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The rational design of loops and turns is a key step towards creating pro-
teins with new functions. We used a computational design procedure to
create new backbone conformations in the second turn of protein L. The
Protein Data Bank was searched for alternative turn conformations, and
sequences optimal for these turns in the context of protein L were ident-
ified using a Monte Carlo search procedure and an energy function that
favors close packing. Two variants containing 12 and 14 mutations were
found to be as stable as wild-type protein L. The crystal structure of one
of the variants has been solved at a resolution of 1.9 A, and the backbone
conformation in the second turn is remarkably close to that of the in silico
model (1.1 A RMSD) while it differs significantly from that of wild-type
protein L (the turn residues are displaced by an average of 7.2 A). The
folding rates of the redesigned proteins are greater than that of the wild-
type protein and in contrast to wild-type protein L the second B-turn

appears to be formed at the rate limiting step in folding.
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Introduction

There has been significant recent progress in the
area of computational protein design. In most
cases the goal has been to find new sequences for
an already existing protein backbone;' * there have
been only a few studies in which computational
methods have been used to create new protein
backbones.® A very notable success was the
design of an a-helical coiled-coil with a novel twist
and backbone conformation.” In this case the back-
bone was moved along a parameterized surface, a
method that is only suitable for symmetric systems
like coiled coils.

We have developed a method that should be
generally applicable towards designing new turns
and loops in the context of full-length proteins. We
searched the Protein Data Bank (PDB) for alterna-
tive hairpins with termini that superimpose with
the region of interest, and then used a design pro-
gram to identify sequences that are optimal for
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these backbone conformations in the context of the
full-length protein. Low energy sequence-structure
combinations are candidates for viable turns. In
previous experiments on the IgG-binding domain
of protein G, we found that this method could
identify sequence changes that enhance stability:
two design variants, containing 11 mutations each,
were ~4 kcal mol™ more stable than wild-type
protein G.®

Here, we focus on the structural accuracy of this
backbone redesign strategy by redesigning the
second turn of protein L, determining the crystal
structure of the redesigned protein, and comparing
it to the design model. We find that the method
can accurately design a new backbone confor-
mation: the root-mean-square deviation (RMSD)
between the design model and the crystal structure
for backbone atoms in the redesigned turn is 1.1 A,
and for buried residues the side-chain chil angles
in the design model differ by only 9° on average
from the chil angles in the crystal structure.

The 62 residue IgG-binding domain of protein L
consists of a single o-helix packed on a four-
stranded [-sheet formed by two symmetrically
opposed B-hairpins® (Figure 1). The first hairpin
forms one of the four canonical turn types, a type I
turn, while the second hairpin forms a four-residue

© 2002 Academic Press
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Redesigned B-Turn

Figure 1. The successful design of a new backbone
conformation in the second turn of protein L. C* traces
are shown for WT protein L (green), the crystal struc-
ture of L2 (blue), and the design model for L2 (yellow).
The new turn is a two residue type I’ turn while the WT
turn contains four residues (labels are shown for turn
residues).

turn that contains three consecutive residues with
positive phi angles, two of which are non-glycine
residues. Two lines of evidence suggest that the
second turn has low intrinsic stability: the hairpin
forms after the rate-limiting step in folding,'® and
single point mutants in or near this turn result in a
strand-swapped dimer of protein L in which the
second turn is extended and the C-terminal strand
inserts into the B-sheet of the partner."

Results

In order to increase the intrinsic stability of the
second turn of protein L and change the backbone

conformation, we aimed to replace the wild-type
four-residue turn with a canonical two residue
turn (I, II, ' or II'). Two-residue turns are the most
prevalent in the PDB and, in particular, I’ and II'
turns show a strong preference for B-hairpins.'? In
order to include a two-residue turn and still pre-
serve the hydrogen-bond pairing in the B-sheet it
was necessary to add or remove two residues from
the protein L sequence. Alternate backbone confor-
mations were identified by searching the PDB for
canonical turns that have the appropriate number
of residues and have termini that overlay well
(RMSD < 0.5 A) with strands 3 and 4 of protein L.
The new turns, minus their side-chains, were
grafted onto protein L using a conjugate gradient
minimization procedure as described in Materials
and Methods. A total of 150 turns containing two
extra residues and 180 turns containing two fewer
residues overlay well with strands 3 and 4. Six
different groups of backbones were considered:
type I, I, I' and II' turns with two more residues
than protein L, and type I and II' turns with two
fewer residues.

Sequences optimal for the new turns in the con-
text of protein L were identified with a protein
design procedure that uses a Monte Carlo search
procedure to select amino acid rotamers that form
well-packed structures.”® Unlike the wild-type
backbone, the backbones with canonical turn types
do not curl up towards the a-helix but rather bend
away from the helix (Figures 1 and 2). Thus, in
order to create good packing between the new
turns and the helix it was necessary to consider
new amino acid residues in the helix as well as in
the turn. Four residues were redesigned in the
helix and 8-12 residues were redesigned in the turn
(Table 1). The lowest-energy sequence-structure
combination for each backbone group was selected
for experimental study. The sequences selected by

Figure 2. Detailed comparison of
the crystal structure of L2 (blue)
and WT protein L (green). In the
wild-type structure the second turn
bends up towards the helix while
in the redesigned protein the
second turn bends away from the
helix.
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Table 1. Amino acid sequences of protein L variants

WT Protein L

26 -FEKATSEAY-34

49-VDVADKG—YTL-60

Ll A...I...L
L2 K...L..VL
L3 Y...R...L
L4 ....L..VL
S1 ..o VoL L
S2 BV

IEKVVSDNKYIF I
(YQSWRYS)
IDKRVTNGVIIL I
(VVVNGIR)
IDKRYTPGALIL II
(QVYKGLT)
IDKRQDGNVLVL IT1°
(KRLGDTF)
IDR--TDT--RF I
(LSG--R)
IDR--DGY--LF I1”
(EGD--K)

All residues in the turn (47-58) and residues 26, 30, 33 and 34 in the helix were allowed to vary in
the design procedure. A dot indicates identity and a dash gap. Turn types are indicated to the right.
Shown in brackets are the original sequences of the fragments that were used to generate the back-

bone coordinates of the new turns.

the design procedure differ considerably from the
wild-type protein L sequence (between 8 and 14
mutations) and from the sequences of the frag-
ments used to generate the new backbone coordi-
nates (Table 1). At the two turn positions the
design procedure picked amino acids that are com-
monly seen in the canonical turn types (N/D-G
type I'’G-N/D type I, PG type II).'?

All six protein L variants expressed successfully
and guanidine denaturation was used to evaluate
their stability (Figure 3). Five of the variants are
folded (S1 is only partially folded) and two of
them, L2 and L4, have wild-type stability. The four
variants containing two extra residues are more

Fraction Folded

GuHCI (M)

Figure 3. The equilibrium denaturation of wild-type
(WT) protein L compared to that of the six design var-
aints. L4 and L2 have stabilities comparable to that of
wild-type protein L while the other four variants are
destabilized. The free energies of unfolding (kcal mol~")
are 4.6 (WT), 4.5 (L4), 4.4 (L2), 3.4 (L1), 2.5 (L3), 1.3 (S2)
and ~0.5 (S1).

stable than the two variants with two fewer resi-
dues (S1 and S2), probably because they pack a lar-
ger surface area against the helix. In addition, the
variants designed to have I' and II' turns are more
stable than the variants of corresponding length
that were designed to have type I and II turns.
Unlike type I’ and II' turns, type I and II turns do
not have a strong preference to be in B-hairpins
and it has been postulated that they are not as
stable in hairpins as type I' and II' turns."> Our
results are consistent with this hypothesis, but
there may be other factors such as packing differ-
ences that account for the varying stability of the
designed proteins as well.

The most stable variants, L2 and L[4, were
selected for structural studies. L4 precipitated out
of solution at concentrations above 1 mM, and
therefore we were not able to get suitable crystals.
L2 was soluble above 3 mM, and we were able to
obtain crystals that diffracted to 1.9 A (Table 2).
Except for the turn region, the structure of L2 is
very similar to that of wild-type protein L
(Figures 1 and 2). In the turn region the structures
are dramatically different. In place of the wild-type
four-residue turn, the mutant contains a two-resi-
due (Asn53 and Gly54) type I' turn (Figure 2).
Instead of curling up towards the helix, the turn
bends away from the helix as designed. A superpo-
sition of L2 with the design model shows an excel-
lent agreement (Figure 4). To more precisely
compare L2, the design model and wild-type pro-
tein L, the three structures were superimposed
using the backbone coordinates from residues that
were not redesigned, residues 6 to 47 and residues
60 to 65 (58 to 63 in wild-type protein L). Using
this structural alignment the backbone RMSD
between the turn residues in L2 (54-57) and the
turn residues in the design model (54-57) is 1.1 A,
while the backbone RMSD between the turn resi-
dues in L2 and the turn residues in wild-type pro-
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Table 2. Data statistics for L2

Unit cell
a(A) 38.62
b (A) 55.54
c(A) 67.38
Space group P2,2,2,
Resolution (A) 1.9
Completeness (%) 96.9
Rmergc(o/o)a 49
Refinement statistics
Reryst 19.7
freec 22.7
Test size (%)° 10.0
No. molecules in asymmetric unit 2
No. of non-hydrogen atoms
Protein 1004
Water 80
B-factor(A2?) 20.6
RMSD from ideal values?
Bond lengths (A) 0.009
Bond angles (deg.) 15
Ramachandran plot (%)®
Most favored regions 99.2
Additional allowed regions 0.8

Disallowed regions 0

* Rierge = ZiarZill g — i) )/ Zpga i), wheere Ly, is the inten-
sity of an individual measurement of the reflection with Miller
indicies &, k and I, and (I;;) is the mean intensity of that reflec-
tion.

° Rcryst = Zu(|Fiy — il /Fiig) where Fjyy and Fjy are the
observed and calculated structure factor amplitudes.

€ Rree = is equivalent to R but calculated with reflections
omitted from the refinement process. The Ry, reflections were
extracted using the CCP4 program, FreeRflag.

4 Calculated with the program CNS.%

¢ Calculated with the program PROCHECK.

tein L (53-56) is 7.2 A. The all-atom RMSD between
L2 and the design model for residues that were
redesigned is 1.4 A. Most of the deviations
between L2 and the design model occur in the
side-chains of solvent-accessible amino acids. For
buried residues (less than 30 % of the surface area
solvent accessible) the phi, psi and chil angles in
the design model differ by less than 9° on average
from those in L2 (Table 3).

Although four out of the six design variants are
less stable than wild-type protein L, all six of them

fold more quickly than the wild-type protein
(Figure 5). In contrast, it was found previously that
single point mutations in the second turn of wild-
type protein L have little effect on the folding rate,
indicating that the second turn of wild-type protein
L is not formed in the folding transition state.'
The increase in folding rates in the new designed
proteins suggests that the second turn may now be
formed in the transition state. In order to investi-
gate this possibility further we made point mutants
in the context of the L4 sequence. Mutations in the
second turn of L4 (G55A) and the first turn of L4
(G15A) both affect the folding rate equally (220 s™*
versus 340 s~! for L4). This result can be contrasted
with wild-type protein L where the G15A mutation
reduces the folding rate tenfold and mutations in
the second turn reduce the folding rate by less
than twofold. It appears that the redesigned turn
in L4 is now partially formed in the folding tran-
sition state. These results suggest that the rede-
signed hairpins have more intrinsic stability and
make more favorable local interactions than the
wild-type turn. The overall stabilities of the design
variants are not greater than wild-type protein L,
probably because the new turns do not pack
against the rest of the protein as well as the wild-
type turn.

To determine if we could more completely
switch the folding mechanism of protein L, we
destabilized the first hairpin with the GI5A
mutation and made further mutations to evaluate
which interactions are present in the transition
state. The effects of mutations can be summarized
by the ®-value notation developed by Fersht and
coworkers'* (see Materials and Methods): a @
value near 1 suggests that a residue is ordered in
the folding transition state, while a value near 0
suggests that the residue is disordered in the fold-
ing transition state. G55A made in the context of
L4/G15A has a ®-value of 1.1 and N14A in the
same context has a ®-value of 0.4. In contrast,
G55A in the context of wild-type protein L has a
®-value of 0.2 and N14A in the context of wild-

Table 3. Phi, Psi, and Chil angles of modeled amino acids compared with angles from the X-ray structure of L2

Replaced amino acid A Phi A Psi A Chil A Chi2
Lys26 6 2 25 51
Leu30 0 2 20 14
Val33 0 7 10

Leu34 1 0 17 4
Ile49 15 15 7 15
Lys51 51 14 8 9
Arg52 17 28 106 90
Val53 11 2 2

Thr54 27 29 115

Asn55 2 14 4 32
Gly56 10 10 0

Val57 22 5 1

Ile58 3 5 7 14
1e59 0 6 2 2
Core Average: 6 5 9 10

The values in the table are the absolute values of the changes in the dihedral angles. The core average is the average of the
dihedral angle changes for those residues that have less than 30 % of their surface area solvent exposed (30, 33, 34, 49, 57, 58, 59).




Computer-based Design of a New Backbone Conformation

475

K51

type protein L has a ®-value of 0.7. These results
suggest that in contrast to wild-type protein L, in
L4/GI15A the second B-turn is more formed in the
folding transition state than is the first f-turn. Pre-
viously, we were able to introduce a similar change
into a protein topologically related to protein L,
protein G.® These studies demonstrate that the
intrinsic stability of substructures within a protein
is an important determinant of folding pathways.

Conclusion

We have demonstrated that it is possible to
rationally select sequences that will alter protein
backbone conformation in a predictable manner
with atomic level resolution. In order to accom-
plish this transformation, we used fragments from
the PDB as a source of alternate backbone confor-
mations. The advantage of this method is that it
guarantees that the design should be feasible at the
level of local structural preferences. Non-local
interactions between the new fragment and the
rest of the protein are optimized using the
sequence design procedure. Our method should be
generally applicable towards redesigning turns
and loops in a variety of proteins. The main limi-
tation of the current technique is that it requires
fragments from the PDB that span the region of

/

2nd p—turn

Figure 4. Detailed comparison
between the crystal structure of L2
(blue) and the design model of L2
(yellow). Side-chain atoms are
shown for mutated residues. The
design model was successful at
predicting the coordinates and rota-
mers of all buried or partially bur-
ied hydrophobic residues: 130,
V33, L34, 149, V53, V57, 158 and
I59. As would be expected more
variation is seen in the exposed
polar residues: K26, K51, R52, T54
and N55.

interest, and therefore will not be feasible for build-
ing large structures. We are currently testing
methods that piece together protein fragments in
order to create larger templates for protein design.

Materials and Methods

Design procedure

A non-redundant set of protein structures culled from
the PDB was scanned for turns with termini that overlay
well with strands 3 and 4 of protein L
(http:/ /www fccc.edu/research/labs/dunbrack/culled-
pdb.html). The atoms used to check the overlap were all
backbone atoms on residues 51 and 57, as well as the
backbone nitrogen atoms on residue 50 and the carbonyl
group of residue 56. The cutoff for a suitable match was
a RMSD of 0.5 A over these 11 atoms. The turns were
also screened for the correct number of residues required
to form the canonical two residue turns.

The turns were then grafted on to protein L using a
multi-step process that began with a starting structure
that was created by adding residues sequentially from
the N terminus using wild-type protein L bond lengths,
bond angles and dihedral angles in the portion of the
structure derived from protein L and bond lengths, bond
angles and dihedral angles derived from the turn resi-
dues in the turn portion of the structure. The connecting
residues, two in each strand, were given ideal bond
lengths and angles, and dihedral angles typical of resi-
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—a—L4

GuHCl

Figure 5. Refolding kinetics (k,,,) as a function of
denaturant concentration (GuHCI). All six design var-
iants fold more rapidly than wild-type protein L. The
folding rate constants (s7!) extrapolated to 0 M GuHCl
are 60 (WT), 330 (L4), 280 (L2), 280 (L1), 180 (S2), and
100 (S1).

dues in B-strands. The starting structure was then input
into a conjugate minimization procedure which favored
low RMSD values between the protein L structure and
residues with coordinates derived from the protein L
structure (non-turn residues), low RMSD values between
the turn residues and their original PDB coordinates,
good hydrogen bonding between strands 1 and 4, and
few bumps between atoms while preserving bond
lengths and angles. Only backbone dihedral angles were
allowed to vary in this procedure and the largest
changes occurred in the residues connecting the turn
with protein L. The hydrogen-bonding potential was a
simple distance-based model that favored hydrogen-oxy-
gen distances of 1.8 A, hydrogen-carbonyl carbon dis-
tances of 2.8 A, and oxygen-nitrogen distances of 2.8 A.
New sequences were selected for the turn in the con-
text of full-length protein L using a design procedure
described.’® In brief, the design procedure uses a Monte
Carlo search procedure to identify amino acid rotamers
that have good Lennard-Jones energies, have low deso-
lvation energies and are favorable for the backbone phi
and psi angles. During the design process all amino
acids, except for cysteine, were considered at residues
47-58, as well as residues 26, 30, 33 and 34 in the helix.

Plasmid construction and protein expression

DNA cassettes for the redesigned portion of protein L
were created from two overlapping DNA fragments that
were annealed and extended using Klenow. The resulting
double stranded DNA products were digested using
EcoRI and Mlul, gel-purified, and cloned into a modified
Protein L pET 15b construct.’® Point mutations were
made using the QuikChange site-directed mutagenesis
kit (Stratagene). Protein expression and purification were
carried out as described.'® All mutants were verified by
DNA sequencing and mass spectrometry.

Stability and kinetic measurements

Protein solutions were made in 50 mM sodium phos-
phate, pH 7, and the temperature was kept at 295 K.
Guanidine-induced denaturation was monitored using
the circular dichroism (CD) signal at 220 nm as
described.’®'® The kinetics of folding were followed by
fluorescence on a BioLogic SFM-4 stopped-flow instru-
ment. Folding data were well fit by single exponentials.
®-values were computed using:

® = —RT In(K*f /K AAG

where the change in stability (AAG) was determined
from equilibrium unfolding experiments and k; are the
folding rate constants.

Crystallization, data collection, and
structure determination

The purified L2 variant of protein L was dialyzed to
100 mM NaCl and 2 mM EDTA and then concentrated
to ~25 mg/ml. Crystals of L2 were grown by hanging
drop diffusion from 1.0 M sodium citrate and 100 mM
cacodylate at pH 6.5. X-ray data was collected on an
RAXIS-IV image plate at room temperature under Cu Ko
radiation generated by a RIGAKU rotating-anode gen-
erator. Diffraction data were processed with Denzo &
Scalepack.!” The program EPMR' was used to find the
molecular replacement solution using the wild-type pro-
tein L structure’ with the second B-turn deleted as a tem-
plate. Simulated annealing composite omit 2F, — F.
maps were used for model rebuilding with Xfit."” Struc-
tural refinement was performed using CNS.'? The L2
structure is validated by PROCHECK,* VERIFY-3D?!
and ERRAT.? There were no violations detected by
these methods.

Protein Data Bank accession number

The coordinates have been deposited in the RCSB
Protein Data Bank, with accession code 1KHO.
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