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Summary

Achieving atomic-level resolution in the computa-
tional design of a protein structure remains a challeng-
ing problem despite recent progress. Rigorous exper-
imental tests are needed to improve protein design
algorithms, yet studies of the structure and dynamics
of computationally designed proteins are very few.
The NMR structure and backbone dynamics of a rede-
signed protein of 96 amino acids are compared here
with the design target, human U1A protein. We demon-
strate that the redesigned protein reproduces the
target structure to within the uncertainty of the NMR
coordinates, even as 65 out of 96 amino acids were
simultaneously changed by purely computational
methods. The dynamics of the backbone of the re-
designed protein also mirror those of human U1A,
suggesting that the protein design algorithm captures
the shape of the potential energy landscape in addi-
tion to the local energy minimum.

Introduction

Protein design represents one of the great challenges of
computational structural biology. The ability to success-
fully design new proteins would allow us to generate
new reagents or enzymes and, at the same time, provide
us with an understanding of the principles of protein
folding and stability. Remarkable progress has recently
been made after a decade of steady progress in this field
(Dahiyat and Mayo, 1997; Harbury et al., 1998; Havranek
and Harbury, 2003; Kaplan and DeGrado, 2004; Mooers
et al., 2003; Pokala and Handel, 2001; Shifman and
Mayo, 2003), as demonstrated, for example, by the de-
sign of a completely new fold not previously observed
in nature (Kuhlman et al., 2003) and of new enzymatic ac-
tivities into existing protein scaffolds (Dwyer et al., 2004;
Looger et al., 2003). Despite these successes, the prob-
lem of designing a protein with a desired structure
remains far from being solved. Therefore, it is essential
that existing computational methods be further im-
proved after their experimental verification through pre-
diction and design challenges.

Studies of the structure of proteins designed (or rede-
signed) by computational methods are very few (John-
son et al.,, 1999; Kuhlman et al., 2003; Walsh et al.,
1999, 2001), although such studies provide essential val-
idations of design protocols and insight into their limita-
tions (Shifman and Mayo, 2003). Equally significant is
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the opportunity to assess the role of motion in protein
stabilization (Johnson et al., 1999; Lee and Wand,
2001; Wand, 2001), because dynamics has the potential
to provide information on the shape of the protein’s en-
ergy landscape. The systematic investigation of the
structure and dynamics of proteins designed to fold
into new or already existing structures, and the compar-
ison with studies of native proteins, would also provide
a unique opportunity to explore the evolution of protein
families.

The Rosetta protein design algorithm was recently
used to completely redesign computationally the hydro-
phobic core of 9 proteins of 60-100 amino acids (Dantas
et al., 2003). In this test, new protein sequences were
sought that would fold into a predefined structure, as
determined by X-ray crystallography. Three out of nine
proteins formed thermodynamically stable structures,
as evidenced by circular dichroism (CD) melting studies
and by 1D NMR experiments. In the present work, we
study URNdesign, a protein designed to reproduce the
structure of a well-known RNA binding protein, human
U1A (Dantas et al., 2003). The structure and dynamics
of the native protein have been studied by us in the
past because of its role as a model for RNA recognition
by the largest RNA binding protein family, the RNA rec-
ognition motif or RRM (Allain et al., 1996; Avis et al.,
1996; Mittermaier et al., 1999; Nagai et al., 1995;
Oubridge et al., 1994). In order to establish the structural
accuracy of the redesign, we used NMR spectroscopy
to determine the solution structure of URNdesign and
to study the dynamics of the protein’s backbone. The re-
sults presented here show that the design algorithm has
generated a protein that is remarkably close in structure
and backbone dynamics to the design target, even if
70% of all amino acids (65/96) were simultaneously
changed by the design algorithm.

Results

Protein Design

The URNdesign sequence was generated by completely
redesigning human U1A protein by using the Rosetta
Design algorithm (Dantas et al., 2003). The protein struc-
ture generated by X-ray crystallography (Oubridge et al.,
1994) was first minimized to start the design from an en-
ergetically favored conformation, and it was then kept
fixed during the actual redesign. This protocol gener-
ated a protein sequence in which 65 out of the 96 amino
acids were changed simultaneously (Figure 1A); thus,
nearly 70% of all amino acids were simultaneously
changed computationally in generating the URNdesign
sequence from the U1A 3D coordinates. However, the
two sequences remain similar within the core, since
only 11 out of 21 highly buried residues were changed.
Because of this similarity, the redesigned protein can
be identified by sequence alignment as a member of
the RRM superfamily. Polar and nonpolar residues
were changed to a comparable extent: about 40% of
all hydrophobic amino acids and 37% of polar residues
were strictly conserved. However, the number of
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Figure 1. Sequence Alignment for U1A and
URNdesign Proteins and NMR Spectra of
URNdesign

(A) The sequence of the RNA binding domain
of human U1A protein (top) is aligned to that
of its computational redesign (bottom);
conserved residues are in red.

(B) "H-"N HSQC spectrum of URNdesign
recorded at 298K with spectral assignments
indicated; the inset represents an expanded
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charged residues was markedly different, as was the
overall charge of the protein. Only 18% of all residues
are charged in URNdesign compared to 29% in U1A.
Polar, noncharged or hydrophobic residues replace all
but 3 of the many Lys and Arg residues in U1A (16 in
total, many involved in RNA binding [Allain et al., 1996;
Oubridge et al., 1994]).

NMR Analysis and Structure Determination
URNdesign was found to have sharp lines and good dis-
persion in 1D NMR experiments. It also had well-defined
profiles in both thermal and chemical denaturation ex-
periments, and it had enhanced thermodynamic stability
compared to U1A (Dantas et al., 2003). The HSQC spec-
trum of URNdesign is well dispersed as well, compara-
ble to what was reported for the U1A protein (Avis
et al., 1996): 95 out of 100 backbone amides in our con-
struct are well resolved in the 'H-"5N spectrum (Fig-
ure 1B). Designer proteins are often found to aggregate
or form molten globule structures. In a case we have re-
cently studied, we found that a protein designed to be
monomeric was instead an exceptionally stable dimer
(G.D. et al., submitted). In this case, the very high quality
of the HSQC spectra, the T2 values (about 100 ms), the
correlation time obtained from analysis of relaxation
data (see below), the size exclusion chromatography
profile, and quantitative analytical ultracentrifugation
all demonstrate that URNdesign is a well-folded mono-
meric protein at NMR concentration, and there is no
evidence whatsoever for aggregation or dimerization.

Assignments of the protein resonances were obtained
as described in the Experimental Procedures. Over 94%
of the backbone NH, CO, C,, and Cy nuclei, >96% of all
side chain 'H and '3C resonances, and >86% of GIn/Asn
NH, residues were thus assigned; Arg N, and guanidi-
nium groups as well as Lys NH; residues remain unas-
signed. Aromatic Tyr/Phe/His and Trp resonances are
completely assigned, although not stereospecifically.
The missing assignments are all in the regions of the
protein outside of the central folded domain.

A list of all NOE interactions resolved in NOESY spec-
tra was generated from 3D '°N- and '3C-edited NOESY,
2D NOESY in water, and 2D NOESY in D,0, and interac-
tions were introduced as unassigned distance con-
straints into CYANA (Gintert, 2003). The macro CANDID
automatically assigned these NOE crosspeaks based on
the chemical shift list generated from triple resonance
data. Dihedral constraints generated from TALOS (Cor-
nilescu et al., 1999) were also added at this stage.
This partially assigned NOE list was refined by examin-
ing each constraint against the original data during suc-
cessive rounds of calculation and refinement. By using
CYANA2.0, we quickly obtained converged structures
that had only five distance violations >0.2 A; these initial
structures were refined to the final statistics presented
in Tables 1 and 2. Figure 2A shows a backbone superpo-
sition of the 20 lowest-energy structures obtained in the
final round of calculations.

The total number of assigned NOEs (1602 in total) is
comparable to the number obtained for the U1A protein
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Table 1. Experimental Restraints

NOE distance restraints (first round/final round)®
Total 2754/1602

Intraresidue and sequential ([i — j] < 1) 1847/819

Mediumrange (1 < [i —j] < 5) 729/296

Long range ([i — j] > 5) 178/487
Dihedral angle constraints® 91

Hydrogen bond constraints
Total number of constraints

40 (20 H bonds)
1733

Number of constraints per residue 18.6
Long-range constraints per residue 5.2
Residual constraint violations®
Distance violations > 0.2 A 0
Van der Waals violations®
0.2-0.5 A 9
>0.5 A 0
Dihedral angle violations® > 1° 0
CYANA target function (first round/final round)
CANDID run 135 A%/7.5 A®
Final CALC run —/2.05 A?

2First and final round refer to statistics generated from the CANDID
macro in CYANA2.0.

P Dihedral angle constraints were generated from TALOS (Corni-
lescu et al., 1999).

(Avis et al., 1996) (1995 in total for a larger construct of
117 amino acids). A total of 323 NOEs remained unas-
signed, representing only 6.2% of all unique automati-
cally selected NOEs. The number of short-, medium-,
and long-range interactions is also comparable to those
observed for U1A, as a percentage of the total number of
NOEs (62%, 17%, and 31%, respectively, for U1A; 51%,
18%, and 30%, respectively, for URNdesign). The num-
ber of hydrogen bond constraints is also essentially the
same—20 for URNdesign compared to 19 for U1A—and
the number of dihedral angle constraints was in excess
of those obtained for U1A—91 compared to 12—be-
cause of TALOS (Cornilescu et al., 1999). The final en-
semble has an rmsd from the average structure of 0.26
A for backbone atoms and 0.67 A for all heavy atoms
over the ordered region (residues 9-99). When the struc-
ture was analyzed with Procheck, 97.9% of dihedral an-
gles were found in allowed regions of the Ramachan-
dran plot, leaving just 0.5% in disallowed regions.
These all belong to residue G74 as well as residues
G99 and N100 at the very C terminus of the protein.

Table 2. Structural Statistics

Rmsd values (residues 8-88)2

Backbone atoms (A) 0.26
All heavy atoms (A) 0.67
Rmsd values (residues 1-96)®
Backbone atoms (A) 1.73
All heavy-atoms (A) 2.01
PROCHECK analysis
Most favored regions (%) 791
Additionally allowed (%) 19.8
Generously allowed (%) 1.6
Disallowed (%) 0.5
G-score (¢, ) -0.67
G-score (all dihedrals) -0.88

2Structural statistics reported are based on analysis of the best 20
conformers of 100 generated by CYANA2.0.

Figure 2. Structure of URNdesign

(A) The 20 NMR structures of URNdesign with the lowest energy are
superposed over the ordered region of the protein (residues 8-96)
and displayed in a ribbon representation. Structural figures are
generated with MolMol (Koradi et al., 1996).

(B) Superposition of core residues for the ten best URNdesign struc-
tures (left) and comparison with the hydrophobic core of U1A (right).
Core residues conserved between the two sequences are shown in
red; nonconserved residues are shown in black.

(C) Close-up view of the interaction between GIn37 and Phe68 in
URNdesign (left) and between Phe37 and Ala68 in U1A (right).

Structure of the Redesigned U1A Protein
URNdesign retains the canonical RRM fold consisting of
a four-stranded antiparallel § sheet and two a helices ar-
ranged as the split o fold. At the end of the domain is
a small section of helix, o3, as observed in both free
(Avis et al., 1996) and RNA bound U1A protein (Allain
et al., 1996; Oubridge et al., 1994). However, this C-ter-
minal helix is disordered compared to the rest of the pro-
tein: it is present in only 13 of the 20 best structures. The
design was based on the crystal structure of U1A bound
to RNA, where helix o3 is held in place by extensive inter-
actions with the RNA (Allain et al., 1996; Oubridge et al.,
1994). In the free protein, the helix lies almost parallel to
B4 across the RNA binding surface (Avis et al., 1996) and
experiences conformational mobility (Mittermaier et al.,
1999). In URNdesign, helix C is swung away from the
B sheet, as in the design target, even if neither RNA
nor the hydrophobic residues present in U1A protein
(192, 193, and M96) that pack the helix against the § sheet
are present in URNdesign.

Submission of URNdesign to the DALI server iden-
tifies U1A and other RRMs as the structures closest to
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Figure 3. Comparison of the U1A and URNdesign Protein Structures

(A) Structure of URNdesign in two orientations rotated by ~180.
(B) Structure of the U1A protein (Oubridge et al., 1994). The U1A and
URNdesign structures were superposed then shifted side by side to
emphasize their remarkable similarity in overall fold and also in re-
gards to many of the structural details.

(C) Surface electrostatic potential of URNdesign; the protein surface
is largely acidic.

(D) Surface electrostatic potential of the U1A protein. The protein
surface is very basic; the RNA binding surface is the basic patch in
the upper right corner of the figure on the left.

URNdesign, together with other proteins (for example,
phosphoribosyl-aminoimidazole synthetase) with the
same split o fold. Backbone superposition of the URN-
design core structure with that of the U1A X-ray crystal
structure on which the design was based confirms the
remarkable similarity in the backbone conformation be-
tween the two structures (rmsd = 0.99 A) and therefore
that the design was very successful (Figures 3A and
3B). This difference increases when the partially disor-
dered C-terminal helix is included, but it remains very
low at only 1.45 A. The major difference between the
two structures is the conformation of the loop connect-
ing the second and third strands of the 3 sheet. How-
ever, this difference is not structurally significant; in
both the free U1A protein (Mittermaier et al., 1999) and
URNdesign (see below), the loop is in conformational

exchange, and only in the protein-RNA complex is it
held in place rigidly through extensive interaction with
the RNA.

Core residues that hold the structure together show
similar contacts in the two proteins, even when their
identity is changed (Figures 2B and 2C). For example,
Phe37 stabilizes the position of helices a1 and o2
against the B sheet in U1A; it is replaced by Gin in URN-
design. At the same time, Ala68 (a highly conserved res-
idue among RRM proteins) is replaced by Phe, with the
aromatic ring occupying almost the same spatial posi-
tion as Phe37. It is noticeable that there are no salt
bridges in URNdesign. While the total number of polar
versus hydrophobic residues has not been altered dras-
tically between the two structures, the number of hydro-
phobic residues in the structured regions of the protein
(o helices and B sheets) has increased from 22 to 29,
while the number of polar residues was reduced from
28to 17.

Sequence Comparison between U1A and URNdesign
The identity of residues that are conserved or changed
between the two structures is highly informative (Fig-
ure 1A). For example, all three Glys in U1A were retained
in URNdesign to stabilize tight turns or pack hydropho-
bic amino acids; by keeping the backbone rigid in the
design, apart from its initial regularization, it is difficult
(perhaps impossible) to change these Gly residues.

The RRM motif is identified at the sequence level by
two highly conserved segments of 8 and 6 amino acids,
referred to as RNP1 and RNP2 (Nagai et al., 1995; Varani
and Nagai, 1998). These segments reside in the two cen-
tral strands of the § sheet (Nagai et al., 1990) and play a
key role in promoting RNA recognition (Allain et al., 1996;
Oubridge et al., 1994). Residues within RNP1 and RNP2
that face the protein core are generally retained in URN-
design, while surface-exposed residues from these
motives are not. Most RRM proteins contain either Tyr
or Phe at the third (residue 54 in U1A) and fifth positions
(residue 56) of RNP1 and in the second position (residue
13) of RNP2. These residues make intermolecular inter-
actions with RNA, although U1A contains a GIn at posi-
tion 54. In URNdesign, these residues are replaced by
a Lys at position 54 and Leu at position 56. Within the
RNP1 sequence (covering 33), residue 53 is Gly in nearly
all RRMs (Birney et al., 1993) and is retained. Phe59 and
the very highly conserved Ala55 (Ala or Gly in most
RRMs) are not changed, and Val57 is conservatively
substituted to lle. In contrast, Arg52 (a key RNA binding
residue in U1A) is changed to GIn. Within RNP2 (cover-
ing p1), the RNA-facing Tyr13 is replaced with lle, while
lle12 is conservatively substituted. However, lle14,
Asn16, and Leu17, all highly conserved in RRM proteins,
are replaced, while Asn15, an RNA-facing, surface-
exposed residue, is retained.

Outside of RNP1 and RNP2, residues involved in
packing the RRM hydrophobic core are generally con-
served or conservatively substituted, but with some in-
teresting exceptions. Within helix a1, Leu30 is retained,
but in the loop following o1, Phe37 (almost always Phe/
Tyr) is changed to Gin, while Gly38 (just as highly con-
served) is retained. Within 82, both lle40 and Val45 are
retained. Ala68 in the helix immediately following B3 is
nearly universally conserved as Ala, yet it is changed
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Table 3. Rotamer Recovery

All Buried Middle Surface

#Cor #Tot Frac #Cor #Tot Frac #Cor #Tot Frac #Cor #Tot Frac
CHI_1 48 83 0.58 12 17 0.71 17 30 0.57 19 36 0.53
CHI 2 23 33 0.70 7 8 0.88 12 13 0.92 4 12 0.33
CHI_3 3 6 0.50 0 0 N/A 2 4 0.50 1 2 0.50

“Buried” refers to amino acids with more than 19 neighboring amino acids; “middle” refers to those with more than 13 but less than 19 neigh-
boring amino acids; “surface” refers to those with less than 13 neighboring amino acids. “#Cor” represents the number of rotamers with correct
+, “#Tot” represents the total number of rotamers in each category, and “Frac” represents the fraction of correctly predicted  rotamers. “CHI_1”
refers to statistics for all 1 rotamers, “CHI_2” refers to statistics for 2 rotamers of amino acids for which %1 was correct, and “CHI_3” refers to
statistics for %3 rotamers of amino acids for which 1 and 2 were correctly predicted.

to Phe in URNdesign to interact with the residue that has
substituted Phe37 (Figure 2C), although Ala65 (nearly as
well conserved) is retained and lle69 is conservatively
substituted to Val. The Gly at position 74 in the loop con-
necting «2 and (4 remains as Gly, while Asp79 in U1A
(most often a Gly in other RRMs) is changed to Gly,
bringing URNdesign closer to the RRM consensus
than U1A. Concerning the hydrophobic residues on the
inner face of P4, Val82 is conservatively substituted,
while lle84 is retained.

Much lower levels of conservation are observed in
residues that are divergent in RRMs yet known to be im-
portant for RNA binding. Charged residues in the U1A
structure are concentrated in the loop between 3, and
helix A (Lys20, Lys22, and Lys23) and the loop between
B, and B3 (Arg47, Lys50, and Arg52). Of these residues,
only Lys23 is conserved in URNdesign, and the side
chain is oriented 180° away from the position seen in
the target structure. The very basic character of the
B2-B3 loop as well as two functionally important Lys res-
idues within o3 (Lys96 and Lys98) have been switched
completely by the inclusion of 4 Asp residues in place
of those basic residues in URNdesign. The surface
charge distribution reflects this marked difference be-
tween the two proteins. The U1A surface has large basic
areas involved in RNA binding that are completely miss-
ing in URNdesign, which is instead acidic (Figures 3C
and 3D). When we tested if URNdesign would bind
RNA by electrophoretic band shift experiments, we
saw no evidence for an interaction at protein concentra-
tions as high as 10 uM; U1A binds its cognate RNA with
a subnanomolar dissociation constant (not shown).

Evaluation of the Design
Analysis of the amino acid side chain conformations in
the NMR structure of URNdesign shows good recovery
of the rotamers identified in the redesign, with core res-
idues showing the highest recovery (Table 3). About
58% of all x1 angles were found experimentally to be
in the same rotameric state predicted computationally,
and these include 71% of residues in the protein
core. For residues with the correctly predicted 1, re-
covery of %2 is 70% overall and 88% for core residues.
While surface residues show lower rotamer recovery,
at least 50% or more of surface rotamers are still recov-
ered in each category. These results strongly suggest
that the design process has identified a global energy
minimum.

The experimentally determined structures of U1A and
URNdesign were then reexamined in the context of the

current RosettaDesign energy function. The native U1A
crystal structure (Oubridge et al., 1994) has a better
Rosetta energy compared to the URNdesign NMR struc-
ture, but both have better energies than the NMR struc-
ture of U1A (Avis et al., 1996). Most likely, this difference
reflects the higher quality of crystallographic structures
as well as the improvement of NMR structures over the
last 10 years. We then redesigned the URNdesign
NMR backbone with the most current RosettaDesign
energy function, allowing only the amino acid present
in native human U1A or the designed residue from URN-
design at each position (a binary choice only). In this
test, all of the core positions return the URNdesign
sequence, suggesting that the protein core cannot be
further optimized by simple single amino acid rever-
sions. Although about 25% of all surface residues switch
back to wild-type sequence, there are only marginal im-
provements in energy. However, when the URNdesign
backbone was completely redesigned by allowing all
19 amino acids at each position (except Cys, which is
not yet modeled), as in the original design of the URN
design sequence, 82% (75% for the core) of the sequence
was changed. Of the amino acids that do not change in
this second redesign exercise, 40% were unchanged in
the original design (i.e., they are the same as in U1A).
Therefore, RosettaDesign predicts that the URNdesign
sequence is not the global energy minimum for the
backbone observed in the URNdesign NMR structure:
in other words, the designed NMR structure is com-
pletely redesignable. The implications of this result are
discussed below.

Dynamics of the Redesigned Protein

Relaxation times (N T4, >N T, and 'H-'5N NOEs) were
measured for URNdesign by the standard techniques
described in the Experimental Procedures and can be
compared to those obtained for a construct of free
U1A protein including amino acids 2-102 (Mittermaier
et al., 1999). In both U1A and URNdesign, '°N T, values
are between 500 and 550 ms, with the exception of un-
folded residues at the N and C termini (Figure 4). The
T, values are also very similar between the two proteins.
However, the data were collected at two different fields
(600 Mhz for U1A; 500 Mhz for URNdesign), suggesting
that URNdesign would have a slightly increased correla-
tion time compared to U1A. Indeed, the overall correla-
tion time for URNdesign is larger than for U1A and was
calculated by ModelFree (Lipari and Szabo, 1982a,
1982b) to be 7.4 ns compared to the reported value of
6.1 ns for U1A. The most likely explanation for this
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Figure 4. Backbone Dynamics of the URN
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These observations reflected conformational exchange
on the U1A protein RNA binding surface that is not pres-
ent in URNdesign. If anything, increased nanosecond-
picosecond motion in the 2-33 loop of URNdesign is re-
vealed by lower NOEs and slightly increased T2 values,
without any evidence for slower conformational dynam-
ics in this or other regions of the protein (Rox values are
all insignificant, with one exception; Figure 4E).

Discussion

A key goal of protein design is to reliably predict the se-
quence of amino acids capable of folding into a prede-
fined 3D structure. In a demanding test of the Rosetta
algorithm, 9 proteins of about 100 amino acids chosen
to represent distinct folds were redesigned computa-
tionally to fold into the native structures (Dantas et al.,
2003). In three out of nine cases, unique sequences
with the characteristics of native proteins were identi-
fied: clear melting transitions were observed between
folded and unfolded structures, and well-defined 1D
NMR spectra were obtained (Dantas et al., 2003). In or-
der to establish the accuracy of the design, we deter-
mined the structure and dynamics of the redesigned
U1A protein, a protein studied by us extensively in the
past (Allain et al., 1996; Avis et al., 1996; Mittermaier
et al., 1999; Oubridge et al., 1994; Varani et al., 2000).

U1A Protein Was Redesigned with

Atomic-Level Accuracy

The URNdesign protein reproduces the target structure
to within less than 1 A for the core o region of the do-
main (amino acids 8-88) (Figures 3A and 3B); this differ-
ence is comparable to the uncertainty in the coordinates
observed over the 20 best NMR-derived structures
(Figure 2A). This difference is much smaller than the
structural divergence observed among different RRM
proteins. In the superfamily, the orientation of the o heli-
ces with respect to the  sheet, the length of the B
strands and of the loops connecting the secondary
structural elements, and even the presence of additional
structural elements C-terminal to the domain provide for
considerably greater structural diversity than the small
difference observed between U1A and URNdesign (Fig-
ures 3A and 3B). A short C-terminal helix was observed
as well, as designed, although, in the native protein, this
addition to the canonical RRM fold is held in place
primarily by interactions with RNA (Allain et al., 1996;
Oubridge et al., 1994). Even including this less well-
ordered o helix, the redesigned structure differs from
the target by only ~1.4 A.

The design of the URNdesign sequence was executed
while keeping the native backbone coordinates fixed af-
ter an initial regularization. As a consequence, sequence
memory was retained during the sequence selection, al-
though the overall computation was in itself unbiased,
because the fixed backbone imposes significant steric
restraints in the protein core. It has been previously ob-
served that the fixed backbone approximation can lead
to rejection of sequences of lower energies that may
adopt very similar (and for many design purposes effec-
tively the same) folds (Pokala and Handel, 2001). Thus,
the divergence between the U1A and URNdesign se-
quences is much smaller than the sequence space ob-

served for RRM proteins or, more generally, for proteins
belonging to the split o fold of which the RRM is an ex-
ample. In the absence of functional constraints, as in the
URNdesign computational redesign, one might expect
an even higher tolerance for sequence changes.

These results demonstrate that the computational re-
design of U1A protein has yielded a structure remark-
ably similar to the target, even while simultaneously
changing 70% of all amino acids (65/96 amino acids).
Three recent examples of successful designs of com-
plex protein folds concerned a new three-helix bundle
(Walsh et al., 1999); the new « fold of Top7, a structure
not yet observed in nature (Kuhiman et al., 2003); and the
redesign of the hydrophobic core of ubiquitin (Johnson
et al., 1999). Together, these studies demonstrate that
structural specificity and atomic-level accuracy can be
obtained for proteins of at least 100 amino acids by
computational design methods.

Origin of the Increased Thermodynamic Stability

of the Redesigned Protein

Although U1A is a very stable protein in its own right,
URNdesign was found to be more stable by more than
2 kecal/mol by guanidinium-induced and thermal dena-
turation experiments (Dantas et al., 2003). It is likely
that the additional thermodynamic stability of URN
design arises from improved packing interactions within
the protein core. The sequence optimization used in
the design focuses solely on the stability of the native
state through the maximization of pair-additive interac-
tions and emphasizes hydrophobic contacts. As a con-
sequence, the number of buried hydrophobic residues
increases from 22 to 29, but no salt bridge is retained.
Natural selection obviously has additional requirements:
proteins must be not just thermodynamically stable, but
they must fold to the native structure without aggregat-
ing and must perform their function. RNA binding may
not be possible if an RRM protein is structurally too rigid
(Crowder et al., 2001). As demonstrated most clearly by
ultracentrifugation studies, URNdesign does not aggre-
gate or dimerize appreciably at millimolar concentra-
tions, and it has the folding characteristics associated
with native proteins (Scalley-Kim and Baker, 2004).
However, the absence of salt bridges in the design
(that confer structural specificity) identifies a potential
limitation of the scoring function noted in other design
tests as well (G.D. et al., submitted).

Arelated question is whether the design algorithm has
captured just a local energy minimum in an otherwise
ragged energy landscape, or has instead reproduced
the smooth energy landscapes of small natural proteins.
The rigid monomeric structure and the highly coopera-
tive folding transition observed for URNdesign (Scal-
ley-Kim and Baker, 2004), together with the results of
protein dynamics studies, suggest that a global energy
minimum has indeed been found. The "N relaxation
times and ModelFree-derived order parameters were
similar to those observed for U1A (Mittermaier et al.,
1999) (Figure 4). Conformational flexibility was also ob-
served in the same loop regions for U1A and URN
design, namely, for the loops connecting 1 with 1 and
B2 with 3. These are the “jaws” of the protein (Nagai
et al., 1990) and represent primary sites for specific rec-
ognition of RNA (Kenan et al., 1991; Varani and Nagai,
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1998). URNdesign was designed without any consider-
ation of function, and many surface-exposed amino
acids involved in RNA binding were mutated to acidic
residues (Figures 3C and 3D), resulting in complete
loss of RNA binding. However, the functionally impor-
tant conformational flexibility of these loops (Allain
et al., 1996; Mittermaier et al., 1999) was retained. The
greatest difference in dynamics between native and re-
designed proteins was the disappearance of conforma-
tional exchange at the interface between helix C and the
B sheet. However, helix C was designed to occupy the
position observed in the U1A-RNA complex and not in
the free protein, away from the B sheet surface.

Together, these observations suggest that not just the
location of the global energy minimum was unchanged
by the design, but also that the shape of the energy land-
scape was not altered, at least in regards to the protein
backbone. It will be interesting to extend studies of dy-
namics to backbone carbonyls and to the side chains to
establish whether the native-like rigidity observed for
the backbone is retained in the hydrophobic core.

Conclusions

The present study demonstrate that computational de-
sign algorithms can redesign thermodynamically stable
proteins of at least 100 amino acids while exquisitely
maintaining the fidelity of the structure and dynamics
observed in the native protein. The design based on
the URNdesign coordinates indicates that even the sub-
tle backbone changes observed between URNdesign
and the native protein structure allows the former se-
quence to be redesigned to a divergent new sequence.
In other words, small changes in the backbone coordi-
nates (1 A rmsd) are sufficient to expand significantly
the sequence diversity within the hydrophobic core.
This result indicates that truly dramatic increases in se-
quence diversity and perhaps protein stability could be
obtained by incorporating even limited backbone flexi-
bility into the design algorithm. An interesting future
challenge would be the design of proteins that retain
the characteristic RRM fold but have completely lost se-
quence homology with the superfamily.

Experimental Procedures

Protein Expression and Purification

Two versions of the URNdesign protein were prepared, with an
S-peptide tag at the N terminus or a His tag at the C terminus.
Most experiments were conducted on this second construct with
the sequence: MDSPDLGSTPPHTEPSQVVLITNINPEVPKEKLQAL
LYALASSQGDILDIVVDLSDDNSGKAYIVFATQESAQAFVEAFQGYPF
QGNPLVITFSETPQSQVAEDGSL. Sequence alignments were per-
formed by using NCBI BLAST2 (Basic Local Alignment Search
Tool) online from the European Bioinformatics Institute homepage
(www.ebi.ac.uk/services).

Proteins were expressed in E. coli BL21 (DE3) from a pET29b vec-
tor. Uniformly "®N- and "®N/'3C-labeled samples were prepared by
growing bacteria in M9 minimal media supplemented with 0.5 gI~’
1N-NH,CI and 2 gI~" 'C-glucose (Spectra Isotope). The protein
was isolated by ion-exchange chromatography on a DEAE fast
flow Sepharose column. Further purification steps included ion-ex-
change chromatography on a Resource Q column followed by size
exclusion fractionation on Superdex 75 (all by Amersham). The final
yield was about 20 mg/L of culture. Sample purity and molecular
mass were verified by SDS-PAGE and matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectroscopy.

NMR Data Collection and Analysis

All URNdesign samples were prepared for NMR experiments in Shi-
gemi susceptibility-matched NMR tubes, at 0.7-1.0 mM concentra-
tion in H,0O solution containing 5% or 100% 2H,0, 50 mM sodium
phosphate, and 0.01 mM EDTA (pH 6.8). All experiments were re-
corded at 25°C unless otherwise specified. Triple resonance NMR
experiments were collected on a Bruker Avance 500 MHz spectrom-
eter equipped with a TXI HCN triple resonance probe with triple axis
gradients. 3D "°N-edited NOESY spectra and 2D NOESY and TOCSY
data sets were recorded on a Bruker Avance 750 MHz spectrometer
equipped with a TXI HCN triple resonance probe with a z axis gradi-
ent. 3D '3C-edited NOESY spectra were recorded at Environmental
Molecular Sciences Laboratory (EMSL) at PNNL in Richland, WA by
using a Varian 600 MHz spectrometer equipped with a cryoprobe.
Data were processed with NMRPipe (Delaglio et al., 1995) and ana-
lyzed with Sparky (Goddard and Kneller, 2006).

Backbone amide 'H and "*N, C,, C=0, and side chain C; reso-
nances were assigned by using HNCO, HNCACB, CBCA(CO)NH,
HBHA(CO)NH, HN(CO)CA, and 3D '°N-edited TOCSY experiments
(Sattler et al., 1999). Side chain assignments were obtained by anal-
ysis of 3D HCCH-TOCSY and 3D '3C-edited NOESY experiments.
Aromatic side chain assignments were obtained from 2D NOESY
and TOCSY spectra recorded in D,O and through the analysis of
13C-edited spectra optimized for detection of aromatic resonances.
The spectra used in deriving distance constraints included 3D '°N-
edited NOESY and 3D '®C-edited NOESY, 2D NOESY in H,0, and
2D NOESY in 2H.,0 recorded at 750 MHz with mixing times of 100 ms.

Structure Determination

Protein structure determination was conducted in a semiautomated
iterative manner by using CYANA2.0 (Giintert, 2003). The NOESY
peak lists used as input for automated analysis were generated au-
tomatically with Sparky (Goddard and Kneller, 2006) based on the
chemical shift list generated in the assignment process. After the
first few rounds of calculations, the spectra were analyzed again
to identify additional crosspeaks consistent with the structural
model and to remove misidentified NOEs. Slowly exchanging
amides were identified by lyophilizing the protein from H,O then dis-
solving it in D,O; hydrogen bond donors were identified by the pres-
ence of an amide peak in the HSQC recorded after 30 min. The cor-
responding acceptors were attributed by visualizing coordinates
obtained from CYANA without any hydrogen bonding constraint to
identify carbonyl groups that were at a distance of approximately
2.0 A from slow exchanging amides. Hydrogen bonding constraints
were then added at this stage of the refinement. TALOS (Cornilescu
et al., 1999) was used to generate ¢ and ¢ dihedral angle con-
straints. Residues for which the prediction was deemed to be
“good” (9 out of 10 best-fit residues clustered together within
allowed parts of the Ramachandran plot) were used to generate a
dihedral constraint list.

The CYANA2.0 program immediately gave target functions in the
correct range for a “good” structure, 135 A2 and 7.5 A2, After several
rounds of refinement, the final run gave a final target function of
2.05 A2 with no upper distance and angle violations greater than
0.2 A and 5°, respectively. However, CYANA2.0 confers greater
weight to van der Waals contacts, and nine close atom contacts re-
mained violated after the final CYANA2.0 round. The quality of the
structure was evaluated with Procheck (http://rcsb-deposit.
rutgers.edu). Experimental statistics are reported in Table 1, and
structural statistics are reported in Table 2.

Protein Dynamics

Standard pulse sequences were used to measure the >N T;, "N T,
and heteronuclear NOEs (Farrow et al., 1994) essentially as we de-
scribed recently (Deka et al., 2005). Spectra were recorded with
112 complex points in the indirect dimension and with delays of
0.010, 0.050, 0.100, 0.150, 0.200, 0.250, 0.300, 0.350, 0.400, 0.500,
and 0.600 s for the T, experiments and 0.008, 0.016, 0.024, 0.032,
0.040, 0.048, 0.064, 0.080, 0.096, 0.112, and 0.120 s for T,. The relax-
ation delay was 1.9 s. For the heteronuclear NOE measurements,
a pair of spectra was recorded with and without proton saturation,
which was achieved by application of 'H 120° pulses every 5 ms.
Spectra recorded with proton saturation utilized a 2 s recycle delay
followed by a 3 s period of saturation, while spectra recorded in the
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absence of saturation employed arecycle delay of 5 s. Linear predic-
tion was applied in the indirect dimension to increase the number of
complex points to 224. Peak heights were calculated for every as-
signed peak in the T; and T, spectra and fitted into an exponential
curve by using Sparky (Goddard and Kneller, 2006). The error esti-
mates for the rate constants reflect the likely error of the best fit
from the parameters obtained for a perfect exponential decay. Het-
eronuclear NOE values were calculated from the ratio of peak
heights for spectra recorded with and without proton saturation.
Errors in these measurements were estimated from the plane base
noise in the spectra. Analysis of the relaxation data was conducted
by using the ModelFree model (Lipari and Szabo, 1982a, 1982b) ex-
actly as we recently reported (Deka et al., 2005).
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