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Control of protein stability is of critical importance for applica-
tions in biotechnology and medicine. Successful approaches to
optimizing folding stability have included optimization of native
packing interactions by rational design' and selection-based strate-
gies.? Selection-based strategies employing random gene libraries
can provide formidable numbers of sequence variants, but they offer
no means of critically assessing whether the best of all possible
sequences has been returned or of describing the distribution of
stabilities across the library of sequence variants. Here we describe
an ex vivo method for unambiguously identifying the optimal amino
acid sequences of the most stable members of a library of 8436
proteins using a selection protocol based only on thermodynamic
folding stability.

The key concept is the use of a dynamic combinatorial library
(DCL) of proteins assembled from combinations of members of a
more modest library of peptide subunits. The composition of the
DCL is determined by the thermodynamic stability of each of the
library members, which makes DCLs ideal for discovering optimally
stable systems.* We constructed a small combinatorial library of
36 peptides (six hydrophobic amino acid substitutions at two
positions) and allowed it to assemble under thermodynamic control
to generate a much larger DCL of 8436 trimeric proteins. The DCL
sampled all of the possible combinations of the constituent peptide
library, and the challenge was to capture the optimally stable
members. Capture was accomplished by coupling DCL stability to
a second, cooperative stabilizing effect that was introduced subs-
toichiometrically, augmenting the stability of the most stable fraction
of the DCL and enabling separation. We have previously shown
that this can be accomplished by appending metal-binding ligands
to the peptide subunits and using substoichiometric metal ion to
increase the stability of the optimal members of the DCL by
formation of an exchange-labile complex.* The stable trimeric DCL
members can then be separated from the rest of the library by size-
exclusion or ion-exchange chromatography. Multiple iterations of
the selection process were effected by recovery of the selected
peptides followed by further substoichiometric metal-ion-assisted
selection. In contrast to combinatorial genetic methods, the dynamic
combinatorial method necessarily explores the relative stabilities
of all of the library members and returns all of the optimal
sequences.

We optimized six core residues of a parallel three-helix polypep-
tide bundle in which the oligomerization state and the interhelical
register are controlled by covalently appended 2,2-bipyridyl ligands.
Addition of hexacoordinate Fe** ion results in obligate formation
of a trimeric assembly that undergoes hydrophobic collapse with
concomitant induction of a-helicity.” The peptide sequences are
shown in Figure 1. The peptides were constructed using three
repeats of an abcdefg heptad in which positions a and d are
hydrophobic amino acids. Upon induction of the a-helical secondary
structure, this patterning leads to sequestration of the a and d
positions on the interior. The identities and optimal placement of
solvent-exposed residues have been described elsewhere.® The
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efgabcdefgabcdefgab
bpy-GQAVARXEKAXARLEEAVA-NH, XX
bpy-GQAVARLEKAVARLEEAVA-NH, LV
bpy-GQAVARLEKAVARLEEAVAK(NBD)-NH, LV-NBD

Figure 1. Peptide sequences used in this study. X indicates randomized
hydrophobic amino acids. k(NBD) represents nitrobenzofurazan at N, of
D-lysine. Helices are viewed from the N-termini, and arcs indicate potential
salt-bridging interactions.

hydrophobic residues at d; and a, were varied over the six amino
acids glycine, alanine, valine, leucine, isoleucine, and phenylalanine,
resulting in a library of 36 peptides. The peptides are named
according to the amino acids at the randomized positions. For
example, the iron(II) homotrimer of the sequence with leucine at
d, and valine at a, is designated Fe:LVj.

We first established the exchange kinetics for the DCL. The
metallopeptide exchange rate was measured for a fluorescently
labeled Fe:LV-NBD; homotrimer’” in the presence of the LV
peptide. Formation of the iron(II) complex quenches the fluores-
cence of the LV-NBD peptide, and the fluorescence recovers upon
displacement of LV-NBD by unlabeled LV peptides. Exchange was
followed by fluorescence as shown in Figure 2 and gave a 7, of
22 h at a total peptide concentration of 80 uM. In a second
experiment, exchange of an isotopically labeled Fe:LI(16°H);
homotrimer with the LI peptide was followed by electrospray
ionization mass spectrometry (ESI-MS) and gave a t,, of 28 min
at a total peptide concentration of 330 uM (see the Supporting
Information for details). The DCL was allowed to equilibrate for
24 h at a total peptide concentration of 5 mM.

The 36-peptide library was constructed on polystyrene resin beads
using standard pool-and-split techniques.® The mass degeneracy
between leucine and isoleucine was eliminated by using
N-Fmoc(**C))leucine. The HPLC chromatogram of the crude
peptide library is shown in Figure 3, together with peak assignments
derived from tandem mass spectrometry. The DCL was created by
adding 3.3 mol % iron(Il) to select the optimal 10 mol % of the
DCL as iron(Il) trimers. After 24 h of equilibration, the metallot-
rimer pool was separated from the uncomplexed peptides by size-
exclusion chromatography. Metal ions were removed from the
selected peptide complexes by addition of excess EDTA, and the

10.1021/ja1029717 © 2010 American Chemical Society



COMMUNICATIONS

30

204

10

fluorescence (a.u.)

0 —— g
300 350 400 450 500 550 600 650 O© 200 400 600 800 1000 1200
wavelength (nm) time (min)

Figure 2. (left) Excitation and emission spectra of LV-NBD (solid lines,
40 uM) and Fe:LV-NBD; (dashed line, 13.3 uM). (right) Time course for
displacement of LV-NBD from Fe:LV-NBDj after addition of 40 uM LV
(Aex = 470 nm, Aoy = 550 nm).
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Figure 3. Evolution of the peptide distribution in the DCL from the initial
peptide distribution (top) through four rounds of selection (bottom). Key:
1 GG; 2,3 AG.GA; 4 VG; 5 FG; 6 GV; 71G; 8 AA; 9,10 GF.LG; 11 GI;
12 GL; 13 VA; 14 AV; 15 FA; 16 AF; 17 IA; 18 LA; 19,20 AL,AIL 21
VV: 22 VF; 23 FV; 24 FF; 25,26,27,28 LV.VL.LF,VIL; 29,30,31,32
IV.FLFLIF; 33,34 LLLL; 35 IL; 36 II.

composition of the selected apopeptides was assessed using LC-
MS?2. Addition of 3.3 mol % iron(Il) to the selected apopeptides
gave a second round of enrichment of the DCL. Four rounds of
selection were necessary to approach convergence. HPLC traces
showing the peptide distribution over four rounds of selection are
presented in Figure 3. To ensure that the selection was not biased
by apopeptide aggregates, the selection process was repeated in 2
M urea solution with identical results. The first round of selection
did not appear to have a significant effect on the peptide distribution
beyond the suppression of sequences containing phenylalanine.
After the second round, phenylalanine-containing sequences had
been lost and glycine-containing sequences suppressed. The third
round of selection reduced the library to five dominant peptide
sequences: LV, LA, LI, IA, and IV. These peptides can combine
to form up to 35 different iron(Il) trimers. We prepared a set of
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Figure 4. (top) ESI mass spectrum of the isotopically labeled resynthesized
DCL after four rounds of selection, (middle) the fitted trimer distribution,
and (bottom) the residuals from the fit.

Table 1. Observed and Calculated Average Ellipticities and
Folding Free Energies for Iron(ll) Trimers Returned after Four

Rounds of Selection

[®l2 (deg cm? dmol~)

trimer observed calcd avg AGy (esd) (kcal mol=1)

Fe:LI; —15800 —1.73 (7)
Fe:LV; —16300 —1.50 (5)
Fe:1V; —10000 —1.4(1)
Fe:1A; —2200 —0.66 (5)°
Fe:LA; —4300 +0.23 (7)¢
Fe:LL:IA —15900 —11300 —1.81(8)
Fe:LV:LIL, —16300 —16000 —1.68 (8)
Fe:LV,:LI —15900 —16100 —1.63 (8)
Fe:LV,. IV —15000 —14200 —1.67 (7)
Fe:LL,:LA —14700 —12300 —1.36 (8)
Fe:LV,.IA: —16000 —11600 —1.32(7)
Fe:LL:IV —15900 —13900 —1.24 (8)
Fe:LV:LL:IA —16000 —11400 —1.8(1)
Fe:LV:LL.LIV —15900 —14000 —1.7(1)
Fe:LI.LIV:LA —12500 —10200 —1.7(1)
Fe:LV:LI.LA —14000 —12100 —1.6 (1)
Fe:LV:IV:IA —13700 —9500 —1.5(1)

“ Not observed by ESI-MS.

isotopically modified LV, LA, LI, IA, and IV peptides that would
give a unique mass for each of the 35 possible trimers (see the
Supporting Information for details). The five analogues were mixed
in the relative proportions returned from the final selection, and
their Fe?* complexes were allowed to equilibrate for 24 h. ESI-
MS (Figure 4) revealed that only 15 of the 35 possible combinations
of metallotrimers were formed.” The observed trimer sequences
are listed in Table 1, and several features of the selected set are
worth noting. The d, position is predominantly occupied by leucine
(33 of 45 d, residues were leucine, 12 were isoleucine). The a,
position is more tolerant of variation: the observed alanine/
isoleucine/valine ratio was 7:16:22. The statistical consensus
homotrimer was thus Fe:LV;, a repeating V,L, pattern that has
been previously reported for parallel homotrimeric a-helices.'® The
stable set can be constructed by allowing dimers of LV and LI to
partner with any of LV, LI, LA, IV, or IA as the third helix. This
set can be described as {(LV v LI) & (LV v LI) & (LV v LI v
IA v LA v IV)}. One member of this set, Fe:LV,:LA, was absent.
Two additional heterotrimers, Fe:LV:IV:IA and Fe:LL:IV:IA, were
also present. All of the selected trimers are highly o-helical
according to their circular dichroism (CD) spectra (Figure 5), and
the positive feature at 315 nm implies diastereoselection of the A
geometry at the metal center, presumably induced by a left-handed
supercoil.'' The stabilities of selected trimers were measured by
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Figure 5. CD spectra of selected metallotrimers: (left) homotrimers Fe:
IA; (red), Fe:IV; (orange), Fe:LAj (green), Fe:LI; (blue), Fe:LLV; (magenta);
(right) 1:1:1 heterotrimers Fe:LV:LI:IA (red), Fe:LV:LI:IV (orange), Fe:
LV:LI:LA (green), Fe:LV:IV:IA (blue), Fe:LL:IV:IA (magenta). The CD
spectra of the 2:1 heterotrimers are essentially superimposable and have
been omitted for clarity.

urea denaturation monitored by CD (details of all fitting algorithms
are provided in the Supporting Information). Fe:LI; is the most
stable homotrimer (AGg,q = —1.73 kcal mol™!). The statistical
consensus homotrimer Fe:LV; has modest folding stability, ap-
pearing roughly midway in the stability rankings. The homotrimers
of TA and LA have negligible folding stabilities. The unfolding
curves for the heterotrimers are weighted sums of the unfolding
curves of an equilibrium population of homo- and heterotrimers.
For 2:1 heterotrimers, the stabilities of the individual species were
extracted from the ensemble unfolding curves by fitting the two
known homotrimeric components and two unknown heterotrimeric
species to the observed unfolding curve. Fe:LI,:IA was revealed
to be the most stable 2:1 heterotrimer, with a folding free energy
of —1.8 kcal mol~!. The folding free energies of the 2:1 heterot-
rimers were used in a bootstrap calculation of the folding free
energies of the 1:1:1 heterotrimers. Fe:LV:LI:IA was found to be
the most stable 1:1:1 heterotrimer, with a folding free energy of
—1.8 kcal mol™!. The calculated folding free energies for the
homotrimers and heterotrimers are presented in Table 1.

In summary, we have used a dynamic combinatorial library to
exhaustively probe the folding stabilities of over 8000 homologous
protein sequences. Within this library there is no single sequence
that confers optimal stability. The set of optimally stable sequences
contains 15 of the 8436 library sequences (0.18%). Alanine is
present in the hydrophobic cores of the two most stable heterotri-
mers, suggesting that the small side chain is accommodated by
“jigsaw” packing with bulkier residues and that stability is not
conferred simply according to buried hydrophobic surface area.
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