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Abstract: The misidentification of a protein sample, or contamination of a sample with the wrong
protein, may be a potential reason for the non-reproducibility of experiments. This problem may
occur in the process of heterologous overexpression and purification of recombinant proteins, as
well as purification of proteins from natural sources. If the contaminated or misidentified sample is
used for crystallization, in many cases the problem may not be detected until structures are deter-
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mined. In the case of functional studies, the problem may not be detected for years. Here several
procedures that can be successfully used for the identification of crystallized protein contami-
nants, including: (i) a lattice parameter search against known structures, (ii) sequence or fold iden-
tification from partially built models, and (iii) molecular replacement with common contaminants as
search templates have been presented. A list of common contaminant structures to be used as
alternative search models was provided. These methods were used to identify four cases of purifi-
cation and crystallization artifacts. This report provides troubleshooting pointers for researchers

facing difficulties in phasing or model building.

Keywords: protein purification artifacts; crystallization artifacts; YodA (metal-binding lipocalin);

YadF (carbonic anhydrase); reproducibility

Introduction
Determination of the three-dimensional structure of a
protein by X-ray crystallography is a laborious, multi-
step process. It is easy to imagine the disappointment
of a researcher when this process is unsuccessful,
even when “good” diffraction data is obtained. There
are many reasons why this may happen, for example,
when the collected diffraction data is produced from a
crystal of a different protein than anticipated. In such
situations, it is usually quite difficult to solve the
structure. High resolution anomalous diffraction
phases might allow for sequence determination from
electron density maps, but in the case of molecular
replacement (MR), it is essentially impossible to select
an adequate model for phase determination, except
through a brute force approach, that is, screening
using an entire non-redundant subset of the PDB.*
Based on our own experience and data in the lit-
erature, there are four main reasons why a protein
other than the one anticipated (henceforth called an
artifact) may be found in a crystal structure. First,
the wrong protein is purified instead of the protein
of interest (or is co-purified with it). This may be a
protein native to the expression host>® (when
recombinant expression systems such as Escherichia
coli are used), or the wrong protein is purified from
a natural source. Second, a protein preparation may
be contaminated with an exogenous protein added
during the production process, such as lysozyme or
DNAse added during cell lysis, proteases used for
tag cleavage, or proteases added for in situ proteoly-
sis.>* Third, if a recombinant protein is expressed as
a fusion protein, only the fusion partner may crys-
tallize.* Fourth, human errors such as mislabeling
of samples (unfortunately not an uncommon event
in high-throughput environments) may produce
crystals of the wrong protein.

Contamination of a target protein purified from
expression host or natural source

Strains of E. coli are the most common hosts for het-
erologous protein expression, and contamination of
purified protein samples with an endogenous protein
from these bacteria has been reported many
times.2 Most native bacterial contaminants are pro-
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teins that directly bind either to chromatography
resins or to the recombinant protein of interest
itself. Because some of the common native E. coli
contaminant proteins show high affinity for divalent
metal ions such as Zn?", Cu®", Ni2*, and Co?", it is
difficult to separate the target protein without at
least trace amounts of the contaminant using immo-
bilized metal affinity chromatography (IMAC)
alone.? In addition to the endogenous proteins and
target protein, some accessory proteins are specifi-
cally expressed by some expression plasmids to facil-
itate recombinant expression. These include
antibiotic resistance proteins, chaperones, repress-
ors/activators, RNA polymerases, and proteases,?
and may become contaminants as well.

Purification of a protein from a natural source
is also prone to purification artifacts: the wrong pro-
tein may be co-purified with (or contaminate) a pro-
tein of interest, because purification may be based
on subtle differences between the target protein and
the remaining proteins present in the cell lysate.’
Moreover, the wrong protein may be co-purified from
a natural source when the target protein has a
native binding partner, or when chaperones or
chaperone-like proteins nonspecifically interact with
the protein of interest. In many cases, complete sep-
aration of such complexes is difficult or impossible.®

Exogenous proteins and fusion tags as
crystallization artifacts
Exogenous proteins introduced during purification
and crystallization may also lead to crystallization
artifacts. For example, lysozymes and/or deoxyribo-
nucleases (DNases) are commonly added to lysis buf-
fers to improve protein extraction from cells. Both of
these proteins, due to nonspecific interactions with
either the protein of interest or a chaperone, may be
present in purified fractions. Although crystalliza-
tion of exogenous proteins instead of target proteins
is quite rare, there are published examples. An exog-
enous lysozyme was reported to co-crystallize in a
1:1:1 heterotrimeric complex with target proteins.*
Proteases such as thrombin, elastase, enteroki-
nase, factor Xa, or TEV protease are added to
remove fusion tags from the target protein and may
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be another source of exogenous protein. Proteases
such as chymotrypsin or trypsin are also used for in
situ proteolysis to trim the target proteins, or to gen-
erate separate domains to improve crystallization
and/or diffraction.” Both types of proteases are typi-
cally added in very small amounts, minimizing the
risk of protease crystallization. However, this is still
possible, for example, due to accidental addition of
high amounts of protease or high crystallization pro-
pensity of the added protease.

Large fusion tags such as glutathione S-
transferase (GST), maltose binding protein (MBP),
or N-utilizing substance A (NusA) may also crystal-
lize instead of the target protein when they are not
removed prior to crystallization. Fusion tags may be
kept intentionally because they may be crucial for
protein solubility and stability, or to facilitate the
crystallization of target proteins.® Such tags may
form the bulk of the ordered crystal lattice, if the
target protein is degraded or is too disordered to
form a well-structured part of the lattice.” If the tag
is intentionally cleaved in situ or accidentally
cleaved by a trace amount of contaminating prote-
ase, this may potentially increase the chance of its
accidental crystallization instead of the target
protein.”

Here, we present several crystallization artifacts
that we have encountered in practice during the
past several years. In our opinion, purification and
crystallization artifacts are inevitable from time to
time, even when best practices are followed. There-
fore, straightforward and simple methods are
required to discover artifacts as soon as possible
before expensive resources have been invested and
more serious troubleshooting is pursued. Using
practical examples as illustration, we suggest and
discuss various approaches for discovering crystalli-
zation artifacts at early stages of data collection and
structure solution, and demonstrate that these
methods are easy and effective. The presented
approaches may save a lot of effort that would be
otherwise spent on unsuccessful attempts to solve
the structure of proteins different than the ones
expected.

Results

Purification and crystallization of E. coli YodA
instead of recombinant Sigma70 factor

E. coli stress response protein YodA was crystallized
during attempts to determine the structure of
Sigma70 factor from Planctomyces limnophilus DSM
3776 (MCSG target APC100648). SDS-PAGE analy-
sis of the protein obtained during purification of the
selenomethionine derivative of Sigma70 factor
showed bands corresponding to 23 kDa [Fig. 1(A)].
Since Sigma70 factor has a very similar molecular
weight (20 kDa), it was assumed that the correct
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protein was purified. The protein was successfully
crystallized and diffraction data were collected to
1.95 A at the selenium absorption peak wavelength.
Despite a very weak anomalous signal at this wave-
length, a reasonable electron density map was
obtained by SAD and initial model building was
partly successful—the protein was built as a polyala-
nine model with only approximately 10% of side
chains assigned. Because of the weakness of the
SAD signal, we also attempted MR, but numerous
attempts using the available PDB models (Sigma70
factor ortholog: 4CXF, fragments of catalase-3 with
sequence similar to Sigma70 factor cut according to
BLAST comparison search: 4BIM, 4AdJ9) all failed.
After all these computational experiments, it became
apparent that the electron density did not corre-
spond to the sequence of the Sigma70 factor protein.

A computational tool for recognizing sequence
from electron density Fitmunk!® (available at http:/
kniahini.med.virginia.edu/fitmunk/server/and http://
fitmunk.bitbucket.org/) was used, which assigned
probable residue identities to some sidechains in the
partially built initial structure. The partially
assigned sequence was then used to perform a
BLAST search against the NCBI NR database,
which was sufficient to identify the protein as E. coli
YodA. The query sequence obtained from Fitmunk
was similar to the YodA sequence at 52% of posi-
tions. This result was independently confirmed
using the three-dimensional (3D) protein comparison
PBDeFOLD service, which matched the initial model
built using SAD electron density maps with the
YodA structure 10EE, with an RMSD of 0.92 A for
185 out of 193 C, atoms in chain A of the identified
structure. After rebuilding the model with the cor-
rected sequence, the structure was successfully
refined further against 1.95 A data and deposited to
the PDB (4TNN). Data processing and refinement
statistics are presented in Table S1, Supporting
Information.

Purification and crystallization of E. coli YodA
instead of recombinant Gen5-related N-
acetyltransferase

Similar to the previous case, the YodA protein was
crystallized instead of Genb-related N-acetyltransfer-
ase (GNAT) from Staphylococcus aureus subsp. aur-
eus COL (CSGID target IDP00844). SDS-PAGE
analysis of GNAT purification [Fig. 1(B)] showed
two bands with around a 1:1 ratio of intensity. The
additional band (at 37 kDa) was interpreted as a
possible GNAT interaction partner, which hopefully
could be identified in the crystallization experiment.
The crystallization trials were set bearing in mind
that the sample was heterogeneous and the contami-
nant protein might crystallize instead of or together
with GNAT. The purified protein was crystallized
and a dataset was collected at 1.5 A. The diffraction
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Figure 1. Purity of protein samples used for crystallization estimated by SDS-PAGE. Protein samples after Superdex200 size-
exclusion chromatography (SEC) were separated by polyacrylamide gel electrophoresis on a 12% SDS-PAGE gel and
Coomassie-stained. As a reference, for A (line 1,2) and C (line 1) samples of the protein preparation prior to SEC are also
shown. The numbers on the sides of each gel indicate the molecular weight (MW) of the markers (M) in kDa; the numbers
above gels are fraction numbers from SEC. (A) The final samples obtained after the presumed purification of Sigma70 (20 kDa).
All fractions were pooled together, concentrated, and used for crystallization as described in the text. The band between 20
and 25 kDA was eventually identified as YodA. (B) The final samples obtained after the purification of presumed GNAT (21
kDa—MW including the N-terminal His-tag).The band between 20 and 25 kDa was eventually identified as YodA (23 kDa). (C)
The final samples obtained after the purification of MBP-survivin SIX (MBP-SIX) fusion protein (60 kDa). Fractions 2-5 were
pooled together, concentrated, and used for crystallization. The amount of contamination in the 23 kDa band (eventually identi-
fied as YadF [25 kDa]) was incorrectly assumed to be too small to seriously affect the suitability of the sample for
crystallization.

pattern was successfully indexed but the anomalous  homolog of GNAT in the PDB. Since we were aware
signal from selenomethionine residues was very that a different protein may have crystallized, the
weak and the structure could not be solved using  determined space group and unit cell parameters
SAD. MR was not an option as there was no close (P2;, a=40.05 A, b =65.09 A, c=41.46 A,
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p=117.8°) were used to search against the entire
PDB for similar (within =1%) unit cell dimensions,
using a tool in HKL-3000 for that purpose. This
approach was successful, albeit simplistic due to the
reasons described in the discussion below, and the
10EdJ deposit of YodA was found to have the best
match of unit cell parameters (P2;, a=40.35 A,
b=65.56 A, c=41.50 A, f=117.8°) to the crystal-
lized protein. The structure was successfully refined
using 10EJ as a starting model, confirming the
presence of a crystallization artifact. The presence of
YodA in the sample used for crystallization was
additionally confirmed by MALDI-TOF mass-spec-
trometry analysis. We assumed that lower band
(around 23 kDa) is the GNAT protein, therefore only
upper band (above 37 kDa) was sent for mass spec-
trometry analysis. The possible explanation for the
presence of YodA protein in the upper band is the
formation of intermolecular disulfide bridge between
two YodA monomers that due to large amount of
protein were not removed by standard amount of
reducing agents during SDS-PAGE electrophoresis.
As described in discussion, we ultimately concluded
that both bands observed on the SDS-PAGE repre-
sented YodA protein.

Purification and crystallization of E. coli YadF
instead of recombinant survivin SIX

E. coli stress response protein YadF was accidentally
crystallized during attempts to determine the struc-
ture of survivin SIX protein from Xenopus laevis.
The expression level of survivin SIX in a fusion con-
struct with MBP was sufficient for purification, and
SDS-PAGE analysis of the final fraction obtained
from size exclusion chromatography (SEC) showed
that the purified sample contained trace amounts of
a contaminating protein with a molecular weight
between 20 and 25 kDa [Fig. 1(C)]. It was presumed
that such a small amount of contaminant would not
affect survivin crystallization, and the sample was
used for crystallization trials. The presence of zinc
ions in the crystals (expected because survivin SIX
contains a zinc finger motif) was confirmed by X-ray
fluorescence emission spectroscopy, lending further
support to the correct identity of the crystallized
protein.

A diffraction data set was collected on the pre-
sumed survivin protein crystal to 2.7 A at the zinc
absorption peak wavelength and initial phases were
obtained by SAD. Similar to the case with the pre-
sumed Sigma70 factor, an initial model was built,
but very little of the survivin side chain sequence
could be docked to the polyalanine chain to match
the electron density. The sequence recognition mode
of Fitmunk was used to identify sequence fragments
in the electron density maps but no significant hits
were identified in a BLAST search against the NCBI
NR database when default parameters were used.
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However, a search against the smaller PDB data-
base found a significant hit for YadF (because the
PDB database is smaller, a hit may be significant
even if it was insignificant when a larger database
is used). In addition, a search of the NCBI CDD
database identified the carbonic anhydrase super-
family motif in the density-assigned sequence, which
is characteristic of YadF. Because the initial model
was fragmented, the protein could not be identified
by structural alignment using any of the tested 3D
protein comparison services (PDBeFOLD,'? DALI,'
and FatCat!%).

The structure was successfully rebuilt using the
sequence of YadF, and completed using PDB deposit
1I6P of YadF as a guide. The structure was refined
and deposited to the PDB (4ZNZ, Table S1, Support-
ing Information). The difficulty in identifying the
sequence by electron density was most likely due to
the relatively low resolution compared with the
Sigma70 case; when aligned, the sequence assigned
from electron density map had similar residues at
only 32% of positions. YadF is known to utilize zinc
as a cofactor, and a zinc ion was identified in the
YadF active site due to a peak in the anomalous dif-
ference map and a plausible binding environment.
This explains the detection of zinc in the crystal by
X-ray fluorescence.

Sample mislabeling

During our work with hundreds of New York Struc-
tural Genomics Research Consortium (NYSGRC),
Midwest Center for Structural Genomics (MCSG),
and Center for Structural Genomics of Infectious
Diseases (CSGID) targets, a few cases of mislabeled
samples were encountered. For example, the protein
labeled as NYSGRC target 021790 (hypothetical pro-
tein SMc00576 from Sinorhizobium meliloti) was
successfully crystallized and diffraction data were
collected to 1.8 A at the selenium absorption
peak wavelength. Initial phases were obtained by
SAD using the strong anomalous signal from the
incorporated selenomethionine. However, numerous
attempts to build a model with the expected
sequence were all unsuccessful. The PBDeFOLD
service was run with the initial model but did not
produce any significant hits, probably because the
model was split in seven disconnected fragments.
Manual assignment of residue types with distinct,
identifiable electron density was attempted, and two
targets on the list of current lab projects were found
to have some sequence similarity to those deduced
from the maps. In parallel, Fitmunk in sequence rec-
ognition mode (with subsequent refinement with
REFMAC) was run twice to assign the amino acid
sequence by density recognition. A BLAST search
with the density-assigned sequence unequivocally
matched the protein NYSGRC-022189 (trimethyl-

amine methyltransferase from Sinorhizobium
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Table I. Known Structures of Proteins that Have Been Identified as Common Purification and Crystallization

Artifacts

Name of the protein

Molecular
weight (kDa)

PDB ID

Affinity, solubility,
anti-aggregation tags

E. coli native proteins

Proteases

Exogenous proteins

Maltose-binding protein (MBP) 43 1LLS, 1IMPB, 3PUW, 3SEU,
4KYC
Glutathione-S-transferase (GST) 24 4ECB
Thioredoxin (Trx) 11 1F6M, 2AJQ, 2H73, 4HU9,
4X43
N-Utilization substance (NusA) 55 1U9L,* 1WCN,P 2KWP*
4MTN?
Small ubiquitin related modifier 1 12 2UYZ, 1Z5S, 4WJQ, 2102
(SUMO1)
Haloalkane dehalogenase 33 4E46
Metal-binding lipocalin (YodA) 25 10EdJ, 4TNN
Carbonic anhydrase (YadF) 25 2ESF
Ferric uptake regulator (Fur) 16 2FU4
cAMP-regulatory protein (CRP) 24 1CGP, 2CGP, 2GZW, 3FWE,
3HIF, 3N4M, 3QOP, 4FT8,
4HZF, 410A, 410B, 4N9H,
4N9I
Glucosamine-6-phosphate synthase 67 4AMYV, 1JXA, 300d, 2J6H
(GImS)
Glycogen synthase (GlgA) 53 2QZS
Component 1 of the 2-oxoglutarate 105 2JGD
dehydrogenase complex (ODO1)
Component E2 of dihydrolipoamide 44 1C4T
succinyltransferase (ODO2)
Formyl transferase (YfbG, ArnA) 46 1U9d, 1YRW, 1Z7E, 2BLN,
AWKG
Cw/Zn-superoxide dismutase 16 1ESO
(Cw/Zn-SODM)
Chloramphenicol-O-acetyl 26 1Q23
transferase (CAT)
Host factor-I protein (Hfq) 11 3VU3
Tobacco etch virus (TEV) 28 1LVM
Rhinovirus 3C protease 48 1CQQ
SUMO protease C-terminal domain 26 2HL9
Enterokinase 26 1EKB
Trypsin 26 3UY9
Chymotrypsin 26 1GGD
Thrombin (active form) 36 3SQE, 1IMHO0, 4H6T
Thermolysin 60 4D9W
Proteinase K 40 3DVS
Pepsin 41 5PEP
Neutrophil elastase 29 5ABW
LysN Peptidyl-Lys 44 1GE7
metalloendopeptidase
Lysyl endopeptidase 28 4NSY
Factor Xa 55 1KIG
Lysozyme 16 4TWS, 4PRQ, 1AKI
DNase protein 31 2A40

Listed deposits were selected from crystal structures in PDB to represent distinct conformational states of the given

protein.

2 Crystal structure of the C-terminal fragment of NusA from E. coli.

» NMR structure of the C-terminal fragment of NusA from E. coli.
¢ NMR structure of the N-terminal fragment of NusA from E. coli.
4 Homologous structure from P. limnophilus.

meliloti). The corrected sequence was successfully
used for structure refinement. Since a higher resolu-
tion dataset (1.56 A) was subsequently obtained, it
was used for further structure refinement and
deposited to the PDB (4YYC, Table S1, Supporting
Information). As a final validation of the artifact,
MALDI-TOF mass spectrometry analysis was per-
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formed to confirm the identification of the protein in
the sample used for crystallization.

Structures of common contaminants suitable
for MR

The methods for contaminant identification
described in the case studies above are suitable
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Figure 2. Overview of MR experiments run with diffraction data collected from crystallization artifacts: Sigma70 factor (YodA),
GNAT (YodA), survivin SIX or xSix (YadF), and NYSGRC-021790 (as a negative control). The MR method was applied to each
test case, using as templates selected structures of purification artifacts listed in Table S2, Supporting Information. Because
the identities of the artifact proteins were known before running MR experiments, only the structures of E. coli native proteins
and two selected affinity/solubility tags were used as templates. All PDB deposits listed in Table S2, Supporting Information for
a given purification artifact were tested—the R-factors reported on the figure are mean of R-factor values of MR experiments
run for each template corresponding to a given artifact. The overall R-factors used for success-failure determination are calcu-
lated after 15 cycles of REFMAC refinement of the best MR solution (determined by MOLREP) for each template-dataset pair.
Successful identification of an artifact is marked with arrow and a failure of MOLREP to produce a MR solution is marked with

a dot. For all templates, chain A was selected for MR.

when either experimental phasing is possible, or
there is a structure in the PDB of the protein crys-
tallized with very similar unit cell parameters. To
extend the available troubleshooting tools to MR
cases, we have compiled a list of structures of the
most common purification and crystallization arti-
facts, based on the literature®®1%16
experience. The list includes proteins native to E.
coli that were previously reported to be common con-
taminants during IMAC purification, common
expression tags, proteases typically used for in situ
proteolysis, and exogenous proteins known to be
used in protein production.®'® All of these targets
(or highly similar homologs) are of known structure.
The structures which represent a distinct conforma-
tional states, suitable for MR are provided in
Table 1.

The possibility of identifying crystallization arti-
facts by MR, which is carried out using predefined
set of structures of possible artifacts as templates,
was tested using subset of the deposits representing
the proteins described above. The structures of
native E. coli proteins and two selected solubiliza-
tion tags (MBP and NusA) were used to run MR for
the diffraction datasets described in the cases above:
Sigma70 (YodA), GNAT (YodA), survivin SIX (YadF),
and NYSGRC-021790 (NYSGRC-022189). As the
dataset for the NYSGRC protein is known not to
yield the structure of any of the proteins listed in
Table I, this dataset served as a negative control.
The best solution for each template structure vs.
each dataset was subjected to 5 cycles of rigid body

and our own
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and 15 cycles of restrained REFMAC refinement,
and the average of overall R-factors from the final
refinement from all templates of a given protein are
shown in Figure 2. The exact R-factor values for
each template that was used are listed on http:/
www.bioreproducibility.org/pages/protein_purifica-
tion_artifacts/mr_results webpage. The only combi-
nations of template and dataset with acceptable R-
factor values (i.e., R-factor <0.3) were YodA for the
Sigma70 and GNAT datasets, and YadF for the sur-
vivin dataset. In other words, the structures were
only determined in cases where the correct protein
model was used as a template, and there were no
other false positives.

Discussion

Successful, high-yield production of pure, soluble
protein is of paramount
research projects using biochemical and/or biophysi-
cal methods, including protein crystallography.
Many parameters influence the robustness of subse-
quent experiments, and suboptimal values of these
parameters may significantly impair data reproduci-
bility and outcomes of projects. Ideally, a protein
sample of good quality should be relatively pure, be
free of soluble and insoluble aggregates, have a veri-
fied identity, and maintain its biological activity (if
it is present and measurable). That is why at each
step of protein production, appropriate quality con-
trol procedures should be employed to ensure that
the correct proteins are purified, and that the result-
ing protein samples are of the highest quality. This

importance for most

Protein Purification and Crystallization Artifacts
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maximizes the probability that the experiments
involving them are credible and reproducible.

Many methods can provide data for validation
of protein identity and purity, depending on the pro-
tein and available resources, such as SDS-PAGE,
analytical SEC, mass spectrometry, enzymatic activ-
ity assays, peptide sequencing, and immunoblotting.
Unfortunately, these validation methods sometimes
do not conclusively establish protein identity and/or
are not used because they are not feasible, available,
or possible. Furthermore, even if protein identity is
verified, robust validation is not always feasible for
each subsequent repetition of the purification proce-
dure. Often one will employ full validation proce-
dures while establishing the best protocol for
purification, but will use simpler, more cost-effective
methods such as SDS-PAGE or SEC for routine puri-
fication afterward.®'”

However, individual expression and purification
experiments differ. It is presumed that for the most
part, repetitions of a protocol will lead to similar
results; however, it is possible that small, unforeseen
deviations from a protocol may lead to the production
of contaminants or even the wrong protein. Some
research techniques are more sensitive to potential
contamination than others. Protein crystallization is
relatively robust to contamination, due to the self-
selection of molecules incorporated into the crystal lat-
tice, but the method cannot be considered as wholly
unaffected by or resistant to all contamination.

In this work, we describe four case studies of
crystallization experiments where the proteins found
in the determined structures turned out to be arti-
facts. One case was the result of sample contamina-
tion with a native E. coli protein, two were the
result of purification of the wrong protein, and one
was a consequence of mislabeling of the sample.

Protein production traps and pitfalls that
resulted in purification/crystallization artifacts
In the case of survivin, the SDS-PAGE analysis
revealed that sample was heterogeneous. However,
the contamination was relatively minor, and the
sample purity was considered acceptable for crystal-
Nevertheless the (YadF)
showed much higher crystallization propensity than
the target protein (survivin). Our observations indi-
cate that when the target protein sample contains
protein contaminants at much lower concentrations,
this does not automatically rule out the possibility of
obtaining the crystal structure of the target protein.
In fact, bulk crystallization itself has long been used
as an industrial purification procedure.'® Therefore,
it is not always time and cost effective to purify a
protein for each experiment to the highest purity
levels, but lower protein purity levels do increase
the likelihood of crystallizing an artifact.

lization. contaminant

Niedzialkowska et al.

In the case of GNAT the ratio of the presumed
target protein to the contaminant was about 1:1, and
crystallization trials were set up in the hope that the
correct protein will crystallize regardless of the con-
tamination (or that an interaction partner will be
identified by crystallization of a complex). Structure
determination attempts revealed that YodA crystal-
lized instead of the expected GNAT, and we con-
cluded that under the growth conditions used, the
GNAT protein was not measurably expressed. Specif-
ically, when the SDS-PAGE results were revisited,
the measured apparent mass of the observed protein
(23 kDa) deviated slightly from the calculated mass
of the His-tagged GNAT construct (21 kDa).

In the case of Sigma70 factor, presumably
unfavorable cell culture growth conditions caused
low or blocked levels of recombinant protein produc-
tion, and concomitant transcriptional activation of
native stress proteins, including YodA.?> The very
similar mass of the two proteins (Sigma70 and
YodA) resulted in the failed expression being recog-
nized as successful, and the purified sample was
used for crystallization trials.

A number of experimental conditions can increase
the probability of purification of an unintended pro-
tein—for example, if the yield of expression of the tar-
get protein is low, and too much affinity resin is used
relative to the amount of the target protein. A lower
than anticipated amount of the target protein leaves
many unoccupied sites on the resin, which may pro-
mote unspecific binding of contaminants even if they
have lower affinity for the resin. It is difficult to pre-
cisely estimate the amount of the protein of interest in
the cell lysate (e.g., from SDS-PAGE results), when
the masses of the intended protein and native E. coli
proteins such as YodA, are very similar. Although in
many cases this can be mitigated by carefully adjust-
ing the binding and wash protocols, this optimization
may be overlooked when generic purification protocols
are used without adjustment. Another cause of an
excess of unoccupied resin might be an incompetent
affinity tag, which may be (for example) occluded by
the target protein, making it inaccessible to the bind-
ing site on the resin.'®

Accidental mislabeling of protein samples,
although rare, may also lead to crystallization of the
wrong protein as described above. Even if these
errors should be theoretically eliminated by good
laboratory practices, in practice they occasionally do
happen, even in systems with automated controls.

Identification of purification/crystallization
artifacts from diffraction data

We propose several methods that may be used for
identification of purification/crystallization artifacts
if routine structure determination is unsuccessful
and crystallization of the wrong protein is suspected.
These methods may minimize the effort needed for
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structure solution by expediting artifact identifica-
tion and directing attention toward optimization of
protein production methods rather than simply
troubleshooting.

Lattice parameter search against PDB. Given
that unit cell dimensions comprise up to six inde-
pendent parameters, taken together these parame-
ters are a surprisingly good discriminant for the
identity of a crystal form. Searching against the
PDB relies on the idea of finding previously solved
structure(s) with the same unit cell dimensions
(+1%) as the crystal under question. If a close
match is found, it is very probable that it could be of
the same protein as the possible artifact, which may
be confirmed by MR. This type of search can be per-
formed by the HKL-3000 system or by the advanced
online search tool of the RCSB PDB.

This approach was successfully applied in the
case of the attempted GNAT structure determina-
tion. The fact that the unit cell parameters closely
matched those of YodA was discovered shortly after
diffraction data collection, which saved futile effort
on structure solution. Unfortunately, this method
was not used in the case of survivin SIX. Since in
retrospect it was shown that this approach would
have detected the YadF artifact in the crystal lattice,
it would have saved the effort spent on finding the
artifact by SAD phasing, multiple attempts at model
building, and sequence recognition with subsequent
BLAST and PDB searches. As searching the PDB for
unit cell dimensions is very simple and only requires
indexing of the diffraction data, we propose it should
be used routinely as the first troubleshooting step
when initial attempts to solve a structure have
failed, especially when the possibility of crystalliza-
tion artifacts was recognized in the protein produc-
tion process (e.g., significant contaminant bands
noted in SDS-PAGE).

In some ways this approach is a simplistic one.
In particular it assumes that standard crystallo-
graphic conventions are strictly obeyed. This
unfortunately is not always the case, and thus this
approach does not guarantee that the artifact is rec-
ognized even if it is present in the PDB. To make
this method more robust, proper standardization or/
and reduced Niggli cells?® should be used. Neverthe-
less, identification of crystallization artifact using
this simple approach is possible and can be done
using readily available tools.

The unit cell parameters check did not help in
the case of Sigma70, where YodA crystallized with
unit dimensions significantly different than those of
any other YodA structure in the PDB. However, it is
possible that we were not the first to crystallize
YodA protein with the unit cell parameters reported
herein. Therefore we would like to encourage
researchers to deposit structures of artifact proteins,
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or in other words, to publish “negative results” on
web pages and/or in various repositories (e.g., the
PDB), especially if these artifacts were crystallized
with unit cell parameters not reported previously.
An increase in the size of the library of crystalliza-
tion artifact structures deposited to the PDB can
potentially make troubleshooting of new artifacts
easier, and save much effort for those who are new
to such cases.

Sequence and/or fold identification from a par-
tial model built based on experimental phas-
ing. Additional possibilities emerge if initial
experimental phases can be obtained (e.g., from
incorporated selenomethionine, intrinsic metal ions,
or heavy metal derivatives) and a partial model can
be built. With a comparatively good quality model,
one can employ 3D structure similarity services
such as PDBeFold, Dali, or FatCat in order to find a
structure with similar fold and identify a potential
artifact or a homolog. In the current study, PDBe-
Fold server was shown to retrieve the correct match
(YodA) in the case of Sigma70 factor, but in the case
of survivin SIX, the model was too fragmented to
find any significant match for the contaminant
(YadF). Therefore, this approach might be insuffi-
cient if only a poor model has been built or if there
is no structure of the artifact protein or its homolog
in the PDB.

Sequence identification using the electron den-
sity map, as implemented by Fitmunk, is more
straightforward and effective in our experience than
manual assignment of sequence to well-ordered frag-
ments of electron density. Obviously, the accuracy of
a sequence assignment is affected by the diffraction
data resolution and quality of the electron density
maps. Even if the sequence can be assigned correctly
to only a small fraction of the protein, it is usually
possible to use bioinformatics tools to identify one or
a small number of possible proteins. For example, in
the case of survivin SIX (YadF), there was only
approximately 30% similarity of the density-
assigned sequence to that of YadF, yet the identifica-
tion of the protein was straightforward when the
PDB sequence database was used. In the case when
only the side chain topology is assigned by Fitmunk,
it is advisable to use smaller sequence databases
(e.g., PDB) or a sequence profile database (such as
CDD). A search against a large sequence database
may provide more false positives when the recogni-
tion rate is low, because many more hits may be
matched at random. Still, a match to the correct pro-
tein should be found, but because the significance of
a match is calculated relative to the database size, it
may be considered insignificant. Use of sequence
profile databases partially mitigates this problem, as
profile-based searches are more sensitive to relation-
ships between distantly similar sequences.?
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MR with common contaminants as search tem-
plates.
applicable fusion tags, and exogenous additives
(Table I) may be used as templates for MR if the cell
dimensions screening failed to produce a positive
result and experimental phases are not available, or
the sequence or fold identification did not work.
Since the list of templates is extensive and MR
methods are sensitive to changes in protein confor-
mation, it is advisable to use automated MR pipe-
lines such as AMPLE,?22 MRBUMP,?® or Balbes.?*
These programs can also be used to test multiple
structures of each common contaminant available in
the PDB, and employ various methods of template
modification, such as different side-chain truncation
schemes. In our experience, it is also beneficial to
employ different refinement protocols after MR,
such as “elly-body” refinement in REFMAC for
refinement of low-resolution or low phase quality
data. As shown above, this method unequivocally
identified all three purification artifacts described
herein.

The structures of common contaminants,

Materials and Methods

Protein purification, crystallization, and
structure determination

Purification and crystallization of YodA
instead of Sigma70 factor. The Plim_1876 gene
encoding Sigma70 factor from Planctomyces limno-
philus DSM 3776 was cloned into the pMCSG48
(modified pMCSG7,%® which has 6xHis-Tag replaced
with 8xHis-Tag fused with NusA solubilization tag)
expression vector. The Sigma70 factor clone was
obtained from the MCSG (target APC100648). The
protein was overexpressed in E. coli BL21-Codon-
Plus(DES3)-RILP (Stratagene, La Jolla, CA) grown in
SelenoMethionine (Molecular
Dimensions, Suffolk, UK). The cells were grown at
37°C to an ODggo of 3. The temperature was then
decreased to 16°C, 100 mg of L-selenomethionine
was added per 1 L of media in each flask, and the
culture was induced with 0.5 mM IPTG and grown
overnight. Cells were harvested by centrifugation,
and the pellet was frozen afterward at —80°C. The
pellet was thawed at room temperature and resus-
pended in buffer A, containing 50 mM Tris pH 7.5,
500 mM NaCl, 5 mM imidazole, 10 mM 2-
mercaptoethanol, and a protease inhibitor coctail
(cOmplete Mini, EDTA-free, Roche, Basel, Switzer-
land). The pellet was homogenized and disrupted
with a high pressure homogenizer (EmulsiFlex-C3,
Avestin Inc. Ottawa, Canada). The cell lysate was
centrifuged at 35,000 rpm at 4°C for 40 min. The
supernatant was loaded onto a gravity-fed chroma-
tography containing 5 mL
nitrilotriacetic acid agarose charged resin (Qiagen,

expression media

column nickel-
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Venlo, The Netherlands), previously equilibrated with
buffer A. The column was then washed with buffer A
supplemented with 10 mM imidazole. Finally, protein
was eluted with buffer A supplemented with 300 mM
imidazole. The His-tag was removed by TEV protease
cleavage; 0.2 mg of protease was added to the eluted
sample five times every 4 hours. The sample was dia-
lyzed in buffer B containing 50 mM Tris pH 7.5,
250 mM NaCl, and 10 mM 2-mercaptoethanol. After
dialysis, the sample was concentrated with centrifu-
gal filters (10 kDa Amicon Ultra-15 Centrifugal Filter
Units, EMD Millipore, Merck, Darmstadt, Germany)
and loaded onto an XK 16/60 Superdex200 column
attached to an AKTA FPLC gel filtration system (GE
Healthcare, Little Chalfont, UK) at 4°C, previously
equilibrated with buffer B at a flow rate of 1.5 mL/
min. The fractions containing the target protein were
combined and concentrated in centrifugal filters. Pro-
tein purity was confirmed by SDS-PAGE. The protein
was crystallized using 0.3 pL of 9.6 mg/mL protein
mixed with 0.3 pL of 2.5M ammonium sulfate, 0.1M
Bis-Tris propane pH 7.0, and equilibrated against
1.56M NaCl in MRC 2 drop 96 well crystallization
plate (Swissci, Neuheim, Switzerland). Crystals were
harvested and vitrified in liquid nitrogen; no cryopro-
tectant was used. Diffraction data were collected at
the wavelength of 0.9786 A at the 21-ID-G beam line
of the Life Sciences Collaborative Access Team (LS-
CAT) of the Advanced Photon Source (APS).

Purification and crystallization of YodA
instead of GNAT. The SACOLO0519 from Staphylo-
coccus aureus subsp. aureus COL gene was cloned
into the pMCSG72?® expression vector. The protein
was overexpressed in E. coli BL21-CodonPlus(DE3)-
RILP cells (Stratagene, La dJolla, CA) grown in M9
SeMet High-Yield Growth Medium. The cells were
grown at 37°C to an ODgg of approximately 0.6, fol-
lowed by induction of protein expression with 1 mM
IPTG and incubation overnight with shaking at
16°C. Cells were harvested, and the protein was
purified as described previously.?® The resin with
bound protein was washed with buffer containing
30 mM imidazole and the protein was eluted from
the column with 250 mM imidazole. Crystals were
grown at 16°C using vapor diffusion and a sitting
drop setup. The crystallization drops were a 1:1 mix-
ture of protein solution at 15 mg/mL concentration
and the precipitant solution from the well (25% PEG
3350, 0.1M Bis-Tris pH 5). Crystals were harvested
and vitrified in liquid nitrogen; no cryoprotectant
was used. Diffraction data were collected at 0.9787
A and 0.9786 A wavelength, respectively, at the 21-
ID-F and 21-ID-G LS-CAT beamlines of the APS.

Purification and crystallization of YadF

instead of survivin SIX. The 398454 gene encod-
ing the survivin SIX (Uniprot ID: Q804H7) protein
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from Xenopus laevis was cloned into the pMCSG13
vector?® and overexpressed in E. coli BL21-Codon-
Plus(DE3)-RIL (Stratagene, La dJolla, CA). Cells
were grown at 37°C in LB medium and induced at
ODgoo of 1.0 with 0.15 mM IPTG. After induction,
ZnCl, was added to a final concentration of 80 pM to
the medium to facilitate survivin folding under con-
ditions of induced overexpression. Cells were grown
overnight at 18°C with shaking. After harvesting,
cells were lysed in buffer A containing 50 mM Tris
pH 8.0, 200 mM NaCl, 0.5 mM tris(2-carboxyethyl)-
phosphine (TCEP), and 5 mM imidazole. The NiNTA
resin was washed with buffer A containing 10 mM
imidazole, and protein was eluted with buffer A con-
taining 250 mM imidazole. Purified protein was sep-
arated on Superdex200 column in a buffer
containing 50 mM Tris pH 7.9, 200 mM NaCl, and
0.5 mM TCEP, and fractions containing MBP-SIX
protein (MW 60 kDa) were pooled together and con-
centrated to 7.4 mg/mL. The protein was crystallized
by mixing in 1:1 ratio the MBP-SIX protein solution
with 60% v/v Tacsimate pH 7.0 and 0.1M Bis—Tris
propane pH 7.0. Crystals were grown by the sitting-
drop vapor-diffusion method. Crystals were har-
vested, cryoprotected in mother liquor supplemented
with 30% (vol/vol) ethylene glycol and vitrified in lig-
uid nitrogen. A fluorescence spectrum was recorded
on the 19-ID beamline of the Structural Biology
Center (SBC) at the APS. Diffraction data were col-
lected at a wavelength of 1.278 A on the LS-CAT 21-
ID-D beamline of the APS.

Crystallization of NYSGRC-022189 instead of
NYSGRC-021790. The protein was cloned,
expressed, and purified at NYSGRC with standard
protocols as described elsewhere.2”?® In brief, the
mttB gene (locus tag SMc04330) encoding for trime-
thylamine methyltransferase from Sinorhizobium
meliloti 1021 was cloned into pSGC-His vector
(which is a modified pMCSG7 vector with Sspl
restriction site replaced with BseRI and with added
SacB expression cassette for negative selection
screening) and overexpressed in E. coli BL21-Codon-
Plus(DE3)-RIL grown on PASM-Semet media. The
protein was purified by Ni-IMAC and gel filtration.
The purified protein was concentrated to 14 mg/mL
and stored in 20 mM HEPES pH 7.5, 150 mM NaCl,
10% glycerol, 0.1% NaNj3, and 0.5 mM TCEP. TEV
protease was added to the protein right before crys-
tallization trials for in situ His-tag cleavage with
1:200 protein-to-TEV protease mass ratio. The crys-
tallization was set up with the sitting-drop vapor-
diffusion method by mixing 0.2 uL of protein with
0.2 pL of screening solution and using 1.5M NaCl as
reservoir liquid. Diffraction quality crystals were
grown in MCSG Suite 1 conditions #33 (32% w/v
PEG 4K, 0.1M Tris HCl pH 7.0 and 0.2M calcium
acetate). Crystals were harvested and vitrified in lig-
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uid nitrogen; no cryoprotectant was added. The first
diffraction dataset (resolution of 1.8 A) was collected
at a wavelength of 0.97891 A on the LS-CAT 21-ID-
D beamline of the APS. The second dataset (resolu-
tion of 1.56 A) was collected at a wavelength of
1.078 A on the same beamline.

Data processing, structure solution, model
building, and refinement. Data reduction and
scaling was done with HKL-2000/HKL-3000.2° MOL-
REP?° as implemented in HKL-3000 was used for all
MR calculations. Phasing by single wavelength
anomalous diffraction was performed with HKL-
3000 coupled with SHELX,>! MLPHARE, DM, and
other CCP4 programs.??3% Model building attempts
were performed with Buccaneer,>* ARP/wARP,>® and
RESOLVE®® as implemented in HKL-3000. The
structures were refined with REFMAC.3” Coot®83°
was used for the visualization of electron density
maps and manual inspection and correction of the
atomic models. TLS groups for the deposited struc-
tures were determined with the TLS Motion Deter-
mination Server.*® MolProbity*' and PDB validation
tools were used for structure validation.

Sequence recognition based on electron density
map with Fitmunk

Partial models built from initial and improved elec-
tron density maps were used as input to Fitmunk
running in a topology recognition mode. Fitmunk,
when run without a specified sequence, assigns a
topologically representative residue type to each
amino acid position based on electron density corre-
sponding to a side chain. In topology recognition
mode, the program does not try to differentiate
between: Asn, Asp and Leu; Arg and Lys; Glu and
GIn, Phe and Tyr; and Thr and Val. In the YadF
(Survivin SIX) case, the initial model had four frag-
ments; therefore, all permutations of unique
sequence fragments (24 sequences in total) were
used to perform a BLAST search of the NCBI NR or
PDB sequence databases. All fragment permutations
identified the same protein and it was enough to use
the sequence of the longest fragment, which com-
prised 75% of residues. All other cases had initial
model built as one fragment. The top hit in a BLAST
search was then used as a sequence for further
rebuilding. It has to be noted that search method
which uses permutations of sequence fragments is
unsuitable for very fragmented models. Firstly,
because the large number of resulting sequences
would be prohibitive to do manual BLAST searches.
Secondly, the reliability of sequence assignment in
very fragmented models may by low.

Selection of representative models for MR

The templates for MR provided in Table I were
selected to represent distinct conformational states
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of the given protein using the following procedure.
First, all crystal structures of a template were iden-
tified on the basis of BLAST sequence clustering
provided by RCSB PDB website. Clusters formed by
sequences with 95% identity to a template were
used. For most cases, all individual protein chains
present in the sequence cluster were selected for fur-
ther analysis. In few cases (lysozyme, thrombin,
thermolysin, trypsin), the number of deposits in a
cluster was larger than 100. Therefore, instead of all
chains in a cluster, the highest resolution structure
for each unique space group and unique crystal lat-
tice parameters (within 1% tolerance) was selected
for further analysis. These selected chains were
then clustered on the basis of pairwise RMSD values
calculated using SSM'? superposition algorithm
using the complete-linkage clustering method. For
each cluster that comprised structures that had
their pairwise RMSD lower than 1 A a medoid chain
(chain that had lowest pairwise RMSDs to all
remaining chains in a cluster) was selected as repre-
sentative for the cluster and presented in Table I,
unless otherwise noted. If individual chains from
one deposit were present in distinct clusters, a
deposit is listed once.

Conclusions
In most laboratories, protein production is the start-
ing point for further project development. We sus-
pect that purification happen more
frequently than reported in the literature, because
these cases do not address primary research goals
and are considered to be more of a problem to over-
come rather than a result to report. In most of the
cases described in this article, only a slim amount of
evidence had indicated potential problems with the
subsequent experiments, but they were not striking
in any case. Except in the case of GNAT, the crystal-
lization of an artifact was completely unexpected.
Even a very pure protein sample will contain at
least trace amounts of contaminant proteins, which
may affect not only crystallographic but also func-
tional studies. While crystallography may be very
robust both during crystallization and structure
solution to impure protein samples, one should more
closely scrutinize the outcomes of other methods.
During functional studies even trace amounts of
active contaminants have the potential to produce a
false positive result, particularly when previously
uncharacterized proteins are screened by broad
activity assays. If the protein seems to be pure, an
error may be very difficult to detect, since, unlike in
crystallography, the presence of an artifact may be
very difficult to visualize. This is especially
important for proteins of unknown function, where,
the first detected activity may be the consequence of
the presence of a contaminant.

artifacts
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When experiments are carried out in high
throughput mode, high throughput does not always
mean high output. It may be reasonable to spend
more time or sacrifice more resources to trouble-
shoot unsuccessful or unexpected results of an
experiment. Overall, credible and repetitive results
are much more important than the time savings on
a particular experiment. Experimental protocols
must be adjusted according to the resources avail-
able in a laboratory. Usually stricter protocols
reduce the chances of obtaining an artifact, however
they generally cost more and are more time and
material consuming. If some procedures are less
strict, one should keep in mind that a chance of
obtaining an artifact is much greater.

Even if crystallization artifacts could potentially
be avoided, they still happen in practice. We suggest
that issues of experimental irreproducibility in a
number of scientific fields, prominently discussed in
several recent articles,*?>*® may be partly related to
undetected purification artifacts. Herein, several
straightforward computational approaches for the
detection of purification/crystallization artifacts have
been described, which we hope will significantly
reduce the time spent on troubleshooting whenever
such cases are encountered, and increase the overall
awareness of potential pitfalls and artifacts. The
methods presented here allow for quick identifica-
tion of the artifact during and just after data collec-
tion—potentially saving lots of effort. Nevertheless,
when resources permit one should also consider
experimental methods of verifying the identity of
the crystallized sample after data collection. Mass
spectrometry analysis of the crystal can ensure the
presence and integrity of a crystallized protein. An
additional benefit of this method is confirmation of
possible ligands, binding partners, or modification of
amino acids (like oxidation of cysteines). Verifying
protein mass could be useful not only when the
chance of obtaining artifact is high, but also as a
procedure to search for protein regions that may
degrade during crystallization if the built protein
model is incomplete and lacks certain protein
regions or domains. Deviations from molecular
weight can be also detected by SDS-PAGE analysis
of crystallized protein sample, which due to cost
effectiveness can be done routinely.

Just before submitting revised manuscript, we
encountered another case of crystallization of unex-
pected protein. The HaloTag7 used for enhancing
protein solubility crystallized instead of the desired
protein. By applying a method suggested in this
work—searching PDB with unit cell parameters and
subsequent MR, it was possible to quickly discover
this artifact. This further shows that unfortunate
issues described in this article are common in labo-
ratory work and solutions presented here to detect
them are useful.

PROTEIN SCIENCE ‘ VOL 25:720-733 731



The list of PDB codes that can be used to detect
crystallization artifacts using MR and detailed data
about MR experiments run with diffraction data col-
lected from crystallization artifacts are also avail-
able here: http://www.bioreproducibility.org/pages/
protein_purification_artifacts. Diffraction experi-
ments were deposited to BD2K http://www.protein-
diffraction.org/server.
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