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Metal lon—-Dependent Modulation
of the Dynamics of a
Designed Protein

Tracy M. Handel, Scott A. Williams, William F. DeGrado

The peptide o, is a designed four-helix bundle that contains a highly simplified hydrophobic
core composed exclusively of leucine residues; its tertiary structure is therefore largely
dictated by hydrophobic forces. This small protein adopts a structure with properties
intermediate between those of the native and molten globule states of proteins: it is
compact, globular, and has very stable helices, but its apolar side chains-are mobile and
not as well packed as in many natural proteins. To induce a more native-like state, two
Zn?*-binding sites were introduced into the protein, thereby replacing some of the non-
specific hydrophobic interactions with more geometrically restrictive metal-ligand interac-
tions. In the metal-bound state, this protein has properties that approach those of native
proteins. Thus, hydrophobic interactions alone are sufficient to drive polypeptide chain
folding nearly to completion, but specific interactions are required for a unique structure.

Studies of natural proteins and their vari-
ants have suggested that proteins fold via
intermediates (1) stabilized by the collapse
of their hydrophobic groups (2). The native
structure would then form at a later state
through the accrual of specific interactions
including hydrogen bonding, aromatic inter-
actions, and electrostatic interactions. Al-
though attractive, this hypothesis is difficult
to test because of the complexity of natural
proteins and the transifory nature of their
folding intermediates. Minimalist protein
design (3) offers an alternative method to
test this and related hypotheses through the
design of proteins that are far simpler than
natural proteins but that embody the fea-
tures thought to be responsible for folding.
Among the few proteins designed in
recent years (4) is a class of four-helix
bundle proteins that includes B, a 16-
residue peptide that forms an a-helical tet-
famer; a,, a helix-loop-helix peptide that
dimerizes; and o, which consists of four
identical a;B helices connected by three
Pro-Arg-Arg loops (5). The interiors of
these proteins consist only of a single hy-
drophobic amino acid, Leu, and the sol-
vent-accessible faces of the helices consist
of charged Lys and Glu residues. Specific
side chain—side chain and H-bonded inter-
actions were not included in the design.
Thus, the simplified nature of the hydro-
phobic core made it possible to characterize
these proteins with respect to the role of
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hydrophobic collapse in protein folding.

~ These helical bundles had the desired
aggregation states, were highly helical, and
showed an extraordinarily high thermody-
namic stability. Even at low pH, where the
glutamates and lysines are protonated and
electrostatics should be unfavorable, the
assembly of a;B into a-helical tetramers
was highly favorable (6), indicating the
importance of hydrophobic and van der
Waals interactions in the folding process.
However, not all the properties of these
proteins were consistent with the native
state: the side chain resonances were not
well resolved in the nuclear magnetic reso-
nance (NMR) spectra, and the rates of
proton-deuteron exchange were between
those of helices in molten globules and
native proteins. Thus, these proteins ap-
peared to have some properties associated
with molten globules or folding intermedi-

ates (7).

Fig. 1. Simplified models for A natural
the folding of o, and natural protein
proteins. (Left) The folding of

a natural protein. A protein RC{

begins in a random coil con-
figuration containing a large
number of conformational
states with nearly degenerate
energy levels, proceeds to
an intermediate state with
fewer possible conformation-
al states, and ultimately
forms a native-like state. In
that proteins probably fold by
more complex processes

Energy

Native

Proteins in the molten globule state are
compact and have considerable secondary
structure, but the interior side chains are
not well packed. They do not undergo
cooperative thermal transitions and, like
folding intermediates, are able to bind hy-
drophobic dyes (7). The possibility of such
nonnative or molten globule-like features
in the o, proteins could be anticipated by
considering a highly simplified folding
scheme for a natural protein (Fig. 1). From
a random coil configuration with many’
energetically accessible states, the protein
folds into an intermediate state with fewer
accessible conformations. Finally, upon ac-
crual of numerous specific tertiary interac-
tions, the protein folds into a well-defined
native state. In the case of o, the protein
folds into an intermediate-like state stabi-
lized by hydrophobic forces, but because it
cannot form specific interactions, it never
adopts a truly native state.

To test this hypothesis, we first mea-
sured the structural and dynamic properties
of the a,-proteins with NMR, the binding
of 1-anilino-8-naphthalene sulfonate (ANS),
and measurement of the thermodynamics of
unfolding. We then redesigned a, so that it
could adopt a more native-like state (Fig. 1)
by (i) destabilizing the intermediate-like
state of o, and (ii) introducing more spe-
cific interactions. Several apolar Leu resi-
dues were changed to metal chelating His
residues, thereby replacing some of the
relatively nonspecific hydrophobic interac-
tions with more geometry-dependent met-
al-ligand interactions. We now compare
the structural and physical properties of
these metalloproteins with those of the
parent o, protein.

Design, stability, and zinc-binding
characteristics of metal-binding proteins.
The introduction of three- or four-coordi-
nate Zn?*-binding sites into o, and o, has
been described (8, 9). The three-coordi-
nate Zn**-binding peptides (9) acquire an

Redesigned
o

RC {

Rc{l-}]

+Zn2+

)

that involve far more than one intermediate, the diagram could be expanded without affecting the
concepts of the model. (Center) o, adopts an extremely stable intermediate-like state consisting of an
ensemble of low-energy configurations. (Right) To make o, more like a natural protein it should be
necessary to destabilize its intermediate-like state and to specify a more conformationally well-defined
state that will obtain its stability by specific interactions, in this case the binding of Zn2+
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interfacial site when three His residues are
introduced into a,, two replacing a Leu and
a Lys separated by one a-helical turn and
the third His replacing a Leu located on a
neighboring helix (Fig. 2) (10). This pep-
tide (H3a,) dimerized into a four-helical
bundle containing two equivalent metal
binding sites. As indicated by NMR data,
the Zn?*-binding site in H3a, is geometri-
cally well defined (9), and all three His
residues come within van der Waals contact
in the presence of Zn?*. We introduced
one or two copies of this site into the
full-length o, protein. We chemically syn-
thesized H3a,, containing a single Zn?*
site, and H6a,, which contains one Zn?*-
binding site between helices 1 and 2 and a
second site between helices 3 and 4 (Fig. 2)
(10).

The substitution of His residues for hy-
drophobic Leu residues at partially buried
sites in H3a, and H6a, destabilized the
intermediate-like state of these proteins in
the absence of metal ions, as indicated by
denaturation with guanidium chloride
(GdmCl). The thermodynamic stabilities
of these proteins were less favorable than
that of a,; extrapolated free energies of
folding (I11) were —6.2 and —2.5 kcal/mol
for H3a, and H6av,, respectively (Table 1),
compared to —15.4 kcal/mol for acetylated
o, (Ac-a,-CONH,, a chemically synthe-
sized derivative of o, lacking the NH,-
terminal Met of the cloned a, protein but
containing the NH,-terminal acetyl and
the COOH-terminal carboxamide blocking
groups as in H3a, and H6ar,). However, in
the presence of 1.0 mM Zn?** where the
Zn’*-binding sites were fully saturated
[K,, for binding Zn>* << 1 uM for both
proteins (12)], the stabilities of H3et, and
H6a, were enhanced (Table 1); the extrap-
olated free energies of stabilization (AAG®)
were —3.5 kcal/mol for H3a,, and 7.8
kcal/mol for H6a,. Thus, by replacing some
of the indiscriminate hydrophobic interac-
tions of Leu residues with more precisely
oriented Zn?*-binding sites, we have suc-
ceeded in designing a protein whose stabil-
ity depended on interactions with metal
ions.

'H NMR spectra of @, proteins com-
pared to metal-binding proteins. The NMR
spectra of native proteins show a large
spread of chemical shifts induced by their
well-defined tertiary structures, but molten
globules or folding intermediates show
much less dispersion resulting from structur-
al mobility, which in turn leads to averaged
resonance frequencies. The spectra of the
downfield (amide proton) region of B,
a,, and o, (I3) are well dispersed across
approximately 1.5 ppm (Fig. 3), in agree-
ment with earlier findings that most of the
backbone forms relatively rigid a-helices,
which place each of the individual amides
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in a distinct environment. The broadening
of the resonances as the number of loops
increase is due to the loops, which make
each of the helices become slightly non-
equivalent in a, and a, (resulting in a
slight nonequivalence in the chemical
shifts of the amides at a given position in
the helices). In addition, motions that are
intermediate on the NMR time scale and
aggregation at the high concentrations used
could also contribute to resonance broaden-
ing. In contrast, the aliphatic region (Fig.
3) was less well dispersed, particularly in
the methyl region where all leucine methyl
groups (48 in a,) resonate within an 0.2 to
0.3 ppm envelope centered near the ran-
dom coil value. This finding is partly due to
the absence of aromatic residues, but rapid
averaging of the side chain conformations

could also contribute to resonance overlap.
These and previous data (6), suggest that
the major portion of the backbone of these
four-helix bundles adopts a stable a-helical
conformation, whereas the side chains un-
dergo conformational averaging.

A similar result was observed for H3a,;
both in the presence and absence of Zn?*
the spectra showed little dispersion in the
aliphatic region of the spectrum (Fig. 4)
(13). In contrast, H6a,, which binds two
Zn** ions per bundle, showed a dramatic
Zn**-dependent increase in the chemical
shift dispersion of both the leucine methyl
groups at ~1 ppm and the H_ resonances
near 4 to 5 ppm. The general shift of
resonances away from random coil values
indicates that the side chains adopt more
well-defined positions and that the organiz-
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Fig. 2. An axial projection through a seven-residue section of a model of o, and H6a,. In the model
of a, (left) the helices are arranged with 2,2,2 symmetry (having a twofold rotational symmetry axes
coincident with the X, Y, and Z coordinates), and hence there are two different helix-helix
packings—labeled interface 1 and interface 2. Hydrophobic Leu residues that are changed to His
residues in H6a, are circled. The arrangement of the His residues breaks the 2,2,2 symmetry in
H6a, (right) and there is now only a single twofold symmetry axis. H6a, contains a Zn2* site
between helices 1 and 2 and a second site between helices 3 and 4 and has the sequence:
Ac-G(ELEELHKKLHELLK)GPRRG(ELEELHKKLKELLK)GPRRG(ELEELHKKLKELLK)GPRRG-
(ELEELHKKLHELLK)G-CONH,, where the sequences expected to be helical are in parentheses
and the residues expected to ligate Zn?* are italicized. H3a,, contains a Zn2*-binding site between
helices 1 and 4, and has the sequence: Ac-G(ELEELHKKLKELLK)GPRRG(ELEELLKKLKELLK)
GPRRG(ELEELLKKLKELLK)GPRRG(ELEELHKKLHELLK)G-CONH,,.

Table 1. Summary of GdmCI denaturation curves for H6a.,, H3a,, and Ac-a,,-CONH,,. The ellipticity
at 222 nm was recorded (AVIV 62DS CD) as a function of GdmCI (77). Samples were approximately
10 uM in 10 mM Hepes pH 7.0, with or without 1.0 mM zinc chloride. The data were fit to the
equation AG,,; = AG,,,, — RTAB’[GAMCI] where AG,,,; is —RTIn(K) (K is the equilibrium constant
for protein folding at a given GdmC), AG,,, is the free energy of folding in the absence of
denaturant, and RTABC is the change in the molar cosolvation free energy (which is a measure of
the cooperativity of the transition). AAG is the difference in the free energy of folding in the presence
or absence of metal for the metal binding proteins. The actual form of the equation used to fit the
parameters is given in (17).

. Midpoint RTABC AG, o AAG
Protein M) (kcal/mol)* (kcal/mol) (kcal/mol)
Ac-a,-CONH, 6.3 26 -15.4
H3e, — Zn2+ 46 1.36 -6.21
Ha, + Zn?* 55 1.76 -9.74 -35
H6a, — Zn?* 3.35 0.76 -250
H6a, + Zn2* 55 1.89 -103 -78

*Per molar GAmClI.
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ing effect of metal ligation extends beyond
the metal-binding site.

In the absence of Zn?*, the nonex-
changeable imidazole protons from the His
residues of H3o, and H6a, are overlapped
(Fig. 4) and appear at chemical shifts typi-
cal of the 8 and € protons of histidine in a
random coil conformation (14). This sug-
gests that the His residues undergo rapid
interconversion between multiple conform-
ers. Addition of a single equivalent of Zn?*
to H6a, results in a shift of the resonances
away from the random coil positions (Fig.
4); the chemical shifts of the six doublets
are nearly identical to those reported for the
six resonances in the H3o, dimer (9). The
doubling of resonances in H6a, reflects the
slight nonequivalence of the two sites. To-
gether with earlier data, these findings in-
dicate that H6o, forms two distinct three-
His Zn?*-binding sites. However, addition
of Zn** to H3a,, which has a single Zn?*-
binding site, causes the formation of multi-
ple, broad peaks; six appear at the charac-
teristic chemical shifts of H6a, suggesting
there is a population of three-His Zn?*-

binding sites, but the additional resonances
must arise from alternative conformations,
different modes of binding metal, or aggre-
gation at the high concentrations used for
NMR.

Fluorescence. ANS binds to apolar re-
gions of molten globule proteins with dis-
sociation constants in the range of 0.01 to
1.0 mM, presumably because their hydro-
phobic interiors are not as well packed as in
native proteins (15). It does not bind to
unfolded proteins or to native proteins un-
less the protein has a pocket for binding
hydrophobic substrates or cofactors (15,
16). Like molten globule proteins, o;B, a,,
and o, bind ANS (17) with apparent K
= 600 pM, 80 uM, and 50 pM (£15
percent), respectively. In the case of oy, a
part of the binding energy appears to arise
from favorable electrostatic interactions be-
tween positively charged side chains (net
charge = +7 at pH 7) and the negatively
charged sulfonate group of ANS since 0.20
M NaCl causes an increase in the dissocia-
tion constant from 50 to 110 uM. Howev-
er, two-dimensional NOESY (nuclear
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Fig. 3. Proton NMR spectra of «,B, a,, and a,: (left) upfield (aliphatic) region; (right) downfield
(amide) region (73). The sharp resonances near 7.2 and 7.4 in a,B and a, are due to the
carboxamide (CONH,, protons) and the broad features near 6.5 to 7.0 are due to resonances from
the Arg residues in the loops. Samples were prepared in 10 percent D,O, pH 5.0.

Fig. 4. The "H-NMR spec-
trum of H6a, and H3a, in
the presence and absence
of Zn?*. (Left) The 3- and
e-CH protons of the His
residues in the downfield
(aromatic) region of the
spectra. (Right) The up-
field (aliphatic) region of
the spectra. The samples
were prepared at a con-
centration of approximate-
ly 0.5 mM in 50 mM sodium
acetate-d,, D,O, pH 7 (un-
corrected meter reading),
with and without 1.1 equiv-
alents of zinc nitrate (73).

1
Héo., - Zn2+
Héa, + Zn2+
H30, - Zn2+
H3a, +Zn2+
8.0 7.0 60 4.0 2.0 0.0
ppm ppm
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Overhauser effect spectroscopy) spectra of
complexes of ANS with ;B or o, indicate
that the most apolar half of ANS contacts
the methyl groups of several Leu residues
confirming that ANS resides mainly in the
apolar core of the bundle. Also H3a, and
H6a, bind ANS in the absence and the
presence of Zn?*; H3a, binds in a Zn%*-
independent manner (K, = 70 pM in the
presence and absence of Zn?*), whereas
H6a, binds more tightly in the presence of
Zn** (K, = 80 pM) versus in the absence
of Zn** (K, = 230 uM) (17).

The emission spectrum of ANS is sensi-
tive to solvent polarity, shifting from 510
nm in water, to 480 nm in methanol, to
460 nm in pentanol (18); binding to a,B,
a,, and @, shifts the emission maximum to
461 nm. By comparison, A\, of ANS is
454 nm when bound to native apomyoglo-
bin (16) and between 470 and 492 nm
when bound to various molten globule pro-
teins (15). Thus, the polarity of the hydro-
phobic core of the a, proteins appears to be
intermediate between a molten globule pro-
tein and apomyoglobin. However, ANS
binds to these bundle proteins in several
distinct orientations, as shown below, and
the measurement represents an average.
The emission maxima for H3a, in the
absence and presence of Zn?* are 458 nm
and 456 nm, respectively; for Héa, the
corresponding values are 459 nm and 455.
Thus, it appears that ANS resides in a
more apolar environment when bound to
apo-H3a, or apo-Hb6a,, despite the fact
that these proteins are more polar than the
a,. Addition of Zn?* shifts the emission
maxima to values characteristic of apo-
myoglobin, an indication of a more na-
tive-like environment for the metal-bind-
ing proteins.

Although these proteins, like molten
globules, bind ANS, binding alone is not a
criterion for defining the molten globule
state since native proteins such as apomyo-
globin bind this probe (16). Additional
insight into the structural and dynamic
properties of the protein to which it is
bound can be obtained from quantitative
data concerning the isotropic and anisotro-
pic fluorescence decay of the complexed
dye. The isotropic fluorescence lifetime of
ANS depends on environment and pro-
vides additional information about environ-
ment polarity. In water, methanol, and
pentanol, the fluorescence decays as a sin-
gle exponential with lifetimes of 0.25, 5.9,
and 11.6 ns, respectively (18). Three expo-
nentials are required to describe the decay
of ANS when bound to the a;B, a,, or o,
suggesting that the ANS occupies multiple
binding sites in these proteins. From 15 to
20 percent of the signal has a 0.4-ns life-
time indicating that this fraction of ANS is
well hydrated and loosely associated with
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the protein surface. The remaining two
components represent 30 and 50 percent of
the signal and have lifetimes of approxi-
mately 3- and 12-ns, respectively. Thus, a
large portion of the ANS lies within a
highly hydrophobic environment like that
of apomyoglobin, while other components
have surface and interfacial localizations.
By comparison, apomyoglobin shows no
short-lived component, 11 percent with a
2-ns lifetime and 89 percent with a 14-ns
lifetime. Without Zn**, the isotropic fluo-
rescence decay of H3a, and H6a, is similar
to that of a,. Addition of Zn?* to H3a,
induces only a slight change in isotropic
decay. For H6a,, however, the presence of
Zn?* causes ANS to populate a more hy-
drophobic or structured environment, as
the components with the two short life-
times become smaller and the component
with the longer lifetime becomes larger
(reaching 73 percent of the total compared
to 89 percent for apomyoglobin) (19).

The anisotropic fluorescence decay of
bound ANS provides information concern-
ing the hydrodynamic properties of the
protein, and the rigidity with which the dye
is held in its binding site or sites. Two
components were observed for the anisotro-
pic decay of ANS bound to a;B, a,, and
a,. One component (®, ~ 0.6 to 0.9 ns) is
very short, indicating ANS undergoes lim-
ited but rapid positional fluctuations within
its binding sites (Table 2) while the remain-
der of the polarization (®,) correlates with
the overall rotation of the protein (20).
The associated order parameter S, which
has limiting values of 0.0 and 1.0 for
flexible and rigid environments, respective-
ly, ranged between 0.63 and 0.69. By com-
parison, the probe was highly immobilized
within the heme-binding pocket of apo-
myoglobin as evidenced by an S value
approaching 1.0 (Table 2).

The anisotropic’ fluorescence decay of
ANS bound to H6a, showed the surprising
result that, even in the absence of metal
ions, ANS is bound more rigidly to Héa,
than to a, as assessed by an order parameter
of 0.88 (Table 2). Apo-H3a, with only
three His residues has an order parameter of
0.81, intermediate between a, and apo-
Hé6a,. This is interesting in light of the
large thermodynamic destabilization of the
apoproteins relative to a, (Table 1). The
high order parameter of apo-H6a, can be
attributed to this protein having the great-
est number of hydrophilic residues at par-
tially buried positions, which would lead to
fewer energetically favorable helix-helix
packings, and hence, to less dynamical
averaging. In the presence of Zn?*, ANS is
held approximately as rigidly in H6a, as in
native apomyoglobin (S = 0.90). Further-
more, the addition of metal causes a reduc-
tion in the hydrodynamic radius.of the

882

protein as reflected by a 5.8-ns rotational
correlation time compared to 6.5 ns for the
apoprotein (Table 2). Thus, Zn** induces a
native-like structure in H6a,, which is
significantly more compact than the apo
form or o, (20).

Thermal denaturation. We used ther-
mal denaturation to examine the nature
and cooperativity of the interactions stabi-
lizing the proteins. Although the small size
and high stabilities makes their unfolding
transition relatively noncooperative (21),
at high concentrations of GdmCl (needed

to partially destabilize the proteins so that
thermal transitions can be observed), both
high- and low-temperature unfolding was
observed (22). The plot of the equilibrium
constant for protein unfolding (K) as a
function of temperature for a, in 6.0 M
GdmCl and T4 lysozyme (lzm) in 3.0 M
GdmCl (22, 23) (Fig. 5) show parabolic
shapes similar to native proteins, and ex-
hibit both low- and high-temperature un-
folding transitions. Expressed on a per res-
idue basis, AH, and AS, for the low- and
high-temperature transitions are similar for

Table 2. Time-dependent anisotropic fluorescence decay analysis of ANS/proiein complexes
(18-20). One short and one long component (&, and ®,) were resolved. The order parameter, S,
represents the fraction of polarization lost in the slow process relative to fast motions. Standard
errors are given in parenthesis. R(O) = 0.30, the limiting anisotropy extrapolated to t = 0 (time).

Component 1 Component 2

Protein S
@, (ns) d, (ns)
a,B ' 0.63 (0.08) 0.68 (0.03) 5.7 (0.68)
a, 0.69 (0.07) 0.90 (0.03) 6.5 (0.3)
a, 0.68 (0.07) 0.60 (0.06) 9.2 (0.8)
Apomyoglobin 0.92 (0.07) 0.42 (0.30) 8.5(0.2)
H3a, — Zn?* 0.81 (0.01) 1.7 (0.3) 9.4 (0.2)
H3a, + Zn?* * * *
Hba, — Zn?+ 0.88 (0.02) 1.4 (0.3) 6.5(0.2)
Héa, + Zn?* 0.90 (0.03) 1.9 (0.8) 5.8 (0.2

*The protein showed a distribution of at least four correlation times (20).

Fig. 5. Temperature-dependent 5
unfolding curves for a, in 6.0 M

GdmCl, H6a, in 5.25 M GdmClI, 4+
and T4 lysozyme in 3.0 M GdmCl;

K is the equilibrium constant for 3+
unfolding (22). Curve fits to the

data were based on the method 2T
of Shellman and are represented ¥ 11
by (e); actual data are shown as £

(x). The curve for lysozyme was ol
reproduced from the thermody-

namic parameters in (23). For 14
H6a,, it was not possible to accu-

rately fit the data, presumably be- 2+
cause of the presence of multiple

equilibria due to high-tempera- 3
ture dissociation of the metal. -20

0 20 40 60 80 100 120

Temperature (°C)

Table 3. Thermodynamic parameters for the thermal unfolding of a, and T4 lysozyme (22, 23). The
subscript g (AH,) indicates that parameters were evaluated at the midpoints of the thermal
denaturation curves where AG = 0. Quantitatively similar data was found for a, as for a,.

' AC, AS, AG
it 0 -1 -1
Condition T(°C) }((c_a1l.rn;(s)l_1) (cal m gl_,) (cg(laén_czl) cal mol-1
T4 lysozyme in 3.0 M GamCl
Low-temperature transition -3 11.2 -199 -0.74 0
High-temperature transition 28 11.2 212 0.70 0
Temperature of maximum stability — 12.5 926
a, in 6.0 M GdmCl/

Low-temperature transition 31 5.3 -192 -0.63 0
High-temperature transition 98 53 223 0.60 0
Temperature of maximum stability — 62.5 677
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a, and Izm (Table 3). However, a, is
predicted to have a melting temperature of
98°C in 6.0 M GdmCl, demonstrating that
it is a very stable protein.

A major difference in the unfolding
transitions of Izm and o, is in the cooper-
ativity, which is related in part to AC,.
This parameter is believed to be a measure
of the difference in the exposure of apolar
side chains in the folded and unfolded states
to water, and is relatively constant for
single domain proteins (10 to 15 mol~! K~!

for o, (Table 3) (and also o) is 2.5 times
lower than for native proteins, although it
is much greater than for many molten
globules. A strict interpretation on this
parameter is not possible because it was
obtained for a, at high concentrations of
GdmCl, and the relation between AC,, and
the concentration of GdmCl has not been
established. Nevertheless, the value of AC
determined for T4 lysozyme in 3.0 M
GdmCl (Table 3) is close to the value
expected for native proteins (23, 24) and

per residue) (21). For many molten glob-
ules, it is believed to be near zero (7). AC,

that for o, in 4.4 M GdmCl is nearly
identical to AC, for a, in 6.0 M GdmCl,

Haa, "
IHH HH. :EH" )
@59 @, --;0
H H H o
H6,
1
'EHH HI :E"u B\
.I H HJ‘i a nou :E
H
H6a,B
H H H W
oy W
T T T T
8.0 7.0 6.0 5.0

Fig. 6. (Left) The 3- and e-CH protons of the His residues in the downfield region of the spectra of
H4a, (top), H6e, (center), and H6a,B (bottom). The samples were prepared in 50 mM sodium
acetate-d,, D,O, pH 7 (uncorrected), with 1.1 equivalents of zinc nitrate. (Right) A highly schematic
drawing of the two possible topologies of H4a, (top), H6a, (center), and H6a,B (bottom). The
helices are numbered and their NH,- and COOH-terminal ends are designated as N and C. The
schematic on the left (center row) shows the clockwise orientation of H6a,, which orients the His
residues appropriately for two three-His metal-binding sites. The right panel shows that a
counterclockwise orientation of the helices produces a four-His binding site and a two-His binding
site, both of which would produce complicated NMR spectra on the basis of model compounds
such as H4a,. The bottom row shows the clockwise (left) and counterclockwise orientation of H6c,B
(which contains three-His Zn?*-binding sites between helices 1 and 4, and between helices 2 and
3). In contrast to H6a,, a counterclockwise orientation of the helices in H6a,,B properly orients the
His residues for two three-His binding sites. The top schematics shows two possible orientations of
H4a, [sequence: Ac-G(ELEELHKKLHELLK)GPRRG(ELEELHKKLHELLK)G-CONH,], both of which
produce four-His binding sites. The NMR spectra to the left illustrates the complex appearance of
this type of metal binding site. The simplicity of the NMR spectra of H6a,, and H6a,,B, which show
one resonance for each of the 12 His protons, is characteristic of the three-His site (9) and suggests
that the clockwise orientation (center, left) is the correct topology for H6e,, and the counterclock-
wise topology (bottom right) is correct for H6a,B. Monte Carlo lattice simulations of the folding of a4
indicate that it can fold in either a clockwise or counterclockwise topology (27), consistent with the
above results.
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suggesting that the effect of GdmClI will not
be large enough to affect the qualitative
conclusion that AC, for a, is about half
that expected for a native protein.

The unfolding of molten globules is a
largely noncooperative process (7), regard-
less of whether the denaturant is GdmCl or
temperature. The cooperativity of the ther-
mal unfolding of a, is intermediate between
that expected for the native and molten
globule states, whereas the denaturant-in-
duced unfolding is highly cooperative. One
explanation for this difference is that the
cooperativity of GdmCl denaturation is a
measure of change in the accessibility of the
folded compared to the unfolded form of
this protein to the guanidinium ion (4 to 5

), and AC_ is a measure of accessibility to
water, which is a much smaller probe. Thus
if the unfolded state is a true random coil
and fully solvated (a likely possibility with
the 4.0 to 8.0 M GdmCl used with thermal
denaturation), then the difference probably
lies in the greater accessibility of the un-
folded state to water.

We assessed the unfolding of metal-
bound H6a, in the presence of Co®* be-
cause the Zn’* complex showed unfavor-
able solubility at high temperatures. The
unfolding was somewhat more cooperative
than o, especially at high temperature
where the cooperativity was that expected
for a protein of this size. However, the data
were difficult to fit to a single two-state
transition presumably because the metal
dissociates at high temperature.

Control of global topology. When
viewed down their helical axes, four-helix
bundle proteins can be considered as clock-
wise or counterclockwise (25) (Fig. 6). The
His ligands composing the metal-binding
sites in H6o, have been so arranged that
they serve as probes of the topology of the
protein. If the bundle is clockwise, we
obtain two, nearly equivalent three-His
Zn?*-binding sites as envisioned in the
design (Fig. 6, row 2, left); but in a coun-
terclockwise winding, one two-His and one
four-His site would be formed (Fig. 6, row
2, right). To show that the counterclock-
wise form would give rise to sites spectro-
scopically distinct from the proposed three-
His site, we prepared derivatives of o, that
either contained a two-His (9) or a four-His
Zn2*-binding site (Fig. 6, row 1) similar to
those that would be formed if H6ot, wound
in a counterclockwise manner. Circular
dichroism (CD) and size exclusion chroma-
tography indicate that these peptides
dimerize to form four-helix bundles in the
absence and presence of Zn?*. NMR shows
that these proteins bind Zn?*, but the
spectra in the aromatic region of the two-
His (9) and the four-His peptides (Fig. 6)
were complex and consistent with the for-
mation of numerous species that intercon-
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vert at slow rates on the millisecond time
scale. The simplicity of the spectrum of
Héa, indicates that this protein has a single
clockwise topology (Fig. 6).

The finding that H6a, forms a protein
with a clockwise topology does not neces-
sarily imply that the parent a, protein has a
single, preferred clockwise topology. In
fact, we have prepared a derivative of H6a,
(H60,,B) with a Zn**-binding site between
helices 1 and 4, and a second Zn?*-binding
site between helices 2 and 3 (26). This
protein should form the desired three-His
binding site only if the protein adopts a
counterclockwise topology (Fig. 6, bottom
row). This protein also binds Zn*, and the
NMR and thermodynamic properties of the
adduct are similar to those of Héa, (26).
Thus, the loops in a, can adopt left-handed
and right-handed crossovers, and may exist
as a mixture of two topological species.

Origins of the thermodynamic stability
and the dynamic properties of o,. Al-
though the tertiary design of o, was based
exclusively on van der Waals and hydro-
phobic interactions, many of the properties
of a, are as envisioned in its design and
similar to properties of native proteins: It
folds into a compact structure consisting of
flexible loops and helices of approximately
the desired length, it has a very cooperative
GdmCl-induced unfolding transition, and
it has low and high temperature unfolding
transitions with reasonably normal enthal-
pies and entropies. However, o, also shows
many properties generally associated with
molten globules or protein folding interme-
diates, such as the binding of ANS, very
poor dispersion of side chain resonances in
its NMR spectra, and a value of AC, that is
intermediate between those expected for a
native and a molten globule protein. Fur-
ther, to the extent that H6a, mimics o, it
seems likely that o, exists in at least two
folding topologies, including left-handed
and right handed bundles; this conclusion is
supported by computer simulations which
indicate the two topologies are isoenergetic
(27). Thus, o, has a structure which is
more mobile than the native state, but also
more stable and structured than many fold-
ing intermediates or molten globules.

Our data support the hypothesis that
hydrophobic interactions play an important
role in collapsing an unfolded protein into a
state that is close to the native state.
Various experiments have suggested that
one of the initial steps in folding is the
formation of o helices and B sheets (1, 28)
that derive their stabilities through cluster-
ing of apolar side chains in the interior of
the protein (2). Hydrophobic forces appear
ideal for holding the protein together at this
stage—this force is long range and relative-
ly insensitive to the geometries of the in-
teracting groups. Thus, a protein might be
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flexible at this stage to facilitate the search
for and formation of specific H-bonded and
electrostatic interactions between groups
that are far apart in sequence. Such inter-
actions would lock the protein into its
native conformation, and indeed frequently
form late in the folding process (28). The
design of a, did not include any specific
interhelical hydrogen bonds or electrostatic
interactions, explaining much of its inter-
mediate-like behavior.

Paradoxically the lack of these specific
interactions might account for the extreme
stability of o,. In native proteins a number
of polar residues become partially de-
solvated in the process of forming a hydro-
phobic core. Such polar residues generally
form hydrogen-bonded and electrostatic in-
teractions that maintain the specific confor-
mations of folded proteins. However, these
favorable specific interactions are made at
the expense of the unfavorable dehydration
of the side chains and are often not ener-
getically favorable (29). Because of its ide-
alized design, o, can presumably fold with-
out fully burying any polar side chains,
leading to a protein with extreme stability
but also with a conformation that is more
dynamic and less precisely structured than
the native states of most proteins.

The flexibility of Leu, whose side chain
has a large number of low-energy rotamers
(30), may also contribute to the stability of
a,. Monte Carlo simulations indicate that
the persistence of contacts between pairs of
Leu side chains last for only very short times
during simulations (27). In the original
design of o, we assumed that a single low-
energy conformer would predominate for
each side chain. Instead we suggest that the
entropic advantage associated with equili-
brating conformers provides additional
thermodynamic stability to the protein.
Thus, the sequence of &, does not contain
sufficient specific interactions to specify the
tight packing of side chains that is the
hallmark of native structure. Other de-
signed proteins (31-33) probably also adopt
molten globule-like states, although none
of these have been characterized in great
detail. Our work and related studies (34)
now show that it is possible to define more
native-like structures through the introduc-
tion of specific interactions.

Unlike o,, H6a, in the metal-bound
form appears to adopt a single topology,
shows considerable dispersion in the NMR,
and binds ANS in a relatively rigid manner,
more similar to a native protein than a
molten globule. Furthermore, apo-H6a,
with four His residues substituted for Leu,
behaved more like a native protein than o;
it bound ANS more rigidly and had a
smaller hydrodynamic radius. A likely ex-
planation is that H6c, has fewer low energy
packings than a,; some helix-helix pack-
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ings that are favorable in a, might lead to
the burial of the His imidazole group in
apo-H6a,. A similar rationale has been
forwarded to explain the occurrence of a
conserved Asn in GCN4 (35).
Structurally, H6a, is about as complex
as some simple Ca?*-binding proteins such
as calbindin Dy, (36) or the individual
domains of calmodulin (37). Both Héa,
and these Ca?*-binding proteins consist of
two highly homologous bihelical metal-
binding domains related by an approxi-
mately twofold symmetry axis, both have
flexible loops connecting the bihelical mo-
tifs, and both bind metal ions with similar
dissociation constants. Further, like calbin-
din, H6at, undergoes a major decrease in
flexibility upon binding to Zn?* (38). Al-
though this feature was not intentionally
designed, H6a, behaves like calmodulin’s
individual domains in that it binds ANS
more tightly in the metal-bound form than
in the apo-form (39). Thus, although sev-
eral designed proteins have been described
(5, 8, 31,-32, 40), Héa, is alone in that
extensive physical methods have been ap-
plied to show that it has ligand binding and
structural properties approaching those of a
native protein. Nevertheless, H6c, retains
some intermediate-like features including
the binding of ANS, and amide proton-
deuteron exchange rates that are somewhat
fast when compared to many natural pro-
teins. These features may be a consequence
of the fact that the metal-ligand interac-
tions constrain only one of the two distinct
helix-helix interfaces present in the a,
dimer (Fig. 2, interface 2). Introduction of
specific interactions into the remaining in-
terface (Fig. 2, interface 1), which is still
composed of Leu side chains, should result
in a protein with fully native properties.
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