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Abstract

As the scientific community strives to make published results more transparent and reliable, it has become obvious that poor
data reproducibility can often be attributed to insufficient quality control of experimental reagents. In this context, proteins
and peptides reagents require much stricter quality controls than those routinely performed on them in a significant proportion
of research laboratories. Members of the ARBRE-MOBIEU and the PAEU networks have combined their expertise to gener-
ate guidelines for the evaluation of purified proteins used in life sciences and medical trials. These networks, representing
more than 150 laboratories specialized in protein production and/or protein molecular biophysics, have implemented such
guidelines in their respective laboratories. Over a one-year period, the network members evaluated the contribution these
guidelines made toward obtaining more productive, robust and reproducible research by correlating the applied quality con-
trols to given samples with the reliability and reproducibility of the scientific data obtained using these samples in follow-up
experiments. The results indicate that QC guideline implementation facilitates the optimization of the protein purification
process and improves the reliability of downstream experiments. It seems, therefore, that investing in protein QC might be
advantageous to all the stakeholders in life sciences (researchers, editors, and funding agencies alike), because this practice
improves data veracity and minimizes loss of valuable time and resources. In the light of these conclusions, the network
members suggest that the implementation of these simple QC guidelines should become minimal reporting practice in the
publication of data derived from the use of protein and peptide reagents.
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Introduction

Research in the area of life science has been dramatically
expanded, and technologically advanced, in recent years
due to its increased relevance to sustaining developments
in the fields of medicine. However, there are many exam-
ples of the inability to accurately reproduce published data
(Begley and Ioannidis 2015; Marco et al. 2021; Freedman
et al. 2015; Bradbury and Pliickthun 2015; Baker 2016).
This has been acknowledged by funding bodies (Collins
and Tabak 2014) and journals (Announcement 2013, 2017,
Free 2020), but, in contrast to other disciplines, in which
reagents and methodologies have already been standard-
ized, no specific standards for the quality controls of pro-
teins used as reagents existed prior to this joint ARBRE-
MOBIEU /P4EU initiative (Marco et al. 2021).

The advent of genome sequencing projects gave
researchers worldwide access to the sequence data of their
‘genes of interest’ and the simplification in cloning and
recombinant expression technology enabled the production
of recombinant proteins for their own research. The down-
side of such a development is that many researchers, inex-
perienced in handling proteins, overlook some basic prob-
lems that can lead to flawed or artefactual observations
when using proteins in experiments. Similarly, for the vast
majority of commercially available protein reagents only
minimal Quality Control (QC) data are normally provided,
usually limited to protein sequence, Sodium Dodecyl Sul-
phate Poly-Acrylamide Gel Electrophoresis (SDS-PAGE)
data and buffer composition. While this information is
essential, it gives the end-user no guarantees that the pro-
tein will be soluble, correctly folded, functionally active,
non-aggregated, etc. The deleterious effects of poor pro-
tein quality on data reproducibility are evident and protein
quality control methods have been published previously
(Lebendiker et al. 2014; Buckle 2011; Marco 2010; Raynal
et al. 2014, 2021; Griaslund 2008; Medrano et al. 2012),
but the research community has, thus far, not reacted to
such endeavors. To this effect, the ARBRE-MOBIEU and
the PAEU networks have produced a list of recommended
tests (QC Guidelines) to aid in the validation of protein
samples used in biological research. These Guidelines
have been recently presented in detail (Marco et al. 2021)
and are available at the webpages of both contributing
networks (https://p4eu.org/protein-quality-standard-pqs
and https://arbre-mobieu.eu/guidelines-on-protein-quali
ty-control).

In this article, we assess, by means of a large-scale
survey, how the implementation of a limited number of
simple tests for the evaluation of the quality of protein
and peptide reagents can significantly improve their qual-
ity, and consequently, the reproducibility and reliability
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of downstream experimental data derived from the use of
such reagents. The results support our assertions (Marco
xxxx) that data from these minimal QC tests should be
presented in all publications to strengthen confidence in
the protein/peptide reagents used in the experiments, in
a very similar way to the statistical compliance currently
already required by most scientific journals.

Methods
Guidelines as theoretical reference

A set of good practices and techniques suitable for pro-
tein QC and reported in the Guidelines (Marco et al. 2021)
(https://p4eu.org/protein-quality-standard-pqs and https://
arbre-mobieu.eu/guidelines-on-protein-quality-control)
were assessed for their utility in daily laboratory practice,
as they are aimed at determining protein sample quality (and
therefore also the quality of the derived data) as well as data
transparency. The proposed techniques were chosen because
they are generally accessible and inexpensive. A reliable
protein QC therefore requires the provision the following
information:

(i) Identity of the protein of interest, full primary
sequence and conditions used to produce and purify
the protein.

(i1)) Confirmation of protein purity, homogeneity, identity
and integrity.

(iii) Complementary techniques are recommended for
improved characterization, some of which should be
considered mandatory for selected applications.

Survey

Members of both the ARBRE-MOBIEU and the P4EU net-
works participated in the collection of information on pro-
tein samples by adopting a common on-line survey sheet
(Supplementary Material 1), in which the results of the QC
tests, as applied to various samples, were recorded. The sam-
ples were proposed randomly by the participating laborato-
ries to increase their heterogeneity. The number of samples
for each single laboratory was limited to 5 to avoid possible
bias due to the over-representation of the processes of few
specific laboratories. In addition, the relative success of the
downstream experiments performed using these samples was
reported after self-evaluation by the participating labora-
tories. This second analysis step enabled the evaluation of
the impact of the protein sample QC tests performed on the
quality of the final experimental results obtained.


https://p4eu.org/protein-quality-standard-pqs
https://arbre-mobieu.eu/guidelines-on-protein-quality-control
https://arbre-mobieu.eu/guidelines-on-protein-quality-control
https://p4eu.org/protein-quality-standard-pqs
https://arbre-mobieu.eu/guidelines-on-protein-quality-control
https://arbre-mobieu.eu/guidelines-on-protein-quality-control
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Statistics

For a chosen confidence value, the number of sample meas-
ures in each test determines the margin of error on each
test. The margin of error E of the survey results was calcu-
lated according to the following formula for dichotomous
outcome:

n=pQ —p)(%)2

where n is the number of samples, Z is the value from the
standard normal distribution reflecting the confidence level
that will be used (e.g., Z=1.96 for 95%) and E is the margin
of error. p is the proportion of successes in the population.
All the calculations were done with a confidence level of
95% using a Z of 1.96.

To estimate the significance of the difference in the suc-
cess of the downstream application, a two independent sam-
ple for dichotomous outcome statistical test was used. For
each QC test and group of tests for which the downstream
application was evaluated, the difference in succeeding in the
downstream application between the failing and passed sam-
ples was statistically evaluated with the following formula

PP
\/pa -p(++1)
n ny

where n; and n, are the number of failing and passing sam-
ples in each QC test or group of tests, respectively. p; and
p, are the proportion of samples being successful in their
downstream application for the failing and passing sam-
ple, respectively. The null hypothesis of no difference was
rejected for confidence higher than 95% i.e. Z> 1.96.

Z =

Results and discussion
Data analysis

Information on the test results of 188 samples, sourced
from 43 academic laboratories worldwide (Supplementary
Material 2), was collected and analyzed (see Supplementary
Material 1 for details). Each laboratory entered 4-5 samples
that were produced in either protein core facilities (23%)
or academic research laboratories (77%). The academic
research laboratory sample information was collected by
the biophysical core facility of Institut Pasteur. According
to statistical analysis, using dichotomous test this number of
samples was sufficient to get an error margin up to 7% with
a confidence of 95%. Concerning the source organisms of
the proteins, one third of the tested proteins were bacterial,

another third was of human origin, whereas mouse, plant and
virus proteins represented each 6% of the submitted sam-
ples. The last 20% corresponded to proteins from a large
array of different organisms, such as yeasts and archaebac-
teria, and some of them were even synthetic. The proteins
were produced in different hosts: 78% in bacteria, 10% in
mammalian, 8% in insect cells, and 4% were produced in
yeast and cell-free systems. Proteins were used for differ-
ent applications or for combinations of applications such
as biochemical analyses (~ 62%), structural studies (~42%),
as recombinant antibodies (~ 10%), or for use in in vivo and
activity tests (~ 15%).

According to the results of the survey, more than 98% of
the tested samples were well described in terms of origin,
primary sequence composition, buffer composition and stor-
age conditions. However, the cloning strategy was unknown
in more than 18% of the cases. This condition made it
impossible to verify whether the chosen strategy resulted in
unwanted modifications of the primary sequence. Further-
more, it impeded the ability to reproduce the experiment
and undermined the overall trustworthiness on the samples.
This observation confirmed the necessity of providing such
information when publishing as it is not currently reported
systematically.

Only two thirds of the samples were tested for identity
and integrity (Fig. 1a) by one of the methods reported in
the Guidelines (mass spectrometry was used in 83% of the
cases) and 20% of these had an unexpected mass or sequence
despite the protein providers confirming (or claiming to
know) the exact sequence of the expression clone (Fig. 1b).
In our experience, more accurate scrutiny by the protein
provider is usually needed. In several cases, the discrep-
ancy derived from errors in the provided sequence (absence
of the tag, linker, etc.) This meant that several providers
did not know the exact design of their gene construct with
the consequence that the corresponding proteins can pro-
duce misleading results in the downstream application. We
assessed the statistic implication of this drawback for the
downstream applications (Fig. 2a) and a significant differ-
ence (53%) was observed between failing and acceptable
samples, with an improved chance of downstream success
for those with confirmed identity. This indicates the neces-
sity of performing these preliminary analyses, as it seems
that the sample identity is too often a contributing factor to
poor quality of protein reagents. MS is now readily accessi-
ble to most researchers, either through core facilities or com-
mercial providers, and should be considered more widely as
an essential standard, QC for proteins and peptide reagents.

The purity of the samples was tested in 97% of the cases
(Fig. 1a) and most of the participants (93% of tested sam-
ples) relied on SDS-PAGE to assess this parameter, as it
is a commonly available technique in almost any research
laboratory. However, special care should be taken in the
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Analysed for identity and integrity=Y////Z/////// /7777777777, /777,

Analysed for purityY//////// /7770770007700 7700077

Analysed for homogeneity=Y//Z/Z/////// 4/ /74474774774

Analysed for the 3 quality tests=Y//////// /777777777777 77/

Sequence & production comprehensively documented=Y//Z///////// 7777777/ /7777777 7777,

r« No r= Yes

v ' LJ ' v ' v '
0 20 40 60 80
Percentage of the 188 samples analyzed

)
100

Identity and integrity

B3 80.00% Passed
Hl 20.00% Failed

133 Samples tested .Estimated error margin 1%

Purity

C

B3 88.00% Passed
Bl 12.00% Failed

182 Samples tested . Estimated error margin 1%

Homogeneity

B3 77.00% Passed
El 23.00% Failed

173 Samples tested . Estimated error margin 1%

Passed all the applied QC tests E

Ea 69.00% Passed
Bl 31.00% Failed

132 Samples tested . Estimated error margin 3%

Fig. 1 Summary of the provided information and the tests performed
with the samples. The error margin was estimated according to sta-
tistical formula for one sample with dichotomous outcome. a Infor-
mation and analyses realized for the 188 samples. “Sequence & Pro-
duction Comprehensively documented” means that protein samples
are correctly described and with sufficient information to reproduce
the sample. “Identity and Integrity”-samples were evaluated by MS,
“Analyzed for Purity” refers to samples assessed by appropriate tech-
niques such as SDS-PAGE, CE, RPLC or equivalent. “Analyzed for

choice of staining reagents used since their sensitivity
varies from 1 to 100ng (Buckle 2011). Consequently,
the possibility to detect minor impurities, representing
from 1 to 5% of the total sample, is directly dependent
on the staining method. According to the survey results,
12% of the samples tested by SDS-PAGE were evaluated
as impure (Fig. 1c) as they contained proteins of unex-
pected molecular weight. Only 27% of these contaminated

@ Springer

homogeneity”-samples were evaluated for homogeneity using at least
one of the following techniques: SEC, DLS, SEC-MALS, Field-Flow
Fractionation, Field-Flow Fractionation-MALS, Analytical Ultra-
Centrifugation. b—d Breakdown of sample testing results. Percent-
age of the samples that failed/passed each of the three main quality
testing categories criteria (identity and integrity, purity, homogeneity
respectively). e Percentage of samples that satisfied tests in all three
testing categories

samples gave fully satisfactory results in their downstream
application (Fig. 2b), namely reproducible data confirming
those obtained with a positive control or expected results
according to complementary analyses. In comparison,
when samples classified as pure were used in downstream
applications, 66% of the results were assessed as satisfac-
tory. This strong correlation between sample purity and
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Fig.2 Correlation between
QC assessment and level of

QC assessments

Downstream application

satisfactory results obtained in
downstream applications. The
assessments were presented in
Fig. 1. Only the data for which
the downstream application was
known were used. The confi-
dence was estimated according
to statistical formula for two
samples with dichotomous
outcome

Identity integrity

93 Samples with known
Downstream appplication

_/__\____

17%

17% *

B3 Satisfactory Results
3 Partially Satisfactory Results
Bl Unsatisfactory Results

* Significant difference between
failed and passed samples

Confidence > 0.95

Purity

119 Samples with known
Downstream appplication

/

27% *
B Satisfactory Results
3 Partially Satisfactory Results

BB Unsatisfactory Results

* Significant difference between
failed and passed samples

Confidence > 0.95

Homogeneity

124 Samples with known
Downstream appplication

__\_

T~

Cc

B3 Satisfactory Results
3 Partially Satisfactory Results
BB Unsatisfactory Results

* Significant difference between
failed and passed samples

Confidence > 0.95

the success of the downstream experiments confirms the
necessity of this quality evaluation step.

The homogeneity (i.e., size distribution) of the samples
was tested primarily by dynamic light scattering (DLS) and/
or analytical size exclusion chromatography (SEC) and in
20% of the tests performed the chromatography was cou-
pled to a static light scattering detector (SEC-MALS). 8%
of the samples were not assessed for homogeneity by any
method (Fig. 1a), which is surprising as SEC is usually used
by laboratories as a secondary or final purification step for
protein production. The limited exploitation of these sim-
ple and generally accessible methodologies represents a

striking case of missed opportunity since 23% of the tested
protein samples were not homogeneous but presented sev-
eral size-defined species and/or aggregates (Fig. 1d). We
observed that the expression system had a strong influence
on the homogeneity of the purified sample. 27% of the sam-
ples produced in bacteria were not homogeneous, in com-
parison to 15 and 10% of the proteins produced in mam-
malian and insect cells, respectively. Among the samples
that were evaluated as homogeneous, 74% were assessed to
have performed successfully in their downstream applica-
tions, whereas only 17% of the non-homogeneous samples
performed successfully in their downstream applications
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(Fig. 2c). These results show clearly that homogeneity is an
important factor in determining the successful achievement
of reproducible research. Furthermore, the detection of poor
sample homogeneity indicated the necessity of improving
this sample characteristic. During this study, the homogene-
ity of nine samples was substantially improved by optimiz-
ing the buffer composition. In terms of homogeneity, after
the optimization of buffer composition, protein concentra-
tion and storage conditions using DLS and differential scan-
ning fluorimetry (DSF) (Raynal et al. 2014; Medrano et al.
2012; Monsellier and Bedouelle 2005; Dupeux et al. 2011),
the quality of 95% of these samples was improved suffi-
ciently for them to be used in their downstream applications.

UV absorbance spectroscopy also proved effective in
evaluating sample homogeneity and stability. Thus, the
assessment of a sample by recording the ‘full” UV spec-
trum (240-400 nm wavelengths), instead of a simple A g,
nm reading to assess concentration, allowed the detection
of aggregates in 75% of the non-homogenous samples, as
well as the presence of nucleic acid and trace quantities of
reducing agents in the buffer. This simple UV spectral scan,
that is recommended as an extended technique and was per-
formed on 60% of the samples, is rapid, preserves the sample
and relies on spectrophotometers that are usually available
in most of the laboratories. Among the samples that did not
have a satisfactory UV spectrum, only 17% fully succeeded
in their downstream applications. In contrast, 69% of the
samples classified as non-aggregated by the UV spectrum
provided convincing downstream data.

Overall, a third of the samples out of 132 failed at least
one of the minimal tests (Fig. 1e), with 21% failing only

Fig.3 Overall correlation
between favorable QC results
and level of satisfactory results
obtained in downstream
applications. Samples were cat-
egorized as either passed all or
failed at least one of the applied
minimal QC tests (Fig. 1, left
chart). Sample users evaluated
and reported the downstream
results obtained with their pro-
tein samples choosing among
three categories: Unsatisfactory,
Ambiguous/Partially Satisfac-
tory or Satisfactory. Finally,
sample downstream reliability
of sample performance in
downstream applications was
correlated to their QC output
for 64 of them (fulfilling all the
applied QC tests or failing one
or more QC tests)

QC tests
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Failing at least
one of the
applied tests

Passing all
applied tests

one test, 6% two tests and 4% all the tests. In the absence of
the minimal controls reported in the guidelines, research-
ers would have used preparations that were contaminated,
degraded, or aggregated in approximately one third of their
experiments. This practice would certainly have resulted in
misleading or irreproducible results. The consequences of
using protein samples that failed to pass at least one of the
quality control tests in downstream applications are sum-
marized in Fig. 3. Samples that failed one of the minimal
tests performed successfully in only 21% of the downstream
applications, whereas 79% were deemed to have produced
inconsistent or partially satisfactory results. In contrast,
the samples that passed all the minimal tests were deemed
to have performed successfully in 74% of the downstream
applications, whereas only 26% produced inconsistent or
partially satisfactory results. This clearly shows that using
these simple assessment and optimization procedures, the
probability of the proteins performing successfully in the
downstream procedure increases drastically.

The detailed evaluation of the data derived from the anal-
ysis of these samples is summarized below. However, we
would like to point out that several participants to the survey
work in specialized laboratories that are used to good prac-
tices for protein quality evaluation and already implemented
several of the QC analyses reported in the Guidelines. We
were therefore surprised that even in such a context, a sys-
tematic application of the required techniques could lead
to the significant improvement of the sample quality we
observed. Consequently, we expect that, when applied by
labs that do not routinely perform QC tests, the introduction
of the good practices indicated in the Guidelines will impact

Downstream application

B3 Satisfactory Results
3 Partially Satisfactory Results
BB Unsatisfactory Results

* Significant difference between
failed and passed samples

Confidence > 0.95
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the quality of the produced proteins and the results obtained
with these protein reagents even more strongly.

i. Confirmation of construct identity: More than 98%
of the tested samples were well-described in terms
of origin, primary structure, buffer composition, and
storage conditions.

ii. Purity assessment: This simple assessment identi-
fied 12% of the tested samples as ‘impure’, as they
contained significant levels of proteins of unexpected
molecular masses.

Homogeneity/dispersity: The combined SEC/DLS
evaluation of sample dispersity already revealed that
nearly 25% of the tested protein samples were not
homogeneous, but contained both low and higher-
order aggregates. In the case of nine of these samples
identified as ‘non-homogenous’, attempts were made
to improve dispersity, which in all cases led to better
homogeneity.

Identity and intactness: Only 66% of the samples
were tested for identity and/or integrity (by MS and/
or Edman sequencing) and, out of these, 20% gave
masses or sequences that did not correspond to the
anticipated values.

Conclusion

These data clearly demonstrate that the application of a lim-
ited number of simple QC tests provides reliable indicators
of the quality of the protein reagents, with the more strin-
gently assessed reagents producing significantly improved,
more reproducible results in downstream applications. The
quality control processes outlined here are simple, with
instruments or services accessible to most laboratories,
their costs are limited (less than 100€) and ultimately cost-
effective when compared to the overall cost of the experi-
ment and the risk of producing poor quality, irreproducible
or artefactual data.

In addition, the data derived from such tests can be used
to inform researchers on the nature of a problem, e.g. protein
solubility or aggregation state, and allow the problem to be
corrected, or improved upon, in a logical, informed manner
(e.g. see refs (Free 2020; Marco et al. 2021; Lebendiker et al.
2014; Raynal et al. 2014; Raynal et al. 2021) for defined
decision-making processes for improving protein quality).

The implementation of these simple QC steps, and the
public availability of such QC data, could therefore sig-
nificantly increase the level of confidence in the published
data resulting from the use of these reagents. Currently, the
published information on protein sample provenance and
quality data often still falls short of a full description of the
experimental conditions used and therefore the means for

other researchers to reliably reproduce the experimental data
are frequently lacking. With the advent of on-line publishing
and the corresponding removal of space constraints on paper
content, it is essential that these data are integrated into the
Material and Methods or Supplementary Data sections when
publishing as suggested in ref. 10. It is our assertion that
these published sections should therefore contain sufficient
information to faithfully reproduce the data therein, without
resorting to making contact with the authors. It should also
contain details of the QC tests performed on any protein/
peptide reagents used in a study in order to give referees and
readers an indication of the quality of the materials being
used to derive any given data set.

It is evident from the presented data that a small invest-
ment of time in the QC of protein/peptide-related reagents,
at negligible additional costs, can produce a significant
improvement in the quality and reproducibility of experi-
mental data obtained using these reagents. The feasibility of
the simple tests suggested here leaves little room for excuses
for ‘non-compliance’ with the minimal protein QC proce-
dures (Free 2020) that should be considered as an essential
component during the process of submitting a research paper
for publication.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00249-021-01528-2.
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