of the plé@AGy/0N\y)
concentration scale dependence and generates a large rangkustrates two points. The first is that the transfer free energy
of values spanning both negative and posith@;, values. increases by the same constant increment with each ad-
Given that these are the procedures used by many in reportingditional peptide unit, thus demonstrating additivity. The
peptide backbone transfer free energies and that differentsecond is that the same slope will be obtained regardless of
concentration scales and chemical models were frequentlywhich concentration scale is selected as the base. That is,
used, it is not surprising that there can be significant lack of the constant increment method gives concentration scale
agreement between laboratories as to the transfer free energindependent evaluations of the transfer free energy of the
of the peptide backbone unit. chemical grouping of interest. When evaluated in the manner
Mathematical Constructs, Constant Increment Method, and described, such transfer free energy changes are extremely
Additizity. The example above demonstrates that when important because they make the practical necessity of
applied to compounds of high solubility, the subtractive choosing a concentration scale irrelevant as a problem.
construct provides transfer free energies that are not reliable. In effect, the constant increment method is a version of
The same can be said in the use of the composite constructshe subtractive and composite constructs. Although there will
if one of the compounds involved is highly soluble. The only be larger error in doing so, one will get the same values for
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Table 2: The Intrinsic Transfer Free EnergyGs, (cal/mol), of the CGG from water ® 1 M TMAO reported in Table 2 is
Peptide Unit Defined by Cyclic Glycylglycine, CGG/2, and by the ~ Comparable to that reported by Zou et. al., though the error

Constant Increment MethodAGy/dNy we obtain is about two-thirds the error reported by théB).(

1 M osmolyte CGG/® IAGy/IN Solubility plots for glycine obtained in this laboratory over
TMAO % 87 a period of several years suggests tha0 cal/mol of peptide
sarcosine 52 48 unit can reasonably be expected as the range of experimental
betaine 67 62 errors of transfer free energies obtained using our methods
proline 48 33 for determining solubility limits. Applying these error limits
g(')yr%?tré’ll ég g% to the points shown in Figure 5 and propagating the errors
sucrose 62 50 to evaluate the slopes from the last three points in each plot
trehalose 62 47 give fitting errors for the data shown foBAG,/0N,y) in
urea -39 —43 Table 2. The fitting errors indAG,/aN,y) are well below

a Calculations on an equal mass basis for both solvents. 10 cal/mol of peptide backbone unit for all solutes except

TMAO, proline, and sorbitol, for which the errors are 18,
the transfer free energy either using the constant incrementll1, and 20 cal/mol peptide unit, respectively.
method or applying the subtractive method\t@cetylgly- Within the estimated error limits, the free energy values
cinamide model compounds havia@ internal peptide units.  in Table 2 for CGG and th&l-acetylglycinamide series are
By the same token, applying the composite construct to thein excellent agreement for transfer of the peptide unit from
transfer free energies dfi-acetylglycinamide compounds water to 1 M TMAO or urea. The transfers are from water
having two and four internal peptide units and dividing by to the naturally occurring osmolytes that have the largest
two give the same transfer free energy per peptide unit aseffects on proteins, TMAO being the most potent protein
that provided by the constant increment method. In summary, stabilizer and urea the most effective protein destabilizer.
when applied to congener compounds of sufficient chain Though there is somewhat less agreement between the
lengths such that the solubilities of both compounds are very transfer free energy values involving some of the remaining
low, the subtractive and composite constructs can give osmolytes, the agreement is still quite good considering that
transfer free energy data that are valid and exhibit additivity. the maximum transfer free energy difference between models
Activity Coefficients and Transfer Free Energies from is only 17 cal/mol of peptide unit. Given that a change of
Different Chemical ModelsLiterature data on activity 1% in the mole ratio of the solubilities changes the transfer
coefficients of the zwitterionic glycine series in water and 1 free energy by about 6 cal/mol/peptide unit, very small
M urea are useful for evaluating the relative contributions experimental errors can readily account for the observed
of nonideality to transfer free energies. It is again worth differences. The two chemical models in Table 2 are
emphasizing that it is the ratio of activity coefficients of the chemically quite different, yet their peptide backbone transfer
solute in the two solvents that is important in this connection free energies to a diverse array of solvents are very much in
and not the activity coefficients themselves. The corrections agreement. We interpret this to mean that the peptide
due to activity coefficient ratios for glycine, diglycine, and backbone transfer free energies in Table 2 are independent
triglycine are—15.1,—30.0, and-5.1 cal/mol, respectively ~ of the chemical model used for their determination. To our
(evaluated from data given in Figure 6b). When one considersknowledge, this is the first broad-based demonstration of
that the activity coefficient ratios become even smaller with (chemical) model independent transfer free energies of the
increasing chain length, it is evident that activity coefficient peptide backbone unit.
contributions will be negligibly small for zwitterionic Which concentration scale should be used in evaluating
compounds> 2 internal peptide units in length. Given these transfer free energies is a question of long standing, and it
results, it is reasonable to assume that activity coefficient can be addressed by comparing concentration scale dependent
corrections will also be negligible for those members of the transfer free energies with those obtained by means of the
N-acetylglycinamide series that have solubilities in the same concentration scale independent constant increment method.
range as triglycine and tetraglycine and that the constantin fact, the molal concentration scale is the basis for the CGG
increment method is essentially free of activity coefficient transfer free energy results reported in Table 2, and different
effects within this range. Because CGG also falls within this values are obtained if equal volumes of solvents (molar) or
concentration range (Figure 6), it too should be expected to equal total moles of solvents (mole fraction) are chosen as
have no activity coefficient contributions to its free energy the bases for the transfer free energy determinations. Data
of transfer. in Table 1 provide the factors to be used in converting from
Table 2 shows free energies of peptide unit transfer from the CGG transfer free energies of Table 2, based on the molal
water b 1 M concentrations of nine osmolytes, using CGG scale, to the molar and mole fraction based CGG transfer
and constant increment values for tNeacetylglycinamide  free energies. To obtain the molar scale transfer free energies,
series as model systems. Values listed for CGG are singlevalues in column two of Table 1 are first divided by two (to
guantities obtained from solubility plots in which a line account for CGG having two peptide units), and the result
obtained from compositions below the solubility limit is added to the corresponding molal-based value in column
intersects with the line formed using compositions above the 2 of Table 2. Using column 3 of Table 1, we perform similar
solubility limits (18, 20). Consequently, we can only estimate operations as above in converting the molal-based values in
the errors associated with the measurements. Fitting errorsTable 2 to mole fraction based quantities. Because many of
obtained for the point of intersection giveslé cal/mol of the mole fraction based CGG transfer free energies are found
peptide unit for trehalose an#d10 cal/mol of peptide unit  to be opposite in sign from the values determined by means
for urea and all other osmolytes. The transfer free energy of of the constant increment method, it is abundantly clear that
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mole fraction is not a proper scale to use in transfer free providing additional evidence that the peptide unit transfer
energy measurements. By contrast, the molar-based CGdree energy is independent of the choice of model compound.
transfer free energies deviate less than 5 cal/mol of peptide

unit from the constant increment method values in the casesCONCLUSIONS

of TMAO, sarcosine, betaine, proline, and urea but differ
by ~23 cal/mol of peptide unit for glycerol, trehalose, and
sucrose and 35 cal/mol of peptide unit for sorbitol. Empiri-
cally, the molal-based CGG peptide unit transfer free energies
agree better with the constant increment values but[.nOtthat have prevented the quantitative development of the
sufficiently enough to exclude the molar-based quantities.

To ridorously test th tion of preference reqarding molal- transfer model. The work described here indicates that with
0 rigorously test the question of preference regarding moial- ., o design of model compounds and proper execution
and molar-based transfer free energies or whether neither is

adequate in all cases, experiments performed in solvents otOf experiments, there appears to be no serious impediment
Jequate in >, EXpe PE to quantitative development of the transfer model into a
widely differing densities will be required.

4 . o useful tool for describing major structural transitions involv-
The polyglycine model series originally used by Cohn and ing proteins.

Edsall and by Nozaki and Tanford is the first model
compound series to be used in obtaining transfer free energyackNOWLEDGMENT
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