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Introduction

The de novo design and total synthesis of monomeric globu-
lar proteins with linear sequences in excess of 50 amino acid
residues is a considerable challenge. Adding to this chal-
lenge is the design of proteins that fold into well-defined ter-
tiary structures. In de novo design research, a synthetic ap-
proach is required as it offers fast access to the designed
protein for structure and stability analysis. So far, only two
monomeric globular proteins have been synthesized that

have a native-like structure.[1,2] These are three-helix bun-
dles and are constructed of 65 and 71 residues. Other de-
signed monomeric proteins with well-defined folds consist of
short amino acid sequences,[3–5] which is a challenge in itself.
Recent advances in computer-assisted design[6] have yielded
well-folded structures[7–9] as well as monomeric proteins of
more than 90 residues that are prepared by protein expres-
sion.[10,11] For the preparation of larger monomeric struc-
tures, protein designers have employed methods that involve
protein assembly on templates.[12–15] A number of designed
well-folded proteins have been reported that have a total of
more than 50 residues. They are constructed though of ag-
gregates of secondary-structure-containing building-blocks
such as a-helices,[8,16] b-strands,[17] and the helix-loop-helix
motif.[18,19] This strategy for designing oligomeric aggregates
is interesting as it offers a simple way to prepare tertiary
structures. However, there is a need to prepare monomeric
globular proteins for folding analysis and for the engineering
of unique binding sites as this is a common motif in nature.
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De novo protein design offers the ultimate test for our un-
derstanding of protein folding and structure, which has prac-
tical applications in the engineering of, for example, biosen-
sors,[20] novel catalysts,[21] immunogenic folds,[22] pharmaceut-
ical applications,[23] and cofactor-linked proteins.[24,9] Previ-
ously, the majority of de novo designed proteins were best
described as molten globules due to elusive design princi-
ples. Today much has been learned from de novo design
which now enables the construction of peptides and proteins
with well-defined structures.[25–27] It is important to consider
the fact that shape-complementarity between the hydropho-
bic interfaces of amphiphilic a-helices and b-sheets is not
enough to achieve well-defined tertiary structures and that
the incorporation of conformational constraints is necessa-
ry.[28, 29]

Previously the author has reported with collaborators on
the de novo design and synthesis of GTD-43, a 43-residue
peptide that dimerizes to form a four-helix bundle.[29,30] The
related and more soluble GTD-C has also been reported
previously.[31] These structures have been shown to fold into
well-defined four-helix bundles by circular dichroism (CD),
sedimentation equilibrium ultracentrifugation, and NMR
spectroscopy. The well-folded nature of the structures was
attributed to the designed aromatic ensemble in the central
hydrophobic core, designed to form a conformational con-
straint and restrict the dynamics of the hydrophobic residues
in the folded structure.[30] In addition, GTD-C showed that
there was increased specificity other than the contribution
from the aromatic ensemble, which was assigned to the in-
terhelical salt bridge between His17 and Asp27 located at
the hydrophobic core-loop boundary.[31]

The de novo design and structural characterization of
GTD-Lig, a monomeric four-helix bundle protein, is report-
ed herein. The design is based on the folded dimeric struc-
ture of GTD-43. The sequence of GTD-43 was redesigned
in order to connect all four helices together through a rear-
rangement of the loops. This new monomeric four-helix
bundle is folded from a single polypeptide chain containing
90 amino acid residues. In the work described herein the
modifications required to transform a well-folded dimeric
four-helix bundle protein into the corresponding monomeric
four-helix bundle were investigated.
Also presented in this report is the total synthesis of the

designed monomeric globular protein, prepared through the
use of the native chemical ligation strategy (NCL).[32]

A major advance in protein chemistry has been the devel-
opment of chemical ligation methods by which two unpro-
tected peptide fragments are chemoselectively ligated to-
gether. These methods have drastically increased the size of
synthetic proteins and allowed their redesign.[33,34]

Up to now, the syntheses of the required C-terminal pep-
tide thioesters have been performed mainly by the Boc-pro-
tection strategy (Boc; tert-butyloxycarbonyl) of solid-phase
peptide synthesis (SPPS). The disadvantage of the Boc strat-
egy is the repeated use of strong acid for a-amino deprotec-
tion and final HF cleavage. Other disadvantages are encoun-
tered when the peptide segment is modified with HF sensi-

tive glycosidic linkages or fluorescent probes. For these rea-
sons the Fmoc-protection strategy (Fmoc; fluorenylmethoxy-
carbonyl) is preferred for its milder conditions. However
there is one problem to overcome with the Fmoc strategy,
which is the susceptibility of the thioester linkage towards
nucleophilic piperidine which is used for Fmoc removal. In
recent years, several strategies have been reported that over-
come this problem.[35] The published methods however
either require extensive optimization, special agents/linkers,
or are reported to cause undesirable side-reactions.
A simple alternative to previously published methods of

peptide-thioester preparation with Fmoc SPPS is the side-
chain anchoring of an orthogonally protected amino acid on
to the resin. Tulla-Puche and Barany have reported on the
synthesis of a peptide-thioester by side-chain anchoring of
Fmoc-Asp-Allyl for on-resin ligation.[36] Here, as the thioest-
er is cleaved from the resin and purified before ligation,
Fmoc-Glu-Allyl is used in combination with a peptide-
amide resin that forms a glutamine upon cleavage to avoid
possible side-reactions such as ester migration.[37] The allyl is
an orthogonal protecting group on the a-carboxy group,
which is simply and selectively removed after completion of
the sequential solid-phase peptide synthesis. Glycine-benzyl
thioester is then coupled to the resulting free a-carboxy
group using standard coupling reagents;[38] thereafter, the
desired peptide-thioester is released from the resin through
standard TFA-cleavage procedures.
The monomeric four-helix bundle protein presented

herein has been synthesized in high yield with the aid of
NCL and studied by a number of biophysical analytical
methods to determine its structure and stability. The results
show that the structure is highly helical and that it folds into
a native-like monomeric structure. These results have impli-
cations for the de novo design and total synthesis of large
monomeric proteins with applications, for example, in the
research of membrane channels, metalloproteins, and the
binding of cofactors. The preparation of GTD-Lig, which
contains 90 residues, demonstrates that the presented strat-
egy for peptide-thioester synthesis in combination with
native chemical ligation provides an easy access to large
peptides/proteins. The results also show that the redesign of
de novo designed and native proteins is possible as the rear-
rangement of the loops in the four-helix bundle had little
effect on the tertiary fold.

Results

The design of GTD-Lig : The monomeric four-helix bundle
protein GTD-Lig was designed based on GTD-43 and
GTD-C. These 43-residue polypeptides fold into helix-loop-
helix motifs that dimerize to form antiparallel four-helix
bundles in aqueous solution. The de novo design procedure
of GTD-43 and GTD-C, which has previously been de-
scribed in detail, involves the design of an aromatic ensem-
ble, Phe10 and Trp13 in helix 1 and Phe34 in helix 2, that in-
duces unique conformational stability.[30] The conformational
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stability of GTD-43 is characterized by a well-dispersed 1H
NMR spectrum that exhibits slow exchange on the NMR
timescale, slow amide proton exchange rates in part of the
sequence, and a narrow temperature range for thermal de-
naturation.
For the design of the monomeric four-helix bundle, it was

necessary for the loops to undergo rearrangement to avoid a
loop stretching the length of the helical structure. To do this,
the loop between helices 1 and 2 was removed and two new
loops between helices 1 and 1’ and between helices 2’ and 2
were designed (Figure 1). The loop between helices 1’ and 2’
was unchanged. The new loops were designed to have the
same sequence as in the original helix-loop-helix, namely,
Gly-Thr-Gly-Pro.
The site for native chemical ligation was designed to be in

the region of the loop in the center of the amino acid se-
quence. This has the advantage of producing ligating frag-
ments of similar length and the introduction of the cysteine
necessary for ligation has helix-destabilizing properties. Cys-
teine replaces the threonine in the loop as this leads to only
small changes in the structural features of the loop, which
now becomes Gly-Cys-Gly-Pro. The two peptide fragments
to be ligated together are designated GTD-(1,1’)-SBzl and
GTD-(2’,2), where (1,1’) and (2’,2) indicate the individual
helices in the four-helix bundle and SBzl is the C-terminal
benzyl thioester (Figure 2).

Synthesis of GTD-Lig : The required peptide fragment with
a C-terminal glycine-thioester [GTD-(1,1’)-SBzl] was de-

signed to be synthesized by the Fmoc strategy. This was pos-
sible and easily achieved by using the a-carboxy orthogonal-

protected Fmoc-Glu-a-Allyl in
a two-dimensional solid-phase
synthesis (Scheme 1). This
amino acid is coupled to the
solid-phase resin through its
side-chain and allows, first, the
Fmoc group to be used for se-
quential peptide synthesis. Sec-
ondly, after SPPS the allyl
group can be selectively re-
moved to give the a-carboxy
group, which is then functional-
ized with the appropriate
amino acid-thioester.
To synthesize the 45-residue

peptide benzyl thioester, GTD-
(1,1’)-SBzl, amino acids were
coupled by TBTU/DIPEA acti-
vation starting with the first res-
idue Fmoc-Glu-a-Allyl. There-
after the allyl group was selec-
tively removed by treatment
with palladium(0) for 3 h at
room temperature. Glycine-
benzyl thioester was then cou-
pled to the resulting free a-car-
boxy moiety by PyBop/HOBt/
DIPEA activation. The desired

Figure 1. Schematic representation of antiparallel and dimeric GTD-43 and its redesign to monomeric GTD-
Lig. a) Dimer of GTD-43. The helices are denoted 1 and 2 in the top monomer and 1’ and 2’ in the bottom
monomer. b) Intermediate fragments GTD-(1,1’)-SBzl and GTD-(2’,2). The * indicates the location of the liga-
tion reaction. c) Modeled representation of GTD-Lig with the individual helices having the same relative ori-
entation to one another as those in the dimeric structure of GTD-43. d) Schematic representation of GTD-Lig
showing the hydrophobic amino acids phenylalanine and tryptophan. The two aromatic ensembles originate
from the designed aromatic ensemble of GTD-43.

Figure 2. Amino acid sequences of the fragments GTD-(1,1’)-SBzl and
GTD-(2’,2), and the ligated protein GTD-Lig. A one-letter code is used
for the amino acid residues. The helices are connected by the loop se-
quences GTGP and GCGP. BzlS is the benzyl thioester.
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peptide thioester was released from the resin through
normal TFA cleavage procedures. In this synthesis a peptide
amide linker was chosen that transforms the attached side-
chain of the glutamic acid from a carboxylic acid into an
amide, and the resulting cleaved peptide has a glutamine
residue at this position. The GTD-(2’,2) fragment was pre-
pared by the standard Fmoc-SPPS procedure.

Native chemical ligation : Native chemical ligation of the
two synthetic peptide fragments was performed using stan-
dard methodology[39] and was complete within 22 h. The li-
gation reaction was followed by analytical HPLC (Figure 3).
After 1.5 h the formation of the reactive phenyl thioester
GTD-(1,1’)-SPh was observed as well as a small amount of
ligation product. After 7 h the ligation reaction was about 2=3
complete and additional GTD-(2’,2) was added to the reac-
tion mixture at this point. After completion of the ligation
reaction, GTD-Lig was readily purified in good yield and
identified by electrospray mass spectroscopy: found:
9836.5 Da; calculated: 9837.1 Da.

Biophysical characterization of GTD-Lig : The pH depend-
ence of GTD-Lig was studied with far-UV CD in the range
of pH 2.1–9.8. The protein was found to precipitate near its
calculated pI of 7. At a pH below 5 and above 8, GTD-Lig
is fully soluble and the CD spectrum is independent of pH
(data not shown). To analyze and find the optimum condi-
tions in which GTD-Lig folds into the desired well-defined
four-helix bundle protein, the pH and temperature were
varied and the structure was studied by 1H NMR spectrosco-
py. At pH 3 the 1H NMR spectrum of GTD-Lig is well dis-
persed and has narrow line-widths relative to the spectrum
at pH 4.5, which shows less dispersion and broad line-widths
(Figure 4). Well-dispersed spectra with narrow line-widths
are characteristics that distinguish between a native-like
structure and the molten globular state. The broad lines that

are found in the spectrum at pH 4.5 indicate the formation
of a molten globular structure. The molten globular struc-
ture is most probably induced by nonspecific aggregation as
the pH approaches the proteinLs pI.

Scheme 1. Fmoc strategy for the preparation of peptide–thioesters starting from Fmoc-Glu-a-Allyl. TBTU= 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium tetrafluoroborate, DIPEA=diisopropylethylamine, PyBOP= benzotriazole-1-yl-oxy-tris(pyrrolidino)phosphonium hexafluorophosphate,
HOBt = 1-hydroxybenzotriazide, TIS= triisopropylsilane.

Figure 3. The ligation between GTD-(1,1’)-SBzl and GTD-(2’,2) was
monitored by analytical HPLC (chromatograms at 230 nm are shown).
After 22 h, the formation of the product GTD-Lig was essentially com-
plete. The bottom chromatogram shows the reaction mixture after re-
moval of excess thiophenol by diethyl ether extraction.
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The temperature dependence of the 1H NMR spectrum of
GTD-Lig was studied at pH 3, at which pH the protein
shows native-like behavior (Figure 5). With increasing tem-
perature the chemical-shift dispersion decreases and the
line-widths become broader; this shows that at pH 3 and
below 20 8C GTD-Lig is in slow exchange on the NMR
timescale.[40]

The CD spectra in the far-UV region (Figure 6) show that
the protein in aqueous solution at pH 3 at different temper-
atures has the characteristics of an a-helical protein, with
minima at 222 and 208 nm and a maximum at 195 nm. The
protein structure is the most helical below 20 8C, with
[q]222=�20500 degcm2dmol�1, which is the same, within ex-
perimental error, as that reported for both GTD-43 and
GTD-C. Thus the modifications introduced into the sequen-
ces of the parent proteins to create a monomeric structure

with rearranged loops apparently do not affect the secon-
dary structure. The CD spectrum of GTD-Lig was also
found to be independent of concentration in the measured
range of 2–500mm at pH 3 and 21 8C. The following structure
and conformational studies of GTD-Lig were all performed
within this concentration range and at pH 3.
The two tryptophan residues in the aromatic ensemble of

the hydrophobic core are convenient probes for studying the
structure and stability of GTD-Lig. The tryptophan fluores-
cence maximum is at 329 nm in aqueous solution at pH 3
and 20 8C; this value is blue-shifted relative to that of a fully
exposed tryptophan, which usually has a maximum at about
350 nm (see the Supplementary Information). The signifi-
cantly lower value shows that the tryptophan molecules are
partly buried in the hydrophobic core of the folded struc-
ture.[41] Note also that the fluorescence maximum is red-

shifted to 337 nm at 80 8C. This
indicates that the tryptophan
residues are still buried but to a
lesser extent.

Sedimentation equilibrium ul-
tracentrifugation : To verify that
GTD-Lig is indeed monomeric
and to probe for concentration
dependence, sedimentation
equilibrium ultracentrifugation
of 6 and 30mm aqueous solu-
tions (salt-free, pH 3) of the
protein was performed; the
same conditions as those used
for stability and structural
measurements. The equilibrium
curves were measured at five
speeds between 15000 and
35000 rpm. Analysis was per-
formed at each concentration

Figure 4. pH dependence of the aromatic-amide and methyl region of the 1H NMR spectrum of GTD-Lig at a concentration of 0.5mm and 5 8C.

Figure 5. The aromatic-amide and methyl region of the 1H NMR spectrum of GTD-Lig as a function of tem-
perature at pH 3.0. Same sample as in Figure 4.
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by simultaneously fitting the data measured at different
rotor speeds to the equation for a single species of a mono-
mer. For the 6 and 30mm solutions, the apparent molecular
weights, MW,app, were determined to be 9100 and 6500 Da,
respectively. The value of MW,app determined for the low-
concentration sample is close to the calculated molecular
weight, MW,calcd, which is 9837 Da; this indicates that the pro-
tein GTD-Lig, as designed, is a monomer at pH 3.0. As can
be seen, when the data are fitted individually at each con-
centration, MW,app becomes less than MW,calcd and decreases
with increasing protein concentration. This indicates that
the solutions of GTD-Lig are nonideal.[42] Nonideality can
be described in terms of the second virial coefficient B,
which was determined from the equilibrium curves obtained
from the 30mm solution in which the nonideality is most ob-
vious. Data were fitted with MW set equal to MW,calcd

(9837 Da), which gave a value of B of 5.4M10�5 molLg�2

(Figure 7). The residuals of the 25000 rpm data-fit are
shown and are representative of the goodness-of-fit as the
residuals are random and centered around zero.

The conformational stability of GTD-Lig : The appearance
of the 1H NMR spectrum shows that GTD-Lig has a well-

defined native-like structure at pH 3 and at temperatures
below 20 8C (Figure 4 and Figure 5). To complement this
NMR thermal study, the thermal unfolding of GTD-Lig was
studied by monitoring the tryptophan absorbance and circu-
lar dichroism in both the far- and near-UV regions at pH 3.
Tryptophan is a suitable chromophore for studying transi-
tions of the tertiary structure, whereas far-UV CD is suita-
ble for studying changes to the secondary structure. Figure 8
shows the temperature dependence of the tryptophan ab-
sorbance which decreases sharply between 20 and 40 8C.
Above 40 8C there is a less pronounced linear decrease in
the absorbance. The unfolding transition is highly coopera-
tive and reversible: When the temperature was lowered, the
value of the tryptophan absorbance returned to its original
level.
Monitoring the thermal unfolding by far-UV CD

(Figure 6) shows that the negative values of the mean resi-
due ellipticities at 208 and 222 nm decrease with increasing
temperature, which indicates a decrease of helical content.
There is a transition between 10 and 40 8C and above 40 8C
the thermal unfolding is diffuse. Thus the thermal unfolding
monitored by far-UV CD corresponds to the temperature
dependence of the tryptophan absorbance. The helical struc-
ture of GTD-Lig is remarkably stable to temperature as the
far-UV CD spectrum at 98 8C retains its characteristic a-hel-
ical minima at 208 and 222 nm and the maxima at 195 nm.
The value of [q]222 at 98 8C is about half the low-temperature

Figure 6. Temperature dependence of the far-UV CD spectra. Tempera-
tures range from 3 8C (bottom trace) to 98 8C (top trace at 222 nm).
(Inset): the mean residue ellipticity at 222 nm as a function of tempera-
ture. The solid lines fitted to the data are only to aid the eye and are de-
scribed in the Discussion section.

Figure 7. Equilibrium ultracentrifugation analysis of GTD-Lig (30mm) in
aqueous solution at pH 3.0. Data are from measurements taken at 15000,
20000, 25000, 30000, and 35000 rpm and globally fitted to a single spe-
cies of a monomer with MW fixed at 9837.1 Da. The second virial coeffi-
cient was estimated to be 5.4M10�5 molLg�2. The solid lines represent
the calculated fit. The residuals of the fit of the 25000 rpm data are
shown above.
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value. Usually natural proteins are completely denatured at
high temperatures.
The near-UV CD spectra of GTD-Lig at different temper-

atures are shown in Figure 9. The spectrum of GTD-Lig at
pH 3 and 5 8C is characterized by a strong broad negative
band with minima at 283 and 290 nm and a broad maximum

at 260 nm. The spectrum is typical of tryptophan in an or-
dered environment and from the 7 nm vibronic spacing be-
tween the two minima, they are identified as the tryptophan
1Lb vibronic bands.

[43] Upon heating the spectrum loses some
of its vibronic structure as both the minima at 283 and
290 nm decrease. The small change in the mean residue el-
lipticities upon heating indicates that the tryptophan resi-

dues are still in a hydrophobic environment at high temper-
atures.
Binding studies using the hydrophobic fluorescent dye

ANS (1-anilinonaphthalene-8-sulfonic acid) are commonly
performed to discriminate molten globules from native pro-
teins. ANS has a strong affinity for the hydrophobic core
found in molten globules and its binding to it is accompa-
nied by a strongly enhanced fluorescence intensity and a
blue shift of the fluorescence maximum wavelength.[44] In
the study of a ten-fold excess of ANS (20mm) and its interac-
tion with GTD-Lig (2mm), only an eight-fold increase in the
fluorescence intensity is seen and the fluorescence maximum
wavelength, lmax, is blue-shifted to 480 nm (Figure 10).

When studying the same mixture with 1, 4, and 7m GuHCl,
the fluorescence intensity and lmax values are almost the
same as those of ANS alone. As GTD-Lig has a native
structure at 1m GuHCl (see Figure 11), the observed affinity
of ANS for GTD-Lig at 0m GuHCl is probably due to elec-
trostatic interactions between the negative charge of ANS
and the large positive charge of the protein at pH 3,[45]

which are reduced at a high ionic concentration of GuHCl.

Heat denaturation : The NMR, CD, and UV thermal studies
indicate that in the low-temperature range, below 40 8C, a
transition occurs that disrupts the well-defined tertiary struc-
ture and that an intermediate state is formed. With further
heating this intermediate state shows characteristics of a
molten globule, such as diffuse thermal unfolding. Also, at
40 8C, the values of the CD signals in the far- and near-UV
region are still considerable, indicating a highly helical com-
pact structure typical of molten globules.

Figure 8. Heat-induced unfolding of GTD-Lig. The thermal unfolding
was followed by monitoring the absorbance at 280 nm using a peptide
concentration of 25mm at pH 3.0. The solid line shows the nonlinear
least-squares best fit of the experimental results to Equation (2) (see Ex-
perimental Section).

Figure 9. Effect of temperature on the near-UV CD spectra of GTD-Lig
at a peptide concentration of 100mm in aqueous solution at pH 3. Solid
line: 5 8C; dashed line: 43 8C; dotted line: 98 8C.

Figure 10. Study of the interaction of ANS (20mm) and GTD-Lig (2mm)
in aqueous solution at pH 3 by fluorescence spectroscopy: a) No GuHCl
added; b) 1m GuHCl; c) 4m GuHCl; d) 7m GuHCl; e) ANS alone.
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By regarding the temperature dependence of the trypto-
phan absorbance in Figure 8 as a two-state transition be-
tween the native structure (N) and the intermediate molten
globule (I) [see Equation (1) in the Experimental Section],
the Gibbs free energy of thermal unfolding to the I state,
DGNI(T), was calculated. A two-state transition between the
native and intermediate states is defined as the UV data
show that thermal unfolding is reversible. The temperature
at the midpoint of the transition, Tm,NI, was determined to
be 29 8C when the linear change above 40 8C was defined as
a post-transitional baseline. The UV absorbance data at
280 nm are well-fitted to the two-state model according to
Equation (2). The value of DCP, the difference in heat ca-
pacity between the two states, is estimated[46] to be 14 kcal
mol�1K�1 res�1 and the derived parameters Tm,NI and DHm,NI

were used to calculate DGNI(10 8C) using Equation (3) (see
Experimental Section). The value of DHm,NI was determined
to be 54�1.2 kcalmol�1 and DGNI(10 8C) was calculated to
be 2.6 kcalmol�1.

Denaturation with GuHCl : Chemical denaturation allowed
the stability properties of GTD-Lig to be further character-
ized. Denaturation was followed by monitoring the mean
residue ellipticity at 222 nm, [q]222, as a function of GuHCl
concentration at 20 8C and pH 3 (Figure 11). Unlike heat de-
naturation, GuHCl denaturation completely unfolds the pro-
tein. The denaturation first gives a pre-transitional baseline
from 0 to 4m GuHCl and thereafter a sigmoidal curve with
a sharp decrease between 4 and 7m GuHCl is observed. The
midpoint of the transition is 5.5m. Assuming that the dena-
turation may be described by a two-state model that in-
volves only a native structure (N) and an unfolded random
coil (U), nonlinear least-squares fitting of the experimental
results to Equation (5) (see Experimental Section) gives the
Gibbs free energy of unfolding in aqueous solution, DGH2O.
The constant mG in Equation (5) is also determined and is a
measure of the cooperativity of the denaturation. The

values of DGH2O and mG are 4.6�0.5 kcalmol�1 and
0.8 kcalmol�1m�1, respectively.

Discussion

The design, total synthesis, and structural and thermody-
namic characterization of a monomeric protein, GTD-Lig, is
discussed.

Structure : The structure of GTD-Lig has been demonstrated
to fold into the designed monomeric four-helix bundle pro-
tein by NMR, far- and near-UV CD spectroscopy, sedimen-
tation equilibrium ultracentrifugation, and fluorescence
spectroscopy. GTD-Lig exhibits strong CD signals in the far-
and near-UV regions, and the value of the mean residue el-
lipticity at 222 nm is �20500 degcm2dmol�1, which is the
same, within experimental error, as that of the original di-
meric bundles.[29–31] Note that the 1H NMR spectra of GTD-
Lig and GTD-43 are nearly identical, which indicates that
the structures have the same fold. The sedimentation equi-
librium study shows that GTD-Lig is a monomer in the con-
centration range measured. As the experiment was carried
out under the same conditions as those used for structure
and stability studies (salt-free, pH 3.0), the observed noni-
deality is mainly the result of charge–charge repulsion be-
tween the proteins, which alters the protein concentration
distribution.[47]

Native-like structure : Proteins with well-defined native
structures are discriminated from molten globule structures
by the use of spectroscopic probes.[48] A tightly packed
native protein has, for example, a well-dispersed 1H NMR
spectrum with narrow line-widths, a well-defined thermal
melting point, strong CD signals in the far- and near-UV re-
gions, and a low affinity to the hydrophobic fluorescent dye
ANS. GTD-Lig fulfils these criteria as it has a well-dis-
persed 1H NMR spectrum with narrow line-widths at pH 3.0
and 5 8C. The NH chemical shifts cover a wide range with
signals shifted downfield to d=9.3 ppm and the methyl
region has a width of 0.9 ppm. GTD-Lig is comparable to
the much larger naturally occurring four-helix bundle IL-4
(133 residues), which exhibits similar chemical-shift disper-
sion with NH chemical shifts as far downfield as d=9.3 ppm
and a methyl range of 0.94 ppm.[49] The methyl range for
molten globules is less than 0.3 ppm. At pH 4.5 the 1H
NMR spectrum exhibits broadened resonances and poor
resolution, which is typical of molten globule structures. Be-
tween pH 5 and 8 the protein is near its isoelectric point
and in this pH range the protein has low solubility. The
broad lines in the NMR spectrum at pH 4.5 may be due to
aggregation. The temperature dependence of the 1H NMR
spectrum shows that the resolution is dramatically better at
lower temperatures than at elevated temperatures. This
shows that the structure is in slow conformational exchange
on the NMR timescale and that the conformational ex-
change processes are accelerated at elevated temperatures,

Figure 11. GuHCl-induced unfolding of GTD-Lig monitored by the mean
residue ellipticity at 222 nm and 20 8C. The solid line is the nonlinear
least-squares best fit of the experimental results to Equation (5).
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which is demonstrated by the broadening of the resonances.
The hydrophobic fluorescent dye ANS is found to bind
weakly to GTD-Lig. This binding is expected to result from
an electrostatic attraction[45] as ANS has a negative charge
and GTD-Lig has a large positive charge at pH 3, at which
it displays a native-like fold and at which pH the study was
performed. This was confirmed by increasing the ionic
strength of the solution, which resulted in a return of the
ANS fluorescence to intensity and lmax values of the un-
bound dye. Further evidence of a well-developed structure
comes from the observation of a strong near-UV CD spec-
trum and the blue shift of the tryptophan fluorescence maxi-
mum to 329 nm. This indicates that the tryptophan residues
are buried in the hydrophobic core.

Design : Rearranging the loops in the original de novo de-
signed dimeric structure of GTD-43 has obviously not al-
tered the well-folded characteristics of the tertiary structure.
One of the factors contributing to the similar folding in the
monomeric and dimeric structures is the choice of loop. The
two new loops connecting helix 1 to helix 1’ and helix 2’ to
helix 2 were given the sequence Gly-Thr-Gly-Pro, the same
loop sequence as in the GTD-43 monomeric structure. The
other main factor that contributes to the conformational sta-
bility of the folded structure is the hydrophobic core. The
hydrophobic core is constructed of aromatic residues, which,
through their reduced rotational freedom as well as aromat-
ic interactions, are designed to restrict the dynamics be-
tween different conformations. The aromatic ensemble in
GTD-Lig is constructed of Phe10 and Trp13 in helix 1,
Phe34 and Trp37 in helix 1’, Phe58 in helix 2’, and Phe81 in
helix 2 (Figure 1). It seems that the hydrophobic interac-
tions, together with the reduced dynamics of the aromatics,
allow large structural changes such as the ones demonstrat-
ed here with rearrangement of loops that convert the dimer-
ic tertiary structure into a monomeric structure.

Heat denaturation : The thermal unfolding of GTD-Lig, fol-
lowed by monitoring the tryptophan absorbance (Figure 8),
apparently occurs in two steps as demonstrated by the pres-
ence of, first, a sigmoidal transition with a transition mid-
point, Tm, of 29 8C. Secondly, there is an uncooperative melt-
ing of the protein at higher temperatures. After, the first
transition an intermediate state (I) is populated. The N–I
transition is cooperative as the observed change in the tryp-
tophan absorbance is reversible. Similar conclusions can be
inferred from the thermal unfolding monitored by far-UV
CD. Though less obvious, it also shows a two-step unfolding
process which seems to correspond to the temperature de-
pendence of the tryptophan absorbance (Figure 6, inset; the
low-temperature data is fitted to Equation (2) with the slope
of the pre- and post-unfolding baselines set to zero, while
the high-temperature data is linear). The observed isodi-
chroic point at 203 nm in the CD study indicates a two-state
transition.[50] This shows that the secondary and tertiary
structures follow each other, indicating a cooperative un-
folding to the intermediate state. In noncooperative unfold-

ing secondary and tertiary structures unfold at different tem-
peratures.[51]

GTD-Lig exhibits a well-defined structure at 10 8C and
the value of DGNI(10 8C) is calculated to be 2.6 kcalmol�1,
which is apparently enough of an energy difference for the
folding of a native-like structure from the intermediate
found at 40 8C. This temperature-induced intermediate
shows structural characteristics typical of a molten globule,
such as uncooperative melting and a retained helical struc-
ture. Further evidence of a molten globule structure is pro-
vided by the following points: The magnitudes of DGNI-
(10 8C) and DHm,NI correspond to partial unfolding, the 1H
NMR spectrum at 45 8C exhibits decreased chemical-shift
dispersion and broad lines characteristic of a molten globule,
and finally the study of the tryptophan residues at 40 8C by
near-UV CD and fluorescence spectroscopy (see the Sup-
porting Information) shows that the transition from the
native to the intermediate state does not lead to greater ex-
posure of the tryptophan residues to the solvent, which is
typical for a molten globule structure.

GuHCl denaturation : GuHCl-induced unfolding of GTD-
Lig is well-approximated by a two-state transition. The N–U
transition occurs between 4 and 7m GuHCl (Figure 11). The
protein is moderately stable with a DG

o

H2O
value of

4.5 kcalmol�1. This value is apparently enough for a well-
folded structure to form. For a comparison with other mon-
omeric four-helix bundle proteins of similar size, the binding
domain of the kinas FRAP contains 95 residues and is stabi-
lized by 6.27 kcalmol�1 with a value of mG=

2.6 kcalmol�1m�1 at 10 8C.[52] The corresponding values for
the immunity proteins Im 7 (85 residues) and Im 9 (87 resi-
dues) are DG

o

H2O
=5.6 kcalmol�1 and mG=1.1 kcalmol�1m�1,

and DG
o

H2O
=7.4 kcalmol�1 and mG=1.1 kcalmol�1m�1, re-

spectively, at 10 8C.[53] So GTD-Lig is at the lower end of the
stability range for monomeric four-helix bundle proteins of
similar size. This could be due to a number of factors such
as the size of the hydrophobic core and the number of elec-
trostatic interactions. The stability of GTD-Lig was deter-
mined at pH 3. Therefore the number of stabilizing electro-
static interactions is expected to be low as a result of the
protonation of aspartic and glutamic acids. The value of mG

is a measure of cooperativity and the value found for GTD-
Lig is 0.8 kcalmol�1m�1, which is at the lower end of the
range observed for natural proteins of similar size. The con-
centration of GuHCl at the midpoint of the denaturation,
[GuHCl]1=2 , is 5.5m. This high stability observed towards
GuHCl is common for small proteins with low m values.[46]

It is difficult to compare the stabilities of monomeric and
oligomeric proteins. Ferreira and co-workers have studied
the dissociation and unfolding of the dimeric protein triose-
phosphate isomerase as well as a designed helix-loop-helix
dimer (four-helix bundle) and found that both proteins are
stabilized mainly through the association of the mono-
mers.[18, 54] Comparison of the stabilities of the monomeric
GTD-Lig (DG

o

H2O
=4.6 kcalmol�1) and the dimeric GTD-43

(DG
o

H2O
=10 kcalmol�1)[30] shows the dimeric structure to
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have an increased stability, which could partly be a result of
the association between the two monomers.

Conclusions

GTD-Lig clearly shows characteristics of a native protein
with a well-defined structure and typical unfolding transi-
tions such as a cooperative GuHCl denaturation and the for-
mation of a heat-induced intermediate (I) state. Such I
states are believed to be involved in the folding of natural
proteins.[55,56] The de novo design of large monomeric pro-
teins is another step towards improving our understanding
of the forces and interactions that stabilize protein struc-
tures. The total synthetic approach utilizing native chemical
ligation and standard Fmoc chemistry offers facile access to
long polypeptides for protein-folding analysis as well as
novel protein folds. The design of an aggregating four-helix
bundle monomer that forms a tetramer may be possible in
the future. By designing electrostatic and hydrophobic inter-
actions, such a tetramer would create a quaternary structure
with 16 helices. This would indeed test our understanding of
protein folding and association.

Experimental Section

Peptide synthesis : Peptides were synthesized on a Pioneer automated
peptide synthesizer (Applied Biosystems) using general fluorenylmethoxy-
carbonyl (Fmoc) procedures. The synthesis of GTD-(2’,2) was performed
on a PAC-PEG linked Fmoc-Asn(Trt) polystyrene polymer (Applied
Biosystems) with a substitution level of 0.18 mmolg�1. For the synthesis
of GTD-(1,1’)-SBzl a Fmoc-PAL-PEG polystyrene polymer (Applied
Biosystems) with a substitution level of 0.17 mmolg�1 was used. The side-
chains of the amino acids (Calbiochem-Novabiochem AG) were protect-
ed with piperidine-stable groups: tert-butyl (Ser, Thr, and Tyr), tert-butyl
ester (Asp and Glu), tert-butoxycarbonyl (Lys and Trp), trityl (Asn, Gln,
and His), and 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Arg).
The Fmoc protecting groups were removed from the amino termini by
treatment with 20% piperidine in DMF (v/v) for 8 min. A fourfold
excess of amino acid was used in each coupling and amino acids were
preactivated with a mixture of TBTU (Alexis Biochemicals)/DIPEA
(1:2) in DMF. A standard amino acid coupling time of 60 minutes was
used except in the cases of Asn, Arg, and Gln (120 min).

Synthesis of GTD-(1,1’)-SBzl : Fmoc-Glu-a-Allyl (Applied Biosystems)
was coupled to the resin by its side-chain using the standard procedures
described above. After completion of the sequence the N-terminus of the
peptide was capped with acetic anhydride (0.3m) in DMF. The C-termi-
nal allyloxycarbonyl group was selectively removed by treatment with
tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] (3 equiv) in a mix-
ture of trichloromethane, acetic acid, and morpholine (17:2:1, v/v; 20 mL
per gram of polymer) for 3 h at room temperature. To remove the Pd0

the resin was washed sequentially with diethyldithiocarbamic acid
(20mm) in DMF and DIPEA (30mm) in DMF, and finally with DMF.
The C-terminal thioester of GTD-(1,1’) was prepared by coupling Gly-
SBzl (4 equiv) with PyBop (4 equiv), HOBt (4 equiv), and DIPEA
(8 equiv) in DMF (6 mL per g of polymer) for 1 h. Gly-SBzl was synthe-
sized as previously described.[38]

GTD-(1,1’)-SBzl was deprotected and cleaved from the resin by stirring
with a mixture of TFA/TIS/H2O (95:2.5:2.5, v/v; 15 mL per g of resin) for
2 h at room temperature. After removing the resin by filtration the pep-
tide was precipitated and washed three times with cold diethyl ether.
GTD-(1,1’)-SBzl was purified by reversed-phase HPLC on a semiprepar-

ative Kromasil C-8 column eluting isocratically with 36.5% isopropanol
and 0.1% TFA at a flow rate of 10 mLmin�1 (retention time=30 min).
The identity of the peptide was verified by electrospray mass spectrome-
try with a VG Analytical ZabSpec instrument. The calculated weight for
GTD-(1,1’)-SBzl is 5189.7 Da; found 5188.9 Da.

Synthesis of GTD-(2’,2): After SPPS, GTD-(2’,2) was deprotected and
cleaved from the resin using a mixture of TFA/H2O/1,2-ethanedithiol/TIS
(95:2.5:2.5:1, v/v). Work up, purification, and identification was per-
formed as for GTD-(1,1’)-SBzl. For HPLC purification GTD-(2’,2) had a
retention time of 22 min, eluting isocratically with 34% isopropanol and
0.1% TFA at a flow rate of 10 mLmin�1. The calculated weight for
GTD-(2’,2) is 4770.5 Da; found 4769.8 Da.

Native chemical ligation : The ligation of the two unprotected synthetic
peptide fragments was performed using a standard methodology.[32] Brief-
ly, the GTD-(1,1’)-thioester (4.9 mg, 0.94 mmol) and the C-terminal seg-
ment GTD-(2’,2) (6.3 mg, 1.3 mmol) were dissolved in GuHCl (6m) and
sodium phosphate (100mm, pH 7.5) to give a final concentration of 1mm

of the thioester. Thiophenol (3%, v/v) was added and the mixture was
stirred for 22 h and monitored by analytical C-8 reversed-phase HPLC.
Chromatographic separations were achieved by using a 30.7–55%
AcCN+0.1% TFA linear gradient at 0.57%min�1 and a flow rate of
1.5 mLmin�1. After the ligation, the product was purified by first remov-
ing the thiophenol by extraction with diethyl ether followed by semipre-
parative C-8 reversed-phase HPLC and lyophilization to afford 6 mg
[65% yield based on the limiting GTD-(1,1’)-thioester] of the full-length
protein GTD-Lig. The product was characterized by analytical C-8 re-
versed-phase HPLC and ES-MS: calculated 9837.1 Da; found 9836.5 Da.

General : An equivalent of DTT was used in the structure and stability
experiments, unless otherwise noted, to reduce eventual oxidized cysteine
sulfhydryl groups.

NMR spectroscopy: 500 MHz 1H NMR spectra were recorded with a
Varian Unity 500 NMR spectrometer equipped with a matrix shim
system from Resonance Research Inc. using a 908 pulse of 11.5 ms and a
sweep width of 8000 Hz. Solvent suppression was accomplished by weak
pre-irradiation of the water resonance for 1.5 s. The NMR spectra ob-
tained are an average of 64 transients. Samples contained 0.5mm peptide
in H2O/D2O (90:10) with [D10]DTT (5mm) to keep cysteines reduced.
The temperature dependence of the 1H NMR spectrum of GTD-Lig was
determined at pH 3 and the pH dependence was performed at 5 8C.

Circular dichroism spectroscopy: Circular dichroism (CD) spectra were
acquired by signal averaging on a Jasco J-714 spectropolarimeter and a
baseline was recorded separately and subtracted. The instrument was
routinely calibrated using [D]-10-(+)-camphorsulfonic acid. The spectra
were processed and presented using the IGOR software from Wavemet-
rics Inc. Far-UV spectra were recorded from 260 to 185 nm using quartz
cells, 1 nm bandwidths, and 0.25 s response times. Near-UV CD spectra
were recorded from 350 to 240 nm using a 1.0 cm quartz cell, 1 nm band-
widths, and 0.5 s response times. The far- and near-UV spectra obtained
are the averages of 10 scans and ellipticities are reported as mean residue
ellipticities. Stock peptide concentrations were determined spectrophoto-
metrically in GuHCl (6.0m) using an extinction coefficient at 280 nm of
13512 cm�1

m
�1.

The far-UV CD pH profile of GTD-Lig was recorded using an aqueous
peptide solution (42mm) in a 0.1 cm quartz cell at 21 8C. The pH was ad-
justed with HCl and NaOH (0.1m).

The temperature dependence of the mean residue ellipticity was deter-
mined in the far- and near-UV regions. For the far-UV CD temperature
profile, a jacketed quartz cell with a 0.05 cm path length was used and
the spectra of GTD-Lig were recorded using an aqueous peptide solution
(53mm) at pH 3. The near-UV CD temperature profile was recorded
using an aqueous peptide solution (100mm) at pH 3. The temperature was
varied in the range from 3 to 98 8C, controlled by a Lauda-T water bath.
The sample cell temperature was raised in 4–6 8C increments with 10-
minute delays between spectra to obtain thermal equilibrium.

A solution of GTD-Lig (20mm) was denatured by the addition of 0–7m
GuHCl at 20 8C. The samples were prepared from a stock solution of the
peptide (100mm) by the addition of aliquots from a stock solution of
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GuHCl (7.68m) followed by dilution with water to the desired volume;
the pH was set to 3.0 in all solutions. The samples were equilibrated for
30 minutes before analysis. The concentration of the stock solution of
GuHCl was determined from its refractive index. Spectra were recorded
from 260 to 210 nm using a 0.05 cm quartz cell, 1 nm bandwidth, and 2 s
response time.

The CD spectrum of GTD-Lig was recorded as a function of concentra-
tion at pH 3 and 21 8C. The aqueous concentrations studied and respec-
tive cell lengths were: 1.9mm, 0.5 cm; 9.6mm, 0.5 cm; 96mm, 0.05 cm;
480mm, 0.01 cm.

Sedimentation equilibrium ultracentrifugation : The aggregation state of
GTD-Lig was determined by equilibrium sedimentation ultracentrifuga-
tion at 20 8C using a Beckman Coulter Optima XL-I analytical ultracen-
trifuge equipped with an An-50 Ti Rotor and six sector cells. Rotor
speeds of 15000–35000 rpm were used with steps of 5000 rpm. The equi-
librium at each speed was reached after 20 h. The sedimentation was
monitored by measuring the absorbance at 280 nm. Aqueous solutions of
GTD-Lig (6 and 30mm) were analyzed at pH 3.0. The SedNterp software
was used to calculate the solvent density (0.99823 gmL�1) and the partial
specific volume (0.7364 mLg�1) of the protein. The sedimentation proper-
ties were analyzed using the self-association model in the Beckman data
analysis software package. Global data fits were obtained by fitting five
sets of data simultaneously to the sedimentation equilibrium equation.
The quality of the fits was assessed by comparing the randomness of the
residuals, the magnitude of the computed variance, and by checking the
physical reality of offsets and association constants.

Fluorescence measurements : The temperature dependence of the trypto-
phan fluorescence was studied using a Spex 1680 Fluorolog t2 spectrome-
ter using a 0.3 cm reduced cell with a sample volume of 60 mL. The band-
width for excitation was 0.5 nm and for emission 4 nm, and the response
time was 2 s. The changes in fluorescence intensity and wavelength maxi-
mum were studied using an aqueous peptide solution (4mm) at pH 3 with
excitation at 295 nm. The emission spectra were recorded at 1 nm inter-
vals between 300 and 400 nm.

The fluorescence spectra of ANS (1-anilinonaphthalene-8-sulfonate)
binding were recorded with an F-4500 spectrofluorimeter (Hitachi High-
Technologies Corp.) using a 1.0 cm quartz cell at 21 8C. An excitation
wavelength of 370 nm was used and the emission was monitored between
400 and 600 nm. Excitation and emission slits of 5 and 10 nm, respective-
ly, were used. The baseline was recorded separately and subtracted from
the spectra. The fluorescence of ANS (20mm) in the presence of GTD-
Lig (2mm) at pH 3.0 was recorded and compared with solutions contain-
ing GuHCl and ANS alone.

UV spectroscopy : The temperature dependence of the tryptophan ab-
sorbance at 280 nm was monitored using a Cary 100 instrument with a
Cary temperature controller in a temperature range of 8–70 8C. An aque-
ous solution of GTD-Lig (25mm) at pH 3 in a 1 cm quartz cell, 1 nm
bandwidths, and 5 s response times was used. The temperature was in-
creased at 0.25 8Cmin�1 and data was collected at each 0.25 8C.

Data analysis : The thermal unfolding curve derived from the tempera-
ture dependence of the tryptophan absorbance was analyzed for the two-
state transition between native (N) and partly unfolded or intermediate
(I) structures, as described by Equation (1), where KNI= [I]/[N], the equi-
librium constant between the native and populated intermediate states.
The free energy of unfolding of GTD-Lig to the I state was determined
from the thermal unfolding. The unfolding to the completely unfolded
state (U) could not be analyzed as this transition is an undefined melting
process. The observed absorbance, Aobs, can be described in terms of the
native, AN, and unfolded baselines, AI, and the fraction of native protein,
fN, by Equation (2).

N ,
KNI

I ,
KIU

U ð1Þ

Aobs ¼ fNðAN�AIÞ þAI ð2Þ

The folded and unfolded (intermediate) baselines were approximated
from the linear temperature functions, AN=A

o

N+mNT and AI=A
o

I+mIT,
where A

o

N and A
o

I are the extrapolated absorbances of the baselines at

0 K and mN and mI are the slopes of the baselines. The fraction of native
protein, fN, is expressed as fN=1�{[I]/([I]+ [N])}, and combining this with
KNI= [I]/[N], DG8=�RTMlnKNI, and the Gibbs–Helmholtz equation
[Eq. (3)], the fraction of native protein, fN, can be expressed in terms of
thermodynamic parameters by Equation (4), where DHm is the enthalpy
of unfolding at the transition midpoint temperature, Tm, DCp is the differ-
ence in heat capacity between the two states, and R is the gas constant.

DGðTÞ ¼ DHmð1�T=TmÞ þ DCp½T�Tm�Tln ðT=TmÞ	 ð3Þ

fN ¼ 1
1þ exp fDHm=RðT=Tm�1=TÞ þ DCp=RT½Tm�T þ Tln ðT=TmÞ	g

ð4Þ

For the N–I transition the thermodynamic parameters were determined
from nonlinear least-squares fitting to the thermal denaturation curve
with Equations (2) and (4); this gives DHm,NI, Tm,NI, DCp,NI, A

o

N, A
o

I , mN,
and mI. In the initial fitting process, all the thermodynamic parameters
were allowed to vary. As DHm,NI and DCp,NI are strongly linked and the
DCp,NI value obtained was difficult to define, a DCp,NI contribution of
14 calmol�1K�1 per amino acid was used to give an estimate, which was
fixed for the data analysis.[46] The value of 14 calmol�1K�1 per amino acid
is an average value for globular protein N–U transitions and has been
used here for the transition to the I state, as the corresponding value for
the I–U transition, DCp,IU, is expected to be small. The values obtained
for DHm,NI and Tm,NI were used to calculate the free energy of unfolding
of the protein to the I state, DG

o

NI(T), from Equation (3).

The experimental results of GuHCl-induced unfolding, as monitored by
CD at 222 nm (Figure 11), were fitted to a two-state model using Equa-
tion (5) described by Santoro and Bolen,[57] where q

o

N and q
o

U are the ex-
trapolated signals of the pre- and post-transitional baselines to zero dena-
turant concentration [D] and mN and mU are the slopes of the baselines.
DG

o

H2O
is the free energy of unfolding extrapolated to aqueous solution

and mG is the slope. Nonlinear least-squares fitting of the experimental
results to Equation (5) gives the free energy of unfolding in aqueous so-
lution. All nonlinear least-squares fittings were performed with the Igor
Pro (WaveMatric) program.

qobs ¼
ðqo

N þmN½D	Þ þ ðqo

U þmU½D	Þexp f�ðDGo

H2O
þmG½D	Þ=RTg

1þ exp f�ðDGo

H2O
þmG½D	Þ=RTg

ð5Þ
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