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Background: De novo designed helix—loop—helix motifs can fold into well-
defined tertiary structures if residues or groups of residues are incorporated at
the helix—helix boundary to form helix-recognition sites that restrict the
conformational degrees of freedom of the helical segments. Understanding the
relationship between structure and function of conformational constraints
therefore forms the basis for the engineering of non-natural proteins. This paper
describes the design of an interhelical HisH*—Asp~ hydrogen-bonded ion pair
and the conformational stability of the folded helix—loop—helix motif.
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designed to fold into a hairpin helix-loop—helix motif that can dimerise to form a
four-helix bundle. The folded moitif is in slow conformational exchange on the
NMR timescale and has a well-dispersed 'H NMR spectrum, a narrow
temperature interval for thermal denaturation and a near-UV CD spectrum with
some fine structure. The conformational stability is pH dependent with an
optimum that corresponds to the pH for maximum formation of a hydrogen-
bonded ion pair between HisH17+ in helix | and Asp27- in helix II.
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Conclusions: The formation of an interhelical salt bridge is strongly suggested
by the pH dependence of a number of spectroscopic probes to generate a
well-defined tertiary structure in a designed helix—loop—helix motif. The
thermodynamic stability of the folded motif is not increased by the formation of
the salt bridge, but neighbouring conformations are destabilised. The use of this
novel design principle in combination with hydrophobic interactions that provide

sufficient binding energy in the folded structure should be of general use in

de novo design of native-like proteins.

Introduction

The de novo design of proteins [1] that fold into well-
defined tertiary structures tests our understanding of the
folding problem and has important applications in the
engineering of, for example, novel catalysts [2], immuno-
genic folds [3] and cofactor-linked proteins [4]. The design
principles have proven to be elusive, however, since the
overwhelming majority of de novo designed proteins are
best described as molten globules. The discrimination
between so-called native-like proteins and molten globule
structures [5] is based on characteristics such as the
appearance of the 'H NMR spectrum, amide proton
exchange rates, the thermal melting point and the binding
of the dye 8-anilino-1-naphthalenesulphonic acid (ANS).
So far, only two designed four-helix bundles, a,D [6] and
GTD-43 [7,8], and a small number of other folds [9,10]
have been reported to fulfill some of these criteria and the
key problem has been the engineering of the hydrophobic
core. Until recently, the most common strategy in the
pursuit of well-packed interiors was the design of
shape-complementary hydrophobic interfaces between
amphiphilic helices. The lack of progress despite much

effort led Handel ez a/. [11] to propose that shape comple-
mentarity alone was not enough and that the incorporation
of conformational constraints was necessary to achieve
ordered hydrophobic cores and well-defined tertiary struc-
tures. The design of a,D was based partly on the expected
ability of charged sidechains on each side of the hydropho-
bic ridge to limit the mobility of the helical segments.

We reported recently on the four-helix bundle GTD-43
[7,8], which is in slow conformational exchange on the
NMR timescale and has a well-dispersed 'H NMR spec-
trum, slow amide proton exchange rates and a narrow tem-
perature interval for thermal denaturation. The aromatic
residues Phel0, Trp13 and Phe34 were designed to form
an aromatic ensemble that could restrict the dynamics of
the hydrophobic residues in the folded structure. It was
shown by NMR spectroscopy that the aromatic ensemble
did in fact form and that the aromatic residues form a con-
formational constraint [8]. The designed structure of
GTD-43 also contained an interhelical salt bridge
between Hisl7 and Asp27 located at the hydrophobic
core—loop boundary, but due to the poor solubility of
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GTD-43 above pH 4, the function of the designed salt
bridge could not be investigated spectroscopically.

Internal salt bridges are found in native proteins and were
previously believed to stabilise the tertiary structure
because large binding energies are expected from interac-
tions between charged residues in environments with low
dielectric constants. The replacement of a buried salt
bridge triad by complementary hydrophobic residues was,
however, reported to result in a functional protein that
was more stable than the native one [12]. The introduc-
tion of buried salt bridges in e novo designed proteins
has not so far been successful, but the engineering of an
internal salt bridge in the GCN4 coiled-coil dimer was
recently found to introduce specificity and helix—helix
recognition, although no net increase in binding energy
was obtained [13].

G'T'D-43 has now been modified in three positions to form
GTD-C, a polypeptide that is sufficiently soluble to allow
studies over a wide temperature and pH range, and in
order to assess the importance of the hydrogen-bonded
HisH+*-Asp~ ion pair, a number of spectroscopic measure-
ments have been carried out as a function of pH. We now
report that the optimum conformational stability of GTD-
C correlates well with the expected formation of a salt
bridge between His17 and Asp27. The results suggest that
salt bridges may be of general use in combination with
hydrophobic residues to engineer native-like properties in
de novo designed proteins.

Results

The design of GTD-C

The design of GTD-C was based on the design and solu-
tion structure of G'TD-43, a polypeptide with 43 amino
acid residues that folds into a helix-loop-helix motif and
dimerises to form a four-helix bundle [8]. The design of
helices has been reviewed recently [1] and the generally
accepted strategy was followed in the design of GTD-43
and G'TD-C. In short, the helical sequences contain amino
acid residues with helix propensity and the folded helices
were stabilised by capping and dipole stabilising residues
as well as by salt bridges. The loop sequence of G'TD-43
and GTD-C is G-T-G-P (Figure 1). Complementary
hydrophobic interfaces were engineered from Nval, Ile,
Leu, Phe and Trp residues and the aromatic residues
Phel0 and Trpl3 in helix I and Phe34 in helix 1T were
designed and shown by NMR spectroscopy to interact in
the folded state. Unique conformational stability was
induced by the aromatic ensemble and G'TD-43 was char-
acterised by a well-dispersed 'H NMR spectrum that was
in slow exchange on the NMR timescale, slow amide
proton exchange rates in part of the sequence and a narrow
temperature interval for thermal denaturation. However,
G'I'D-43 was poorly soluble in the pH interval above 4 and
spectroscopic investigations were inconclusive.

Figure 1
1 17 20
S-L-E-A-Nva-L-Q E-A-F-R A-WL-Q Y-H A- A- K-
21 24
-G T-GP-

N-1-K-A-Na-L-Q K-A-F-A-HL-A-E QD QA
43 27 25

The amino acid sequence of GTD-C presented using the one-letter
code except for norvaline which is shown as Nva. His17 and Asp27
are the residues designed to form an interhelical salt bridge.

In order to increase the solubility without affecting the
structural properties, two amino acid residues were
replaced on the surface of the folded polypeptide. Arg32
was replaced by His and Aad36 (0-amino adipic acid)
was replaced by Lys. The replacement of Aad3 by Glu3
is a very minor modification as its only effect is to
decrease by one the number of methylene groups of the
sidechain. The amino acid sequence of GTD-C is
shown in Figure 1. The incorporation of His32 and
Lys36 also had another purpose as they are known to
form a site for the reaction with p-nitrophenyl esters. A
histidine and a lysine residue in a helix conformation,
four positions apart in the amino acid sequence, have
previously been shown to react with p-nitrophenyl esters
with increased rates of p-nitrophenol release over that of
4-methyl imidazole at pH 5.85 and 290K by factors of 5
to 35 depending on the solvent [14,15]. The incorpora-
tion of the two residues in G'TD-C therefore represents
the first step towards the development of catalytically
active sites in designed polypeptides with well-defined
tertiary structures.

The structure of GTD-C

The CD spectrum of GTD-C in aqueous solution at
pH 4.8 and ambient temperature is characteristic of an
a-helical protein with minima at 222 nm and 208 nm and a
maximum at 195 nm. The mean residue ellipticity at
222 nm, 8,,,, is 20,500 = 1000 deg cm? dmol-!, which is
the same, within experimental error, as that reported for
GTD-43 and the small modifications introduced into the
sequence of GTD-C apparently do not much affect the
tertiary structure. The mean residue ellipticity of GTD-C,
and the ratio of mean residue ellipticities 8,,,/6,.g, is inde-
pendent of concentration in the range 3.8 to 760 UM in
50 mM phosphate buffer at pH 5.8 and 298K. The mean
residue ellipticity of G'TD-43 is also independent of con-
centration and GTD-43 has previously been shown by
ultracentrifugation to fold into a dimer.

The mean residue ellipticity at 222 nm is pH dependent
in the range pH 2 to pH 8.5 (Figure 2). At pH 2, 8,,, is
only —12,000 deg cm? dmol-!, but the helical content
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Figure 2
The CD spectrum of GTD-C at 61 uM peptide
concentration and 298K as a function of pH. (@ (b)
(a) An isodichroic point is observed near 30
203 nm suggesting that pH denaturation can -26 —
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increases from pH 2.5 to reach its maximum value at
pH 5.5 after which it decreases slightly above pH 6. The
change at low pH follows approximately the deprotonation
of carboxylic acids and is probably due to the formation of
favourable ion pairs and neutralisation of repulsive
charge—charge interactions. The slight increase in helicity
at very low pH that is observed for GT'D-C has been
reported for a number of coiled-coil peptides and has been
assigned to changes in helix propensity of the protonated
acidic sidechains and increased hydrophobic interactions
between the uncharged residues [16].

The ratio of mean residue ellipticities, 8,,,/6,,s, is com-
monly interpreted in terms of the formation of coiled-coil
motifs [17]. A ratio of 1 is considered to correspond to an
o-helical coiled coil and a value of ~0.8 to a polypeptide
with single-stranded helices. The magnitude of the ratio is
also pH dependent and increases with pH from a value of
less than 0.8 at pH 2.5 to a rather broad maximum with a
value that is close to 1 and is centered around pH 5. The
pH dependence of the ratio 6,,,/0,)5 suggests an optimum
for the supercoiling of GTD-C at pH 5.

The tryptophan fluorescence maximum at 341 nm in
50 mM phosphate buffer at pH 5.8 and 288K is blue
shifted in comparison with that of the GuHCI denatured
peptide at 360 nm, which shows that Trp13 is at least
partly buried in the hydrophobic core of the folded struc-
ture [18]. The fluorescence intensity of the folded state
of G'T'D-C at pH 5.8 is only 30% of that of the denatured
state, probably due to quenching by the protonated form
of Hisl7. The imidazolium ion has been shown previ-
ously to quench Trp fluorescence [19]. The fluorescence

intensity increased with pH and follows the depronation
of a monobasic acid with a pKa of 6.5.

The conformational stability of GTD-C

The 'H NMR spectrum of GTD-C in 90% H,0/10% D,0O
at pH 4.5 and 283K is well dispersed and its temperature
dependence shows that GTD-C is in slow exchange on
the NMR timescale (Figure 3). The chemical shift range
of the amide protons is 2.3 ppm, which compares well
with those of other designed proteins and is comparable to
that of I1.-4 (2.9 ppm) [20], a naturally occurring four-helix
bundle. Similar comparisons can also be made for the
methyl region and for the O proton region. The appear-
ance of the W NMR spectrum is pH dependent
(Figure 4) and the best resolution is obtained between
pH 4 and pH 5.

The thermal denaturation of GTD-C at pH 5.8 is moni-
tored by recording the CD spectrum as a function of tem-
perature (Figure 5). The decrease in -6,,, was masked by
the precipitation of peptide and the adhesion of peptide to
the glass wall of the cuvette. Above 358K, G'TD-C precip-
itates irreversibly and a B-sheet is formed that cannot be
removed from the cell window even after repeated rinsing
with water and ethanol. A typical B-sheet CD spectrum
remains and as a result no melting point is obtained from
the temperature dependence of 8,,,. The mean residue
ellipticity at 208 nm, 8,5, was used instead as it is little
affected by the spectrum of the glass-bound peptide. In
the interval from 275K to 335K, the negative value of 8,44
decreases by roughly 15%. Above 335K, there is a rapid
decrease in the helical content with temperature and at
358K, 8, is only =5000 deg cm? dmol-!. Published values
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Figure 3

Figure 4
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Parts of the 500 MHz 'H NMR spectrum of GTD-C at a concentration
of 210 pM and pH 4.4 as a function of temperature. From bottom to
top, the temperatures are 283K, 298K, 303K, 313K and 323K. The
resolution at 283K is dramatically better than that at elevated
temperatures, which shows that as the conformational exchange
processes are accelerated the resonances are broadened and at low
temperature GTD-C approaches the slow exchange limit.

of the mean residue ellipticities of dissociated
helix—loop-helix dimers are negative [3]. The thermal
denaturation at the temperature for precipitation can
therefore be assumed to be past its midpoint and the tem-
perature interval for thermal denaturation is on the order
of 30K. The observed isodichroic point near 203 nm sug-
gests that the thermal denaturation may be described by a
two-state helix-to-coil transition.

The near-UV CD spectrum of GTD-C (Figure 6)
exhibits a strong broad signal between 250 and 310 nm,
with some vibronic structure, which is typical of a trypto-
phan in an ordered environment [21]. The spectrum is
dominated by the Trp 'L, and 'L, bands, the two broad
positive 'L, CD bands extend from approximately 250 to
310 nm and the negative 'L, vibronic bands were identi-
fied at 293 and 285 nm from the 7 nm vibronic spacing
found for tryptophan.

The 'L, and 'L, CD bands of Trp13 have different signs
and vary independently of one another in intensity as a
function of pH. The intensities of the broad 'L, bands vary
with pH and have a maximum between pH 3.5 and 5,
which supports the conclusion that the tertiary structure is
best defined in that range, as the intensity is expected to
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Parts of the 500 MHz 'H NMR spectrum of GTD-C at a concentration
of 190 pM and 293K as a function of pH. From bottom to top, the pH
values are 3.0, 4.0, 4.5, 4.9, 5.5 and 6.3. The resolution at pH 4.5 and
at pH 4.9 is considerably better than at pH 3.0 and pH 6.3, where the
spectrum shows broadened resonances and poor resolution, which is
typical of molten globule structures.

decrease with increasing mobility of the sidechains. The
intensity of the weak and negative 'L, vibronic band of
Trp13 at 293 nm becomes more negative with pH, and
through curve analysis it was extracted from the spectrum
and plotted as a function of pH. The observed variation
with pH approximates a function describing the dissocia-
tion of a monobasic acid with a pKa of around 6, which is
close to the values determined for His17 and His32. The
contributions of T'yr16, Phel0 and Phe34 to the near-UV
CD spectrum were difficult to detect in the presence of the
strong CD bands of the structurally well-defined Trp13.

Binding of the hydrophobic fluorescent dye ANS is com-
monly used to discriminate molten globules from native
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Figure 5
The CD spectrum of GTD-C at a peptide @ (b)
concentration of 150 pM in 50 mM phosphate
buffer and pH 5.8 as a function of 30
temperature. (a) The temperatures are from 0
bottom to top 275K, 294K, 314K, 333K,
352K, 356K, 361K and 371K. An isodichroic
point is observed close to 203 nm,
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The near-UV CD spectrum of GTD-C at a
peptide concentration of 330 UM in aqueous @ gooo -
solution at 298K as a function of pH. (a) The
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The fluorescence intensity of 20 uM ANS in the presence of 20 pM
GTD-C in aqueous solution at 293K as a function of pH after excitation
at 350 nm.

The emission spectrum of a 5 UM ANS solution (bottom trace) and of a
5 UM ANS solution containing 20 pM GTD-C (top trace), in 50 mM
phosphate buffer at pH 5.8 and 293K, after excitation at 350 nm. The
ANS fluorescence intensity is enhanced and the wavelength maximum
is blue shifted due to ANS—peptide interactions. The emission
spectrum of ANS in the presence of GTD-C has a maximum at 475 nm
and its intensity is enhanced about six times.

proteins [22]. ANS is not expected to bind to proteins with
well-defined tertiary structures nor to random coils,
although binding to native proteins has been observed.
ANS is, however, known to have a strong affinity for
molten globule states. The binding of ANS to a protein is
accompanied by enhanced fluorescence intensity and a
blue shift of the fluorescence maximum wavelength.
GTD-C binds ANS, and the fluorescence spectra of free
ANS and of ANS interacting with GTD-C at pH 5.8 are
shown in Figure 7. The addition of 20 pM peptide to a
solution of 5 UM ANS at pH 5.8 increases the ANS fluo-
rescence intensity by a factor of only 6, which is very little
since the intrinsic fluorescence of ANS is often plotted as
the baseline in similar experiments. The binding is weak
and no curvature is observed in the plot of fluorescence
intensity versus concentration of ANS in the range 0 to
200 pM for a peptide concentration of 50 pM. The dissoci-
ation constant for the peptide—~ANS complex cannot be
determined since the errors due to the inner filter effect
are too large at the concentrations of ANS needed to
obtain sufficient complexation.

The pH dependence of ANS binding of GTD-C has
instead been monitored by recording the fluorescence
spectrum of ANS in a solution containing 20 UM peptide

and 20 UM ANS as a function of pH (Figure 8). At a pH
below 3, where GTD-C has a low helical content, weak
peptide interactions with ANS are observed. In the pH
interval between 3 and 4, the helix content increases and
ANS fluorescence is at a maximum. At pH 5, the weakest
ANS fluorescence is observed and the peptide—ANS inter-
actions are weak, probably due to the formation of a well-
defined tertiary structure of GTD-C. At pH 7.5, the most
intense fluorescence is observed, which suggests the for-
mation of a molten globule state, and above pH 7.5, the
ANS fluorescence again decreases although the helical
content is as high as at pH 5.

The pKa values of His17 and Asp27

The pKa values of the two histidine residues were deter-
mined by measuring the chemical shifts of the ring
protons as a function of pH* (uncorrected) in D,O solu-
tion at 288K. Below pH 3, where the helical content is
low, the downfield ring protons of both histidine residues
are sharp, but at pH 4.2, where the structure is approach-
ing optimum conformational stability, one of them is
severely broadened in spite of the fact that it is more than
99% protonated.

Differential broadening of the resonances of the two his-
tidines is clearly observed until a pH of 5.9 has been
reached, but at higher pH they overlap and separate
linewidths cannot be estimated. The upfield His ring-
proton resonances overlap with the aromatic protons of
T'rp, Phe and T'yr and can be observed only in the differ-
ence spectrum, where broadening is also observed for
one of the resonances. The broadened resonances were
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tentatively assigned as those of Hisl7, due to the fact
that the resonances of His17 in G'T'D-43, too, were broad-
ened. Selective broadening of the resonances of one His
residue may arise due to participation in a salt bridge and
restricted conformational freedom. His32 was incorpo-
rated on the surface of the folded motif and was therefore
expected to be more mobile and have sharper reso-
nances. The pKa values are almost the same and a pKa of
6.5 was measured for the broadened resonances and ten-
tatively assigned to His17 and a pKa of 6.4 was measured
and assigned to His32. The expected value for a solvent
exposed His residue is 6.4 [23].

The pKa of Asp27 is expected to be 4.0 from the determi-
nation of the pKa of Asp sidechains in model peptides.
The chemical shifts of Asp27 have not yet been assigned,
but a residue with the spin system of an aspartic acid, one
o and two [ protons, and chemical shifts that are close to
those of Asp27 in G'TD-43 titrates in a way that is compat-
ible with a pKa of approximately 4. The simultaneous
concentration of unprotonated Asp and protonated His
should therefore have a rather shallow maximum centered
at pH 5. An accurate determination of the pKa of Asp27 is
not possible due to the documented structural changes of
G'TD-C that occur at low pH so that the measured chemi-
cal shifts do not reflect the state of protonation alone. The
pKa value of Asp27 can therefore deviate significantly
from the value of 4.

The free energy of unfolding of GTD-C

The Gibbs free energy of unfolding of G'TD-C was deter-
mined by GuHCI and urea denaturation by monitoring
the mean residue ellipticity at 222 nm, as a function of
denaturant concentration at 298K and pH 5.8 [24]
(Figure 9). Under the assumption that the concentration
of the folded monomer is negligible, the denaturation may
be described by a two-state model including only folded
dimers (F,) and unfolded monomers (U) [25].

K,
F, — 2U (1)
2
U 2 O
KU: = fl % (2)
FZ v

K, is the dissociation constant, P, is the total peptide con-
centration and f;, is the molar fraction of unfolded peptide
as described by equation 3:

6, =8,
j, =m0 (3)
v (eF - 91/)
where 6, is the observed ellipticity at 222 nm and 6 and
8, are the ellipticities at 222 nm of the folded and unfolded
states, respectively. The mean residue ellipticities of the

Figure 9
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The mean residue ellipticity at 222 nm of GTD-C as a function of
GuHCl (filled squares) and urea (filled circles) at pH 5.8 and 298K.
The solid lines show the nonlinear least-squares best fits of equation 7
to the experimental results. The dotted line that describes the
dependence of the mean residue ellipticity of the denatured peptide on
GuHCI concentration was calculated from equation 5 using
parameters obtained from the least-squares fit and the value of the
intercept obtained from the GuHCI denaturation was used in the
calculation of the corresponding function for urea denaturation. The
slopes of the corresponding functions for the folded peptide could not
be determined from the experimental results and were set to 0. The
resulting free energy of unfolding for GuHCl is 9.7 kcal mol~' and for
urea it is 9.0 kcal mol~1.

folded and unfolded states vary with the concentration of
denaturant and, as a result, slopes are observed outside the
transition region that are usually taken into account in the
determination of the equilibrium constants [26]. 8, and 8,
are given by equations 4 and 5:

0, = 0,°" +m;[D] 4)

6y = 6" +my[D] (5)
650 and B0 are the ellipticities in aqueous solution
obtained as the intercepts at zero denaturant concentra-
tion, m; and m; are the slopes of the baselines, and D is
the denaturant. The free energy of unfolding, AG ,, is cal-
culated for each denaturant concentration as —R7" In K,
and the Gibbs free energy of unfolding in aqueous solu-
tion, AGM20, is estimated by linear extrapolation to zero
denaturant concentration, as described in equation 6:

AGobs :AGEZZ/O +m1"l/[D] (6)
The combination of equations 2—-6 and AG,,. = —RT In K,

leads to equation 7, where 8, is given as a function of
denaturant concentration, [D]:
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0 =0 oo {o] {8 {1} -6 {1} )
ﬁ-éxp—gm”z‘) +m”v[D])/ RT% 4P +

\/ %XP— EAG”ZO +”1F('[D])/RT%R§ + %xp—gm”fo +me[D])/RT% 2p, g

Nonlinear least-squares fitting of equation 7 to the experi-
mental results gives the free energy of unfolding in
aqueous solution. For GTD-C at pH 5.8 and 298K, it is
9.7+ 0.6 kcal mol-!  for GuHCI denaturation and
9.0 + 0.3 kcal mol-! for urea denaturation. The concentra-
tion of GuHCI required to reduce the helical content of
G'TD-C to 50% was 2.0 M and the required concentration
of urea was 3.8 M.

Trifluoroethanol (TFE) is a solvent that disrupts quater-
nary and tertiary protein structures and stabilises single-
stranded 0-helices in sequences with 0-helical propensity.
The effect of TFE on the CD spectrum of GTD-C is
shown in Figure 10. The absolute value of the mean
residue ellipticity at 222 nm does not increase on addition
of TFE and the helical segments are therefore fully devel-
oped already in aqueous solution. The ratio 6,,4/0,,51s 0.99
in aqueous solution at pH 5.8, but decreases with increased
T'FE concentration to reach a value of 0.8 at 50 vol % TFE.
The change of the ratio of 8,,/6,44is due only to the varia-
tion in B,4g since 8,,, does not change with TFE, and the
ratio was therefore used for the study of TFE denaturation
in a manner that was analogous to the way in which 8,,, was
used for the study of GuHCI and urea denaturation.

If it is assumed that the equilibrium between folded ter-
tiary structure ('T',) and single-stranded a-helices (H) can
be described by a two-state model, the dissociation con-
stant, Kp, is given by:

KPU
T, — 2H (®)

2
H|" O r2 O
2

P, is the total peptide concentration and fy; is the molar
fraction of single-stranded helical states as described by:

=) 10)

(’F _rU)
where 7, is the observed ratio 8,,,/8,5 and 7 and 7, are
the ratios of the folded and single-stranded O-helical states,
respectively. The assumption that the dissociation can be
described by a two-state model is supported to some
extent by the fact that 8,,, is unaffected by TFE, which
shows that the helical structures are approximately the
same in TFE as they are in the folded dimer. This does
not mean to imply that the unfolded monomers in aqueous
solution are the same as those in TFE. The free energy
associated with the formation of helical monomers, AGp, is
—RT'In K. 'The value of the Gibbs free energy in aqueous
solution, AGH0 is estimated by linear extrapolation to
zero TFE concentration. The calculated free energy asso-
ciated with the formation of single-stranded O-helices from
the four-helix bundle at 298K is 7.5 kcal mol-.

The reactivity of GTD-C

The reaction of G'T'D-C with mono-p-nitrophenyl fumarate
was studied at pH 5.85 and 290K, and the second-order rate
constant for the release of p-nitrophenol  was
38+02*102s ! M1, which is comparable to that
reported for RA-42, a helix—loop-helix dimer with ornithine
as the flanking sidechain, 5.1 £ 0.1 * 10-2 s~1 M1 [14].

Figure 10
b The effect of TFE on the CD spectrum of
2?))103 (b) v GTD-C at a peptide concentration of 38 UM in
X \ ~ 8 50 mM phosphate buffer at pH 5.8 and 297K.
\ 5 o (a) The CD spectrum of GTD-C at 0% (top
30 v g’
0.95 - = A trace) and 31% (v/v) (bottom trace) of TFE.
— 2 64 N The effect of TFE on the mean residue
L 204 v o, ellipticity at 222 nm is very small. (b) The ratio
£ j <07 of mean residue ellipticities of GTD-C at
¢ 104 2 0.907 v 4 222 nm and 208 nm, 6,,/0,,4 as a function of
o & ' 1'0 ' 2'0 ' 3'0 ' TFE concentration. Inset: TFE denaturation of
$ 0 =) v [TFE] (% v/v) GTD-C as a function of TFE concentration.
z 0.85 v The intercept at zero TFE concentration is
~10- 7.5 kcal mol~1.
-204 a v
0.80 v v
T T T T T T T T T T T T
200 210 220 230 240 250 260 0 10 20 40 50 60
Wavelength (nm) [TFE] (% v/v)
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Discussion

The structure of GTD-C

The structure of GTD-43 has been determined previously
by NMR and CD spectroscopy and ultracentrifugation
and it folds into a hairpin helix-loop—helix motif that
dimerises to form a four-helix bundle [7,8]. The incorpora-
tion of His32, Lys36 and Glu3 to form G'TD-C does not
decrease the helical content; the mean residue ellipticity
of GTD-C is -20,500 deg cm?2 dmol-!, which is the same
(within experimental error) as that of GTD-43. The mean
residue ellipticity at 222 nm of GTD-C is concentration
independent for total peptide concentrations in the range
3.8 to 760 UM and a concentration-independent CD spec-
trum was also found for GTD-43 where no decrease in
helical content could be observed for concentrations as
low as 4 phM. The free energy of unfolding for GTD-C
determined by GuHCl is 9.7 + 0.6 kcal mol-!, which is the
same within experimental error as that of GTD-43
(10.1 kcal mol1). Apparently the tertiary structure is unaf-
fected by the changes in the amino acid sequence.

Further evidence for the formation of a well-developed
structure in aqueous solution comes from the observation
of a TFE-independent mean residue ellipticity and a
blue-shifted Trp fluorescence maximum. The former
observation shows that the helices are fully developed and
the latter shows that the Trp is at least partly buried in the
folded dimer.

GTD-C has a well-defined tertiary structure

The 'H NMR spectrum of GTD-C at pH 4.5 and 283K is
well dispersed, the NH chemical shifts cover a range of
2.29 ppm and the methyl region is 0.84 ppm. The corre-
sponding shift ranges are 2.63 ppm and 0.94 ppm for IL.-4,
a naturally occurring four-helix bundle with 133 residues,
and 2.14 ppm and 0.85 ppm for G'TD-43 at pH 3.0 and
288K. The methyl region chemical shift dispersion is
0.75 ppm for a,D but the NH dispersion has not yet been
reported. Typical values for molten globules are 1.12 ppm
and 0.15 ppm. The chemical shift dispersion of GTD-C is
clearly comparable to that of ILL.-4, particularly in view of
the fact that IL.-4 has many more residues and longer
loops that contribute to the dispersion because of the dif-
ferences in secondary structure.

The temperature dependence of the 'TH NMR spectrum
of GTD-C at pH 4.5 shows that the resolution is reduced
with increased temperature due to line broadening, which
is the expected behaviour for conformational exchange
that is slow on the NMR timescale. In particular, the reso-
nances in the amide and methyl regions become much
better resolved at 283K than at higher temperatures.

The thermal denaturation of GTD-C was difficult to
follow due to its precipitation at high temperature and irre-
versible attachment to the cuvette wall. The precipitation

can be estimated from comparisons with other designed
four-helix bundles to occur when the denaturation is past
its midpoint but the contribution to the observed mean
residue ellipticity at 222 nm by the glass-bound peptide is
difficult to evaluate. The contribution to the CD spectrum
is large and negative at 222 nm but close to zero at 208 nm
and the thermal denaturation was therefore investigated by
following the mean residue ellipticity at 208 nm as a func-
tion of temperature. The estimated temperature interval
for thermal denaturation is about 30K.

In addition, the near-UV CD spectrum of GTD-C at
pH 4.5 shows fine structure that is unusual for designed
proteins and suggests that the Trp residue is located in an
ordered environment. The aromatic ensemble consisting
of Phel0, Trp13 and Phe34 has been shown previously to
form a well-ordered structure in GTD-43 and it appar-
ently remains so in the hydrophobic core of GTD-C.

The chemical shift dispersion and temperature depen-
dence of the 'TH NMR spectrum of GTD-C, the narrow
temperature interval for thermal denaturation and the
appearance of the near-UV CD spectrum of GTD-C show
that it has a well-defined tertiary structure.

The pH dependence of the tertiary structure of GTD-C follows
the putative formation of an interhelical hydrogen-bonded
ion pair between the ionized forms of His17 and Asp26

The resolution of the 'H NMR spectrum, the mean
residue ellipticity at 222 nm, the ratio of mean residue
ellipticities, 0,,,/6,y5, the intensities of the near-UV CD
L., bands and the ANS binding show a strong depen-
dence on pH. The probes that are commonly used to
identify conformational stability, i.e. the 'H NMR spec-
trum, ANS binding and the intensities of the strong near-
UV CD bands, all have optima centered around pH 5. In
addition, the ratio of mean residue ellipticities has a broad
maximum with a value that is close to 1 centered around
pH 5, which suggests that the formation of the coiled-coil
motif is optimal in the same region. The formation of a
well-defined tertiary structure therefore has a pH
optimum that is centered around pH 5 and the structure is
severely degraded upon titration to low and to high pH
from that of the optimum conformation.

The observation of a pronounced pH optimum must be
linked to the ionization of more than one residue, one of
which should have a pKa of approximately 6.5 and the
other should have a pKa that is slightly less than 4. The
measured pKa values for both histidines are 6.5 within
experimental error and no other residues are expected to
have dissociation constants that fit the observed pH
dependence. His32 is located on the surface of the folded
peptide as demonstrated by its reactivity towards mono-p-
nitrophenyl fumarate. The release of p-nitrophenol with
the second-order rate constant that was measured for
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Figure 11

Ala19

Helical wheel representation of the designed
helices in GTD-C showing the putative
formation of a salt bridge between HisH17+
and Asp27-.

GTD-C occurs only for histidine residues that are flanked
by lysine or arginine residues in positions 7,/+4, 7,/+3 or
7,;~3 [14] and this condition is fulfilled only for the His32
Lys36 pair. Consequently, His32 is located on the surface
of the folded peptide and can stabilise only the folded
helix, which is not sufficient to provide conformational
stability for the tertiary structure. Hisl17, on the other
hand, is located in the interior of the four-helix bundle as
it flanks Trp13 in helix I and the observed pH depen-
dence is therefore most likely due to the dissociation of
HisH17+ (Figure 11).

A pKa of 4 cannot be determined in GTD-C because the
tertiary structure is disrupted at low pH and the chemical
shifts cannot be assumed to be due to the state of protona-
tion alone. The pKa values must therefore be estimated
from those of model peptides where the pH of the
sidechain of Asp is 4.0 and that of Glu is 4.5. The observed
pH dependence fits the expected deprotonation of Asp27,
which is the only Asp in the sequence, although the possi-
bility of a Glu with a depressed pKa or a general field
effect from the simultaneous deprotonation of many car-
boxylic acids cannot be excluded.

His17 is close to Asp27 in the folded hairpin motif and the
formation of an interhelical salt bridge fits the observed pH
dependence very well, particularly if the pKa of Asp is a few
tenths of a unit below 4.0. The observation that a well-
defined tertiary structure is formed is also in agreement with
the formation of a salt bridge between His17 and Asp27.
The effect of forming a hydrogen-bonded ion pair would be
to reduce the degrees of freedom of the helices, which is the
designed function of a conformational constraint.

The free energy of unfolding of GTD-C at pH 5.8 is the same
as that of GTD-43 at pH 3.0

The putative salt bridge between His17 and Asp27 is not
strictly internal as it is located at the boundary between the

hydrophobic core and the loop region, and complete desol-
vation of the charged groups is not necessary for its forma-
tion. Thermodynamically, it would not be expected to
provide much net binding energy over that provided by
complementary hydrophobic residues. The favourable con-
tribution by salt bridges has been shown to roughly cancel
out the negative contribution from desolvation of the
charged groups and hydrophobic interactions can provide
much binding energy. In the Arc repressor of bacteriophage
P22, it was demonstrated that the thermodynamic stability
was in fact increased by replacing the internal salt bridge by
complementary hydrophobic residues. The reason for the
improved conformational stability of GTD-C in comparison
with those of most de novo designed proteins is therefore
not the increased binding energy per se, but the increase in
free energy that results from deviating from optimum
geometry since this leads to ‘unpaired’ charged residues in a
hydrophobic environment. The thermodynamic cost or gain
of forming a salt bridge has been investigated by measuring
the free energy of unfolding of GTD-43 at a pH where
there is little salt bridge formation and that of GTD-C at a
pH where there is substantial salt bridge formation. The
net difference in helix propensity between the amino acid
residues His and Lys in GTD-C and Arg and Aad (Glu) in
GTD-43 is small since His has a lower helix propensity
than Arg but Aad (Glu) has a lower propensity than Lys [1].
The free energy of unfolding of GTD-C at pH 5.8 is
9.7 kcal mol-!, which is the same (within experimental
error) as that of GTD-43 at pH 3.0 (10.1 kcal mol'). Conse-
quently, in GTD-C the His17 Asp27 ion pair contributes
little to the overall thermodynamic stability of the folded
dimer but the gain in conformational stability is striking.
The incorporation of interhelical salt bridges in designed
proteins where the thermodynamic stability is sufficient
may therefore be of general use in de novo design of pro-
teins with well-defined tertiary structures. The interesting
issue of what properties are found in G'TD-C when the salt
bridge is replaced by two hydrophobic residues, however,
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remains to be resolved. Those experiments are now in
progress in our laboratory.

Cooperativity in the folding of GTD-C

The observation of an isodichroic point in the thermal
denaturation of GTD-C suggests that the transition from
coil to helix is cooperative and may be described by a two-
state model. The free energy of unfolding is a measure of
the transition from coil to folded structure and it has been
measured by GuHCI as well as by urea denaturation and
found to be 9.7 kcal mol-! and 9.0 kcal mol-!, respectively.
TFE has been used to denature proteins and to force the
formation of helical structures in sequences with helical
propensity. The effect of TFE on the structure of the
folded dimer of GTD-C is only to disrupt the tertiary
structure to form non-hairpin helix-loop—helix monomers,
since the helical content is unaffected by the solvent.
Since the free energy of unfolding by GuHCI measures
the disruption of the folded dimers and the formation of
coil-like structures, whereas that by TFE measures only
the disruption of the folded dimers, a comparison of the
two numbers should provide information on the degree of
cooperativity. The application of the corresponding equa-
tions to the TFE denaturation process as used for GuHCI
denaturation leads to a free energy of unfolding for TFE
denaturation of 7.5 kcal mol-!. The difference between
7.5 kcal mol~! and 9.7 and 9.0 kcal mol~! suggests that
about 2 kcal mol-! of folding energy is provided by the
helix propensity of the two helices and that intermediate
structures may be populated in the folding process.

Conclusions

The engineering of an interhelical salt bridge has been
strongly suggested by the pH dependence of a number of
spectroscopic probes to induce conformational stability in
a designed helix—loop—helix motif, i.e. it introduces speci-
ficity in helix—helix recognition. The hydrogen-bonded
ion pair provides little thermodynamic stability over that
of the non-hydrogen-bonded ion pair in agreement with
previously reported studies on proteins, but the effects on
the tertiary structure of the folded peptide are striking.
The combined use of interhelical salt bridges and shape-
complementary hydrophobic interfaces therefore appears
to be a design principle of general use in the de novo
design of proteins with well-defined tertiary structures.

Materials and methods

Synthesis, purification and identification of GTD-C

GTD-C was synthesised on a Biosearch 9600 automated peptide syn-
thesiser using general Fmoc procedures on a 0.16 mmol scale using a
PAC-PEG linked Asn(Trt) polymer (PerSeptive Biosystems). The
sidechains were protected with the piperidine-stable Pmc (Arg), Trt
(Asn, GIn and His), OtBu (Asp and Glu), Boc (Lys and Trp) and tBu
(Ser, Thr and Tyr) groups and the Fmoc group was removed by 30%
piperidine in DMF (v/v). Fmoc-protected amino acids (4 equiv) were
coupled to the growing peptide chain for 2h in 6 ml NMP with
TBTU:HOBt:DIPEA (1:1:1; 4 equiv) as coupling reagent in the first
coupling step. Amino acids for which a second coupling with fresh

reagents was required were allowed to react for an additional 2 h using
DCM:DMF:NMP (1:1:1; v/v) with 1% Triton X100 as the solvent using
the same coupling reagent as in the first coupling step. In the synthesis
of the template polypeptide, GTD-43, it was found after analysis of the
reaction products by MALDI MS that in the sequence from Ala33 to
Pro24 the coupling yields were not quantitative. The corresponding
sequence in GTD-C was therefore double coupled. All couplings were
performed at 28°C, by gentle heating of the reaction flask with a
heating coil. The deprotection and cleavage from the resin of GTD-C
was accomplished with a mixture of TFA:thioanisol:anisol:1,2-
ethandithiol (90:5:3:2; v/v). A volume of 15 ml was used to cleave 1 g
of polymer with stirring for 3.5 h at room temperature. After removing
the resin by filtration, the peptide was precipitated by the addition of
200 ml of cold diethyl ether. The precipitate was washed three times
with 100 ml cold diethyl ether, dried under vacuum and desalted on a
Sephadex G25 column with 0.1% TFA as the eluent. The collected
peptide fraction was lyophilised and stored below 0°C. GTD-C was
purified by preparative high-pressure liquid chromatography on a
reversed-phase Kromasil C-8 25 x 250 mm column with an isocratic
mixture of 32% isopropanol and 0.1% TFA as eluent at a flow rate of
9 ml min~1. The peptide eluted as a broad peak with a retention time of
39min and was identified from its electrospray mass spectrum,
recorded on a VG Analytical ZabSpec sector instrument (calculated
4721.1, found 4720.9).

NMR spectroscopy

500 MHz "H NMR spectra were recorded on a Varian Unity 500 NMR
spectrometer equipped with a matrix shim system from Resonance
Research Inc. using a 90° pulse of 8.9 us and a sweep width of
7000 Hz. Solvent suppression was accomplished by weak pre-irradia-
tion of the water resonance. The pKa values of the histidine residues
were determined at 293K by measuring the chemical shifts of the ring
protons in D,O solution under the usual assumption that the isotope
effects on pH* (uncorrected) and the dissociation constants cancel.
The pH was adjusted with 0.1 M DCI and 0.1 M NaOD. The tempera-
ture dependence of the "H NMR spectrum of GTD-C was determined
at pH 4.5. The chemical shift ranges of the NH and hydrophobic core
methyl groups were measured from the TOCSY spectrum where the
NH and methyl chemical shifts are easily identified from the observation
of sidechain spin systems.

Circular dichroism spectroscopy

CD spectra were acquired with signal averaging on a Jasco J-720
spectropolarimeter and a baseline was recorded separately and sub-
tracted. The instrument was routinely calibrated using d-10-(+)-cam-
phorsulphonic acid. The spectra were processed and presented using
the IGOR software from Wavemetrics Inc. Far-UV spectra were
recorded from 260 to 185 nm, using quartz cells, 1 nm bandwidths and
0.25 s response times. The spectra are the average of at least four
scans. Near-UV CD spectra were recorded from 350 to 240 nm, using
a 0.5cm quartz cell, 2 nm bandwidths and 1s response times. The
spectra are the averages of six scans. Far-UV ellipticities are reported
as mean residue ellipticities, and near-UV ellipticities are reported as
molar ellipticities per residue, using the molecular weight 4721.

Stock peptide concentrations were determined spectrophotometrically
in 6.0 M GuHCI using an exctinction coefficient at 280 nm of 6756.
The far-UV CD pH profile of GTD-C was recorded using a 61 uM
peptide solution in aqueous solution at 298K and the near-UV CD pH
profile was recorded using a 330 UM peptide solution in aqueous solu-
tion at 298K. The pH was adjusted with 0.1 M HCI and NaOH. The
temperature dependence of the mean residue ellipticity of a 151 pM
solution of GTD-C in 50 mM phosphate buffer pH 5.8 was recorded
using a 0.5 mm thermostatted quartz cell connected to a circulating
Lauda-T water bath in the temperature range 275-363K. The sample
cell temperature was raised in 5° increments with 10 min equilibration
times between spectra. The effect of TFE on the structure of GTD-C
was determined using a 38 UM peptide solution in 50 mM phosphate
buffer at pH 5.8 and 298K in the range from O to 60 vol % TFE (v/v).
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The molar ellipticity was calculated with due consideration to the dilu-
tion of the sample by the addition of TFE.

Denaturation of GTD-C by 0-5M GuHCI was carried out using a
peptide concentration of 63 UM in 50 mM phosphate buffer at pH 5.8
and 298K. Samples were prepared from a 1.5 mM stock peptide solu-
tion, a stock 7.73 M GuHCI solution (7.73 M) and diluted to the final
volume by the addition of buffer and equilibrated for 30 min before
analysis. The concentration of the stock GuHCI solution was deter-
mined from its refractive index.

The denaturation of GTD-C by 0-7 M urea was carried out in the same
way as by GuHCI but using a peptide concentration of 50 UM in
50 mM phosphate buffer at pH 5.8 and 298K. The samples were pre-
pared from a 330 pM stock peptide solution, a 8.1 M stock urea solu-
tion and the sample was diluted to its final volume by buffer. The
samples were equilibrated for 30 min before analysis. The concentra-
tion of the stock urea solution was determined from its refractive index.

Fluorescence measurements

Fluorescence spectra were recorded on a Spex 1680 Fluorolog 12
spectrometer using a 1.0 cm reduced cell with a sample volume of
200 pl, 4 nm bandwidths and a 0.5 s response time. The baseline was
recorded separately and subtracted from the spectra, which were also
corrected for the inner filter effect. ANS fluorescence in the presence
of 50 pM GTD-C at 288K was recorded in 50 mM phosphate buffer at
pH 5.8 by titration with a mixture of 50 pM GTD-C and 400 uM ANS in
50 mM phosphate buffer at pH 5.8. The concentration of ANS was
increased from 0 to 200 uM. ANS was excited at 350 nm and the
emission was recorded at 1 nm intervals between 420 and 550 nm.
ANS fluorescence as a function of pH in the presence of GTD-C was
measured using an aqueous solution of 20 yM GTD-C and 20 pM
ANS, which was titrated with 0.01 M HCl and 0.01 M NaOH. ANS was
excited at 350 nm and the spectra were recorded between 400 and
600 nm at 293K. ANS was also excited by energy transfer from Trp13
which was excited at 295 nm and the spectra were then recorded
between 300 and 600 nm at 293K.

Tryptophan fluorescence was recorded using a 23 pM aqueous
peptide solution at pH 5.8 with and without 5 M GuHCI, with excitation
at 280, 290 and 295 nm. The emission spectra were recorded at 1 nm
intervals between 310 and 400 nm. Tryptophan fluorescence as a
function of pH was recorded using a 20 UM aqueous GTD-C solution
that was titrated with 0.01 M HCl and 0.01 M NaOH. The spectra were
recorded at 293K between 300 and 400 nm with excitation at 295 nm.

Kinetics

The pseudo first-order rate constants for the reaction between GTD-C
and mono-p-nitrophenyl fumarate in 50 mM Bis-Tris buffer at pH 5.8 and
290K were determined by following the release of p-nitrophenol at
320 nm. The second-order rate constant for the reaction was deter-
mined from the slope of the plot of the pseudo first-order rate constants
versus concentration of peptide. The concentration of the substrate was
190 UM and that of the peptide was between 180 and 380 uM.
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