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Abstract. The need to determine phases is a major bottleneck in a fully
automated X-ray crystallography pipeline. The problem commonly called
phasing can be solved by a computational method called molecular re-
placement (MR). With the deposition of more and more proteins into the
Protein Data Bank (PDB), it has been shown that the MR yields better
initial models. In this paper, ab initio first model generation is addressed.
A novel scheme using PHASER is proposed which does not require any
a priori information about the structure. The input to the system is the
target structure factors and the sequence. We created a unique set of
supersecondary structure (fragment) dataset and used them in creation
of the first model. The method was evaluated with log-likelihood gain
(LLG) and translational Z-score (TFZ) as defined by PHASER. The re-
sults obtained are highly encouraging with translation Z-scores of 7 and
above for the first model. The proposed scheme is tested on six proteins,
two each from α, β and α + β classes with very good results.

1 Introduction

The knowledge about the three dimensional protein structure is important in
understanding its function and interaction with other molecules. This will lead to
the designing of new and better drugs. X-ray crystallography is the most popular
technique for visualizing 3D structure of proteins. More than 80% of the known
protein structures deposited in the Protein Data Bank or PDB [1] are solved
using protein crystallography. The determination of protein structure via X-ray
crystallography is accomplished in three stages [2]: (i) Preparation of crystals
from purified protein (ii) Collection of diffraction pattern data from crystals
and (iii) Construction of model from the diffraction data. The diffraction data
obtained from the crystal contains only the magnitude information and the phase
information is absent. The absence of phase information becomes the bottleneck
in solving the protein structure from diffraction patterns. The determination of
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phases in X-ray crystallography is called phasing [3,4]. Both experimental and
computational methods are used to solve the phase problem [5,4].

Molecular Replacement [6] is a computational technique which is used to solve
the phase problem by making use of phases from a known structure. Basically,
this involves two steps (a) finding a similar structure by a standard fold recogni-
tion method [7] (b) aligning the model structure to target structure in the unit
cell of the crystal. It is well accepted that if the protein sequence identity of
the two proteins is greater than 35% then the proteins very likely have similar
structure [8]. This knowledge is used in homology modeling to determine if a
similar protein fold exists in the PDB. However this becomes challenging when
the sequence identity is less than 25% [8]. The increase in the number of solved
structure in PDB has led to the molecular replacement technique becoming in-
creasingly popular for phasing. It is important to note that the success of mole-
cular replacement depends on the alignment accuracy [9]. A few very popular
molecular replacement methods currently supported by The Collaborative Com-
putational Project Number 4 (CCP4) [10] are PHASER [11,12], AMORE [13],
MOLREP [14], CaspR [15], MrBump [16] and BALBES [17].

A few attempts have been made in ab initio molecular replacement. Strop
et. al. [18] have used various sized helix fragments for phasing symmetric helical
membrane proteins with good success. They use different sized alpha helices
and the knowledge of helical membrane proteins as constraints to generate the
first model. An evolutionary computational approach to calculate the phases
has been proposed by Webster and Hilgenfeld [19]. The prototype that they
have developed for ab initio phase detection is significantly different from our
approach. They use only the diffraction pattern and employ genetic algorithm to
solve the phase problem. In 1998, Cowtan [20] proposed a modified translation
function and applied it to molecular fragment location. In this work, he used five
to ten residue helix and strand fragment to fit low quality maps. RESOLVE [21]
which is a fully automated model building scheme uses helices and strands of
different lengths to generate the model with Fourier transform based approaches.

Ab initio molecular replacement from protein fragments is addressed in this
paper. We concentrate on generating the first model for proteins which have
sequence identity less than 20% via super secondary fragments. The input to
the system is the target diffraction pattern data and the target sequence. The
output is the first model which can be used for subsequent refinement oriented
in the direction similar to the target structure. As far as the authors are aware,
this is the first time such an attempt has been made in ab initio molecular re-
placement using protein fragments. The method proposed uses PHASER [11,12]
to accomplish the task. As compared to [20], our work involves the use of large
repetitive fragments and a working strategy based on PHASER (which uses
maximum likelihood). In [11], the solution of ROP four-helix bundle is obtained
in a similar way as compared to the proposed scheme. In RESOLVE [21], only
short helical and strand fragments are used to refine the model as compared to
our super-secondary structures. In all the proposed methods so far, no single
strategy to generate the first model across protein topologies has been proposed.
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We have developed a working strategy to generate the first model from super
secondary fragments.

2 Molecular Replacement

The idea of molecular replacement method is to obtain the unknown phases of
the target using phases from a known structure in the PDB (called the model).
Although these phases are not exactly the same, using further refinements, it
is possible to solve the structure. It has been observed that, as the sequence
identity increases above 40%, molecular replacement is almost sure to give the
solution [4]. The success of MR would increase with the increase in the number
of solved structures in the PDB.

Even thought the structures of the model and the target are similar, the model
needs to be correctly positioned in the unit cell. Hence it becomes important
to align them before using the phase information of the model in MR. All the
popular molecular replacement methods like PHASER [11,12], AMORE [13] and
MOLREP [14] try to achieve this task using various computational techniques.
The difference between these methods is in the way they achieve the alignment.
The basic idea of molecular replacement is to use a rotation function to orient the
known structure to the target structure within the unit cell. Rotation is followed
by the translation function which moves the given structure to match the position
of the target structure. This principle is illustrated in figure 1 where ’m’ is the
model, ’O’ is the target, ’R’ is the rotation function and ’T’ is the translation
function. The model is first rotated with function R to get mR and mR is
translated with function T to achieve the final alignment. This leads to a six
parameter search, three for rotation followed by three for translation. Let |Fobs|
be the observed structure factor from the experiment and the structure factor
calculated from the model be |Fcalc| [4,5]. The observed |Fobs| and calculated
|Fcalc| are compared using R-Factor given by eq. 1:

R =
�

||Fobs| − |Fcalc||�
|Fobs|

(1)

Fig. 1. Illustration of Molecular Replacement
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The model which gives the R value of 0.3 to 0.4 [5] is selected as the first model
to be used in further refinements. Once the initial phases αcalc are available, the
initial electron density of the diffraction pattern is calculated using eq. 2 [5]:

ρ(x, y, z) =
1
V

�

h

�

k

�

l

|F obs
hkl |e−2πi(hx+ky+lz−αcalc

hkl ) (2)

where ρ is the electron density, x, y, z are the coordinates in real space; h, k, l
are the coordinates in reciprocal space, |F obs

hkl | is experimentally the observed
structure factor and αcalc

hkl is the calculated phase from the model. In all our
experiments we use PHASER [11,12] which is based on maximum likelihood for
rigid body alignment. PHASER has several modes to perform alignment tasks
out of which we use MR FRF (Fast Rotation Function) and MR FTF (Fast
Translation Function). The input to the PHASER is the target structure factors
and the model protein. The output is the positioned search model.

3 Fragment Dataset

To demonstrate our proposed technique, we choose six CATH topologies [22] as
shown in table 1. The dataset we chose contained 39 topologies [23] with sequence
identity less than 25%. From each topology, we chose one protein randomly for
testing the proposed technique. This is our preliminary fragment (super sec-
ondary structure) dataset. Totally, we extracted 17 fragments for α class, 22
fragments for β class and 16 fragments for α + β class.

Table 1. Topologies used for demonstrating the proposed method. Test protein column
gives the PDB code of the test protein used from the corresponding topology.

CATH Code Topology Name Test Protein Number of Class
(C.A.T) Sequences
1.10.10 Arc Repressor Mutant 1JHF 15 α

subunit A
1.20.120 Four Helix Bundle 1OQC 11 α

(Hemerythrin (Met), subunit A)
2.60.120 Jelly Rolls 1GNY 22 β
2.60.40 Immunoglobulin-like 1DQT 38 β
3.20.20 Bactericidal permeability-increasing 1CT5 34 α + β

protein; domain 2
3.40.50 Rossmann fold 1AKY 85 α + β

4 Proposed Methodology

In this section, we give the description of the proposed methodology. Figure 2
gives the flow chart of the proposed technique using PHASER. The input is the
diffraction data of the target, sequence of the target and the template library
containing several super secondary structure templates in the form of PDB files.
The fragment dataset created is arranged in decreasing order of the molecular
weights. The iterative methodology proposed is as follows:
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1. The first fragment is used as an ensemble and input into PHASER in
MR AUTO mode. If there is a successful hit with translation function Z-
score TFZ > 5 and log-likelihood gain LLG > 30, the solution is placed
in the solution library. If it is unsuccessful, next fragment is chosen until a
solution is obtained. In case solution exists, the same fragment is repeated
again to check if there are multiple fragments of the same kind. There will
be significant increase in TFZ and LLG scores if it is true. Otherwise we
move on to the next step.

2. In the second step, the next fragment from the template library is chosen
and the target pattern is subjected to rotation (MR FRF ) and translation
(MR FTF ) functions along with the previous solution. At this step, if the
solution exists for more than 70% of the target, the TFZ score will be more
than 10. If it is greater than 10, we stop the iteration with the final solution
in the solution library.

3. If TFZ was not greater than 10, next fragment is chosen and step 2 is re-
peated populating the solution library.

4. Step 2 and 3 are continued until TFZ > 10 or no more fragments are left in
the fragment dataset. If there are no fragments in the dataset, partial model
is obtained.

The method described above is very similar to a tree search and pruning strat-
egy [11]. However, unlike this method, we build the fragment data set and the
order of fragment usage is based on molecular weight of the fragment. The
proposed method is a more general scheme and can be used across topologies.

PHASER: MR_AUTO

Solution Exists? 
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Fig. 2. Proposed MR Method using PHASER
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5 Results and Discussion

The preliminary results of the proposed scheme was highly encouraging. To
confirm that we are moving in the right direction, a small protein 1D0D (chain
B) with 58 residues was considered. We created a reference dataset with three
disjoint fragments (helix only, beta-turn-beta, beta-turn-alpha) from the same
protein. We used the proposed scheme to generate the first model. The first model
generated had a phaser score of TFZ = 8.3 with 86% residues aligned at 0.88
Å. The R-factor as measured with SFCHECK [10] was 0.32 with a correlation
of 0.68. This little experiment motivated us to test our scheme on a large scale
with super-secondary fragments.

The results for the six test proteins are summarized in table 2. The first col-
umn is the protein name as given by the authors, second column is the length
of the sequence. However, the system works on multiple chains as well. Third
column is the TFZ score obtained by PHASER. Fourth column is the R-factor
as obtained by SFCHECK [10] and is calculated between the structure factor
file and the model file generated by PHASER. As all the proteins used in our
experiments are already solved, we used the final protein and the first model
to check the alignment using DeepView [24]. Fifth and the sixth columns indi-
cate the percentage of residues aligned and the RMSD error between the final
protein and the first model generated by our scheme. The TFZ scores is more
than seven for all the proteins indicating that the molecular replacement solution
exists and it is valid. For 1DQT, the TFZ is the highest and the percentage of
residues solved is aligned at 87%. The computational complexity of the proposed
scheme is dependent on several factors. For 1CT5, the time consumed was the
highest as it is a large sequence and the number of fragments required to gener-
ate the protein was more. It took approximately thirty CPU hours on a P4 2.4
GHz PC with 1.5GB of RAM. Interestingly, for 1JHF which has 191 residues,
it took only eight CPU hours. The results obtained for both these proteins are
very similar because of large matching fragment 3. The effect of the length of the
protein fragments is also very important. If the length of the fragment is larger,
the solution is comparatively faster but it becomes more specific to a particular
topology. Similarly if the fragment is too small, it has the tendency to fit itself

Table 2. Results for the test set

Protein Structure Sequence TFZ score of R-factor Residues RMSD in Å
Length the first model Aligned (%) (Main Chain)

Lexa G85d 197 9.1 0.37 72 1.39
Mutant (1JHF)
Augmenter Of Liver 112 11.3 0.32 81 0.68
Regeneration (1OQC)
Xylan-Binding Module 153 14 0.31 86 0.8
Cbm15 (1GNY)
Murine Ctla4-Cd152 117 24.6 0.28 87 0.69
(1DQT)
Yeast Hypothetical 228 7 0.36 78 1.46
Protein (1CT5)
Adenylate Kinase 218 8.3 0.33 82 1.23
(1AKY)
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Fig. 3. Two sections of superposed target structure - 1JHF (Red) with generated model
from fragments (Green)

at several positions with reasonably acceptable Z-score. Hence it is very impor-
tant to choose appropriate sized fragments. In our dataset, the longest protein
fragment weighs 6kDa. Due to the fact that the fragment database is arranged
according to the decreasing order of molecular weight, the small fragments at
the end of the search will have very few orientations left to fit themselves leading
to increase in computational efficiency.

6 Conclusions

Preparation of the first model using ab initio molecular replacement is addressed
in this paper. Protein super-secondary fragments dataset is curated from existing
models in the PDB. A novel working strategy based on PHASER is proposed
and is shown to successfully work on six different proteins with good result. The
generated model is evaluated using log-likelihood gain (LLG) and translational
Z-score (TFZ). The highest TFZ of 24.6 is obtained on Murine CTLA4-CD152
protein (1DQT). The effect of fragment length and computational complexity is
discussed.
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