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ABSTRACT

Metal-assembled parallel helix-bundle proteins have been used to
investigate electron transfer through a-helical structures. Fermi
Golden Rule distance dependence of electron transfer rates was
established in a family of designed metalloproteins, and the
contribution of intrahelical hydrogen bonding to the matrix tun-
neling element was explored. The first steps toward the design of
functional proteins using dynamic combinatorial assembly of
o-helical structural elements are described.

Introduction

Protein design, while no longer in its infancy, has entered
a period of awkward adolescence, with the attendant
mixture of boundless optimism and uncertain goals.
Pioneering work from many labs has shown that it is
possible to rationally design certain motifs with good
predictive success.! 1 Particular success has been achieved
for helix-bundle motifs of two,}*"'> three,’*"2 four
helices,~25 and even higher oligomers.32-2” These studies
have employed a number of thoughtful approaches, from
the clever combinatorial “binary coding” of Hecht?®=% to
the most recent elegant rational design strategies of
DeGrado et al.31~3

In contrast to the (relative) success of structural design,
functional design remains less developed and more chal-
lenging. Among the many approaches that could be
adapted for functional design, we have been particularly
charmed by metal-ion assembly, as first realized by
Ghadiri and Sasaki.l”"1%24 (Other templated assembly
approaches have been pursued elsewhere.34-%7)

In this Account, we outline our recent and continuing
work on metal-assembled modular proteins (MAMPS) in
our continuing quest to develop robust design principles
not only for structure but also for function.

Bifunctional Redox Proteins: The Simplest
Paradigm?

In the original MAMP approach, a bidentate 2,2'-bipyri-
dine ligand was used to bind an octahedral metal ion
(Figure 1). In this way, both the peptide/metal stoichi-
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ometry and the parallel three-helix topology are dictated
by metal assembly.

For one of us (G.L.M.) steeped in redox photochemistry,
the idea of a protein based on the ubiquitous “Ru bipy”
motif proved irresistible. One can readily imagine ap-
pending an acceptor motif to such a construct and
creating a “donor—acceptor” protein with defined distance
and driving force for intramolecular electron transfer and
thus, perhaps, a predictable rate. This seemed to us a good
test bed for protein design. We hoped to use the insights
developed through many studies of (fixed-distance) elec-
tion transfer to address a simple challenge. Could one
design, from first principles, a system that gave not only
a predictable structure but also a predictable reaction rate?
Since electron transfer rates depend dramatically and
predictably on designable parameters such as distance
and driving force, redox protein design offered an accept-
able challenge for a first generation of functional design.

Whenever a molecule is designed to probe function,
questions regarding the detailed molecular structure are
invariably (and rightly) raised. In the case of the parallel
three-helix MAMPs, such questions have proved difficult
to answer. Leaving aside the special problems of X-ray
crystallography, multidimensional *H NMR spectra have
proved difficult to interpret because of the amino acid
sequence degeneracy, which causes resonances due to
residues distant in sequence space to have coincident
chemical shifts. Also, the 3-fold symmetry of the system
precludes observation of cross-strand nuclear Overhauser
enhancement effects (NOE), observations that are neces-
sary if the interhelical angles are to be determined (is the
structure parallel, as suggested, or splayed?). To resolve
these issues, we used paramagnetic metal ions in the
assembly process to allow the resonance degeneracies to
be lifted by exploiting the well-known orientational de-
pendence of paramagnetic pseudocontact shifts.3* Three
N-bipyridylated peptides can coordinate to a single para-
magnetic Co?" (or Ni?*) ion to create an octahedral
coordination complex for which large pseudocontact shifts
and minimal dipolar line broadening would be expected.
In addition, pseudocontact shift analysis permits the
determination of the relative arrangement of individual
helices within the bundle. Solution NMR studies on Ni?*
and Co?" complexes of the peptide apL (bpy-GE-
LAQKLEQALQKLEQALQK—NH,;) demonstrated that the
overall structural properties are the same for these two
metal ions.

The trimeric complexes [Co(apL)s]>" and [Ni(opL)z]>*
exist in two detectable isomeric forms, which involve a
structural reorganization at the N-terminus (the bipyridyl
end). Inter- and intrastrand NOEs were unobtainable for
this region, as the relaxation time of the high-spin Ni?"
system is of the same order as the rate of structural
interconversion. However, evidence of helical structure for

*To whom correspondence should be addressed. E-mail:
martin.case@uvm.edu.
T The University of Vermont.
* Princeton University.
10.1021/ar960245+ CCC: $27.50 [ 2004 American Chemical Society
Published on Web 08/12/2004



MAMPs: Toward Functional Protein Design Case and McLendon

FIGURE 1. MAMP assembly. An octahedral, six-coordinate transition metal ion sequesters three bidentate 2,2'-bipyridyl ligands (left). The
resulting complex (center) undergoes hydrophobic collapse to the folded parallel three-helix bundle (right). Note that complex formation is in
reality stepwise, proceeding via a folded two-helix intermediate rather than the unfolded tripeptide shown.

this region was obtained from the observed paramagnetic
shifts. Paramagnetic shift calculations for a variant peptide
opL(Q5H), in which histidine was introduced as an NMR
marker, put the imidazole ring protons between 12 and
14 A of the metal ion. This is in accordance with a helical
backbone structure at the N-terminus. Thus the N-
terminal region of the bundle appears to be dynamic but
not disordered. The properties of the NMR spectrum of
the Co?* complex of apL(Q5H) provide some insight into
the nature of the conformational fluctuation. Detailed
analysis implicates the bundle structure as causing a
distortion of the ideal octahedral geometry of a tris-
bipyridyl metal complex. In the final structures obtained
by simulated annealing, deviations from ideal backbone
geometry are restricted to the configuration around the
bipyridyl—glycine amide bond. The selection of the linkage
bpy-GEL- to couple the metal coordination to the helix
bundle is thus probably not optimal. The leu3 side chain
is bulky and may be the cause of the two distinct
conformations as it flips from a hydropathically stable but
sterically overcrowded core environment to a more open
but destabilizing solvent exposed position.

In contrast, the C-termini of the complexes are surpris-
ingly well structured for such short peptides. Good disper-
sion of NMR resonances and a clear helical pattern for
the NOEs are observed. Discrete NOE contacts, including
the leucine residues leull, leul4, and leul8, are observed.
Taken together, these results may indicate that there is
in fact a discrete structure (at least over the 10 C-terminal
amino acids) and that the bundle is well folded (Figure
2). Circular dichroism studies confirm the high degree of
helical structure, although they are not sensitive to the
dynamic properties seen in the NMR.

Our first attempts, albeit rudimentary, demonstrated
that we could indeed design three helical bundles with

N7

A

FIGURE 2. Superposition of conformers arising from pseudocontact
shift analysis and molecular dynamics simulations of [Co(apL-
(Q5H))3]*". The two structures were superimposed from residues
13—20, in accordance with experimental observation of a unique
structure for this region. Only the backbone, bipyridyl group, metal
ion, and leu3 side chain are shown. Residues 1—12 for the two
principal conformers are shown in magenta and green.

bifunctional redox assemblies and directly observe elec-
tron transfer within the three-helix bundle. However, the
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FIGURE 3. The family of MAMPs constructed to explore the distance dependence of ET rates. The Ru(bpy)s electron donor and Ru(imidazolyl)-
(NHs)s electron acceptor groups are shown. The constructs (left to right), are [Ru(apL),opL(Q5H))ZT, [Ru(opL),0pL(Q9H)]2T, and [Ru(aypl),opL-
(Q12H)1*. The “line-of-sight” donor—acceptor distances are 15, 20, and 25 A, and the ET rates are 3 x 105 3 x 10 and 1 x 102 per second,
respectively. Note that in each case only one of the three helices has been elaborated with an acceptor moiety.

second generation of such molecules provided a more
stringent test. We created a family of proteins (Figure 3)
in which the donor acceptor distance was offset by one
helical turn.*

Since electron transfer rates depend exponentially on
distance (or the number of functional bond couplings),
each 6-A axial displacement along the helix is expected
to produce an 800-fold change in rate. To span a nearly
million-fold dynamic range, we utilized pulse radiolytic
techniques which had proven useful in earlier studies of
natural proteins. The results are (remarkably) gratifying.
It indeed proved possible to quantitatively predict how
electron transfer (ET) rates depend on protein structure,
providing the first such benchmark for functional protein
design.

Finally, as protein ET theory had helped advance
protein design, it seemed appropriate to try and return
the favor and inquire “can protein design advance ET
theory?” To this end, we chose to investigate the pathway
for electron transfer within the MAMP framework. The
concept of an electron transfer pathway was first clearly
defined by Beratan et al.*6=%° They noted that, within a
protein, the closest (line-of-sight) donor acceptor distance
might not correspond to the optimal path for conduction.
Direct covalent connections, they reasoned, will maximize
the electronic coupling necessary for electron transfer
while a “vacuum” gap over the closest approach distance
would obviously minimize such coupling. By analogy,
lightning does not proceed in a straight line to ground
but takes the path of optimal conductivity.

As a first approach, they suggested that a parametric
“counting scheme” might allow one to predict (relative)
rates via different pathways. This approach had notable
successes, particularly in cataloging the beautiful studies
of Gray and co-workers.>*~% However, it proved tantaliz-
ingly difficult to directly test the assumptions of the
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pathways models, particularly with respect to the role of
hydrogen bonds in mediating electron transfer. In the
pathways models, hydrogen bonds are assigned a special
weight, with ostensibly better coupling than “through-
space” van der Waals contacts but weaker coupling than
a covalent bond. Previous attempts to test the role of
H-bonds in natural proteins proved vexing. Site-directed
mutagenesis allowed the perturbation of hydrogen-
bonded networks within natural redox proteins, provided
such networks involved H-bonding amino acid side chains.
Unfortunately, such perturbed networks can subsequently
rearrange to create a new, equally facile pathway!

In the helical geometry of the MAMP, the H-bond
assumes particular importance by proving a “short circuit”
along the helix axis (Figure 4). The purely synthetic
construction of the MAMP offers an alternate strategy in
which a backbone hydrogen bond is synthetically excised
by replacing the amide H-bond donor with an isosteric
ester depsipeptide linkage.56-57

The results were instructive to us. While “greenpath”
computations®® predict up to 3-fold changes in the rate
as a function of hydrogen-bond deletion for three different
H-bond-deleted variants (Figure 4), we found experimen-
tally that all the data for all four variants was best fit to a
single coupling parameter, which did not depend on
H-bond deletion (Table 1). Note that our results still imply
a major role for H-bonds as mediators of electron transfer.
If this was not the case, and the only conduit was the
covalent pathway, the predicted ET rates would be slower
by many orders of magnitude.>*~% Rather, our experi-
mental data suggests that the multiple pathways made
available by including H-bonds in the tunneling matrix
element provide a mechanism for compensating for the
deletion of one of their number. The conformational
flexibility of the maquette and recognition of a possible
role for solvent molecules made it impossible for us to
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FIGURE 4. The overall topology of the three-helix construct used in the pathways explorations (left) and a detailed exposition of the hydrogen-
bond network in the donor—acceptor helix (right). Four systems were measured: all H bonds intact and deletion of the H bonds between his9

and gIn5, gin8 and ala4, and leu7 and leu3.

Table 1. Unimolecular Electron Transfer Rates Determined from Pulse Radiolysis Experiments

kobs (Sil) kint (371) ket: kubs - kint
Ru(apL)20pL(Q9H) 900 (300) 200 (100) 700 (300)
Ru(apL)20pL(Q9H)¢(QsHg)? 800 (400) 200 (100) 600 (400)
Ru(apL)20pL(Q9H)(L7Qs)? 1500 (200) 200 (100) 1300 (200)
Ru(apL)20pL(Q9H)p(KeL7)2 1000 (500) 200 (100) 800 (500)

a Depsipeptide ester linkages are between the residues X; and Yi+1 in Ru(apL)20pL(Q9H)@(XiYi+1).

determine the absolute magnitude of the contribution of
individual H-bonds to the collective tunneling pathways.

Protein Packing and Molecular Recognition

A triumph of protein evolution has been the creation of
binding sites that recognize substrate size, shape, and
functionality with exquisite specificity. This specificity
derives from the protein’s ability to spontaneously pack
the protein core with extraordinary precision. The chal-
lenge to match this by design and craft substrate binding
and activation sites into de novo proteins was one to
which we did not feel equal.

Recognizing this dismal state of affairs, we cheerfully
chipped away at the ET paradigm until a happy accident
refocused our attention. A coordination chemist, viewing
the trisbipyridyl chelate which defines the MAMP topol-
ogy, will recognize that it is chiral, with A and A forms (a
second class of isomer, facial, and meridional also exists
for this geometry). Since the MAMP is built from chiral
amino acids, these enantiomers become separable dia-
stereomers when bound to an inert metal ion like ruthe-
nium. Upon isolating the unique diastereomers, we found

that the A diastereomer differed in one crucial way from
its A homolog: A is more stably folded by ca. 0.5 kcal
M~ This was striking because earlier work had shown
that, in the presence of more labile metal ions such as
Fe?t and Ni?*, the A diasterecisomer dominated the
equilibrium distribution with a diastereomeric excess of
some 40%, a free-energy difference of ca. 0.5 kcal M~
This coincidence suggested that binding of the metal ion
might be thermodynamically coupled to packing of the
appended peptide(s).5* A better packed interior could
more effectively compete for the available metal ion. This
hypothesis suggested an interesting experiment. If better
packed interiors indeed bind metal more strongly, what
would happen if a variety of proteins had to compete for
(limiting) metal ion? Presumably, only the most stable
packing solutions would bind the metal at equilibrium.
Thus the peptide modules would constitute a “dynamic
library” for the assembly of proteins, and in a struggle for
(metal) resources, only the fittest would survive.

We explored this idea with a very limited library (more
of a bookshelf), of peptide modules whose hydrophobic
core residues were comprised of all leucine (oplL), all
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FIGURE 5. Left: size-exclusion chromatograms (black line) of library selected at Y/ (top) and %s (bottom) equivalents Fe*. The bars show
the relative amounts of peptide in each fraction. Right: chemical denaturation of Ru>* complexes followed by CD spectroscopy at 222 nm.

Calculated unfolding free energies are shown below.

alanine (apA), or alternating leucine and alanine (opLA)
in the hydrophobic a and d positions of a three heptad
o-helix.®® The consensus sequence of all three peptides is
that of the apL peptide described in the ET studies in the
first part of this Account.

These three peptides can produce 10 different three-
helix products. These products were independently syn-
thesized and purified under nonequilibrating conditions
(as their Ru?* adducts). The folding free energies of the
individual library members were then used to predict the
distribution of equilibrated Fe?* products (Figure 5).

We found that the equilibrium distribution of exchange-
labile products was indeed predicted by the stabilities of
the isolated members of the ensemble. Modular peptide
assembly, under thermodynamic conditions, creates a
dynamic library. This appeared to us to create a new
paradigm for exploring protein packing, in which one
could perform an “analogue computation”, wherein the
proteins explore all options to find the best solutions.
What practical limits might we encounter in such a
scheme?

Two key issues occurred to us early on. First, we have
to separate the winners from the losers. In principle, this
is easy: the assembled winners (three helix bundles) are
three times as large as those monomers left behind. In
practice, separation requires that the species not re-
equilibrate during the separation process (a few minutes
of chromatography). On the other hand, to fully explore
all possible binding motifs, exchange must be relatively
fast (seconds). This apparent conundrum is resolved by
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the exchange mechanism. We naively assumed that
exchange would occur by a (slow) dissociation mecha-
nism. However, experiments with labeled peptides®® showed
that exchange proceeds associatively, as the three-helix
bundles transiently add a fourth helix. Thus, exchange can
occur rapidly in more concentrated solutions and more
slowly in the dilution of a chromatography column.
How large a library might be investigated in this way?
To answer this question, we randomly varied the helix
bundle core using five amino acids (ala, val, ile, leu, phe)
at four positions producing 5* = 625 peptide modules.
Metal-assisted assembly could then (in principle) produce
(N® 4+ 4n? + n)/6 = 4 x 107 possible products! This leads
to the issue of how we might follow the selection process.
Recent advances in mass spectrometry appeared to be
particularly suited to the task, and in a productive ongoing
collaboration with Alan Marshall, we revisited our “com-
binatorial bookshelf” using electrospray ionization (ESI)%6-°
Fourier transform ion cyclotron resonance (FT-ICR)7*"
mass spectrometry. ESI is a gentle ionization technique
that allows the generation of intact noncovalent com-
plexes in the gas phase.”>?”® FT-ICR mass spectrometry
provides high mass resolution and mass accuracy making
it ideal for analyzing complex mixtures such as combi-
natorial libraries, and the technique has previously been
applied to the analysis of dynamic libraries.”*" By use of
these techniques, we were able to directly observe those
iron(ll)-assembled three-helix bundles that had been
previously shown to adopt a stable fold.”® In fact, by
limiting the concentration of iron(ll), we were able to
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FIGURE 6. Mass spectral segments showing 5+ charge state of
Fe-bound trimers obtained from samples containing the peptides
opl (10 uM), apLA (10 uM), and opA (10 uM) and (top) 1 uM Fe(ll);
(middle) 3 uM Fe(ll); (bottom) 10 .M Fe(ll). The leftmost peak is [Fe-
(apL)(apLA)PT, and the peak to the right is [Fe(apL)sPt.

ascertain their relative stabilities. Circular dichroism stud-
ies of the exchange-inert ruthenium analogues of our
library members suggested that only [Ru(apL)s]>* and [Ru-
(apL).(apLA)]>" adopt the coiled-coil fold. The remaining
trimers showed little or no a-helicity. Clearly, at high Fe-
(1) concentration, chelation of peptides that do not
assume three-helix folds is possible. This raised the
interesting question of whether unstable, nonhelical tri-
mers could be observed in the mass spectra. The results
of this study revealed an unexpected advantage in the
application of this technique to screening of dynamic
libraries in that unfolded structures were effectively
filtered out of the analysis (Figure 6).

We also performed infrared multiphoton dissociation
(IRMPD)""78 and electron capture dissociation (ECD)7%8°
of several trimeric species. These experiments were un-
dertaken with a view to fragmenting the three-helix
complex to learn about the peptide subunit amino acid
sequence. Electron capture dissociation of peptide mono-
mers provided extensive sequence information. However,
ECD of the Fe-bound complexes yielded little sequence
information, presumably due to the retention of secondary
structure in the gas phase. Further evidence for gas-phase
secondary structure comes from the IRMPD of the Fe-
bound heterotrimers. IRMPD of Fe-bound heterotrimers
also provides previously unavailable information about the
Fe-bound dimers in these systems. Our results to date
suggest that a hybrid approach, whereby the three-helix
bundles are dissociated to dimers and monomers using
IRMPD and the unfolded monomers subsequently se-
quenced using ECD, might present an optimal approach.
Such studies are being pursued.

In summary, we learned that ESI FT-ICR mass spec-
trometry not only could resolve the bookshelf experiment

"7 5@
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FIGURE 7. (a) Schematic synthesis of a “target” peptide helix.
Actual synthesis incorporates the small-molecule target as the side
chain of an unnatural amino acid in a solid-phase peptide synthesis
protocol. (b) Equilibrium selection of the optimally stable 3-helix
bundle incorporating the template helix. (c) Host synthesis from the
peptide helix in Figure 6a and the two optimal helices from the
selection in Figure 7b. The host contains a cavity “imprinted” by
the small molecule target.

small-molecule guest  target helix

Ru(1l)
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but, in a single step, could in principle be used to identify
the trimers, dimers, and monomers and sequence them!
We were and remain impressed. Thus, in ongoing experi-
ments, we now have to resolve the 4 x 10" member library
down to unique sequences.

Functional Design: Molecular Recognition

After this lengthy aside, we finally return to the issue of
molecular recognition. Our suggestion is that recognition
of a “guest” molecule in a suitably sculpted core is no
different, in principle, than is recognition of an amino acid
side chain in a protein. Thus we can envision a scenario
(Figure 7) in which a “target” helix selects partners by
dynamic exchange.

Successful sequences may be isolated, sequenced, and
resynthesized with the “target” element excised. One
anticipates thereby creating a host that has been thermo-
dynamically selected to bind a specific, complementary
guest.

In a more “rational” study, we were inspired by the
elegant work of Alber on the two-stranded coiled coil yeast
transcription factor GCN4.8! The parallel, two-stranded
oligomerization of this protein was shown by Kim to be
dependent on a buried asparagine residue, N16.82-8 When
this residue is replaced by alanine, oligomerization speci-
ficity is lost and a cavity is created. However, in the
presence of benzene, the system re-equilibrates, favoring
a parallel three-helix bundle that was shown by X-ray
crystallography to bind benzene in the Al6 cavity. It is
not difficult to see how our metal-assembled three-helix
systems might be brought to bear in a more rigorous
investigation of host—guest specificity.
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FIGURE 8. (a) Hexafluorobenzene in buffer (bottom) with [Fe-

(bpyGCN4-p1(N16V))* (center) and with [Fe(bpyGCN4-p1(N16A))]>

(top). (b) Competition titration with toluene. Relative concentration

of toluene increases bottom to top.

Two 25-residue peptides were synthesized:

bpyGCN4-p1(N16A): bpy-GDKVEELLSKAYHLENKVAAR-
LKKLV—NH,

bpyGCN4-p1(N16V): bpy-GDKVEELLSKVYHLENKVAAR-
LKKLV—NH,

Homotrimers were assembled upon addition of Fe?*.
The [Fe(bpyGCN4-p1(N16V))s]?t helix bundle serves as a
control. The valine residues are expected to pack the core
without creating a cavity. Binding of hexafluorobenzene
to the two systems was followed using *°F NMR.88” The
resonance of the '°F nucleus is more environment sensi-
tive than that of the proton, and significantly larger
chemical shift changes may result upon binding than in
H NMR. Additionally, the titration spectra are easy to
interpret, as there is only one set of resonances.

The hexafluorobenzene signal shifts significantly down-
field in the presence of [Fe(bpyGCN4-p1(N16A))z]>" to a
maximum of about —162.4 ppm (when [protein] >
[ligand]) compared to —163.4 ppm in the presence of the
control complex [Fe(bpyGCN4-p1(N16V))s]*". The line
width also significantly broadens, indicative of a bound/
free ligand exchange process. Typical spectra are shown
in Figure 8a. The dissociation constant, Kp, was thus
determined to be 6(4) x 10~* M, and this was confirmed
by pulsed-field gradient diffusion experiments (Kp = 1.1-
(9) x 107* M).

Several small organic molecules were tested to deter-
mine the specificity of the binding site for recognition of
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Table 2. Inhibition Constants K; for the Binding of
Small Molecules to [Fe(bpyGCN4-p1(N16A))s]>"
Determined by Competition Titrations with
Hexafluorobenzene

ligand Kp (M)
toluene 3 x 1076
cyclohexane 8 x 1076
benzene 4 x 1075
1,3,5-trimethylbenzene 5x 107°
m-xylene 1x 10
hexafluorobenzene 1x10™
1,3,5-trihydroxybenzene 1x10*
phenol 1x104
3,5-dimethylphenol 4 x 1074
tetrahydropyran 1x 1073
pyridine 4 x 1073
1,4-dioxane 3 x 1072

a given ligand.® The hexafluorobenzene °F NMR signal
reports competitive displacement from the protein cavity
as shown in Figure 8b.

Calculated K; values for several small guest molecules
are reported in Table 2. The hydrophobic molecules
toluene, cyclohexane, 1,3,5-trimethylbenzene, and ben-
zene occupy the designed cavity with high affinity, and
they bind more strongly than hexafluorobenzene. Benzene
is the weakest binding of the nonpolar ligands. The data
thus allows the size of the cavity to be mapped. Polar
isosteres (phenol, pyridine, 1,4-dioxane, and 1,3,5-trihy-
droxybenzene) also bind, but with much lower affinity as
might be expected for a hydrophobic cavity.

The results thus validate the design hypothesis. Work
is now underway to engineer different shaped cavities, and
cavities with hydrogen-bonding donors/acceptors, into
metal-assembled modular proteins. Time will tell whether
the combinatorial strategy for building guest-specific host
proteins will prove best or whether, armed with sufficient
experimental feedback, the heuristic design methods will
permit fully rational design to be implemented in the
laboratory.

In either case, we are confident that the modular
assembly approach will continue to provide an enjoyable
vehicle for exploring key issues in protein design.

This work was supported by the National Science Foundation
(Grant CHE-0106342).
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