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Abstract: Design of polar interactions is a current challenge for protein design. The de novo

designed protein Top7, like almost all designed proteins, has an entirely nonpolar core. Here we

describe the replacing of a sizable fraction (5 residues) of this core with a designed polar hydrogen
bond network. The polar core design is expressed at high levels in E. coli, has a folding free energy

of 10 kcal/mol, and retains the multiphasic folding kinetics of the original Top7. The NMR structure

of the design shows that conformations of three of the five residues, and the designed hydrogen
bonds between them, are very close to those in the design model. The remaining two residues,

which are more solvent exposed, sample a wide range of conformations in the NMR ensemble.

These results show that hydrogen bond networks can be designed in protein cores, but also high-
light challenges that need to be overcome when there is competition with solvent.

Additional Supporting Information may be found in the online version of this article.

Broader Audience Statement: Natural proteins have primarily hydrophobic cores and polar exteriors. With the long-term goal of mak-
ing “inside out” proteins with polar cores, we explore the properties of a designed protein with a polar hydrogen bond network in its
core
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Introduction

De novo protein design has advanced considerably

in recent years. New protein structures, functions,

and interactions have been successfully designed.1–5

Both the new structures and new interactions are

stabilized primarily by nonpolar interactions; there

has been less success with hydrogen bonding and

polar interaction networks.

The de novo designed Top7 protein has an

entirely hydrophobic core and is extremely stable.6

Characterization of the folding kinetics of Top7

showed the process was considerably more complex

than that of most native proteins with the same

size, with multiple distinct kinetic phases. Analysis

of fragments of Top7 showed that many had appreci-

able structure in isolation. The high stability and

low folding cooperativity of Top7 suggests that there

may have been more selection for folding cooperativ-

ity than stability during evolution.7

With the long-range goal of designing an “inside

out” protein—with a polar core and a nonpolar exte-

rior—that could be stable in organic solvent, we

explored the replacement of a portion of the Top7

hydrophobic core with a polar hydrogen bond net-

work. The polar-core Top 7 (Top7_PC) is folded and

moderately stable, and structural characterization

shows that the majority of the hydrogen bonds in

the designed network are intact.

Results

With the goal of designing an “inside out” protein,

we adapted the RosettaMembrane all-atom energy

function which utilizes an implicit model of the lipid

surrounding the transmembrane portions of mem-

brane proteins.8 We modified the energy function

such that the protein environment was treated as a

uniform implicit apolar solvent instead of a hetero-

geneous lipid membrane. We first entirely rede-

signed Top7 using the apolar potential, keeping the

backbone conformation fixed, and allowing all 20

amino acids at all 94 positions to assess whether

networks of polar residues with low energy configu-

rations could be designed in its core. The calcula-

tions converged on very similar low energy designed

structures, with most core positions of the original

Top7 recapitulated except for five positions substi-

tuted with polar residues forming a connected

hydrogen bond network with each residue stabilized

by two hydrogen bonds [Fig. 1(A,B)]. The polar net-

work bridges several secondary structural elements

in the Top7 core including the first and third beta

strands and the C-terminal helix. The backbone and

side-chain dihedral angles of the designs were opti-

mized by minimization in the Rosetta forcefield; the

lowest energy of the refined designs is shown in Fig-

ure 1(C).

In a first round of experiments, we attempted to

express the two lowest energy designed “inside-out”

proteins in Escherichia coli with the hope that they

would form inclusion bodies that could then be solu-

bilized in organic solvent. However, there was little

or no expression of these rather unusual proteins.

To evaluate the designed polar core independent of

such a drastic surface redesign, we replaced the sur-

face residues on the two lowest energy polar-core

Top7 designs with those of the original water-soluble

design. As we anticipated that the polar core designs

would be considerably destabilized, we decided to

follow the example of crambin, a small protein with

a quite polar core,9 and incorporate a disulfide bond

into the design. We searched for pairs of positions at

which substituted cysteines could form a disulfide

bond by introducing cysteines at every residue and

using the Rosetta all atom energy function to iden-

tify residue pairs with low energy disulfide bonds.

We identified three pairs of positions where disulfide

bonds with good geometry could be introduced [Fig.

1(D), only the model for the best behaved protein is

shown].

We tested the designed disulfides initially in the

context of the original nonpolar core Top7. The three

disulfides were introduced by mutagenesis, and the

proteins expressed and purified. One of the three

introduced disulfides—between residues 12 and 45—

was formed quantitatively, as assessed using Ell-

man’s reagent. Guanidine hydrochloride (GuHCl)

denaturation experiments tracking far-UV circular

dichroism (CD) showed the introduced disulfide

shifted the denaturation midpoint, Cm, of Top7, an

already very stable protein, from �6.5M to �8M

GuHCl (Top7_CC, Supporting Information Fig. 1).

Because little or no unfolded baseline could be meas-

ured, we could not determine the increase in folding

free energy by fitting the full unfolding transition;

instead we estimate from the shift in midpoint and

the m-value of Top7 that the disulfide increases sta-

bility by �3 kcal/mol.

We next introduced the 12 to 45 disulfide bond

into the protein having the designed core hydrogen

bond network, keeping the original Top7 surface res-

idues at all other positions [Fig. 1(E)]. The resulting

protein “Top7_PC” expressed at high levels in E. coli

and could be readily purified. The CD spectrum of

Top7_PC was very similar to that of the wild-type

protein [Supporting Information Figs. 4 and 2(A) of

Ref. 6]. Rotational correlation time (sc) estimates
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based on 15N NMR nuclear relaxation measure-

ments (T1/T2) indicate that Top7_PC is predomi-

nantly monomeric in solution (Supporting

Information Fig. 3). The GuHCl unfolding midpoint

was lower than that of either Top7 and Top7_CC but

the Cm is still high for a monomeric protein (�5M;

Supporting Information Fig. 1). GuHCl melting

experiments in absence and presence of reducing

agent (tris(2-carboxyethyl)phosphine, TCEP) suggest

that the disulfide bond increases stability in this

context by �1.4 kcal/mol (from a DG of unfolding of

10.3 kcal/mol in oxidizing conditions—Fig. 2 and

Supporting Information Fig. 3—to 8.9 kcal/mol in

reducing conditions—Fig. 3 and Table I).

To compare the thermodynamics of folding of

Top7 and Top7_PC, we conducted temperature dena-

turation measurements monitoring CD at 227 nm at

GuHCl concentrations ranging from 4 to 7M in con-

ditions likely to maintain the sample in reduced con-

ditions (see Methods). The comparison between the

folding kinetics of Top7 and Top7_PC is easier to

interpret in the absence of the disulfide bond, i.e., in

reducing conditions, since in this case the only dif-

ference between the two is the introduction of the

hydrogen bond network. The thermodynamic param-

eters DHm, DSm, DCp, Tm and denaturant m-value

were calculated from global fits to the data (Table I,

Fig. 3, Supporting Information Figs. 1 and 2).

Top7 is more stable than Top7_PC by �5

kcal mol21 at all measured temperatures. Other-

wise, the thermodynamic properties for the two pro-

teins are similar. Both proteins are stabilized

entropically at low temperature but enthalpically at

high temperature. The m-value for Top7 is 15%

higher than Top7_PC, whereas the DCp value is 9%

lower. The lower DCp value for Top7 is unexpected

as this protein has more hydrophobic burial, a prop-

erty that heavily contributes to DCp.10 Possibly, the

partial exposure of polar surface in the native state

of Top7_PC due to an incompletely packed core in

reducing conditions could increase the DCp (e.g., res-

idues Asn 18 and Ser 56; see structural studies

below). This increased polar exposure in the native

Figure 2. Chemical denaturation of Top7_PC in the presence

(open circles) and absence (filled circles) of reducing agent.

Lines are two-state unfolding model fits.

Figure 1. Top7_PC and Top7 models. Close up view comparing the core region of Top7 before (B) and after (A) hydrogen-

bond network incorporation. (C) Hydrogen-bond network in the context of the whole structure of one of the initial “inverted”

Top7 models. (D) Model of the disulfide-bonded variant of Top7. (E) Model of disulfide-bonded Top7 with core hydrogen-bond

network.
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state of Top7_PC is consistent with this variant hav-

ing a smaller m-value, a quantity that is sensitive to

backbone exposure.11

We next investigated the folding kinetics of

Top7_PC monitoring fluorescence of either the sole

tryptophan (Trp 83) and 8-anilinonaphthalene-1-

sulfonic acid (ANS), a compound that strongly fluo-

resces upon association with hydrophobic regions

found in some folding intermediates, but typically

not in either the unfolded and folded states12 (Fig.

4). The original Top7 protein exhibits complex multi-

phasic folding kinetics with a weak dependence of

the folding rate constants on denaturant concentra-

tion for the two slower phases, and a very fast burst

phase with strong denaturant dependence [see Fig.

4(B)]. It was hypothesized that the rate limiting step

in Top7 folding consists in structural rearrange-

ments of collapsed states.7 Therefore, the reduction

in hydrophobic content in Top7_PC was anticipated

to reduce or eliminate the slow folding phases by

reducing the stability of any such intermediates.

Reduced Top7_PC’s folding behavior shared some of

the complexity found in Top7. Refolding tracking

tryptophan fluorescence was nearly single exponen-

tial with a rate constant between 1 and 4 s21 that

had only a mild denaturant dependence from 1 to

5M GdmCl. Fitting with an additional phase of

�10 s21, also of decreasing fluorescence intensity,

slightly reduced the residuals. ANS-monitored

refolding identified additional fast phases with

largely denaturant independent rate constants. The

ANS fluorescence signal decreased with time indi-

cating that hydrophobic surface was being buried in

these phases. This decrease indicates that a par-

tially folded species (when stable) was formed within

the 2 ms instrumental dead-time. At 2.2M Gdm and

below, the fastest phase had a rate constant of 105

to 137 s21 while two minor phases had rate con-

stants of 3 to 11 s21 and <1 s21, respectively. At

3.6M Gdm, the faster phases were no longer

observed, and the observed rate constant was 3 s21,

similar to the rate constant of the major phase moni-

tored by tryptophan fluorescence. As with Top7, the

reduced form Top7_PC likely folds via multiple

intermediate species with a rate-limiting step that

involves reorganization of partially formed

structure.

We next carried out NMR structural studies to

determine the three-dimensional structure of

Top7_PC, focusing on the extent of formation of the

designed hydrogen bond networks. NMR structure

quality statistics are presented in Table II. The over-

all topology of disulfide-oxidized Top7_PC is very

close to the design model [and the original Top7

structure, Fig. 5(A)]. Analysis of the NOEs involving

the polar core residues suggests that three of the

five residues in the core of the network are posi-

tioned as in the design model, and making the

designed hydrogen bonds [Fig. 5(C)]. The remaining

two residues, Asn 18 and Ser 56, are at the periph-

ery of the network and more solvent exposed, and do

not make the designed hydrogen bonds [NOE Fig.

5(B), overall structure Fig. 5(A)].

To determine if disulfide reduction significantly

affects the 3D structure of TOP7_PC, we compared

[15N-1H]-HSQC spectra of Top7_PC in both disulfide-

Figure 3. Thermodynamic properties of Top7 (A) and Top7_PC (B). CD-monitored thermal denaturation at multiple GuHCl con-

centrations with fits to the data using Eq. (3).

Table I. Thermodynamic Parameters for Top7 and Reduced Top7_PC

Protein DH (kcal mol21) TDS (kcal mol21) DCp (kcal mol21 K21) m (kcal mol21 M21) DG (kcal mol21)

Top7 0.9 6 0.4 213.0 6 0.3 0.91 6 0.01 2.17 6 0.05 13.9 6 0.4
Top7_PC 23.0 6 0.2 211.9 6 0.3 1.00 6 0.02 1.85 6 0.03 8.9 6 0.3
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oxidized and reduced (10 mM DTT) conditions.

These data (Supporting Information Fig. 5) demon-

strate the backbone structure is essentially identical

under both conditions. However, several resonances

are significantly broader and have weaker inten-

sities in the disulfide-reduced protein, including resi-

dues Asn16 (backbone and sidechain amides), Asn17

(backbone and sidechain amides), Asn18 (backbone),

Thr19, Ser56, Arg57, Thr58, and Tyr79, some of

which contribute to the hydrogen-bonded network of

the polar core [Fig. 5(C)]. We attribute this to confor-

mational exchange broadening on the NMR time-

scale in the polar core, which while observed for

these same residues also in the disulfide-oxidized

form, appears to be much more pronounced in the

disulfide-reduced form of Top7_PC.

Encouraged by the stability of Top7_PC and the

accuracy of recapitulation of the hydrogen bond net-

work, we returned to the overall challenge of design-

ing an inside-out protein. We redesigned the surface

of each of the two helices and the beta sheet individ-

ually to be entirely apolar, but again were unable to

express the apolar surface proteins in E. coli even in

inclusion bodies.

Discussion

An extended hydrogen bond network was introduced

into the hydrophobic core of Top7 using computa-

tional protein design. This substitution of nonpolar

core residues with a polar network is the opposite of

a classic experiment by Waldburger et al.,17 who

replaced a buried hydrogen bond network with a

cluster of nonpolar residues. Not surprisingly, given

that formation of a buried polar network requires

stripping away of attractive interactions with water

in the unfolded state, in both experiments the more

nonpolar arrangement produces a less stable

protein.

Why do Asn 18 and Ser 56 not form the

designed hydrogen bonds? There are at least three

possible contributing factors. First, as noted above,

these residues are more solvent exposed in the

three-dimensional structure of TOP7_PC, and hence

can make hydrogen bonds with water instead of the

designed intra-protein hydrogen bonds. In contrast,

the residues involved in the part of the network that

was recapitulated—Tyr 79, 16, 58—are more buried

and hence had fewer other options for hydrogen-

bond satisfaction. A key feature in the design of

hydrogen bond networks may be to eliminate as

much as possible competing interactions with other

amino acids and with solvent. Second, the hydrogen

bond geometry between Asn 18 and Asn 16 is some-

what strained (the angle at the hydrogen bond is

1308 instead of 1808). Without this hydrogen bond,

neither Asn 18 nor Ser 56 would be held in the

designed configuration. Third, the region surround-

ing the S1 -> S2 turn has higher B factors in the

original Top7 structure,6 and hence may be more

sensitive to substitution with the network forming

residues than the remainder of the protein.

We were unsuccessful with further steps

towards the long-range goal of making “inside out”

proteins with a polar core that could be stable in

organic solvent since E. coli did not produce variants

of the polar core design with nonpolar surface resi-

dues. The E. coli quality control machinery may

degrade such proteins soon after synthesis. Further

progress towards the goal of proteins with polar

cores stable in organic solvent will likely require

chemical synthesis or in vitro translation.

Methods

Computational design

Rosetta design calculations were carried out as

described in the text. Standard Rosetta Monte Carlo

sequence design calculations were carried out start-

ing from the Top7 backbone using a uniform apolar

solvation model. Each Monte Carlo move consists of

substitution of a randomly selected rotamer of a ran-

domly selected amino acid at a randomly selected

position; a typical design trajectory involves 1

Figure 4. Folding kinetics for Top7_PC. (A) Double exponential fits to refolding signals at 0.9 and 4.2M GuHCl, (Complete

buffer composition in Methods). (B) Relaxation rate constants for the major and minor folding phases as a function of GuHCl

concentration followed by tryptophan (Trp fl.) and ANS (ANS fl.) fluorescence.
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million such moves Ref. 41 and takes �2 min (wall

time) on a single core of an IntelVR XeonVR CPU E7-

2850 2.00GHz (24576 KB cache). Surface residues

grafted from the original Top7 to give the soluble,

highly expressed Top7_PC design are those with

SASA higher than 5 Å2, as calculated using the

LeGrand method18 with a probe radius of 2.2Å

(Using the Top7 1QYS crystal structure numbering:

D3, Q5, Q7, N9, D11, D12, N13, G14, K15, 16N, 17F,

18D, 19Y, 20T, 21Y, 22T, 24T, 25T, 26E, 27S, 28E,

30Q, 31K, 32V, 33L, 34N, 35E, 37M, 38D, 39Y, 41K,

42K, 43Q, 44G, 46K, 47R, 49R, 51S, 53T, 55R, 56T,

57K, 58K, 59E, 61E, 62K, 65A, 66I, 68I, 69K, 70V,

72A, 73E, 75G, 77N, 78D, 79I, 80N, 81V, 82T, 83F,

84D, 85G, 86D, 87T, 89T, 91E, 93Q, 94L), except for

M37(K), N16(T) and F83(W).

Refolding measurements

Refolding measurements were conducted with a Bio-

logic SFM-4000 instrument integrated with a PTI

mercury lamp and a Hanamatsu 10722-110 photo-

multiplier. Measurements were conducted in 50 mM

sodium phosphate, 150 mM NaCl, 20nM TCEP, pH 7

to 7.5. Tryptophan and ANS (Acros Organics) fluo-

rescence, respectively, were measured using an exci-

tation at k 5 283 and 370 nm, and measuring total

emission above 310 and 410 nm, respectively, using

glass filters. Protein concentration varied from 3 to

20 lM. The final concentration of ANS and dimethyl

sulfoxide (used to solubilize the ANS) was between

340 and 570 lM and 0.3 to 0.6% by volume,

respectively.

Circular dichroism
We conducted temperature denaturation measure-

ments monitoring the CD signal at 227 6 5 nm

(pathlength 5 1 cm) from 3 to 958C at GuHCl con-

centrations ranging from 4M to 7M using a Jasco

715 spectrometer. The samples were in 20 nM

TCEP, 5mM sodium phosphate, pH 7.0 at a concen-

tration of 2 lM. A global fit to the data (Table I, Fig.

2, Supporting Information Figs. 1 and 2) was con-

ducted to calculate the thermodynamic parameters

DHm, DSm, DCp, Tm and denaturant m-value using

the Eqs. (1) to (3).

DH Tð Þ5DH2931DCp� T2293ð Þ (1)

DS Tð Þ5DS2931DCp ln
T

293

� �
(2)

DG T; GdmCl½ �ð Þ5DH2932TDS293

1DCp T-293ð Þ2Tln
T

293

� �� �
2m GdmCl½ �

(3)

We conducted denaturant titration experiments

shown in Figure 2 and Supporting Information Fig-

ure 1 monitoring the CD signal at 227 6 5 nm

(pathlength 5 1 cm) from 0 to 8M GuHCl using an

AVIV 420 CD spectrometer (Biomedical, Inc.). The

samples were in 1 mM TCEP (only in reducing con-

ditions), 5 mM sodium phosphate, pH 7.0 at a con-

centration of 4 lM.

Table II. NMR Structure Quality Statistics for
Top7_PC

NMR distance and dihedral restraints
Distance restraints

Total NOE 1855
Intra-residue 436
Inter-residue

Sequential (|i 2 j| 5 1) 445
Medium-range (|i 2 j|�4) 374
Long-range (|i 2 j|�5) 600

Hydrogen bonds 48
Total dihedral angle restraints 134

U 67
W 67

Total number of restricting restraints 2037
Total number of restricting

restraints per residue
22.6

Restricting long-range
restraints per residue

6.9

Structure statistics
Violations

RMS of distance violation/restrainta (Å) 0.01
RMS of dihedral angle
violation/restraint (8)

0.91

Max distance restraint violation (Å) 0.39
Max dihedral angle violation (8) 7.60

Average r.m.s.d. to representative
conformerb (Å)
Backbone atoms 0.69 6 0.06
Heavy atoms 1.48 6 0.14

RPF scoresc

Recall 0.94
Precision 0.951
F-measure 0.945
DP-score 0.805

Structure quality factors (raw/Z-scored)
Procheck G-factor (U/W only)b 0.06/0.55
Procheck G-factor (all dihedral angles)b 0.01/0.06
Verify3D 0.42/20.64
ProsaII 0.89/0.99
MolProbity clashscore 11.90/20.52

Ramachandran plot summary from
Richardson’s lab
Most favored regions (%) 98.6
Allowed regions (%) 1.4
Disallowed regions (%) 0

a Calculated by using sum over r26.
b Calculated among 20 refined structures for ordered resi-
dues that have sum of U and W order parameters13

S(U) 1 S(W) >1.8.14 Residue range: 11–19, 28–50, 55–82,
87–91, 95–99. RMSD values were calculated by PDBStat,15

the mediod structure is the seventh conformer.
c Analyzed for the 20 lowest energy refined NMR struc-
tures, by using PDBSTAT PSVS 1.4, and RPF/DP
software.14,16

d With respect to mean and standard deviation for a set of
252 X-ray structures with sequence lengths <500, resolu-
tion �1.80 Å, R-factor �0.25, and R-free �0.28; a positive
value indicates a “better” score.
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Protein sample preparation for structural

studies

Synthetic genes coding for the modified TOP7 protein

designs were expressed and purified by following the

standard protocols.19 [U-15N, 5%-13C]- or [U-15N,

U-13C]-enriched proteins were expressed using MJ9

minimal media.20 The [U-15N, 5%-13C]-labeled pro-

teins were generated for stereo-specific assignments

of isopropyl methyl groups of valines and leucines21

and for residual dipolar coupling (RDC) measure-

ments.22 The final purified proteins each contained

an N-terminal tag with sequence MHHHHHHR.

Samples were validated to have correct molecular

weight by MALDI-TOF mass spectrometry, and were

>98% homogeneous based on analytical SDS poly-

acrylamide gel electrophoresis (SDS-PAGE). For

structural studies, the purified protein concentration

was 0.37 mM in a low salt buffer (100 mM NaCl,

10 mM Tris-HCl, pH 7.5, 0.02% NaN3).

NMR studies for structure determination

All NMR spectra were recorded at 25�C using cryo-

genic NMR probes. Triple resonance NMR data,

simultaneous 3D 15N/13Caliphatic/
13Caromatic-edited

NOESY23 (mixing time: 100 ms) and 3D 13C-edited

aromatic NOESY (mixing time: 100 ms) spectra were

acquired on a Bruker AVANCE 800 MHz spectrome-

ter. All NMR data were processed using the program

NMRPipe24 and analyzed using the program

XEASY.25 Spectra were referenced to external DSS.

Rotational correlation time measurements

Rotational correlation times (sc) were computed from

1D 15N T1 and T2 relaxation data at 258C as

described elsewhere.26 The rotational correlation tie

sc was then calculated from the 15N T1/T2 ratio

using the following approximation:27,28

s �

ffiffiffiffiffiffiffiffiffiffiffi
6T1

T2
-7

q
4pmN

where mN is the resonance frequency of 15N in Hz.

Finally, values of sc for were plotted against protein

molecular weight and compared with data for known

monomeric proteins. For full length Top7_PC, the

rotational correlation time sc 5 5.8 ns, corresponding

to a molecular weight of �9.6 kDa consistent with the

expected monomeric molecular weight of 12.1 kDa.

NMR resonance assignments

Sequence-specific backbone resonance assignments

were determined in a largely automated fashion

with the program AUTOASSIGN29 as described

Figure 5. NMR structure of Top7_PC. (A) Left, NMR structure ensemble (disulfide shown as sticks). Right, Comparison of NMR

average structure (gray) to TOP7_PC model (blue). The cysteines forming the disulfide bonds are shown as sticks. (B) Hydrogen

bond network zoom-in; blue dashed lines indicate observed NOEs, and yellow dashed lines indicate hydrogen bonds. (C)

Stereo view of hydrogen-bond network residues in the 20 NMR structure conformers.
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previously.30 The full resonance assignments were

obtained by using the standard NESG high-

throughput protocol.30 The obtained backbone

assignments, together with random coil side-chain

chemical shift values, were then used to simulate

peak lists that facilitated manual analysis of side-

chain resonance assignments. Simultaneous 3D
15N/13Caliphatic/13Caromatic-NOESY and CCH-TOCSY

were then analyzed manually to obtain nearly com-

plete side-chain assignments. Chemical shift data

were deposited in the Biological Magnetic Resonance

Bank. (BMRB accession code: 25666).

NMR structure determination
NMR structure calculations followed standard proto-

cols.30 Helical secondary structures were initially iden-

tified from chemical shift data using TALOS_N.31

Initial NOESY peak lists of expected intra-residue,

sequential, and a-helical medium-range NOE peaks

were then generated from the resonance assignments.

These were next manually edited by visual inspection

of the NOESY spectra. Subsequent manual peak pick-

ing was then used to identify remaining, primarily

long-range NOESY cross peaks.30 Backbone dihedral

angle restraints were derived from the chemical shifts

using the program TALOS_N31 for residues located in

well-defined secondary structure elements. The pro-

gram CYANA32,33 was then used to automatically

assign NOEs and to calculate structures. The auto-

matic NOESY analysis program AUTOSTRUC-

TURE34,35 was used in parallel to guide iterative

cycles of noise/artefact peak removal, peak picking and

NOE assignments. The 20 conformers with the lowest

target function value were then refined in explicit

water36 using the program CNS.37 The structural sta-

tistics and global structure quality factors included

analyses by Verify3D,14 ProsaIl,38 PROCHECK,39 and

MolProbity.40 Raw and statistical Z-scores were com-

puted using the Protein Structure Validation Server

(PSVS ver. 1.4).14 The global goodness-of-fit of the final

structure ensembles with the NOESY peak list data

(RPF and DP scores) was assessed using the RPF anal-

ysis program.16 Coordinates and restraints were

deposited in the Protein Data Bank (PDB ID: 2N4E).
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