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Abstract: Coiled-coil proteins consisting of multiple copies of helices take part in transmembrane
transportation and oligomerization, and are used for drug delivery. Cross-alpha amyloid-like coiled-
coil structures, in which tens of short helices align perpendicular to the fibril axis, often resist
molecular replacement due to the uncertainty to position each helix. Eight coiled-coil structures
already solved and posted in the protein data bank are reconstructed ab initio to demonstrate the
direct phasing results. Non-crystallographic symmetry and intermediate-resolution diffraction data
are considered for direct phasing. The retrieved phases have a mean phase error around 30∼40◦. The
calculated density map is ready for model building, and the reconstructed model agrees with the
deposited structure. The results indicate that direct phasing is an efficient approach to construct the
protein envelope from scratch, build each helix without model bias which is also used to confirm the
prediction of AlphaFold and RosettaFold, and solve the whole structure of coiled-coil proteins.

Keywords: coiled coil; ab initio phasing; protein crystallography; hybrid-input output;
non-crystallographic symmetry

1. Introduction

There is a large number of coiled-coil structures in fibrin proteins, keratin proteins
and collagen proteins. Solving the atomic structures of coiled-coil proteins is crucial for
understanding their biological functions and in discovering their potential applications. In
2008, the Usón group proposed the Arcimboldo program to solve the structure of coiled-coil
motifs [1].

In protein X-ray crystallography, in order to determine the atomic structure, one
has to solve the phase problem. In the diffraction experiment, only the amplitudes of
the diffracted X-rays are recorded, the phases are lost. In order to obtain the electron
density, phases are required. The most common methods to solve the phase problem in
protein crystallography are isomorphous replacement (SIR/MIR) [2], anomalous dispersion
(SAD/MAD) [3] and molecular replacement (MR) [4]. However, some coiled-coil crystals
such as membrane proteins resist the introduction of heavy atoms or selenium replacement.
As a result, it is difficult to solve those structures by SIR/MIR or SAD/MAD. Instead,
molecular replacement is usually used to solve the atomic structures of coiled-coil proteins.

Molecular replacement method requires a reference structure with high sequence simi-
larity and low structure deviations. Coiled-coil proteins are super-helical twists consisting
of at least two α-helices around each other in the molecule [5]. For long helices, even if
the amino acid sequences are similar, their atomic structures might have a large deviation.
For short helices, if the target structure contains more than 10 short helices, it is difficult to
locate the exact position of each helix in the unit cell during molecular replacement. For
completely new coiled coils, a homology reference with high sequence similarity is not
available. In a word, molecular replacement could fail in solving coiled-coil structures.
Therefore, the direct phasing approach is a necessary supplement to the current phasing
methods. It deserves more research and development.
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For small molecule crystals, the direct phasing method is a standard technique, which
makes use of the Sayre‘s equation [6], triplet relation [7], tangent formula [8], etc. For portein
crystals, the direct phasing method is different, which makes use of iterative projection
algorithms [9–12]. It retrieves the lost phases directly from the diffraction data without
any prior information about the protein structure. It does not require any heavy-atom
derivative crystals or reference structures. Starting from random numbers, the lost phases
are retrieved iteratively through thousands of iterations. In each iteration, the calculated
density is modified to satisfy density constraints in real space and intensity constraints in
reciprocal space. The modified density improves the calculated phases.

Iterative projection algorithms are often used for density modification techniques, such
as hybrid input-output (HIO) and difference map (DM). Iterative projection algorithms
(IPA) have been developed for decades. In 1978, Fienup proposed that the phase problem
in optics could be solved by HIO [13–15], which is an IPA with negative feedback. In
1993, Millane used IPA to solve the phase problem of two-dimensional periodic objects [9].
In 1997, Millane used the same algorithm to reconstruct the structure of a virus from its
simulated diffraction data [16]. In 2003, Elser proposed an iterative projection algorithm
named difference map [10] and successfully solved several structures of small proteins
with around 400 non-hydrogen atoms [17]. In the same year, Marchesini reconstructed
the non-periodic image of a small amount of gold nano particles by the HIO algorithm
and shrink-wrap technique without any prior information [18]. In 2012, Liu & Dong used
the HIO algorithm to solve protein structures with known protein masks [11], which first
demonstrated the capability of a direct method to solve the atomic structures of biological
macromolecules. In 2015, He & Su developed a complete ab initio phasing method with
HIO algorithm and solved several protein structures with high solvent content starting
from random numbers [12]. Lo & Millane proposed a direct phasing method (DM) and
solved several protein and virus structures starting with approximate protein envelopes and
information on non-crystallographic symmetry [19,20]. In 2019, He et al. further developed
the HIO phasing method with non-crystallographic symmetry (NCS) constraints to deal
with protein crystals with intermediate or low solvent content [21]. In 2022, Kingston
and Millane proposed a general method for direct phasing high-solvent-content protein
crystals [22].

In the following sections, as an illustration of direct phasing coiled-coil proteins,
six structures previously determined by conventional crystallographic analysis were chosen
from the Protein Data Bank (PDB). The diffraction resolution of those structures ranges
from 2.0 to 3.3 Å. The solvent content is from 35.5 to 80%. The number of α-helices ranges
from 2 to 18 in a single molecule. Real diffraction data were used to reconstruct the electron
density. The calculated density was modeled by ARP/wARP [23]. More than 60% of amino
acids in the sequence are successfully placed. The rebuilt models match the PDB posted
structures with a root mean square deviation less than 1 Å.

We first describe the solution of a known structure with PDB code 6c4y, which is an
amyloid-like cross-α structure protein [24]. There are 18 copies in the asymmetric unit.
The results of 1uii, 6g6b and 1no4 will be briefly described. A structure with five-fold
symmetry is used as an example to demonstrate direct phasing of protein crystals with
non-crystallographic symmetry. Two other examples of 6eik and 5ez8 with seven-fold
rotational NCS will be briefly described. Another amyloid-like cross-α protein with PDB
code 6c4z [24] will be used to illustrate the phasing of intermediate- and low-resolution
data. The resolution is 3.3 Å.

2. Methodology
2.1. Direct Phasing Method with Hybrid-Input Output Algorithm

The requirement of a unique solution is important for ab initio phasing. The electron
density ρ is defined on a grid that covers an asymmetric unit containing N grid points. The
diffracted intensities correspond to the square of the Fourier amplitude |F(h, k, l)|. The fast
Fourier transform of densities on N grid points in real space leads to N Fourier coefficients
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in reciprocal space (Equation (1)). Since densities are real numbers, the Fourier coefficients
are conjugate pairs. Only N/2 Fourier coefficients are independent. In that case, for given
N/2 Fourier coefficients, the density is uniquely determined. However, the phases of N/2
Fourier coefficients can’t not be measured in experiment. Half of the diffraction information
are lost. In order to determine a unique density, half of the density must be known or
constant. In protein crystals, the solvent between the crystallized macromolecules has a
constant density. Therefore, the uniqueness of the solution for ab initio phasing requires a
solvent region greater than 50% in order to determine a unique density ab initio from the
diffraction data [10,19,25].

ρ(x, y, z) =
1
V

∞

∑
h,k,l=−∞

|F(h, k, l)|eiϕ(h,k,l)e−i2π(hx+ky+lz) (1)

An iterative projection method is used to solve the phase problem ab initio when the
uniqueness of the solution is satisfied. The density has to satisfy the reconstructed protein-
mask constraints in real space and the measured modulus constraints in reciprocal space.
In each iteration, IPA method projects the calculated density to satisfy those constraints.
After thousands of iterations, the final density satisfies all constraints at the same time.
Since the solution is unique, the resulted density must be the solution. Several density
modification techniques are often used to modify the calculated density. One is Fienup’s
hybrid-input output (HIO) algorithm, the other is Elser’s difference map (DM) algorithm.
HIO introduces a negative feedback term to update the calculated density in the solvent
region. The update rule of DM introduces a negative feedback term of the difference
between the projected densities of different constraints. Both of them work well in solving
the phase problem. In this paper, HIO is used to update the calculated density.

Direct phasing of protein crystals requires thousands of dual-space iterations. Figure 1
shows the flowchart of each iteration. Starting from a random density, the density at
the beginning of the ith iteration is gi. After a backward fast Fourier transform [26], the
calculated amplitudes |Fcal | are replaced by the observed ones |Fobs| which are downloaded
from the protein data bank (PDB), and the calculated phases are retained. After a forward
fast Fourier transform, a new density ρi+1 is obtained. The calculated density has to
satisfy several constraints, such as protein boundary, protein density histogram, non-
crystallography symmetry, etc. A weighted average density map wi is calculated from
density ρi+1. A cutoff value on wi is searched in accordance with an approximate solvent
content of the crystal. Grid points with a wi value greater than the cutoff form the protein
mask. The remaining grid points form the solvent region. HIO is used to update the density
in the solvent region. Histogram matching [27] is used to adjust the density in the protein
region. After density modification, the next iteration begins. When the error metrics drop
below a threshold, the iteration stops. The resulted density satisfies all constraints at the
same time and it must be the unique solution.
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Figure 1. The flowchart for an iteration cycle of direct phasing with hybrid-input-output (HIO). The
initial density is random. gi is the input density of the ith iteration. ρi+1 is the output density before
density modification of the ith iteration. |Fobs| is the diffraction data downloaded from the protein
data bank (PDB).

Density modifications in real space include several techniques, such as weighed
average density [12], HIO [13], histogram matching(HM) [27], solvent flattening(SF) [28],
and so on. A weighted average density is calculated from ρi+1 to distinguish the protein
region from solvent region in the crystal. The weighting function is a Gaussian function
(Equation (2)).

Wi = ∑
j

exp[−d2
ij/(2σ2)]ρj (2)

where dij is the distance between two grid points i and j. σ is the Gaussian radius with an
initial value of 4.0 and it linearly decreases to 3.0 at the end of the iterations. Bigger σ helps
to locate an estimate of the protein mask. Smaller σ is good for locating a refined protein
mask. Histogram matching is used to adjust the calculated density of the protein region.
Because the density-frequency distribution of different molecules at the same resolution
is very similar, the histogram of known proteins can be used as a reference histogram to
modify the calculated density of an unknown protein. HIO is used to update the density in
the solvent region (Equation (3)).

gi+1 =

{
ρi+1, protein region

gi+1 − ερi+1, solvent region
(3)

where gi and gi+1 are the input densities of the current and the next iteration. ρi+1 is the
output density after Fourier refinement. ε is a negative feedback factor with an empirical
value of 0.7.

Error metrics, such as R f ree, Rwork, ∆ϕ and CC, are computed to monitor the calcu-
lated density (Equations (4)∼(7)). Rwork measures the difference between the calculated
amplitudes and the diffraction data. About 1% diffraction data are randomly selected as a
free data set. They are not involved in the phasing process. R f ree is calculated using the
free data set to avoid over-fitting [29]. For the initial random density, R values are big. As
Rwork and R f ree exhibit a sudden drop at the same time, the calculated density converges
to the solution. ∆ϕ measures the difference between the retrieved phases and the true
phases. The true phases are computed from the atomic model deposited in the protein
data bank. CC measures the difference between the calculated structure factor and the true
structure factor. For an unknown structure, R values can be computed, but ∆ϕ and CC
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are not available. For initial random phases, ∆ϕ is close to 90 degrees, and CC is around
0. When the calculated density converges to the solution, R values drops to about 0.3. ∆ϕ
decreases to a value around 30∼40 degrees. CC increases to a value close to 1.0.

Rwork =
∑h∈work ||Fobs(h)| − λ|Fcal(h)||

∑h∈work |Fobs(h)|
(4)

R f ree =
∑h∈ f ree ||Fobs(h)| − λ|Fcal(h)||

∑h∈ f ree |Fobs(h)|
(5)

∆ϕ =
∑h∈work arccos{cos[ϕture(h)− ϕcal(h)]}

∑h∈work 1
(6)

CC =
∑h∈work |Fobs(h)||Fcal(h)|cos[ϕture(h)− ϕcal(h)]

[∑h∈work |Fobs(h)|2 ∑h∈work |Fcal(h)|2]
1/2 (7)

Missing diffraction data are reconstructed during the iterations. Due to the beam stop,
tens of small-angle diffraction data are lost. Due to experimental errors, some diffraction
data at high resolution are not complete. All missing data are rebuilt according to Equation
8 from the calculated amplitudes with a scale factor [11].

|Fmissing(h)| =
∑h∈work |Fobs(h)|
∑h∈work |Fcal(h)|

|Fcal(h)| (8)

A data weighting technique is used to improve the phasing speed [20,30]
(Equations (9) and (10)). In order to reconstruct the detailed density, a protein profile
is determined from the low-resolution data. At the beginning of the iteration, only the
low-resolution data are involved in the phasing process. When the iteration proceeds,
more high-resolution data get involved. Since the number of low-resolution data is much
less than the number of high-resolution diffraction data, data weighting makes it easier to
reconstruct the protein profile and speeds up the convergence [30].

W1(Sh) = e−2(πσ1Sh)
2

(9)

|Fobs,h∈work(h)| = w1|Fobs(h)| (10)

2.2. Direct Phasing with Non-Crystallographic Symmetry Density Averaging

Non-crystallographic symmetry is a strong density constraint [30]. A coiled-coil
protein crystal usually consists of multiple copies related by non-crystallographic symmetry
(NCS) [21]. An average density map of NCS related copies reduces the number of unknown
densities and helps retrieving the lost phases. Improper NCS often consists of rotational
and translational operations. Proper NCS usually consists of rotational operations. In this
paper, proper NCS is considered. The direction of the rotational axis is obtained from the
self-rotation map. The position of the rotational axis in the unit cell is assumed to be known.
Take 4uot and 6eik as examples, the symmetry involves five-fold and seven-fold rotational
NCS, respectively.

In order to generate an average density map, an NCS mask is required to cover the
correct volume of all equivalent copies [21]. In order to reconstruct the NCS mask, an
estimate of the center of the NCS mask is determined in the unit cell. Near the NCS center,
a core of the NCS mask is able to indicate each copy of the molecule. The core is isolated
from their crystallographic equivalents. Starting from random density, the center of the
NCS mask is searched and a core of NCS mask is reconstructed and updated. Starting from
the surface of the core, an NCS mask is reconstructed. Following this procedure, the NCS
mask has a high probability to cover the correct volume. Three weighted average density
maps w1, w2, and w3 are computed from the calculated density ρ, with three empirical
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values of sigma 15 Å, 5 Å, and 3 Å. w1 is used to locate the center of the NCS mask in the
unit cell. w2 is used to locate a core of the NCS mask around the NCS center. w3 is used to
expand the NCS core into a complete NCS mask. Grid points are added to the surface of
the NCS core according to their values of w3. For more details, please refer to reference [21].

The existence of non-crystallographic symmetry increases the redundancy of the phase
problem [11,21]. Since the NCS related copies have the same density, the number of un-
known densities decreases. The uniqueness of the solution is easily satisfied [11,19,21,25,31].
A crystal with a solvent content less than 50% still have a unique solution. For example,
if the crystal has a five-fold NCS, only 1/5 of the protein density is unknown. A unique
solution only requires the solvent region greater than 1/5 of the protein region, which
corresponds to a solvent content of 16.67%. In practice, the protein boundary cannot be
accurately reconstructed starting from random phases. Therefore, a slightly higher solvent
content is needed in order to retrieve the lost phases in ab initio phasing.

2.3. Direct Phasing of Intermediate- and Low-Resolution Data

Protein crystals often diffract to intermediate or low resolution, such as membrane
crystals. The capability to direct phasing low resolution data is very useful. The direct
phasing method for high-resolution data are modified in accordance with the decrease
of the resolution. When phasing intermediate- and low-resolution data, the boundary
between protein and solvent regions are not quite clear. The electron density of the solvent
region is not a constant any more. The solvent density near the blurred boundary obviously
deviates from a constant. Moreover, the highest density of the protein region also becomes
smaller which requires slightly different density-modification techniques.

A density-limited HIO has been proposed for direct phasing intermediate- and low-
resolution data. Fienup’s HIO algorithm modifies the density in the solvent region without
any limitations. The modified density could reach a large positive or negative value. The
extreme value in the solvent region destroys the calculated density of the unitcell. Therefore,
the HIO-modified density is limited into a proper range in accordance with the resolution
of the diffraction data. Empirically, ±1.0 e−/Å3 is used for phasing 3.0 Å data. At the
end of iteration, HIO is turned off by decreasing the limit to ±0.1 e−/Å3. Due to the
low resolution, solvent density is not flat any more. Solvent flattening is not suitable and
will increase the R value. Therefore, when phasing low-resolution data, at the end of the
iteration, a limit of±0.1 e−/Å3 is used for density-limited HIO to replace solvent flattening.

3. Results
3.1. Direct Phasing of AlphaFold- or MR-Difficult Structures

For a coiled-coil protein containing dozens of short helices, it is difficult to determine
the structure by AlphaFold [32]/RosettaFold [33] or molecular replacement. AlphaFold
focuses on predicting the structure of a single protein chain. A coiled-coil structure usually
contains multiple chains. AlphaFold is capable of predicting an accurate structure for each
chain of the coiled-coil protein. If the chain is long and does not contain intrinsic disorder,
it is possible to reconstruct the whole structure by molecular replacement. However, if the
chain is short or contains regions that are intrinsically disordered, it is difficult to solve the
whole structure of the protein with AlphaFold/AlphaFold-Multimer or MR. In this case,
direct phasing method provides an alternative approach.

The first trial structure is an artificially designed peptide that assembles into a cross-
alpha amyloid-like structure with 18 helices running perpendicular to the fibril axis. It
is an analog of the membrane-spanning Zn2+ -transporting peptide. Their structural
fold is useful for directing in vivo protein assemblies with predicted spacing and sta-
bilities. It was designed and solved by Zhang et al. using molecular replacement with
great effort [24]. The structure has a PDB code 6c4y. The space group is P4322 with
cell dimensions a = b = 125.241 Å, c = 119.026 Å. The crystal diffracts to 2.5 Å. There are
3747 non-hydrogen atoms in the asymmetric unit. The solvent fraction is about 72%. There
are 18 copies of a short α-helix in the asymmetric unit (Figure 2).
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Figure 2. The structure of a coiled-coil protein with PDB code 6c4y, consisting of 18 copies of a short
helix [24]. AlphaFold predicts an accurate model of each helix, but it is difficult to obtain the model
of the whole molecule with MR. The molecule is shown as cartoon on the left and as sphere on the
right. The true protein envelope computed from the PDB atomic model is shown as gray profile.

Direct phasing parameters are chosen as follows. The unit cell is divided into a grid
with a spacing of 1.0 Å. The Matthews coefficient of 6c4y corresponds to a solvent content
of 72.13%. After some trial and error, the solvent content was set to 68%. A loose protein
mask helps to locate an approximate protein region. The protein mask is constructed
from the calculated density by Equation (2). The initial value of sigma is set to 4.0 which
helps to estimate the protein envelope. Sigma decreases linearly with iteration to make the
reconstructed envelope more accurate. The final sigma is set to 3.0 at the 8000th iteration.
The weighted average density is computed as a Gaussian convolution of the calculated
density. The convolution is done in reciprocal space. A cutoff value on the weighted
average density map is searched in accordance with the approximate solvent content of
the crystal. Grid points with a weighted average density above the cutoff value make up
the protein mask. Outside of the protein mask is the solvent region. Fienup’s hybrid-input
output algorithm is used to modify the computed electron density in the solvent region.
Histogram matching is used to modify the calculated electron density in the protein region.
The reference histogram is the histogram of 2uxj [34] at 2.5 Å. After 8000 iterations, HIO is
gradually turned off. For the last 1000 iterations, Wang’s solvent flattening is applied to set
the electron density in the solvent region to zero. Error metrics defined by Equations (4)–(7)
are computed to monitor the calculated density. In each iteration, the amplitudes of missing
reflections including F000 are reconstructed according to Equation (8). Since small-angle
reflections often contain large measurement errors, the cutoff value of low resolution is set to
15 Å. The amplitudes of the reflections with a resolution below 15 Å are reconstructed too.

A data weighting technique is applied to help locating the protein envelope [30].
In the early iterations, only low-resolution data are used to retrieve the phases. High
resolution data get involved when iterations proceeds. The data weighting parameters are
determined as follows. There are about 33,367 unique reflections. In the first iteration, the
sigma in Equation (9) is set to 1.2. About 3500 low-resolution reflections get involved into
the phasing process. The equivalent resolution is around 5.4 Å. In each of the following
iterations, three more reflections get involved into the phasing process. At the end of 8000th
iteration, all reflections get involved.

Starting from random phases, 100 independent runs were carried out. After 10,000 iterations,
we got 16 converged density maps among 100 runs. We ran the program on a Dell R740 server
with two Intel Xeon 6230R cpu. Each cpu has 26 cores corresponding to 52 threads. The base
frequency is 2.1 GHz. There are 128 GB memory. Figure 3 depicts the evolution of error metrics
R f ree and Rwork of several typical successful runs and a typical failed run. The sudden drop of
R f ree and Rwork indicates a successful run. As shown in Figure 4, the final values of R f ree and
Rwork clearly identify the successful runs from the failed ones.
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Figure 3. The evolution of (a) R f ree, (b) Rwork for the ab initio phasing of 6c4y. The initial phases are
random. When a solution is achieved, R values indicates a sudden drop. After the 9000th iteration,
solvent flattening is applied.

Figure 4. R values clearly separate the successful runs from the failed ones [35]. Each point on the
figure corresponds to one of the 100 runs. Successful runs have smaller Rwork and R f ree at the same
time. They are located at bottom left on the figure. Failed runs have larger R values. They are located
at top right on the figure.

The sudden drop of R values indicates a successful run. For all successful runs, R f ree
suddenly drops from 0.6 to 0.38. For unsuccessful runs, R f ree remains at 0.6. After turning
off HIO and applying solvent flattening, R f ree for successful runs further decreases to 0.23,
while for failed runs R f ree stays at 0.58. For a successful run, the mean phase error is
about 39 degrees and the calculated electron density is interpretable. An atomic model
is automatically rebuilt by ARP/wARP. The reconstructed model agrees with the PDB
deposited model (Figure 5).

3.2. Direct Phasing of Protein Crystals with Non-Crystallographic Symmetry

The existence of NCS increases the redundancy of the phase problem. It makes
protein crystals with small solvent content solvable with direct phasing methods. Take a
parametrically designed helical bundle as an example (Figure 6a). The PDB code is 4uot [36].
The protein was designed by Baker’s group and indicated high thermodynamic stability.
It has a five-fold rotational symmetry (Figure 6b). The cell parameters are a = 55.400 Å,
b = 88.020 Å, and c = 103.710 Å. There are 1484 non-hydrogen atoms in the asymmetric
unit. The crystal diffracts to 1.69 Å. The number of reflections observed in the experiment
is 28,784. The Matthews coefficient is 2.48 corresponding to a solvent content of 50%. The
solvent content was set to 50% in phase-retrieval iterations. In the trial calculation, the
reference histogram is computed from another known structure 6g6e with a resolution of
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1.69 Å. Other phasing parameters are the same as 6c6y. More information about the protein
crystal is showed in Table 1.

Figure 5. Stereograms of the calculated density map (blue mesh) of an α-helix of 6c4y, reconstructed
model (green sticks) by ARP/wAPR [23] and PDB posted model (red sticks) [24].

Figure 6. The protein molecule of 4uot has a five-fold rotational symmetry. Five copies have the same
density related by a rotation symmetry. (a) A side view of the PDB posted model is shown as cartoon.
(b) The rotation axis is perpendicular to the paper. The fixed water molecules on the protein surface
are displayed. Starting from random phases, the reconstructed NCS mask evolves and finally covers
the whole protein including most of the fixed water molecules.

It is crucial to reconstruct an NCS mask covering all equivalent copies. 4uot has a
five-fold rotational NCS. The approximate direction of the NCS axis is determined from
the self-rotation Patterson map. The position of the rotation axis in the asymmetric unit is
assumed to be given. How to find the position of the NCS axis without prior information
of the structure will be discussed in Section 4. At the early iterations, the NCS mask
is reconstructed frequently. Since it is time-consuming to grow the NCS mask, as the
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iteration proceeds, the reconstruction frequency slows down. In each independent run,
NCS mask is updated once every iteration in the first three iterations, and updated once
every 10 iterations in the first thirty iterations, and updated once every 500 iterations later.
Reconstructing the NCS mask includes three steps: searching for the NCS center on the
NCS axis, grow an NCS core around the NCS center, and grow a complete NCS mask
from the surface of the NCS core. Three weighted average density maps are computed
as described in Section 2.2. The construction seems to be complicated but it is capable
of generating an NCS mask. No other approaches work when starting from random
phases [37]. Figure 7 depicts the reconstructed NCS core, NCS mask covering a complete
molecule, and asymmetric unit of a successful run. Although the NCS mask is not updated
every iteration, NCS density averaging is performed every iteration. More details could be
found in our previous work [21].

Table 1. Parameters of known protein structures.

PDB Code Space Group Copied in ASU Resolution (Å) Solvent Content (%) Weight (kDa) Original Method Success Rate Speed of Convergence Final ∆ϕ(°)

6c4y P4322 18 2.5 72.31 52.53 MR 17 308 39.36
1uii P212121 2 2.0 65.30 19.53 MAD 62 260 40.29
6g6b P4132 3 2.3 74.99 9.75 MR 35 397 39.9
1no4 P21212 4 2.2 77.7 44.66 MAD 4 3341 42.48
6c4z P6122 18 3.3 60.38 52.53 MR 30 105 58.42
4uot C2221 5 1.69 63.9 20.68 MR 6 152 29.8
6eik P42212 7 1.52 44.89 23.97 MR 1 346 42
5ez8 P22121 7 1.95 46 22.59 MR 3 114 42.7

Figure 7. In order to apply NCS density averaging, an NCS mask covering the whole protein must be
reconstructed from scratch. Figure above demonstrates a reconstructed (a) NCS core, (b) NCS mask,
and (c) asymmetric unit of a successful run starting from random phases. The PDB posted structure
is superimposed here as a reference.

Direct phasing with non-crystallographic symmetry averaging easily solves the struc-
ture of 4uot. Starting from random phases, 100 independent runs are performed. 6 runs
out of 100 successfully converge to the correct density. Each run includes 10,000 iterations.
After 500 iterations, R f ree value drops suddenly from 0.6 to 0.3. The mean phase error
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suddenly decreases from 90 to 50 degrees implying a solution has been obtained. After
turning off HIO, the final mean phase error further drops to 30 degrees. Since the crystal
diffracts to 1.69 Å, the final density map is quite interpretable and ready for automatic
model building. The deviation is small between the reconstructed model and the PDB
deposited model (Figure 8).

Figure 8. The calculated density map (blue mesh) of an α-helix of 4uot, reconstructed model (green
sticks) by ARP/wAPR and PDB posted model (red sticks).

3.3. Direct Phasing of Intermediate- and Low-Resolution Diffraction Data

Macromolecule crystals often diffract to intermediate and low resolutions, such as
membrane proteins which often contains coiled-coil domains. Due to the missing high-
resolution data, density variance in protein region decreases and density is not flat in solvent
region. Limit-density HIO described in Section 2.3 was used to modify the calculated
density. Another cross-alpha amyloid-like structure 6c4z [24] is taken as an example to
demonstrate the direct phasing results. The crystal diffracts to 3.3 Å with cell parameters
a = b = 172.279 Å, c = 153.758 Å. The space group is P6122. The solvent content is about
80%. There are 18 α-helixes in the asymmetric unit containing 3562 non-hydrogen atoms.
The number of reflections observed in experiment is 20,836.

Direct phasing parameters were configured as follows. HIO modified density in the
solvent region was limited to within a range of −1.0∼1.0 e−/Å3 in accordance with the
fact that density variance becomes smaller for low-resolution diffraction data. At 8000th
iteration, HIO was turned off by decreasing the limit of density to −0.1∼0.1 e−/Å3. For the
final 1000 iterations, instead of solvent flattening, a limit-density HIO was performed. Since
the crystal diffracts to low resolution, the solvent density is not quite flat especially in the
regions near the protein boundary. Using traditional solvent flattening to force the solvent
density to zero, would visibly increase the R values. Additionally, a smaller grid size helps
phasing low-resolution diffraction data. Generally, the size of the grid is set to half of
the cutoff resolution. In practice, we found a dense grid helps to improve the calculated
density for low-resolution diffraction data, although computing density on a dense grid is
time-consuming. In this case, the size of the grid was set to 1.0 Å. Moreover, the solvent
content was set to 73% implying a loose protein mask was used in phase retrieval. The
histogram of 6c4y at 3.3 Å was used as a reference histogram.

Starting from random phases, 11 out of 100 independent runs converged to the correct
density. Each run consists of 10,000 iterations. Figure 9 describes the evolution of the error
metrics ∆ϕ and CC for several typical successful runs and one typical failed run. Successful
run has lower ∆ϕ and higher CC. Just like ∆ϕ, R values also experience a sudden drop
when a solution is reached.
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Figure 9. Ab initio phasing of 6c4z. Evolution of error metrics starting from random phase: (a) ∆ϕ,
(b) CC. When a solution is reached, ∆ϕ indicates a sudden drop, and CC shows a sudden rise. After
9000th iteration, solvent flattening is applied.

In all successful runs, ∆ϕ suddenly dropped from 90 to 82◦ (Figure 9a). At the end
of all iterations, due to turning off HIO which flattens the solvent density, ∆ϕ further
dropped from 82 to 60◦. In unsuccessful runs ∆ϕ remained at 90◦. For a successful run, the
calculated electron density was used for model building by ARP/wARP. The comparison of
the resulting model with the PDB posted model is shown in Figure 10.

Figure 10. The reconstructed molecular envelopes of 1uii, 6g6b, 1no4 and 6c4z. The PDB posted
model is shown as cartoon in the first row and as sphere in the second row.

We have also tested our direct phasing method on five other coiled-coil proteins: 1uii,
6g6b, 1no4, 6eik and 5ez8. 1uii is a fragment of cellular protein Geminin [38], originally
solved by MAD, consisting of two helices. 6g6b is part of the α-helical barrel designed
by human [39], originally solved by MR, consisting of three helices. 1no4 is a scaffold
protein that promotes capsid assembly [40], originally solved by MAD, consisting of four
helices. Since the solvent content of those three crystals are greater than 60%, they are
easily solved by direct phasing method. The final mean phase error are around 40 degrees
(Table 1). Moreover, it takes only around 400 iteration cycles or less than 10 min on a Dell
R740 server to retrieve the phases of 6g6b by direct method, indicating that the phasing
speed of direct method is much faster than MR. Compared with molecular replacement,
another benefit is that the retrieved phases of direct method do not have any model bias,
which is quite important during model reconstruction. 6eik [41] and 5ez8 [42] contain seven
helices related by a seven-fold rotation symmetry. Since the solvent content of these two
crystals are about 40%, their structures couldn’t be reconstructed without NCS. Therefore,
NCS density averaging was applied in direct phasing. The final mean phase error was
around 40 degrees (Table 1). The true structure and mask of some of the proteins are
shown in Figure 10. There are 100 independent runs for each structure. The results of the
reconstruction are shown in Figure 11.
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Figure 11. The calculated density maps (blue mash) of one α-helix, reconstructed models (green
sticks) and the PDB posted models (red sticks) of 1uii, 6g6b, 1no4 and 6c4z.

4. Discussion

In order to achieve an interpretable electron density maps, one has to be cautious
when applying symmetry operations of the space group during density modification. In
real space, the density of a unit cell is defined on a grid. The density value is placed at the
center of each grid point. Otherwise, after applying symmetry operations on an asymmetric
unit, the resulted density will not fill a complete unit cell. If applying symmetry operations
on unique reflections in reciprocal space, one needs to make sure the resulted reflections
fill a complete reciprocal space. In addition, missing reflections including F000 are updated
according to Equation (8). A space groups often has severial origin choices. The final
calculated density map could fall into any of the allowable origin choices. If one wants to
compute the average of several density maps, a proper origin translation is often required.

The results of trial calculations on eight coiled-coil structures have clearly proved that
direct method is a powerful phasing tool. It could be seen from Table 1 that except for
6c4z, the phase errors of other coiled-coil proteins were reduced to 30∼40◦. Due to the
low resolution of the diffraction data, the mean phase error of 6c4z is around 58◦. The
obtained density map was interpretable and could be directly used for model building
via tools such as ARP/wARP [23]. After model building, more than 60% of amino acids
were correctly placed. Although the reconstructed model has little deviation from the PDB
posted structure, a model refinement process is still necessary.

Theoretically, the uniqueness of the solution requires the solvent content to be greater
than 50% [10,19,25]. In practice, due to missing reflections and measurement errors, a little
bigger solvent content is preferred such as 65%. The results in Table 1 indicate that direct
method works well on phasing crystals with a solvent content greater than 60% without
using NCS density averaging. Since the NCS related density are the same, the unique
density of the protein region becomes much smaller which increases the redundancy of the
unique solution. By applying NCS density averaging, direct method phases crystals with a
solvent content much lower than 50% as shown in Section 2.3 and in Table 1.

Compared with AlphaFold and Molecular Replacement, direct method is unique and
outstanding. AlphaFold is excellent at predicting single domain proteins and multimers
from the sequence when good pairwise sequence alignment(PSA) information is available.
It accurately predicts a single helix of a coiled coil if the helix doesn’t have flexible region.
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However, it is still difficult for AlphaFold to predict a structure consisting of tens of
short chains such as 6c4y and 6c4z. The predicted models deviate too much from the
true structures. Without a good predicted or homology model as reference, molecular
replacement can’t be carried out. One of our previous papers has also demonstrated that
starting from a reference model direct method retrieves the lost phases within 10 minutes
which is much faster than MR [30]. The density reconstructed by direct method doesn’t
contain model bias which is unavoidable in MR.

When applying NCS density averaging, we have considered only proper NCS, such as
rotation symmetry. Our previous paper [21] has shown that non-proper NCS density aver-
aging could also be applied in direct method if the translation and rotation operations are
available. Starting from random phases, the translation operation is not easy to determine
from the diffraction data. The direction of the rotation axis is retrieved from the Patterson
self-rotation map. In order to apply NCS density averaging, we need to correctly position
the NCS axis in the unit cell. The position can be located by a try-and-error method. Since
an approximate center of mass of the NCS region is retrieved during the phasing iterations,
the axis is placed on the approximate center of mass of the NCS region. Although the
position has more or less deviation, it is refined by maximizing the local symmetry related
density. This has been proved in our previous work [21].

Real diffraction data were used in our trial calculations. The eight structures tested
in this paper have been solved by traditional phasing methods and posted in the pro-
tein data bank. There are more diffraction data which have not been phased due to low
resolution diffraction, big measurement errors, or lack of a good predicted or homology
model as reference. The source code is written from scratch and is available on github
https://github.com/Ruijiang-Fu/direct_phasing_of_coiled_coil_protein_crystals.git (ac-
cessed 7 November 2022).

5. Conclusions

This paper proposes a direct phasing approach to solve the crystal structures of coiled-
coil proteins. The results of trial calculations on eight coiled-coil proteins prove that direct
method is a good alternative phasing tool when AlphaFold and molecular replacement
fail. Direct phasing does not depend on any reference model. Starting from random
numbers, it retrieves the lost phases directly from the diffraction data. Additionally, direct
method does not require high resolution diffraction data. It works well on intermediate
and low-resolution data. Moreover, it is not sensitive to missing reflections. Those missing
reflections will be simultaneously reconstructed during the phasing process. Although
the uniqueness of the solution requires a high solvent content for direct phasing, direct
method works well on phasing crystals with small solvent content with NCS density
averaging. Therefore, direct method provides a fast and efficient phasing approach for
protein crystallography. It takes only a few hours, sometimes less than 10 minutes, to
retrieve the lost phases on a Dell R740 server.
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