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ABSTRACT. Small proteins provide convenient models for computational studies of protein folding and
stability, which are usually compared with experimental data. Until recently, the unfolding of Trp-cage
was considered to be a two-state process. However, no direct experimental evidence for this has been
presented, and in some cases, the contrary has been suggested. To elucidate a detailed unfolding mechanism,
we studied the thermodynamics of unfolding of Trp-cage by differential scanning calorimetry (DSC) and
circular dichroism (CD) spectroscopy. The observation that at low temperatures-86ty95% of Trp-

cage exists in the native conformation presented an analytical challenge. Nevertheless, it was found that
the DSC and CD data can be fitted simultaneously to the same set of thermodynamic parameters. The
major uncertainty in such a global fit is the heat capacity change upon unfoldi@g, This can be
circumvented by obtainingC, directly from the difference between heat capacity functions of the native
and unfolded states. Using such an analysis it is shown that Trp-cage unfolding can be represented by a
two-state model with the following thermodynamic parametéig:= 43.9+ 0.8°C, AH(Ty,) = 56+ 2

kd/mol, AC, = 0.3 £ 0.1 kJ/(moiK). Using these thermodynamic parameters it is estimated that Trp-
cage is marginally stable at 2%, AG(25°C) = 3.2 + 0.2 kJ/mol, which is only 30% more than the
thermal fluctuation energy at this temperature.

The discovery of rapidly folding small proteins and cage fold and impart tertiary structural characteristics on the
peptides has narrowed the gap between protein folding peptide giving it features of a “miniprotein”.
computational studies and experiment, as the faster experi- Thermal unfolding of Trp-cage was monitored using
mentally determined time scales have become more feasibledifferent spectroscopic methods which all indicate that Trp-
for computational studiesl). Model peptides for these cage unfolds in a cooperative two-state process 8j.
studies are isolated regions of different proteigs§). A However, in 2005 Ahmed et al., using UV-resonance Raman
major limitation is the modest population of natively folded spectroscopy, suggested that an intermediate is formed during
structures and/or aggregation, in the absence of cosolventsthe thermal unfolding of Trp-cage and that Trp-cage does
that occur when the peptide is no longer within the tertiary not unfold in a two-state process. Folding kinetics experi-
structural context of the protein. To remedy this, peptides ments have shown that Trp-cage folds with two-state kinetics
have been redesigned to improve their solubility and the and is, to date, the fastest folding “protein” with a folding
extent of native structure formation without the requirement rate of 4us (8). On the other hand, by probing the folding
of cofactors or organic cosolvents. A prime example of this dynamics of Trp-cage using a fluorescent tag, Neuweiler et
strategy is the design of Trp-cage. al. (9) suggested that Trp-cage forms a molten globule-like

Trp-cage is a synthetic 20-residue peptide based on theintermediate, which enhances the folding rate. Even though
39-residue peptide exendin-4 from the Gila monster saliva the small size of Trp-cage and its exceptionally fast folding
(7). By truncating the exendin-4 N-terminal region by 19 rate have made it a very attractive model for computational
residues and substituting a further 5 residues, the authorsstudies {0—-22), the question of whether or not the unfolding
were able to construct a monomeric peptide which is folded of Trp-cage is a two-state process has not been specifically
in solution. The structure of Trp-cage was solved by NMR, addressed experimentally. In order to investigate this ques-
and it showed that the peptide consists obahnelix (residues  tion, we monitored the thermal unfolding of Trp-cage using
2—8), a short 3-helix (residues 1%14), and a polyproline  a nonspectroscopic method, differential scanning calorimetry,
Il helix at the C-terminus. The interactions between Tyr3, as well as a spectroscopic method, far-UV circular dichroism.

Trp6, Glyll, Prol2, Prol8, and Prol9 constitute the Trp-
MATERIALS AND METHODS

f This work was supported by a grant (GM54537) from the National ~ Peptide Synthesis and Purificatiofihe Trp-cage peptide

Institutes of Health. _ _ (NLYIQWLKDGGPSSGRPPPS) was synthesized using
Emgﬁ”?gfﬁggggggﬂéﬂn (717) 531-0712. Fax: (717) 531-7072. gtandard Fmoc chemistry at the Penn State Macromolecular
#The Pennsylvania State University College of Medicine. Core Facility. The peptide was purified by reverse-phase
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gradient in the presence of 0.066.05% TFA. After HPLC, a scan rate of 90 deg/h (as described in Z3sand 24).
fractions containing peptide were pooled, lyophilized, and Unfolding was performed in 20 mM sodium phosphate or
resuspended in deionized water, and the process was repeate2d mM sodium cacodylate, both at pH 7.0. The partial molar
to remove residual TFA. Peptide purity and identity were heat capacity of Trp-cage in solution was calculated to be
confirmed by MADLI-TOF (data not shown). Trp-cage 0.706 cni/g (25). Reversibility was determined by repeating
concentration was determined spectroscopically at 280 nmthe experiment on the same sample and was found to be
using an extinction coefficient @bgp 0.106= 3.24 0.u., where ~ >98%.
0.u. stands for optical units. The peptide was equilibrated Data Analysis. The DSC and CD data were fitted
into either 20 mM sodium phosphate or 20 mM sodium simultaneously (global fit) to a monomolecular two-state
cacodylate, both at pH 7.0, using a Sephadex G-10 columnunfolding model where only native (N) and unfolded (U)
(1 cm diameterx 50 cm), prior to DS€or CD. states significantly populate the thermal unfolding transition.
Analytical Equilibrium Ultracentrifugation. Analytical For a two-state unfolding model, the enthalpy of unfolding
ultracentrifugation experiments were performed using a (AH), the heat capacity change upon unfoldifgc), and
Beckman XLA centrifuge. Profiles were collected at 280 nm. the transition temperaturd) are sufficient thermodynamic
All experiments were performed at°€ and at 35000 rpm  parameters to describe the unfolding proc&s; 27).
in 20 mM sodium phosphate or 20 mM sodium cacodylate, The relationship between Gibbs free energyGjj, AH,
both at pH 7.0. The data were fitted using nonlinear andASis described by
regression software (NLREG) to the following equation,
which describes the distribution of a single ideal species at AG(T) = AH(T) — TAYT) Q)

equilibrium: whereAH andAS are the enthalpy and entropy changes of

w2 o ) peptide unfolding, respectively. The temperature dependence

C=¢C, ﬁM(l —p)(r* —ry’) (1) of AH andASis defined by the heat capacity change upon
unfolding, AC,, as follows:

whereC, is the peptide concentration at radiyL,, is the

concentration of monomeric peptiderat w is the angular AC. = dAH(T) — TdAS(T) (4)

velocity, Ris the gas constant [8.134 107 erg/(molK)], T P dr dar

is the temperature in kelvirivl is the monomer molecular

weight, v is the partial specific volume of the solute, and

is the density of the solvent (equal to 1 g&mFrom the

fitted data, the molecular weight of Trp-cage was found to T —7T

be 2.1+ 0.1 kDa, which is consistent with the predicted AG(T) = m AH(T,) + ACp(T -T,)+

If AC, is independent of temperature, the temperature
dependence of the Gibbs free energy can be defined as

molecular weight based on the amino acid composition for T
monomeric Trp-cage. T,
Circular Dichroism (CD) Spectroscop@D measurements TAG, In{=] ()

were performed on a Jasco J-715 spectrapolarimeter. All

measurements were carried out gsinl mmwater-jacketed  The CD and DSC data were fitted simultaneously to eq 5
cylindrical quartz cell, and the temperature was regulated using nonlinear regression software (NLREG). In general,
by an automated circulating water bath. Far-UV CD spectra two independent enthalpies, namely, the fitted enthalpy,
were measured from 250 to 190 from 2 to 92 at 5°C AH(Ty), and the calorimetric enthalpyAHca(Tm), can be
increments. Ellipticity values®) were converted to mean  determined directly from a single DSC experime2#, (27).

residue ellipticity (P] in deg cn? dmol1) using If the AH(T,) and AHca(Tm) are the same, the thermal
unfolding is closely approximated by a two-state process.
[©] = ©MR/(10ic) ) For this reason, DSC is the method of choice when

where MR is the mean molecular mass of the amino acids determining the mode of unfolding. However, in the case of
(for Trp-cage MR= 108.47),l is the light path length in Trp-cage, th$H°a'(Tm) could not be e\{aluateq as the native
centimeters, andis the peptide concentration in milligrams ~ Stéteé baseline could not be determined directly from the
per millliter. The far-UV CD spectra show a minimum experimental dgta becaus_e the native state population never
ellipticity at 222 nm indicative ofi-helical structure, and ~ "€aches 100% in the studied temperature range (see below).

this wavelength was used to monitor Fhe tempfarature-inducedRESU|_-|-S AND DISCUSSION
unfolding of Trp-cage. For CD unfolding, peptide concentra-
tions were~0.1 mg/mL in 20 mM sodium phosphate or 20 Figure 1A,B shows the temperature-induced unfolding
mM sodium cacodylate, pH 7.0. Reversibility studies were profiles for Trp-cage as monitored by circular dichroism
performed by measuring the far-UV CD spectrum of the (CD) spectroscopy and differential scanning calorimetry
peptide at 2C after unfolding at high temperatures (revers- (DSC). Inspection of the profiles suggests that even at low
ibility was found to be>90%). temperatures Trp-cage does not appear to be 100% native.
Differential Scanning Calorimetry (DSCPSC experi- This is consistent with the original observations by Neidigh
ments were performed using a VP-DSC instrument (Microcal et al. (7), that provided NMR evidence that Trp-cage is 95%
Inc.) at Trp-cage concentrations from 1 to 1.3 mg/mL with native at 4°C. Analyzing the unfolding profiles without a
well-defined native state baseline presents a formidable

1 Abbreviations: DSC, differential scanning calorimetry; CD, circular challeng_e, particularly when the mode of unfolding is not
dichroism; NMR, nuclear magnetic resonance. well defined.
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Ficure 1: Temperature-induced unfolding of Trp-cage. Panel A: Thermal unfolding of Trp-cage monitored using DSC in 20 mM sodium
phosphate or 20 mM sodium cacodylate, pH %X). (The solid lines represent the fit to a two-state model. The dashed lines show the
positions of the unfolded state baseliri, () and the native state baseling,() whereC,y was nonlinear. Panel B: Thermal unfolding
of Trp-cage monitored using far-UV CD at 222 nm in 20 mM sodium phosphate or 20 mM sodium cacodylate, g Tlde(solid line
represents the fit to a two-state model, a®J and [@]n represent the unfolded and native state baselines, respectively. Panel C: Far-UV
CD spectra from 2 to 97C at 5°C increments showing the isodichroic point~e203 nm. Panel D: Fraction unfolded for CD data (thin
solid line) and DSC data (dashed line), both fitted to a two-state unfolding model. The open sydbpresent the experimental CD
fraction unfolded in 20 mM sodium phosphate or 20 mM sodium cacodylate, pH 7.0.

The temperature dependence of the CD spectra (Figure Representation of the heat capacities of the native state
1C) shows a well-developed isodichroic point that is often as a linear function of temperature has been well justified
considered to be indicative of a two-state proce2d).( experimentally 80—34). However, the linear temperature
Consequently, we asked the question whether a single seflependence of the heat capacity of the unfolded state is only
of thermodynamic parameters could simultaneously describeapplicable for proteins with large enthalpies of unfolding
the DSC and CD unfolding profiles according to a two-state because the larger the enthalpy of a two-state transition, the
model, where the monomeric native state (N) unfolds to yield narrower the temperature range of the unfolding transition
the unfolded state (U; as described by<NU), and if so, (30). For Trp-cage the thermal unfolding transition seems
does the global fit produce reasonable values for the nativef© be rather broad, and thu§ the unfolded state baseline should
and unfolded state baselines. When the global fitting routine P& represented by a nonlinear function. It has been shown
had 11 parameters [8 parameters describing the linearthat the heat capacity of the unfolded polypeptide can be
dependences for the native and unfolded states for CD andc@lculated from the amino acid composition &8, (35)

DSC, in addition to the transition temperatufg, enthalpy

of unfolding atT., AH(T.,), and heat capacity changes upon Cgillc(T) = Cp,—CHCONH—(T)(n -+ ZCPR(T)ni (6)
unfolding, ACy], the values for the unfolded baselinds, "

and AH(Tr), remained almost unchanged, while there was \yheren is the total number of amino acid residussis the

an interdependence of the slope of the native state baselinefumber of a given type of amino acid resid@s, crconr-(T)
andAG, (data not shown). The interdependence of the native js the temperature dependence of the partial heat capacity
state baseline antiC, suggests that one needs to determine of the peptide backbone, art,r(T) is the temperature
one of the two parameters independently. Sin€g is the dependence of the partial heat capacity of the individual
difference between the heat capacity of a protein in the amino acid side chain. The values 6f —crconu-(T) and
unfolded Cpu) and native states{n), the fitting routine Cor(T) have been determined previously for the temperature
was modified not to fit forAC, implicitly, but as the range from 5 to 1258C (32, 35). Thecpfj'c(n for Trp-cage,
difference betweer€,y and C,n (29). This explicit deter-  calculated using eq 6, shows that at high temperatures
mination of AC, leads to an excellent fit of both CD and C;i'fm is very close, within 0.2 kJ/(meK) or only 4% of
DSC profiles (see Figure 1A,B), with the following param- the absolute value, to the heat capacity of the Trp-cage
eters of unfoldingT, = 43.7+ 1.8°C, AH(T,) = 56 + 2 measured experimentally. As a result, this function was used
kJ/mol, andAC, = 0.3 + 0.1 kJ/mol, determined from the in the global fit as the heat capacity of the unfolded state
difference ofC,y and Cy . but was allowed to undergo vertical displacement. The results
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of the global fit using the nonlinear dependence of the state of Trp-cage at 2%C is estimated to be 4.06 kJ/(mol
unfolded state baseline for the DSC profile is shown in Figure K) or 1.89 J/(gK), which is somewhat larger than the known
1A. The thermodynamic parameters were found tdhe= specific heat capacities of globular proteins ranging from
43.94 0.8°C, AH(Tyy) = 56 £ 1 kJ/mol, andAC, = 0.25 1.25 to 1.80 J/(&K) (24, 34, 43). Consequently, the heat
+ 0.05 kJ/(molK), which is very similar to the values capacity change upon unfolding is rather small, orfy.3
obtained when using a linear heat capacity for the unfolded kJ/(motK). Such a smalAC; is probably due in part to the
state. Moreover, the two-state global fits, with different structural peculiarity of Trp-cage that has part of the molecule
unfolded heat capacity functions, produce very similar heat in the PPII conformation. For comparison, the heat capacity
capacity functions for the native state (Figure 1A). Tie change upon unfolding is considered to be close to zero in
values obtained previously (approximately 42 refs7 and collagen, where individual polypeptides that form a triple
8) compare well with thel,, obtained using DSC and far- helix are in PPIl conformation (see, e.g., ré5). The
UV CD at 222 nm, taking into consideration the relatively similarity with collagen can be further extended to the
broad thermal transition. This observation further argues thatenthalpy of unfolding. For example, a (PR&¥equence
the unfolding is a two-state process, as two-state thermalrepeat forming a collagen triple helix unfolds at 32 with
transitions should yield similar thermodynamic parameters the enthalpy of unfolding of 179 kJ/mol, which translates to
irrespective of the probe used to monitor the thermal 2 kJ/mol per amino acid residud@). This compares well
unfolding process3pb). with the 56 kJ/mol for the enthalpy of unfolding at 4G
Figure 1D shows the population of the native and unfolded for Trp-cage, keeping in mind that Trp-cage has 5 or 6 out
molecules calculated according to the global fit to a two- of 20 of its residues in the PPIl conformation, ang®
state model. Importantly, the model predicts that the native residues forming an-helix, another structural element that
state is 92% populated at 4C, which is in excellent  also has rather low enthalpy of unfolding7( 38, 47—49).
agreement with 95% previously estimated on the basis of Overall, it appears that the temperature-induced melting
NMR (7). Overall, the temperature-induced transition of Trp- profiles of the Trp-cage miniprotein monitored by two
cage is rather broad where the population of unfolded independent methods (CD spectroscopy and DSC) can be
molecules will reach 99% above 10C (Figure 1D). fitted to a two-state model. The global fit not only allows
It is clear that the same set of thermodynamic parametersthe estimation of the thermodynamic parameters of unfolding
can simultaneously describe the CD and DSC thermal but also allows one to obtain rather reliable estimates for
unfolding profiles according to a two-state model. The the native state baselines that are otherwise undefined. This
question is how realistic are the estimates for the native andis only possible because of the independent semiempirical
unfolded state baselines. The native state and unfolded state@stimate of the heat capacity change on unfolding from the
baselines for the CD unfolding profile are within the range DSC profile. The obtained thermodynamic parameters esti-
one would expect for a helix-containing peptide. For mate the stability of the Trp-cage miniprotein atZ5to be
example, the slope for the native state~50 deg dmot* AG(25°C) = 3.2 £ 0.2 kd/mol, which is only 30% more
cm~2 per °C, which compares well with the slope of the than the thermal fluctuation energy at this temperature.
temperature dependence of ellipticity for arhelix (see,
e.g., refs37 and 38), recognizing, however, that aromatic ACKNOWLEDGMENT
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