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Introduction
Protein crystallography, along with the broader ϐield 

of structural biology, has greatly beneϐited from several 
remarkable research throughout its historical development 
and continues to do so today. A notable example is Max Perutz's 
extensive investigation into the structure of hemoglobin 
for a duration exceeding 20 years before the publication of 
the ϐirst noteworthy ϐindings in 1960 [1]. Nonetheless, his 
contributions facilitated the emergence of a novel approach 
that subsequently gained widespread adoption among other 
research groups exploring protein structures. Consequently, 
in the year 1962, Perutz was honoured with the prestigious 
Nobel Prize in chemistry [2]. Furthermore, the selection of 
haemoglobin as the focal point of this endeavour proved 
advantageous due to its extremely high proportion of a-helical 
secondary structure. This characteristic imparts signiϐicant 
rigidity, stability, and favourable diffraction properties to the 
protein, making it very straightforward to model.

Subsequently, the advent of synchrotrons by researchers 
in the ϐield of high-energy physics had a pivotal role in 
facilitating the rapid increase in the number of protein 
structures that were successfully determined using X-ray 

radiation. The particles in orbit, namely electrons or positrons, 
produce a kind of radiation formerly referred to as parasitic 
radiation during the early stages. Hence, a minute aperture 
in the synchrotron enclosure can provide an x-radiation of 
much greater intensity than conventional generators. Since 
the early 1980s, several synchrotron X-ray sources have been 
constructed globally. These ϐirst installations were succeeded 
by third-generation facilities, which produce x-rays by the 
conventional circulation of particles around the rings and 
use specialized insertion devices known as wigglers and 
undulators.

Crystallographers possess over 100 specialised X-ray 
beamlines on 22 synchrotrons established throughout all 
continents except Antarctica. In 2005, synchrotron sources 
determined 3897 protein structures, accounting for about 
75% of the total protein structures reported. After placing 
crystals in the synchrotron beam, several structures were 
solved over a very short period, ranging from hours to minutes 
[3]. 

The progress in X-ray sources has been paralleled by 
the emergence of rapid X-ray detectors and signiϐicant 
advancements in computational techniques and computer 
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technology. These developments happened simultaneously 
when molecular biology techniques were undergoing rapid 
expansion. Affordable workstations or laptops have sufϐicient 
computing capabilities to resolve most crystallographic 
structures. Moreover, highly advanced software can 
effectively determine the three-dimensional arrangement, 
even when crystals with low diffraction quality are used. The 
method of determining the structure of a macromolecule 
involves many steps, as shown in Figure 1. Each step must 
be completed to explain the macromolecule's structure 
comprehensively. One of the primary challenges encountered 
in protein crystallography is the assessment of the efϐicacy 
of a given phase, which can only be thoroughly examined at 
subsequent stages and, in some cases, even after two or three 
following steps. The researcher may need to revisit a prior 
(or the ϐirst) stage to get optimal outcomes. The process of 
structural solution via iteration may require a signiϐicant time 
commitment, perhaps spanning a period of 10 to 20 years, as 
researchers engage in multifaceted efforts. 

The ϐigure also represents the step-by-step process from 
gene identiϐication to the publication of the protein structure.

Notable examples include the determination of the 
structure of nerve growth factor, which was solved 17 
years after the availability of crystals [4] and the structure 
of L-asparaginase, which was solved 19 years after the ϐirst 
crystallization [5]. This review aims to analyse the challenges 
associated with the multiple stages involved in the progression 
from a gene to the ultimate publication, encompassing 
elucidating a macromolecule's structure and mechanism 
of action. Additionally, it will explore the advantageous or 
adverse circumstances that may impact the pace of progress 
along this trajectory.

Transforming gene to crystal structure

In a high-throughput structural genomics centre, the ϐirst 
stage is a comprehensive examination of all accessible data 

about a protein target using bioinformatic and experimental 
methodologies. In many instances, the empirical understanding 
of a protein may be lacking or limited. Nevertheless, several 
bioinformatic methods can derive valuable insights, even when 
the only accessible information pertains to the gene sequence. 
For instance, these methods often facilitate the removal of 
inherently unstructured proteins during the ϐirst phases of 
the procedure. There is a consensus among researchers that 
studying mammalian and membrane proteins presents more 
challenges compared to soluble bacterial proteins. However, 
it is essential to note that even a seemingly simple bacterial 
protein may pose signiϐicant difϐiculties and require much 
effort to determine its structure. Projects exploring the 
structural aspects of protein complexes may provide an even 
more incredible problem than research focused on integral 
membrane proteins. Although chance may play a signiϐicant 
role, solving such structures can still take many years. For 
example, the process of crystallising ribosomal particles was 
initiated in 1982 [6]. However, it was not until 2000 that the 
ϐirst comprehensive structures were successfully determined 
[7].

The ϐirst step in determining the protein structure via 
X-ray diffraction is the cloning process, aided by a wide range 
of commercially accessible kits and services, such as de novo 
gene synthesis, simplifying the procedure [8]. Synthetic genes 
containing optimised codons can enhance protein production, 
mainly when these genes are produced in a system that 
employs codon frequencies distinct from those found in their 
original genome [9]. Upon ϐirst examination, the measure 
of success for this stage is straightforward since it can be 
determined if the gene has been cloned effectively or not. 
Regrettably, it is not uncommon for subsequent issues to arise, 
such as inadequate expression levels, insufϐicient solubility of 
proteins, unsuccessful crystallisation attempts, or problematic 
characteristics of the crystals (e.g., twinning, low-resolution 
diffraction) [10]. Consequently, it may be necessary to repeat 
the cloning process, even if it initially appeared successful.

Hence, it is essential to design constructs under the premise 
that the protein itself is a crucial determinant inϐluencing 
crystallisation and that the investigation of its structure may 
require substantial quantities of protein [11]. Selecting a 
suitable expression system and vector is worthwhile because 
of its signiϐicant impact on research outcomes. Determining 
whether a protein exhibits autonomous folding or requires 
speciϐic environmental conditions for optimal folding might 
have implications for vector design [12]. For example, the 
target protein may necessitate the presence of an adjunct 
protein that functions as a molecular chaperone, shielding it 
from degradation during the process of expression or aiding 
in the establishment of disulϐide bonds [13]. Crystallisation 
studies can take time, ranging from weeks to months, 
necessitating the stability of the protein over extended 
durations. Posttranslational modiϐications are often seen 
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Figure 1: Schematic Overview of the X-ray Crystallography Workfl ow.
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been shown to provide many potential beneϐits in several 
scenarios. These proteins may be used individually or with 
a His-tag. Thus, including a fusion partner, namely maltose-
binding protein, has been shown to facilitate the correct 
folding of the passenger protein [22].

Furthermore, the crystallisation process necessitates 
the availability of protein samples in several milligrams. 
Nevertheless, the progress made in nanotechnologies 
and serendipitous events may signiϐicantly decrease the 
amount of protein required to provide the ϐirst conditions 
for crystallisation. Regrettably, nanoliter technologies often 
provide crystals of insufϐicient size for X-ray structural 
research. Scaling up nanoliter crystallisation conditions to 
the microliter scale is sometimes challenging and yet to be 
understood entirely. However, using on-chip methods has 
promise in addressing this knowledge gap [23]. The primary 
approach for initial screening is often the sparse matrix 
technique [24]. Many commercially available screens have 
been speciϐically designed to optimise the crystallisation of 
proteins, nucleic acids, protein complexes, and membrane 
proteins [25]. If the researcher is fortunate, upon establishing 
several crystallisation conditions, they may proceed with the 
optimisation of crystal development. Crystal optimisation 
may be carried out using several methods, with grid screen 
designs often used in most procedures, depending on the ϐirst 
acquired circumstances [26]. 

Additional methods include incorporating additives, often 
called small-molecule compounds, into the crystallisation 
medium [27]. Researchers who have reported adverse 
outcomes in their attempts to identify suitable circumstances 
for crystal formation may consider using reductive 
methylation of lysine residues as an alternative approach 
before embarking on developing novel protein structures [28]. 
When reductive methylation is unsuccessful, the subsequent 
option for enhancing the crystallizability of a protein might 
include introducing sequence mutations [29]. However, this 
strategy necessitates returning to the process's ϐirst stage. 

One alternative rescue operation approach involves 
using in situ proteolysis [30]. Many diffraction experiments 
are currently conducted in synchrotron facilities. The ϐlux at 
some beamlines with high intensity is of such magnitude that 
an unshielded crystal would undergo evaporation within a 
matter of milliseconds. Synchrotron beams of very moderate 
strength have been seen to elicit radiation damage, which in 
turn may lead to a range of chemical changes occurring inside 
the protein [31]. 

Moreover, Cryocooling has emerged as the most effective 
approach for decelerating the abovementioned process 
[32]. When combined with the straightforward cryo-loop 
crystal mounting method, this technique has brought about 
a signiϐicant transformation in data collecting [33]. During 
Cryocooling, crystals that cryo solutions have safeguarded 

in proteins derived from eukaryotic organisms [14]. In 
some instances, the production of a protein in a bacterial 
environment may provide an inactive form. However, this 
seemingly unsuccessful outcome might still be helpful for 
crystallisation, particularly in circumstances where the 
protein lacks glycosylation. The expression of proteins that 
include disulϐide bonds presents a challenge in achieving the 
desired folded conformation when using bacterial systems 
[15]. However, signiϐicant attention has been devoted to 
advancing innovative refolding methodologies owing to 
the purifying capabilities of some proteins that are only 
synthesized in inclusion bodies. These proteins may be 
puriϐied under denaturing conditions and refolded. When 
refolding proves unsuccessful, the only recourse is to choose 
an alternative expression protocol or expression system [16].

In some cases, the researcher may be compelled to alter 
their approach and choose the selection of a fragment as 
the target for structure determination due to the challenges 
encountered in purifying and crystallising a whole protein. 
Limited proteolysis is the preferred method for establishing 
the borders of domains in multidomain proteins [17]. 
However, selecting a protein fragment that is both stable and 
accurately represents a single domain might pose challenges. 
Also, the expression of mammalian proteins in bacterial 
hosts might present difϐiculties, necessitating alternative 
expression methods such as yeast, insect, or mammalian cells. 
Throughout each of these steps, it is essential to consider 
the ultimate objective of the experiment, which is to get 
a comprehensive understanding of a three-dimensional 
structure that accurately reϐlects a physiologically signiϐicant 
shape.

After determining that the protein expression yield is 
satisfactory, the subsequent step involves the puriϐication of 
the protein. One century ago, scientists used the crystallisation 
technique for protein puriϐication; however, in contemporary 
times, there is a prevailing assumption that the sample 
must possess homogeneity to achieve the crystallisation of 
recalcitrant proteins [18]. This homogeneity encompasses 
the polypeptide sequence, protein folding, conformation, and 
perhaps aggregation state [19]. To enhance the efϐiciency and 
expediency of protein puriϐication, it is common practice to 
merge recombinant proteins with polypeptides or whole 
protein partners, facilitating afϐinity chromatography. The 
puriϐication procedure that is widely used is the incorporation 
of a poly-histidine tag (Histag) in conjunction with metal-
ion afϐinity chromatography [20]. This tag comprises 6-10 
histidine residues, often accompanied by a spacer that 
facilitates subsequent cleavage by the action of an appropriate 
protease. One notable beneϐit of the His-tag is its compact 
nature, which sometimes obviates the need for tag removal 
before crystallization [21]. Incorporating fusion proteins 
often enhances the magnitude of protein production and its 
solubility. The fusion of maltose-binding protein, thioredoxin, 
glutathione-S-transferase, or green ϐluorescent protein has 
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In contemporary scientiϐic methodology, the acquisition of 
diffraction data is undertaken for three primary computational 
purposes: molecular replacement (MR), multiple anomalous 
diffraction (MAD)/single anomalous diffraction (SAD), and 
the ultimate reϐining of the model [36]. The method of multiple 
isomorphous replacements, which was formerly widely 
favoured, has been surpassed in popularity by procedures that 
rely on anomalous scattering. In magnetic resonance (MR) 
experiments, the origin of phases is derived from a model of 
the same or a comparable protein [37]. In this scenario, the 
precision of the measured intensities is of lesser signiϐicance 
than acquiring a comprehensive dataset while ensuring that 
solid peaks are preserved due to detector oversaturation. 

Accurately determining phases is crucial for solving novel 
structures using Single-wavelength Anomalous Dispersion 
(SAD), Multiple-wavelength Anomalous Dispersion (MAD), 
or multiple isomorphous replacements [38]. These methods 
obtain the phases by calculating the differences between 
the measured diffraction intensities. The primary objective 
of data gathering for the ϐinal reϐining of the model is to 
gather comprehensive and highly accurate data that reaches 
the resolution limit of diffraction. The second experiment is 
less challenging, but it still needs meticulous preparation. 
Enhancing the statistical precision of measured intensities 
does not automatically lead to improved data quality since 
prolonged counting time may exacerbate radiation damage.

Historically, investigations using SAD/MAD, which 
need precise data, were notably challenging. However, 
advancements in experimental gear, software, and 
procedures have signiϐicantly improved the success rate of 
determining structures using these approaches. Given that 
a Single Acquisition Diffraction (SAD) experiment entails 
gathering only a portion of the data necessary for Multiple 
Acquisition Diffraction (MAD), one would anticipate that the 
former approach would be favoured. However, the variations 
observed across different global regions in adopting these 
methodologies indicate sluggish dissemination of the most 
compelling experimental protocols. Experiments utilizing 
Single-wavelength Anomalous Dispersion (SAD) or Multiple-
wavelength Anomalous Dispersion (MAD) techniques seldom 
encounter failure solely attributable to insufϐicient atoms 
generating an anomalous signal [39]. However, the primary 
causes of experimental failure are typically related to errors 
in the procedure, such as an excessive number of saturated 
detector pixels (overloads) or an inadequate data collection 
strategy that may lead to premature radiation damage or 
incomplete data. It is worth noting that using weak anomalous 
scatterers, such as sulphur, may present an exception to this 
observation.

Minor mistakes made during this phase result in a substantial 
increase in the workload for the researcher throughout 
the processes of structure determination and reϐining. In 
several instances, it is necessary to repeat diffraction studies 

are expeditiously moved to a nitrogen stream that is 
consistently kept at a temperature near 100 Kelvin. In such 
circumstances, the solution inside and around the crystal 
undergoes vitriϐication. The cryosolutions may consist of 
various alcohols, salts, or oils that inhibit ice formation, 
preserving protein crystals' structural integrity. Although 
conceptually straightforward, the process of crystal freezing 
requires the evaluation of many cryosolutions. However, 
even comprehensive cryocooling investigations may yield 
specimens of signiϐicantly diminished quality compared to the 
initial crystals. The manipulation of the crystal environment, 
mainly via the regulation of humidity or through the process 
of annealing, can signiϐicantly enhance the quality of crystals. 

The next step is to generate a density map—a topographic 
map with contour lines at intervals of 1 unit. The crystal was 
acquired by utilizing naturally occurring protein derived from 
soybeans, subsequently identifying the residue as serine (PDB 
codes: 1YGE and 1F8N). The map is shown at a time interval 
of 0.7 seconds. The replacement of serine with glutamic acid is 
consistent with the outcomes of the DNA sequencing analysis, 
as Ted Holman reported in a private correspondence in 2007. 
The electron density is shown at a time interval of 0.3 seconds. 
Various contouring techniques on the map may provide 
insights into two potential phenomena: decarboxylation 
during data gathering or conformational ϐlexibility in Glu160.

Obtaining an electron density map via diff raction images

Positioning a crystal inside the X-ray beam initiates 
the last stage of the structure determination procedure. 
The experiment is fundamentally essential, leading to the 
expectation that automating the data-collecting process 
should be relatively straightforward. This is due to the limited 
number of factors the investigator controls. The parameters 
included in this study are the distance between the crystal 
and detector, the duration of exposure, the angle of oscillation, 
and the wavelength of x-radiation [34]. Nevertheless, there 
exist a minimum of three supplementary variables that fall 
beyond the jurisdiction of the experimenter: the quality of 
the crystal (speciϐically, its long-range order and mosaic 
spread), radiation decay, and the constraints imposed by the 
experimental apparatus (such as the dynamic range of the 
detector and the accuracy of the goniostat, among others). The 
challenge of selecting user-controlled settings that effectively 
mitigate the negative impact of crystal quality and radiation 
decay is shown by examining the data obtained from one of 
the beamlines at the Advanced Light Source (ALS). The results 
obtained from the beamline indicate that, on average, a total of 
57 complete data sets must be collected to successfully make 
a Protein Results Bank (PDB) deposit [35]. Furthermore, 
it should be noted that the number of crystals evaluated 
is signiϐicantly greater. The experimental challenge arises 
from the observation that a diffraction experiment yields a 
collection of diffraction intensities (or amplitudes) rather than 
the phases required to compute the electron density map.
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that fail to achieve ideal results. The issue of neglecting the 
completeness of low-resolution data is a common occurrence, 
as shown by the fact that the Protein Data Bank (PDB) reports 
completeness only in the highest-resolution shell and not 
in the lowest. This oversight may lead to structure-solving 
and model-building problems [40]. Occasionally, individuals 
may successfully resolve such issues using unconventional 
methods by combining fortuitous circumstances and 
expertise. However, it is essential to emphasize that precise, 
unsaturated, low-resolution data play a crucial role in MR and 
SAD/MAD procedures. It might sometimes be unexpected that 
structural analysis can be resolved using data obtained from a 
crystal of poorer quality instead of relying on data taken from 
a crystal of higher quality. Crystals of inferior quality exhibit 
limited diffraction capabilities, resulting in the generation of 
low-intensity reϐlections that do not contribute signiϐicantly 
to the resolution of the crystal structure. In this scenario, the 
selection sequence of crystals for diffraction tests may impact 
the likelihood of successful outcomes. It is uncommon for 
researchers to gather an additional, comprehensive dataset 
if they have previously seen diffraction patterns that are 
deemed "perfect."

Over the last several years, the analysis and interpretation 
of experimental ϐindings have been signiϐicantly enhanced by 
using many integrated software packages, including CCP4, 
PHENIX, and HKL-3000 [41-43]. This progress has been 
further supported by the accessibility of high-performance 
computers, enabling almost instantaneous computations 
throughout the analysis process. Despite their inherent 
complexity, the techniques for resolving the phase issue are 
concealed behind advanced software and, at times, even 
more advanced user interfaces. These tools enable those 
needing more crystallography expertise to work effectively 
and proϐiciently. A comprehensible initial electron density 
map may be acquired in straightforward scenarios with a few 
mouse clicks.

Frequently, the ϐirst stages (including electron density 
maps) derived from SAD/MAD or MR investigations tend 
to exhibit limited accuracy, posing challenges in their 
interpretation. Fortunately, several strategies for enhancing 
phase accuracy have been devised, which, when appropriately 
implemented, can signiϐicantly improve the quality of 
electron density maps. Solvent-ϐlattening techniques and 
noncrystallographic symmetry averaging are widely used in 
the ϐield. Notably, crystals containing a signiϐicant amount of 
solvent frequently exhibit poor diffraction patterns. However, 
it is essential to acknowledge that the high solvent content 
might provide advantages by facilitating the generation of 
a high-quality ϐirst map. Noncrystallographic symmetry 
averaging leads to signiϐicant variations in the quality of 
electron density maps, indicating that several instances of a 
macromolecule in an asymmetric unit should not be regarded 
as a mere coincidence.

When data gathering is executed with precision, challenges 
may arise in the structure solution process due to inherent 
issues associated with the characteristics of the crystals. 
Twinning, a phenomenon in which several lattices diffract 
concurrently, presents one of the most challenging challenges. 
A recent analysis (50) has shown that the coexistence of 
crystal and lattice symmetries can induce twinning in over 
30% of the structures documented in the Protein Data Bank 
[44]. Furthermore, twinning is not universally discernible, and 
under some circumstances, it hinders determining the crystal 
structure. In such an occurrence, the only viable course of 
action would be to revisit the laboratory setting to cultivate an 
alternative crystal structure for a particular macromolecule.

Model building, refi nement and validation

In contemporary scientiϐic practice, generating initial 
electron density maps is often facilitated by automated or 
semi-automated software. Furthermore, the subsequent 
interpretation of the resultant electron density may also be 
conducted with a high degree of automation. Various software 
programs, such as ARP/wARP, RESOLVE, and MAIN, use 
diverse methodologies for automated model construction 
[45-47]. Manual model development and tweaking are 
facilitated by the availability of robust graphics software tools 
like O and COOT [48,49]. Nevertheless, interpreting electron 
density maps acquired at low resolution remains a nontrivial 
task. Protein structural reϐinement is often conducted using 
software applications such as CNS/CNX/X-PLOR, REFMAC, 
and SHELXL —2.0 Å resolution [50-52].

The measurement is 2.4 angstroms. Reϐining data with a 
high level of precision may be a time-consuming task, primarily 
because it involves modeling several intricate structural 
elements. These elements include different conformations of 
side chains and complex temperature factor models, among 
others. Structures with shallow resolution (less than 3.2 A˚) 
are distinct, necessitating meticulous reϐining and validation 
procedures. A further challenge in reϐining emerges when a 
molecular structure includes components other than amino 
acids, such as metal ions and tiny molecule compounds. While 
identifying and reϐining metal ions inside protein structures 
may seem relatively simple, it is worth noting that several 
newly reported structures in the Protein Data Bank (PDB) 
still exhibit metal ions with very unlikely coordination or 
geometric characteristics in their metal-binding environments. 
The computerized model-building process is most effective 
for amino-acid chains, which may provide extra challenges 
when dealing with protein-DNA or protein-ligand complexes 
[53]. The effectiveness of a reϐinement method is primarily 
contingent upon the resolution used. Additionally, the chosen 
resolution dictates the extent to which parameters may be 
improved and the appropriate approach for handling them.

The process of reϐinement and manual structural rebuilding 
or modiϐication should be conducted in conjunction with 
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model validation [54]. As previously said, notable progress 
in software has facilitated the ability of several individuals 
who need to be more specialised in crystallography to 
gather data and effectively determine and enhance X-ray 
structures without extensive familiarity with the fundamental 
methodologies involved. In particular instances such as 
these, using advanced technologies for structural validation 
becomes imperative. Validation tools should be able to 
identify signiϐicant crystallographic and chemical inaccuracies 
in models and provide guidance to those without knowledge, 
hence offering suggestions on how to rectify these mistakes. 
Several programs within this category are PROCHECK, 
WHATCHECK, MOLPROBITY, and KING [55-57].

Sometimes, researchers may disregard explicit cautionary 
indications provided by validation programs, even 
throughout the Protein Data Bank (PDB) deposition process. 
This behaviour may be attributed to their conviction that the 
structure they have obtained is exceptional, leading them to 
see any deviations from established chemical principles as 
evidence supporting its distinctiveness. Regrettably, a limited 
fraction of fortuitous scientists who see groundbreaking 
chemical phenomena inside their structures will eventually 
get recognition from the Nobel Committee. Conversely, 
those less fortunate will inevitably discover that validation 
instruments undermine their claims at some point. Given 
the current mandate for depositing structure factors in most 
publicly funded research, crystallographers now could employ 
a highly effective validation tool, namely the re-evaluation of 
structures that raise doubts. Consequently, the likelihood of 
erroneous reϐined structures contaminating databases in the 
future is minimal.

Protein structure model interpretation

It is imperative to consistently remember that the primary 
objective of a crystallographic experiment, even when 
conducted within the framework of structural genomics, 
is not solely the generation of a model comprising atomic 
coordinates. Instead, its purpose is to offer valuable insights 
for interpreting chemical and biological data. Nevertheless, 
it is crucial to understand the models while considering their 
limits, which may arise from variables such as data resolution, 
the overall quality of the model (as shown by R/Rfree), and its 
chemical accuracy. Furthermore, it is essential to emphasise 
that the ultimate model does not depict an individual molecule 
but rather is a representation that accounts for the average 
characteristics of several molecules throughout time and 
space. High-energy radiation, speciϐically emitted by intense 
synchrotron beamlines, can induce chemical alterations in 
molecules.

Furthermore, it is essential to note that even a model derived 
from high-resolution data cannot be regarded as entirely 
devoid of errors [58]. The potential for misunderstanding of 
electron density increases with lower resolutions, making 
it easier to erroneously trace a piece of the amino-acid 

chain in the other direction or, although rarely, generate an 
entirely wrong model. Furthermore, how numeric values are 
represented in the atomic coordinates provided in the PDB 
format, speciϐically with three digits after the decimal point, 
can potentially lead to misinterpretation by inexperienced 
experimenters. Such individuals may mistakenly assume 
that all digits hold signiϐicance and subsequently analyse the 
structure based on this assumption [56]. When analysing 
structures deposited in the Protein Data Bank (PDB), it is 
essential to consider that these models may contain various 
errors that arise throughout the structure determination 
process.

Consequently, the interpretation of a three-dimensional 
structure and any chemical or biological inferences drawn 
from it are signiϐicantly inϐluenced by the quality of the 
model [59]. To deduce a comprehensive mechanism of an 
enzyme process, it is essential to understand the hydrogen-
bond network inside the macromolecule under investigation. 
Regrettably, only a few groups of lucky researchers who can 
ascertain protein structures at very high levels of precision 
have the privilege of directly seeing hydrogen atoms inside 
those structures. Most structures in the Protein Data Bank 
(PDB), around 60%, exhibit resolutions ranging from 1.7 to 
2.5 A˚. Interpreting these structures is not straightforward 
since a single structure might accommodate various chemical 
or biological response pathways. A translator of poetry 
encounters a comparable issue that requires resolution. The 
translation is a complex and nuanced process that may be 
considered an artistic endeavour. It is possible for a poem 
that has been translated into a different language to surpass 
the quality of the original composition potentially. In many 
instances, reinterpreting a structure is frequently seen as 
superior to its original form. The transition from determining 
coordinates to understanding the mechanism of action is a 
particularly challenging stage.

Biological relevance assessment

After achieving a high-resolution solution for the structure, 
characterised by low R factors and little deviation of geometric 
parameters from library values, what level of conϐidence may 
be attributed to its depiction of a physiologically signiϐicant 
state of the protein? The inquiry issue has been posed and 
subsequently addressed on several occasions since the 
inception of protein crystallography. The problem at hand 
encompasses one singular difϐiculty and a minimum of two 
interconnected challenges. One of the ϐirst inquiries, which 
may be straightforward to address, pertains to the extent of 
similarity between the protein's structure in the solid state, 
namely in the crystal, and its structure in solution. 

For instance, after examining the conϐigurations of a little 
spiral-shaped protein known as interleukin-4, which was 
resolved autonomously at four separate research facilities. 
Crystallography was used to acquire two structures of this 
protein, while two further structures were found using NMR. 
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The analysis conducted by the researchers has effectively 
shown that the disparities seen between these structures may 
be attributed only to the inherent uncertainties associated 
with their determination, with NMR exhibiting much more 
signiϐicant uncertainties compared to crystallography. These 
discrepancies do not indicate any protein abnormalities [60]. 
Hence, while acknowledging the validity of this worry and 
recognising the need to address it on a case-by-case basis, the 
disparities between the solution and solid state of proteins 
are often minimal, if existent at all.

However, an additional aspect of the inquiry pertains 
to the signiϐicance of the observed structure in elucidating 
the biological characteristics of the molecular system being 
investigated, and this matter needs a deϐinitive response. 
In this analysis, they examined an enzyme and delved into 
the intricacies of the process it facilitates. The structural 
composition of the apoenzyme may provide a partial 
explanation for some stages of the reaction. This is because 
some active site components can adapt in response to the 
presence of the substrate, transition state, and product. 
Furthermore, the precise nature of these adaptations is often 
difϐicult to anticipate. The elucidation of the transition state's 
structure would provide valuable insights. However, direct 
access to it is precluded because of its instability within the 
crystallographic timescale. Applying transition state mimics 
and rapid data acquisition through Laue crystallography can 
help [61]. However, they do not offer a deϐinitive assurance 
that the protein's state observed in the crystal can directly 
elucidate its biologically signiϐicant characteristics, as proteins 
are inherently dynamic entities.

Another illustrative instance of the many challenges faced 
in ascertaining the biological characteristics of a protein using 
crystallographic research is shown by the ATP-dependent 
protease Lon. Despite being discovered over two decades ago 
and undergoing crystallographic studies for ten years, the Lon 
enzyme is resistant to crystallization [62]. Nevertheless, after 
determining Lon's domain structure, its distinct domains have 
been subjected to crystallisation and subsequent individual 
analysis. This study produced some unexpected ϐindings. For 
instance, variations in the structure of the active site were 
observed in the catalytic domain of Lon when isolated from 
various bacterial sources. These observed variances were ϐirst 
hypothesised to have a biological signiϐicance [63].

Nevertheless, subsequent investigations using 
crystallography and mutagenesis techniques have presented 
a contrasting perspective. These studies propose that the 
structures of the apoenzyme do not exhibit the active site 
in a biologically signiϐicant state. This is due to the high 
probability that a substrate or reaction product would cause 
substantial reorganisation of the active site. The need to 
identify suitable substrates for Lon hinders a comprehensive 
understanding of its mode of action despite the availability of 
an atomic-resolution structure for its catalytic domain [64]. 

The investigation of the biological features of the N-terminal 
domain of this protein, which is very probable to be associated 
with substrate binding, presents an even greater level of 
complexity. The crystal structure of the construct, including 
slightly more than 100 residues, revealed a unique fold that 
has not been seen in any previously characterised protein 
complexes. Consequently, no deϐinitive inferences on binding 
could be made. 

Nevertheless, the PDB deposition of BPP1347, a putative 
protein derived from Bordetella parapertussis has shown a 
remarkable degree of topological resemblance despite little 
sequence similarity [65]. This instance exempliϐies a prevalent 
issue encountered in speciϐic structural genomics-derived 
structures, precisely the challenge of attributing function to 
proteins with a novel fold. Interestingly, this predicament 
is an explicitly stated motivation behind these endeavours. 
However, even structures obtained through deliberate and 
focused initiatives may not signiϐicantly improve the situation.

Conclusion
In the ϐield of structural biology, the process of transitioning 

from gene analysis to the publishing of research ϐindings often 
requires a substantial investment of effort and a considerable 
degree of uncertainty. In conclusion, this study reveals the 
complex path that X-ray diffraction has taken in elucidating 
the structures of plant proteins. Synergistic integration of 
molecular biology, bioinformatics, and physical sciences is 
essential at every stage, from identifying genes to obtaining 
crystal structures. This review gives a guide through the 
obstacles and the uncertainty of the success of X-ray diffraction 
studies. Thus, the review is a compass for future research as 
the ϐield navigates complexity.
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