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A small protein structure would not yield a solution via the single-atom R1

Edited by A. Altomare, Institute of (sR1) method. A salient sign of trouble was that many atoms were dubiously

Crystallography - CNR, Bari, Italy accepted into the model because their introduction caused the sR1 value to

increase. A plausible hypothesis is that this was very likely due to a hidden
Keywords: single-atom R1; solvent diffraction solvent diffraction effect. After accounting for this hidden solvent effect via
effle cts; padding additional C atoms; structure padding additional C atoms, this small protein structure now has been
olton. successfully solved by the sR1 method. Further analysis of the protein crystal
Supporting information: this article has density indicated that the above successful padding of C atoms had over-
supporting information at journals.iucr.org/a accounted for the solvent content. However, empirical observations have indi-

cated that, when an initial application of the sR1 method shows that many atoms
are not welcomed into the model, padding numerous C atoms (even if over-
accounting for the solvent content) benefits the sR1 calculation by making
spotting plausible fragments more reliable and/or making the resulting model
more complete.

1. Introduction

In X-ray crystallography, many programs/algorithms for
solving crystal structures, for example, SHELXT (Sheldrick,
2015) and SIR (Burla et al., 2015), and even large program
packages like CCP4 (Agirre et al., 2023) etc., are based on
phasing (Giacovazzo, 2014), which is typically taken care of by
a dual-space recycling process, utilizing reciprocal-space phase
refinement and/or real-space electron-density modifications
(Weeks et al., 1993; Miller et al., 1993; DeTitta et al., 1994). In
comparison, the single-atom R1 (sR1) method for solving
crystal structures (Zhang & Donahue, 2024) is particularly
interesting because it does not involve phasing. Instead, it
relies on optimization of an sR1 function to introduce the
atoms into a model one atom at a time. Another method based
on a diagonal least-squares technique (Burla ef al., 2018) has a
similar capability of solving a structure without involving
phasing, even though it was used to produce ab initio phasing
for small crystal structures.

When testing the sR1 method on various datasets, a parti-
cular dataset of a small protein, the SI form crambin (a plant
seed protein) (data taken from the Protein Data Bank code
1AB1; Yamano et al., 1997), was very puzzling. This structure
contains 658 atoms in its unit cell. Though other structures of
similar sizes readily yielded to the sR1 method, this structure
stubbornly refused to yield. Trials of the sR1 method on this
dataset for nearly 2 years failed to produce a solution. Only

® recently has a plausible hypothesis been suggested, causing
OPEN @ ACCESS the mystery to be solved. This paper reports some analysis of
Published under a CC BY 4.0 licence the puzzle and a simple trick to overcome the difficulty.
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2. A brief recap of the sR1 method

Details of the sR1 method were published previously (Zhang
& Donahue, 2024). The main idea of this method is recapped
here. Consider a crystal structure with N atoms in its unit cell.
To start locating the atoms, the very first (the heaviest) atom
can be assigned to an arbitrary position. To locate the second
(the heaviest among the remaining) atom, an sR1 function can
be defined by modifying the traditional R1 factor via removing
its dependence on the position of atoms 3, 4, ..., to N. This
approximate R1 factor only depends on the location of atom 2,
even though it does contain the position of atom 1 as a known
parameter. Therefore, the location of atom 2 can be deter-
mined by globally minimizing this sR1 function. Proceeding in
a similar manner, atoms 3, 4, ..., to N can all be located one
by one via minimizing the sR1 functions corresponding to
each of these atoms in sequence. In this way, in one cycle of the
sR1 calculation, a tentative full model is produced. However, a
user needs to examine this resulting model and either select a
plausible fragment or fragments, or delete ghost atoms, to get
a partial model. Starting from this partial model, another sR1
cycle can be repeated to yield the next improved partial
model. This step should be repeated until there is no more
improvement. The final partial model is the solution reached
by the method.

The sR1 method has been tested on more than approxi-
mately 200 datasets (a list is available from the corresponding
author by request). For most of these cases, the calculation is
straightforward because the very first cycle reveals chemically
meaningful partial structures. There are troublesome cases
where barely any plausible fragments can be spotted in the
first tentative full model. In such cases, a user must pick a
plausible fragment or fragments based on their best intuition.
If the guess is close to correct, more plausible fragments
appear in the new result and can be selected to start the
further cycles, and eventually the calculation converges to the
correct solution. Note that, by the nature of starting the very
first atom with a randomly generated position, and by the
nature of a user interfering subjectively, for the same dataset,
each trial of the method reaches the solution via a very
different path. However, it has been observed that these paths
all converge on the same solution, as judged by the fact that
these solutions can overlap atom by atom within about 0.5 A
after inverting and/or shifting one of them.

3. A plausible hypothesis: the hidden solvent diffraction
effects

When applying the sR1 method to solve the crambin structure,
a salient sign of trouble was that in one cycle of the sR1
calculation many atoms (as many as 337 atoms) were not
welcomed into the model; that is, their introduction into the
model caused the sR1 value to increase. This sign was prob-
ably due to not accounting for the hidden solvent diffraction
effects in the calculation. To account for the solvent diffraction
effects, the solvent atoms need to be added to the cell content.
Once added to the cell content, even though the calculation

does not seek to locate these atoms, the baseline effects of
these atoms will be included in the calculation. Typically,
solvents comprise light atoms, so an easy remedy is to pad
additional C atoms into the content. A few calculations were
performed by starting from a single S atom and running one
sR1 calculation cycle for a few trial padding C atom numbers.
It was observed that, without padding any C atoms, there were
337 atoms that caused the sR1 to increase. This number
dropped to 54 if 396 C atoms were padded, to 1 if 658 C atoms
were padded, and finally to 0 if 796 C atoms were padded. To
sufficiently account for the effect, it was decided to pad 796 C
atoms, which happened to lead to a success (see the next
section). Note that the number 658 was the total number of
atoms in the target structure, and the numbers 396 and 796
were selected because they resulted in changing the total C
atoms in the cell from 404 to 800 and 1200, respectively. So, the
selections were made roughly, and were not as precise as they
appeared to be. It appeared that among these four tried
padding numbers, padding more was better (see the Discus-
sion section below).

4. Solving the crambin structure after padding 796 C
atoms

At the start, the sR1 program generated a random position for
the first S atom. Next, starting from this single S atom after
one sR1 calculation cycle, the first tentative full model was
generated. However, there was no indication of chemically
meaningful organization. From this result, a few atoms were
picked, based on best intuition (namely, the atoms formed a
plausible fragment or fragments), for starting the second
calculation cycle. Such a process was repeated for a few cycles.
Gradually, more chemically plausible organization appeared,
as judged by the bond lengths and angles. Thus, gradually,
more fragments could be picked for starting the next cycle.
Then, at the end of a particular cycle, suddenly, a chemically
meaningful structure appeared. From that point on, instead of
small fragments being picked, ghost atoms were deleted to
form the starting model for the next calculation cycle. This
step was repeated until there was no more improvement.
Some details of this calculation have been included in the
supporting information.

5. Comparing the resulting model with the correct
model

The resulting model had 581 atoms. Compared with 658 atoms
in the correct model, the resulting model was 77 atoms fewer.
The resulting model could be shifted such that its 12 S atoms
were optimally matching those in the correct model. After
shifting, each atom in the resulting model matched one
corresponding atom in the correct model. The distances
between the two atoms of all corresponding pairs were
calculated. Among 581 pairs, 563 pairs had distances between
0 and 02 A. Only 18 pairs had distances between 0.2 and
0.41 A. Asa result, the calculation had yielded a model of high
quality. (Note that this partial model was further improved to
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Table 1

Comparison of different C atom padding numbers.

C atom Crystal No. of atoms No. of atoms
padding density located dubiously
number (gem™) within 0.6 At acceptedt

0 0.88 567 127

396 1.36 569 0

658 1.67 576 0

796 1.83 577 0

F These results were obtained from one sR1 cycle starting from 12 correctly positioned S
atoms and comparing the resulting model with the correct model.

a model containing all 658 atoms by bond length guided sR1
calculations. Some details of this are given in the supporting
information.)

6. A working hypothesis

The exact mathematical mechanism of how padding additional
C atoms means that more atoms can be introduced into the
model without causing the sR1 value to increase is not
immediately obvious. However, intuition points to the idea
that when more and more atoms are introduced into the
model, eventually new introductions will cause the sR1 to
increase; therefore, if more atoms are assumed to exist in the
cell, the increase in the sR1 will be delayed, and it will be
delayed beyond the expected cell content if numerous C atoms
are padded into the cell. However, whether padding benefits
the sR1 calculation or not can only be determined by
empirical observations (see details in the next section).

7. Discussion

One suspects that padding 796 C atoms overestimates the
solvent content in the unit cell. This suspicion is confirmed by
calculating the crystal mass density. Table 1 shows the calcu-
lated mass density at each tried padding number. It is widely
accepted that a dry protein has mass density about 1.35 g cm ™’
(Andersson & Hovmoller, 1998). Without padding C atoms,
the calculated crystal mass density is 0.88 g cm ™. This means
the protein occupies 0.88/1.35 = 65% of the unit-cell volume.
Assuming the rest of the 35% cell volume is occupied by water
(of density 1 g cm™?), the crystal mass density is estimated to
be 1.22 g cm ™. According to this estimation, all three tried
padding numbers result in overestimating the solvent content;
in particular, when padding 796 C atoms the calculated crystal
mass density is 1.83 gcm >, which is much higher than
122 gem .

However, padding any number of C atoms is always
mathematically possible. There is no need to worry whether
this is physically feasible or not. The only concern should be:
does over-accounting for the solvent content harm or benefit
the sR1 calculation? It was known that the sR1 method can
always reach a good partial model of the crambin structure
(even without padding any C atoms) if the starting model is
the 12 correctly positioned S atoms. So, the above question can
be answered by performing one cycle of such sR1 calculation
for each of the four padding numbers and comparing the

resulting tentative full models with the correct model. The
results of such comparison are also shown in Table 1. It is seen
that without padding C atoms the resulting model has 567
atoms located within 0.6 A. When padding 396 C atoms this
number is improved to 569 and further improved to 576 and
577 if padding 658 and 796 C atoms, respectively. Thus, for the
crambin case, padding C atoms helps the sR1 method to reach
a more complete model, and it appears padding more is better,
even though all these padding numbers are overestimating the
solvent content.

The number of dubiously accepted atoms — those when
introduced into the model cause the sR1 to increase — is also
listed in Table 1. Without padding any C atoms there are 127
atoms that are dubiously accepted into the model. For all three
padding cases this number drops to 0. These results are
observed when the starting model is the correctly positioned
12 S atoms. If a single S atom is used as the starting model
(such calculations have been given in Section 2), there are 337
dubiously accepted atoms if no C atoms are padded, and this
number drops to 54 if 396 C atoms are padded, to 1 if 658 C
atoms are padded, and finally to 0 if 796 C atoms are padded.
The existence of dubiously accepted atoms is an indication
that the real signal is losing a battle against the noise, resulting
in the atoms being positioned in random locations. This makes
the starting sR1 cycles difficult to handle if it happens that
those cycles do not yield an obviously chemically meaningful
partial structure — because then hardly any plausible frag-
ments can be spotted for starting the next sR1 cycle. Padding
C atoms to prevent dubiously accepted atoms helps to over-
come this difficulty as shown by the fact that without padding
C atoms the crambin structure was not solved in numerous
sR1 efforts for nearly 2 years, and once 796 C atoms were
padded the structure was solved in a few weeks.

In retrospect, the author also recalled a few other cases in
which many atoms were not welcomed into the models.
Though these cases yielded to the sR1 method without
padding C atoms, revisiting them with the new trick of padding
additional C atoms has indicated that this approach is also
effective in these cases, in terms of making the calculations
smoother and the resulting models more complete. Details of
one such example are included in the supporting information.

Out of curiosity, a couple of cases where there was no sign
of trouble of any unwelcomed atoms were tested by inten-
tionally padding as many C atoms as the total number of
atoms in the target structure. It was observed that, in these
cases, padding C atoms made the method perform slightly less
effectively but otherwise the method still worked. Details of
one such case have been included in the supporting informa-
tion. Such study indicates that padding C atoms is not advised
for general use, even though such general application only
hurts the sR1 method slightly.

8. Conclusion

If an initial application of the sR1 method shows that many
atoms are not welcomed into the model — namely, their
introduction into the model causes the sR1 value to increase —
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a good trick to try is to add numerous (about the order of the
total number of atoms of the target model) additional C atoms
to the cell content. This trick makes the identification of
plausible fragments more reliable for starting the next sR1
calculation cycles. It also helps the sR1 method to reach a
more complete model.

9. Computer and software used

A Microsoft Surface Pro 9 [12th-generation Intel Core i7-
1255U (2.60 GHz), 32.0 GB installed RAM] was used. The
time taken by one sR1 cycle for solving the crambin structure
ranged from 2 to 12 h, depending on how complete the
starting model was. Software for the sR1 method was coded in
Python. The Python codes are available on GitHub: https://
github.com/xzhang222/sR1-method. A text file README.md
explains how to use the Python codes to peform the sR1
calculation.
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