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Abstract

The coiled-coil is one of the most common protein structural motifs. Amino acid sequences of

regions that participate in coiled-coils contain a heptad repeat in which every third then forth

residue is occupied by a hydrophobic residue. Here we examine the consequences of a “stutter,” a

deviation of the idealized heptad repeat that is found in the central coiled-coil of influenza

hemagluttinin HA2. Characterization of a peptide containing the native stutter-containing HA2

sequence, as well as several variants in which the stutter was engineered out to restore an idealized

heptad repeat pattern, revealed that the stutter is important for allowing coiled-coil formation in

the WT HA2 at both neutral and low pH (7.1 and 4.5). By contrast, all variants that contained

idealized heptad repeats exhibited marked pH-dependent coiled-coil formation with structures

forming much more stably at low pH. A crystal structure of one variant containing an idealized

heptad repeat, and comparison to the WT HA2 structure, suggest that the stutter distorts the

optimal interhelical core packing arrangement, resulting in unwinding of the coiled-coil

superhelix. Interactions between acidic side chains, in particular E69 and E74 (present in all

peptides studied), are suggested to play a role in mediating these pH-dependent conformational

effects. This conclusion is partially supported by studies on HA2 variant peptides in which these

positions were altered to aspartic acid. These results provide new insight into the structural role of

the heptad repeat stutter in HA2.
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INTRODUCTION

It is estimated that 3–10% of all proteins contain coiled-coil segments.1 These domains,

which consist of two or more associating α-helices, play important functional roles in
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transcription, motility, membrane fusion, and other biological processes.2–4 An expansive

body of work has provided guidelines for design of coiled-coil proteins and various

applications ranging from materials synthesis to therapeutic development. Simple design

rules, based on spacing of hydrophobic and hydrophilic residues, can yield stable coiled-

coils with well-defined topology.5 Incorporation of more subtle design features expand the

range of potential structures and, in some cases, endow environmentally sensitive

behavior.6–9

Protein sequences of coiled-coil segments contain a regular hydrophobic repeat pattern

known as the heptad repeat.2–4 Positions are denoted abcdefg, with a and d occupied by a

hydrophobic residue (typically one with an aliphatic side chain) that create a stripe that

wraps around the α-helix. At the core, the a and d side chains pack in “knob-into-holes”

fashion where each side chain “knob” fits into a “hole” generated by four side chains from

an apposing α-helix.13 The identity of residues at the core a and d positions as well as

flanking e and g positions can specify number of α-helices, relative α-helix orientation

(parallel or antiparallel), pairing preferences among different α-helical segments.2–4,6,8

Some coiled-coil proteins contain slight deviations in the periodicity of the heptad repeat

pattern.14,15 One such example is the heptad repeat stutter, which is caused the insertion of

four residues into the heptad (abcdefgdefg), generating a 3-4-4-3 hydrophobic pattern

instead of the canonical 3-4-3-4 pattern.14 A stutter alters the left-handed nature of the

hydrophobic stripe, resuting in local unwinding of the coiled-coil and an increase in super-

helical pitch. Knobs-into-holes packing is disrupted at the stutter site, caused by orientation

of core side chains on the α-helices directly toward one other. This arrangement creates

“knobs-into-knobs” packing in what is referred to as x layer geometry. The presence of a

stutter therefore locally alters ideal interhelical interactions within the coiled-coil and is

predicted to be destabilizing for short segments.

A conserved stutter can be found in the “postfusion” coiled-coils of influenza hemagglutinin

HA2 as well most other class I (α-helical) and many class III (mixed α/β structure) fusion

proteins.10,16,17 For class I viral glycoproteins, the location of the stutter can be used as a

register to align the coiled-coils in relation to the membrane.10 That a structural feature

would exhibit such a high level of conservation across disparate phylogenetic families

suggests functional significance. The stutter positions in Ebola virus GP2 and influenza

virus HA2, both endosomal viruses, are found in regions that have drastically different

conformations in the prefusion and postfusion structures.18,19 In both cases, pH has a

dramatic effect on conformational preferences of the glycoprotein, with the postfusion

conformation preferred at low pH. This may implicate a specific role for the stutter in the

fusion events that require pH-dependent structural transitions.

Here we explore the effect of a heptad repeat stutter on the pH-dependent conformational

behavior of the central coiled-coil from influenza hemagglutinin HA2. Although stutters

have been noted in many virus glycoproteins, their functional effects have not previously

been investigated.10–12
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MATERIALS AND METHODS

Peptide synthesis and purification

All peptides were synthesized by solid-phase peptide synthesis using standard Fmoc (N-(9-

fluorenyl)methoxycarbonyl) chemistry on an ABI-433A peptide synthesizer with the

inclusion of an N-terminal acetyl cap and a C-terminal amide. Following synthesis,

simultaneous side chain deprotection and cleavage from resin were achieved by treating the

resin with 95% trifluoroacetic acid, 2.5% 1,2- ethanedithiol, and 2.5% thioanisole for 3 h.

Resin was removed by filtration, and the peptide was precipitated by addition of cold diethyl

ether. The peptide was pelleted by centrifugation, washed twice with cold diethyl ether,

redissolved in water/acetonitrile, and lyophilized. Crude lyophilized peptides were purified

by reverse-phase HPLC on a Vydac C18 column (10 μm, 250 × 21.2mm) with water/

acetonitrile mobile phases containing 0.1% trifluoroacetic acid. Peptide purity was generally

90–95% as judged by analytical reverse-phase HPLC, and the identity of all peptides was

confirmed by MALDI-MS (see Supporting Information). Peptides were dissolved in either

10 mM phosphate (pH 7.1) or 10 mM sodium acetate (pH 4.5), and the concentration was

determined by absorbance at 280 nm.

Circular dichroism

Peptide samples were prepared in the appropriate buffer and measurements were performed

on a Jasco J-815 spectrometer with a 1 mm quartz cuvette. Peptide concentrations ranged

from 35–45 μM as determined by absorbance at 280 nm. CD wavelength scans were

obtained with a 0.1 nm step size and a 2 s averaging time. The signal was converted to mean

residue ellipticity (θ). Thermal denaturation data were obtained with a 0.5°C step size and

30 s equilibration at each temperature. Nonlinear least squares regression was performed on

the ellipticty data using a standard four-parameter logistic equation. The Tm values were

derived from the inflection point of the curve.

Analytical Ultracentrifugation

Sedimentation velocity analysis was performed on a Beckman XL-1 analytical

ultracentrifuge with a Ti60 rotor. Samples were loaded into double sectors cells at peptide

concentrations of 115 μM, blanked against the sample buffer (10 mM sodium acetate, 100

mM NaCl, pH 4.5) in the reference sector. Two hundred scans were acquired at 58,000 rpm

and 20 °C with sedimentation boundaries monitored by absorption at a wavelength of 280

nm. The sedimentation boundaries were directly fit as the derivative dc/dt using DCDT+

v2.4.0 to determine the sedimentation and diffusion coefficients, S and D, respectively from

which was calculated the apparent molecular weight, Mw,app
20,21. Sixty to 80 absorbance

scans were globally analyzed for each experiment. The observed values were normalized to

standard conditions of 20°C and water (s20,w and D20,w) by correcting for buffer density and

viscosity. Buffer density, viscosity, and vbar were calculated using Sednterp22.

X-Ray Crystallography

Diffraction quality crystals were grown by sitting drop vapor diffusion by mixing 1 μL of

protein (concentration was 6 mg/mL in 10 mM NaH2PO4, pH 7.5) with 1 μL of reservoir
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solution and equilibrating the samples against the corresponding reservoir solution. The

reservoir solution contained 30% PEG 400, 0.2 M lithium sulfate, 0.1 M sodium cacodylate,

pH 6.5. Crystals of HA2-DelEx with dimensions 0.2 × 0.2 × 0.3 mm3, were mounted in

cryo-loops directly from the crystallization droplet and flash-cooled in liquid nitrogen.

Diffraction data were recorded on a Rayonix 225 HE CCD detector (Ryonyx, L.L.C.,

Evanston, IL, USA) with 0.979 Å wavelength radiation on the LRL-CAT beamline

(Advanced Photon Source, Argone, IL). Intensities were integrated using the HKL2000

program and reduced to amplitudes using the SCALEPACK2MTZ program (see Table I for

statistics)23–25. Structures were determined by molecular replacement with PHASER4.

Model building and refinement were performed with the programs COOT and REFMAC,

respectively26,27. The quality of the final structures was verified with composite omit maps,

and stereochemistry was checked with the program MOLPROBITY28. LSQKAB and SSM

algorithms were used for structural superpositions29,30. All other calculations were

conducted using CCP4 program suite25.

RESULTS

Peptide Design

To explore the structural effects of the heptad repeat stutter on the behavior of HA2, we

designed a series of peptides based on the central coiled-coil. The HA2 stutter is conserved

across subtypes and can be found at position Thr59 in the X-31 strain.14,16,17 Following

viral binding and endocytosis, low pH triggers conformational rearrangement of HA2 from

an α-helical hairpin structure to an extended trimeric coiled-coil (Figure 1).16–18 The stutter

occurs in a region that forms a loop in the prefusion structure, separating two α-helices, but

participates in the elongated central trimeric coiled-coil that is the main feature of the

postfusion structure. This conformational rearrangement reorients the fusion peptide away

from the viral membrane and presumably facilitates its insertion into the host endosomal

membrane. Carr and Kim previously characterized the pH-dependent behavior of a peptide

corresponding to residues 54–81 (‘LOOP-36’; Figure 1).17 This peptide contains the stutter

at its N-terminal end, and forms a trimeric coiled-coil at pH 4 but exists as an unstructured

monomer at pH 7.

We prepared the peptide HA2-Stut (Figure 1), which overlaps with the first ~4 heptad

repeats of LOOP-36 (including the stutter) but is extended toward the HA2 N-terminus by a

full heptad repeat. This design places the stutter toward the midsection of the putative HA2-

Stut coiled-coil. In addition, a tripeptide ~IQQ~ segment was included at the C-terminus,

extending the terminal sequence by an additional half heptad. Incorporation of this segment

allows direct comparison to other peptide sequence isomers discussed below. Ile was chosen

because it is frequently found at core a positions in trimeric coiled-coils; Gln is highly α-

helix promoting but does not impact overall charge or hydrophobicity of the sequence.32,33

An N-terminal Trp residue, separated from the HA2 segment by a ~GS~ linker, was

included to facilitate quantification by UV absorbance.

To explore the effect of the heptad repeat stutter, we designed two sequence isomers of

HA2-Stut (Figure 1). In peptide HA2-Ins, the auxiliary ~IQQ~ segment is inserted at the

stutter position. The outcome of this modification is that the heptad repeat pattern is
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undisturbed and thus HA2-Ins contains an ideal heptad repeat throughout. In HA2-Rel, the

four-residue ~T(59)NEK~ segment that gives rise to the stutter is relocated to the C-

terminus of the peptide. This design was intended to allow comparison of the placement of

the stutter at the mid-section of the coiled-coil (HA2-Stut) relative to a terminus (HA2-Rel).

In a third peptide design, this four-residue segment was deleted (HA2-Del); this

modification also restores the ideal heptad repeat pattern but shortens the coiled-coil by

seven residues. Thus, HA2-Del is not a sequence isomer of HA2-Stut but nonetheless

provides another comparison of effect of including the stutter.

Solution Characterization

Circular dichroism (CD) spectra indicate that HA2-Stut is strongly α-helical at pH 4.5 and

7.1, with minima at 208 nm and 222 nm (Figures 2A-B). The mean residue ellipticity at 222

nm (θ222) was more intense at pH 4.5 (−38,100 deg cm2 / dmol) than at pH 7.1 (−21,500

mdeg cm2 / dmol), indicating higher α-helical content at low pH. Sedimentation velocity

analytical ultracentrifugation analysis at pH 4.5 revealed a single ideal species with apparent

molecular weight of 16.1 kDa, consistent with the expected trimer (16.4 kDa, Table II and

Supporting Information). The thermal denaturation midpoint (TM) of HA2-Stut was found to

be pH-dependent with higher stability at pH 4.5 (TM = 51.4 ± 0.2 °C) than at pH 7.1 (TM =

35.7 ± 0.1 °C) (Figures 2C–D and Table II). We therefore conclude that HA2-Stut forms a

trimeric coiled-coil with pH-dependent stability, consistent with studies on LOOP-36 and

other peptides from this region of HA2.17

HA2-Ins, HA2-Del, and HA2-Rel were α-helical at pH 4.5 but had diminished α-helical

character at pH 7.1 (Figures 2A-B). HA2-Rel had the highest degree of α-helical character

among these three variants at pH 7.1 (θ222 = −18,900 deg cm2 / dmol); both HA2-Ins and

HA2-Del were only partially α-helical as indicated by broad bands at ~205 nm and ~225

nm. This behavior contrasts with that of HA2-Stut, which maintained significant α-helical

character at both pHs. Thermal denaturation indicated that HA2-Del and HA2-Rel were

more stable than HA2-Stut at pH 4.5 (by 14.1 °C and 23.1 °C, respectively, Figures 2C-D

and Table II). However, HA2-Ins was less stable than HA2-Stut by 8.1 °C.

The sensitivity of coiled-coil formation to pH was enhanced for HA2-Ins, HA2-Del, and

HA2-Rel in comparison to HA2-Stut (Figures 2C-D and Table II). HA2-Del and HA2-Ins

had little α-helical character at pH 7.1 and underwent broad thermal transitions with

complete unfolding by ~40 °C. HA2-Rel had higher α-helical content at pH 7.1, but

nonetheless underwent broad thermal unfolding with a midpoint of 30.5 ± 0.2 °C. This

behavior contrasts with HA2-Stut, which had stronger α-helical character at pH 7.1 and

underwent a sharp unfolding transition at 35.7 ± 0.1 °C. The difference in thermal midpoints

at pH 4.5 and pH 7.1 (ΔTM4.5–7.1) was 15.7 °C for HA2-Stut but 44.0 °C for HA2-Rel and

~48 °C for HA2-Del. A TM at pH 7.1 was difficult to estimate for HA2-Ins due to the broad

unfolding transition; nonetheless, it is evident that coiled-coil formation in HA2-Ins is

equally pH-dependent if not more so than HA2-Rel and HA2-Del. Therefore, coiled-coil

formation was much less sensitive to pH in HA2-Stut than any of the variants. It is

interesting to note that HA2-Del is more stable at pH 4.5 than HA2-Stut despite the fact that

it is shorter, but HA2-Del nonetheless shows drastic pH-dependent behavior.

Higgins et al. Page 5

Proteins. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



All three peptides were subjected to analytical ultracentrifugation analysis at pH 4.5 and

were found to behave as single ideal species with molecular weights consistent with trimers.

The observed molecular weights were 16.3 kDa (HA2-Del), 14.8 kDa (HA2-Ins) and 14.3

kDa (HA2-Rel), and the expected trimer molecular weights are 13.9 kDa (HA2-Del), 16.3

kDa (HA2-Ins), and 16.3 kDa (HA2-Rel) (Table II and Supporting Information).

Furthermore, size-exclusion gel filtration profiles of HA2-Stut and HA2-Del were similar

under these conditions (see Supporting Information).

Crystal Structure of HA2-Del

The three-dimensional structure of HA2-Del was determined at 1.9 Å resolution. The

diffraction data were consistent with the P31 space group and there were six α-helical chains

in the asymmetric unit assembled into two independent and virtually identical trimers. The

RMSD values between individual chains ranged from 0.6 – 1.1 Å for Cα atoms, and 1.6–1.8

Å for all atoms. Overall, HA2-Del forms a trimeric coiled-coil with tight packing throughout

the core (Figure 3). When compared with the structure from the analogous section the “low”

pH structure of WT (pH 5.0; PDB ID 1HTM),16 the HA2-Del trimer has an increased super-

helical twist (i.e., decreased pitch, Figure 3B). Overall, the relative packing orientation of

the α-helices in HA2-Del has a markedly increased crossing angle between the axes of the

individual α-helices and the superhelix. α-Helical net analysis demonstrates that the

interhelical a/d and e/g interactions in HA2-Del and HA2-Stut are similar except for the

stutter segment that is removed in HA2-Del (see Supporting Information). The basis for the

increased superhelical pitch in WT HA2 relative to HA2-Del is the disruption of knobs-into-

holes packing at the position of the stutter that distorts interhelical packing arrangement in

the WT core trimer throughout the C-terminal end of the molecule. In particular, the packing

of the core positions F63, an a position, and I66, a d position are less tightly packed in WT

HA2 in comparison to HA2-Del (Figures 3E and 3F). In WT HA2, these residues are located

two α-helical layers C-terminal from the stutter.

Despite these differences, the relative positioning of many residues within the two trimers

are similar (Figure 3D). This analysis suggests that long-range interactions, such as bulk

electrostatic interactions, are likely to be similar among HA2-Stut and HA2-Del. Deletion of

the stutter did not result in repositioning of any ionizable residues toward the trimer core. In

other systems, core acidic residues can result in pH-dependent stability of α-helical bundles

proteins derived from viruses.12,34–36

Interactions between E69 and E74

In the WT HA2, there is potential for an interhelical hydrogen bonding interaction between

E69 (a g position) and E74 (an e position) with an interatomic Oε-Oε distance of 2.6 Å for

all three α-helical interfaces (Figure 3C).16 In HA2-Del the corresponding glutamate

residues vary in side chain orientation in the three subunits but in general are spaced further,

ranging from 4.4 Å (Figure 3C) to ~9 Å; this increased spacing is due to the increased

relative superhelical pitch and local differences in α-helical packing near the stutter site. pH-

Dependent conformational behavior in coiled-coil systems is often due to charged residues

occupying the e and g positions.6,37 Since a higher degree of pH-dependent structural

stability was observed for HA2-Del than was for HA2-Stut (Figure 2), we hypothesized that
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the loss of a hydrogen bond interaction between E69 and E74 could be playing a role.38,39

Since deprotonation of these carboxylic acids would juxtapose two negatively-charged

residues in the context of the trimer, therefore destabilizing it, a hydrogen bond that

maintains the protonation state of one or both of these residues might stabilize the coiled-

coil across a broader pH range. However, the optimal geometry for this hydrogen bonding

pattern is not maintained in HA2-Del.

We designed two mutant versions of HA2-Stut, HA2-Stut-E69D and HA2-Stut-E74D, each

with a conservative Glu to Asp mutation. By shortening the length of one of the acidic side

chains participating in the E69/E74 interaction upon mutation to Asp, the optimal geometry

for specific residue-residue interactions is disrupted. However, the Glu → Asp mutation

maintains the potential for negative charge, and thus maintains long-range electrostatic

interactions. Analytical ultracentrifugation analysis with HA2-Stut-E69D and HA2-Stut-

E74D resulted in molecular weight estimates of 15.2 kDa and 17.4 kDa, respectively, both

consistent with trimer formation (Table II). Therefore, these mutations did not impact the

trimeric state of the coiled-coil. Circular dichroism indicated that both peptides had

enhanced α-helicity at pH 4.5 relative to pH 7.1 (Figure 4A-B and Table II), though in

general the negative θ222 minima were less intense than for the HA2-Stut peptide. Both

peptides underwent cooperative unfolding transitions at pH 4.5 and pH 7.1 (Figure 4C-D).

HA2-Stut-E74D was less stable than HA2-Stut under both conditions (by 13.9 °C at pH 4.5

and 3.2 °C at pH 7.1), and the sensitivity of coiled-coil formation to pH was less dramatic

than for HA2-Stut (ΔTM4.5–7.1 = 5 °C). HA2-Stut-E69D was also less sable than HA2-Stut

at both pHs (by 9.4 °C at pH 4.5 and 8.6 °C at pH 7.1), but the pH-dependence was nearly

equivalent to that of HA2-Stut (ΔTM4.5–7.1 = 14.9 °C).

DISCUSSION

Taken together, these results indicate that all peptide variants containing idealized heptad

repeats (HA2-Ins, HA2-Rel, and HA-Del) have higher dependency on pH than does HA2-

Stut. Therefore, we conclude that the stutter mitigates the pH-dependent conformational

behavior of the trimeric coiled-coil from HA2. The structure of HA2-Del, when compared to

the low pH WT HA2 structure (PDB ID 1HTM), demonstrates that the stutter results in

unwinding of the triple-stranded superhelix and loosening of the core packing. The tight

knobs-into-holes packing that occurs without disruption throughout HA2-Del likely explains

why this variant is more stable than HA2-Stut at pH 4.5 even though it is seven residues

shorter. In the WT HA2 coiled-coil, E69 (a g position) on one α-helix and E74 (e position)

on an adjacent α-helix are proximal to one another and have potential for a hydrogen

bonding interaction in solution. Such an interaction might contribute to the stability of HA2-

Stut at neutral pH; potentially the hydrogen bond could provide a thermodynamic driving

force for maintaining protonation of one of these two residues at higher pH. This would

prevent unfavorable electrostatic repulsion that would result if both side chains were present

as carboxylate species.38,39 In HA2-Del the relative orientation of these two side chains is

slightly different than in the WT HA2 coiled-coil, and therefore it is possible that the

optimal geometry for hydrogen bonding, which is linked to mitigating pH-dependence, is

perturbed in this variant. This conclusion is supported to some extent by the observation that

HA2-Stut-E74D coiled-coil formation was less sensitive to pH than HA2-Stut. However,
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this phenomenon is not completely reciprocal across this pairwise interaction, as HA2-Stut-

E69D has essentially similar pH-dependence as did HA2-Stut.

Another potential explanation for the difference in pH-dependence observed for HA2-Stut in

comparison with the three variants is that the local distortion caused by the stutter provides

more flexibility and therefore mitigates unfavorable anion-anion (AniAni) interactions at

flanking e and g positions. The residues E69, E74, and (to a lesser extent) E67 are proximal

to one another in the WT HA2 postfusion structure,16 and are also present at commensurate

heptad repeat regions in each of the variants. Since the idealized heptad repeat results in

optimal packing geometry at the HA2-Del core, there is less flexibility and therefore these

AniAni interactions have an enhanced effect on the pH-dependence than in HA2-Stut, which

is less tightly packed at the core. The tighter core packing observed in the HA2-Del structure

relative to the low pH structure of WT HA2 support this conclusion.

The presence of the stutter in HA2 is permissive, not restrictive, in that HA2-Stut can adopt

the coiled-coil structure at both neutral and low pH, despite the fact that it is more stable at

low pH. Why this behavior is important for the complicated process of membrane fusion is

not clear. One possibility is that the stutter allows formation of the HA2 postfusion state, at

least in this region, across a broad range of pHs. This behavior fits the classical model of

metastability, where triggering of the postfusion conformation is kinetically controlled;

therefore the post-fusion state is the most globally stable conformation.40,41 The data

presented here suggest that the heptad repeat stutter in this region of HA2 is an important

architectural feature for allowing coiled-coil formation at neutral pH. Such stutters may be

useful design features for environment-dependent coiled-coils.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Peptide Design
Pre- and postfusion structures of HA2 (PDB entries 2HMG and 1HTM, respectively);

location of the heptad repeat stutter (Thr59, indicated with an ‘x’) and designed peptides for

this study.
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Figure 2. Circular Dichroism
(A and B) Full wavelength scans at pH 4.5 (A) and pH 7.1 (B). (C and D) Thermal

denaturation under similar conditions; TM values are listed in Table II.
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Figure 3. Crystal structure of the HA2-Del trimer and comparison to WT HA2 (PDB ID 1HTM)
(A) Overall structure of the HA2-coiled-coil. (B) Overlay of α-helical bundles for WT HA2

and HA2-Del; the α-helices are represented as cylinders to illustrate differences in α-helical

packing geometry. (C) Potential hydrogen bonding interaction between E69 and E74. In

HA2-Del, the residues are separated by 4.5 Å. (D) Locations of Cα carbons by spheres,

demonstrating that although there are some differences in overall positioning of residues,

there are no gross deviations between the two structures. (E) Differences in packing

arrangement of F63 and I66 in the trimer cores. (F) Top-down view of the F63 interaction at

the α-helical interface, with sample electron density.
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Figure 4. Circular Dichroism of HA2-Stut-E69D and HA2-Stut-E74D
(A and B) Wavelength scans at pH 4.5 and 7.1. (C and D) Thermal denaturation under

similar conditions; TM values are listed in Table 1.
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Table I

Data Collection and Refinement Statistics for the HA2-Del Crystal Structure

PDB 4P67

Data Collection

Wavelength (Å) 0.979

Space group P31

Unit cell dimensions (Å) a = b = 58.44
c = 66.99
a = b = 90°, g = 120°

Resolution range (Å) 20-1.9

Observed reflections 142,034

Unique reflections 20,121

Completeness (%) a 99.5 (100.0)a

I/sI 14.6 (3.0)

R-merge (I) b 0.074 (0.654)

Structure Refinement

Rcryst (%) c 0.185 (0.209) a

Rfree (%) c 0.242 (0.281) a

Protein nonhydrogen atoms 1949

Water molecules 130

Average B-factor (Å2) 44.47

RMS Deviations from Ideal Value

Bonds (Å) 0.013

Angles (°) 1.47

Torsion angles (°) 16.8

Overall coordinate error based on R-factor 0.038

Ramachandran statistics (%)
(for non-Gly/Pro residues)

 most favorable 99.52

 additional allowed 0.48

a
Values in parentheses indicate statistics for the high resolution bin.

b
Rmerge = ΣΣ j|Ij(hkl) – <I(hkl)>|/ ΣΣ j|<I(hkl)>|, where Ij is the intensity measurement for reflection j and <I> is the mean intensity over j

reflections.

c
Rcryst/(Rfree) = Σ ||Fo(hkl)| – |Fc(hkl)||/ Σ |Fo(hkl)|, where Fo and Fc are observed and calculated structure factors, respectively. No s-cutoff was

applied. 5% of the reflections were excluded from refinement and used to calculate Rfree.
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