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Replicability is the foundation of research in any scientific discipline. Despite this fact, few studies 
address experimental variability within and across multiple institutions that operate under the same 
protocol. While consistency is usually well documented within the same lab, multi-institutional 
experiments may introduce new variables and, therefore, variability that may lead to inconsistent 
results. This study seeks to explore intra- and interinstitutional variability among enzyme catalytic 
efficiency values (KM and kcat/KM) for the wild type of β-Glucosidase derived from Paenibacillus 
polymyxa. A standardized protocol for the assay was provided to all institutions that participated in 
the study. The analysis was conducted using data from 13 laboratories across the United States. The 
information was collected through the Design2Data CURE database. A total of 132 independent 
assays of β-Glucosidase were analyzed. Statistical analysis of kcat/KM , KM, and T50 was conducted 
using SPSS, and Whisker Plots with a 90% confidence interval were generated for all parameters. 
Acceptance intervals for the parameters assayed of β-Glucosidase were determined; these could be 
used in all future experiments in the network as a reference by current and incoming laboratory 
members that incorporate into the network yearly. Ultimately, we aim to identify possible errors and 
misunderstandings in the protocol we use in the laboratories of the D2D network to improve assay 
replicability across institutions. High variability may be a concern when data is interpreted across 
institutions. This specific assay is used as a control for other, more complex assays in the CURE 
network and, therefore, the variability found can potentially lead to incorrect interpretation of results. 
It also highlights the high variability of a simple enzymatic assay when it is replicated in laboratories 
with different personnel and equipment, regardless of using the same standardized protocol.  
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Introduction

Design2Data (D2D) is a nationwide network of laboratories dedicated to exploring the triad of sequence, 
structure, and function. Originally established by four institutions (University of California (UC), Davis, 
Florida International University, Truckee Meadows Community College, and Hamline University), the net-
work has since expanded, now encompassing ~40 universities and colleges. Through a C.U.R.E. (Course-
based Undergraduate Research Experience) program, D2D-CURE aims to provide undergraduate students 
with an immersive research experience, as well as foundational research skills (Vater et al., 2021).

One of its notable projects involves the characterization of amino acid residues in β-Glucosidase B from 
Paenibacillus polymyxa via systematic mutations (Carlin et al., 2016). β-Glucosidases are a multi-organism 
enzyme family responsible for the hydrolysis of glycoside, oligosaccharides, and cellulose, cleaving the gly-
cosidic bond and having glucose as an end-product (Cairns et al., 2010). The presence of glucose inhibits 
the chemical reaction (Singhania et al., 2012). They are present in all domains of life, although their starting 
substrate differs based on the specific function and organism of origin. Due to its widespread occurrence 
and enzymatic activity, this family is a subject of interest in various fields, such as agriculture, engineering, 
and medicine. In humans, decreased hydrolysis of glucocerebrosides is the cause of Gaucher’s disease, as 
leukocyte β-Glucosidase has a lower enzymatic activity (Beutler et al., 1971). Some β-Glucosidases also have 
an application in oenology, as they are capable of hydrolyzing monoterpenes without altering the taste of 
wine and grapes (Rosi et al., 1994).

Within the D2D framework, students are guided through a three-phase journey centered around their 
β-Glucosidase enzyme. Students design their mutant variant, build it, and subsequently test its properties, 
comparing its catalytic and thermal parameters to the wild-type. This hands-on approach is further en-
riched by the integration of advanced software and online resources, including Foldit Standalone, Jalview, 
the D2D database, and BLAST (Vater et al., 2021).

FoldIt Standalone, a graphical interface evolved from the RoseTTA molecular prediction program, al-
lows users to mutate known enzyme structures and it provides insights into molecular stability by gener-
ating an energy score, as an indicator for thermostability (Kleffner et al., 2017). However, like its coun-
terparts—including AlphaFold2, RoseTTAFold, intFOLD7, and MULTIFold—FoldIt Standalone relies on 
computational algorithms to approximate these scores (Schutze et al., 2022; Outeiral et al., 2022). These 
computational strategies can occasionally be inaccurate. They might overlook the diverse ensemble of pro-
tein conformations and sometimes sidestep biophysical properties and the “two-state” processes inherent to 
protein folding (Outeiral et al., 2022).

The limitations of computational tools, such as FoldIt Standalone, validates the relevance of networks 
like Design2Data. D2D provides data that serve as a benchmark to challenge and validate the predictions 
made by such software (Vater et al., 2021). By introducing variant amino acids and analyzing the mutated 
enzyme’s expression patterns—thermostability, catalytic efficiency, and substrate affinity—a comprehensive 
dataset can be created. This information is compared against the algorithmic predictions of FoldIt Stan-
dalone, particularly its energy score estimations and expression predictions. Discrepancies between experi-
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mental outcomes and computational predictions are documented, offering invaluable insights to refine and 
enhance the underlying algorithms of the software.

Because of this quality of the D2D project and the evaluation of mutant products, it becomes of increased 
importance for universities to have a standardized protocol and produce baseline comparison wild-types. 
Since D2D is a multi-institutional network, all laboratories must run their own wild-types along their mu-
tation assays per the network-wide procedures. The data from each laboratory is then uploaded to D2D for 
keeping records of all wild-types generated, which serves as a baseline to compare the new mutants (Huang 
et al., 2020). Consequently, the ability of laboratories to produce similar and consistent results becomes of 
paramount importance with this approach.

There are not too many studies that had explored this issue. At least a previous study found that even 
with standardized protocols, results tend to diverge in intra and inter-laboratory experiments (Pan et al., 
2010), though the sources of error vary.  Our paper aims to further investigate this discrepancy. The D2D 
nationwide network is in a unique position to contribute to understanding replicability within laboratories 
and variability across multiple institutions. 

Methods and Procedures

For this study, a detailed set of sequential instructions for testing β-glucosidase was provided to thirteen 
institutions actively engaged in the Design2Data (D2D) data collection initiative, which includes universi-
ties across the United States. Along with the experiment protocol, the institutions were also provided with a 
list of distributors from which they could purchase reagents, materials, and cell cultures.

Each laboratory was tasked with running a wild-type assay to act as a control along with their selected 
mutants. This control is essential for comparative analysis and ensuring the integrity of the experimental 
protocol and the investigated mutations.

1.Wild-Type Expression

In each laboratory section, four wild-type replicates were expressed as a baseline for comparison. The 
β-glucosidase wild-type plasmid was bioengineered at our partner institution, UC Davis, and then provided 
to all other institutions. Two microliters of β-glucosidase wild-type plasmid were transformed into E. coli 
DH5𝛼 chemically competent cells. Transformation was achieved through multiple rounds of ice incubation 
followed by a heat shock. Subsequently, the cells were plated on LB/Kan+ (50 μg/mL) Petri dishes and al-
lowed to incubate for 16 hours at 37°C. After bacterial colonies grew, one was selected from each wild-type 
Petri dish and inoculated into LB media containing kanamycin. Cells were incubated overnight at 37°C in 
a shaker at 255 RPM.

The next morning, bacteria were collected by centrifugation and plasmid DNA was isolated using a 
QIAprep Spin Miniprep Kit. β-glucosidase plasmid was Sanger sequenced at Eurofins Genomics (Louisville, 
KY) to confirm the plasmid sequence.

In order to express β-glucosidase, 2 μL of β-glucosidase plasmid were transformed into E. coli BL21(DE3) 
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chemically competent cells. Cells from this transformation were plated onto petri dishes with kanamycin 
(50 μg/mL). The bacterial cultures were incubated overnight at 37°C. The next day, a single colony was se-
lected and cultured in LB media with Kanamycin for 16 hours at 37°C and shaking at 255 RPM. After incu-
bation, IPTG was added to the LB media to induce protein expression for 16 hours at 20°C, shaking at 255 
RPM. The following day, cells were collected by centrifugation and stored at -20°C until protein extraction 
and purification were performed.

β-glucosidase was previously tagged with a poly-histidine tag. This distinctive molecular marker en-
abled its purification using immobilized metal ion affinity chromatography using Ni-NTA. The purified 
β-glucosidase underwent SDS-PAGE analysis, a technique employed alongside other BgIB variants, to check 
for the quality of the protein purification process.

2. Kinetic and Thermostability Assay

To assess the enzymatic activity of BgIB, 4-nitrophenyl-β-D-glucopyranoside was used as substrate. 
Upon enzymatic activity and hydrolysis of the bond between the nitrophenyl group and the sugar moiety, a 
yellow color is released. The intensity of the color yellow was used to determine the dilution factor used for 
the thermo and kinetic assays,

For the kinetic assay, a 96-well plate was set up with varying substrate stock concentrations through 
serial dilution. Initially, 150 μL of substrate stock was added to row A using a single-channel pipette. For 
rows B through H, 100 μL of elution buffer was added. Then, 50 μL of substrate stock was serially transferred 
from row A to B, B to C, and so on using a multi-channel pipette. For the protein plate in the kinetic assay, 
25 μL of the diluted wild-type was added to the first three columns. Then, 75 μL from the substrate plate was 
transferred into the protein plate, initiating the enzymatic assay.

For the thermal assay, 14 μL of BgIB protein was combined with 1386 μL of the elution buffer in a small 
plastic tube. From this mixture, aliquots of 150 μL were dispensed into an 8-PCR tube strip, each corre-
sponding to a distinct temperature. Each plastic tube was incubated for 30 minutes in a thermal cycler with 
a gradient from 50°C to 30°C. Subsequently, the substrate plate was readied by transferring 75 μL of a dilut-
ed substrate solution into all 96 wells. An enzyme plate was then arranged using 50 μL triplicates for each 
PCR tube. Finally, 25 μL from the prep plate was transferred into the enzyme plate for each well to start the 
enzymatic reaction.

A spectrometer operating at a wavelength of 420 nm was used to detect the amount of product being 
released in the reaction. Subsequently, the obtained data points were uploaded into the Design2Data (D2D) 
repository website. These data were then used for graphical representations of the data and determination of 
the thermal and kinetic parameters of the enzyme.

Three parameters were calculated were KM, kcat/KM, and T50. The term KM refers to the Michaelis con-
stant, a substrate concentration value that corresponds to the reaction velocity that is half of the maximum 
velocity, Vmax. Similarly, kcat/KM refers to the specificity constant, a value that helps assess the catalytic effi-
ciency of the enzymes. Lastly, T50 indicates the temperature at which 50% of the enzyme is still functional 
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and is used as an indicator of thermal stability.

3. Interpretation of nationwide results

Data was collected from the Design2Data (D2D) online database (https://www.d2dcure.com/). The data 
was separated into two categories: curated and non-curated. Curated data reflected an in-depth analysis 
performed by laboratory supervisors to assess for any possible errors of input or invalid data-points, where-
as non-curated data was raw data. All curated wild-type data points were obtained from the institutions of 
the network and analyzed through a Kruskal-Wallis test via the statistical software Statistical Product and 
Service Solutions (SPSS). Curated and non-curated data points were then used to construct Whisker Plots 
with 90% confidence range. Finally, a comprehensive table was produced showcasing medians and intervals 
for each tested parameter: KM, kcat/KM, and T50.

Results

An Independent-Samples Kruskal-Wallis Test was conducted using the SPSS computational tool to as-
sess the validity of the reported data. The test was conducted under the assumption of a null hypothesis, 
positing that the data points were uniformly distributed across institutions within each category. For the 
purpose of evaluating reliable data, the analysis was done on the curated dataset—a collection of experimen-
tal values that the lab supervisor of each institution has reviewed. The confidence interval was set at 95%, 
and the significance level was chosen as 0.050. The analysis was performed on three distinct variables: KM, 
kcat/KM, and T50.

For the KM parameter, the computed significance value was 0.573, based on a total sample size (n) of 79. 
The Kruskal-Wallis test statistic yielded a value of 7.620a, corresponding to a degree of freedom of 0. The sta-
tistical analysis resulted in the retention of the null hypothesis. This indicates that no significant differences 
were observed in the distribution of KM values across the various institutions.

In the case of kcat/KM, the computed significance value was found to be less than 0.001, considering a 
total sample size (n) of 79. The Kruskal-Wallis test statistic was calculated as 37.474a, accompanied by a de-
gree of freedom of 9. As a result of this analysis, the null hypothesis was rejected. This implies the existence 
of statistically significant differences in the distribution of kcat/KM values across the studied institutions.

The T50 variable yielded a significance value of 0.002, derived from a total sample size (n) of 40. The 
Kruskal-Wallis test statistic was calculated to be 20.081a, with a degree of freedom of 6. Consequently, the 
null hypothesis was rejected. This outcome indicates the presence of statistically significant differences in the 
distribution of T50 values among the institutions.

Furthermore, for a better comparison of data in between institutions, 90% confidence interval Whisker 
Box plots were created for curated, as well as non-curated datasets. This allowed for a side-by-side compar-
ison.
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Figure 1.0

Note: Whisker Plots (90% confidence) for KM values from participating institutions. The side-by-side 
comparison illustrates the difference between curated (left) and non-curated data (right). Participating in-
stitutions are labeled A-M. Circles represent data points outside of the 90% confidence interval, and asterisks 
depict outliers identified by SPSS as deviating significantly from the dataset’s norm.

Figure 2.0

Note: Whisker plot (90% confidence) for kcat/KM from participating institutions. The side-by-side com-
parison illustrates the difference between curated (left) and non-curated data (right). Participating institu-
tions are labeled A-K. Circles represent data points outside of the 90% confidence interval, and asterisks de-
pict outliers identified by SPSS as deviating significantly from the dataset’s norm. Institution L was excluded 
from the graph to ensure readability; however, it was included in the statistical analysis. 
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Figure 3.0

Note: Whisker plots (90% confidence) for T50 values participating institutions. The side-by-side compar-
ison illustrates the difference between curated (left) and non-curated data (right). Participating institutions 
are labeled A-K. Circles represent data points outside of the 90% confidence interval, and asterisks depict 
outliers identified by SPSS as deviating significantly from the dataset’s norm. Some institutions did not re-
port T50 values. 

Table 1

Median KM 
(mM)

Median kcat/KM 
(M-1s-1)

Median T50

Interval KM 
(mM)

Interval kcat/
KM (M-1s-1)

Interval T50

Curated 4.22 94.29 40.13 2.79-6.50 53.69-197.96 38.77-40.83

Non-
Curated 4.89 63.14 39.69 2.42-8.38 18.45-129.35 37.26-45.26

Note: This table presents the calculated wild-type median values along with their corresponding 90% 
confidence intervals for both curated and noncurated datasets across all participating institutions. Notably, 
one specific data point originating from University A was deliberately excluded from the calculations due to 
being an in-put error, not an experimental one.

The wild-type median KM value for the curated dataset was 4.22 mM, and the 90% confidence inter-
val range of 2.79-6.50 mM.  The median KM value for the non-curated dataset was 4.89 mM, and the 90% 
confidence interval range of 2.42-8.38 mM. This analysis was conducted on a comprehensive sample pool 
consisting of 136 data points. Notably, the reported findings vividly demonstrated substantial variability, as 
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depicted in Figure 1.

The wild-type median value for the kcat/KM for curated data was 94.29 M-1s-1, and the 90% confidence 
interval was 53.69-197.96 M-1s-1. The recorded non-curated data reported a median of 63.14 with a 90% 
confidence interval of 18.45-129.35 M-1s-1. Based on a total sample size of 136, this indicated high levels of 
variability between institutions, as shown in Figure 2. 

Among the 13 participating institutions, T50 values were reported based on data from 11 of them for the 
non-curated dataset, and 7 of them for the curated dataset. For the curated data subset, the median T50 val-
ue was determined to be 40.13 °C, with a 90% confidence interval spanning 38.77-40.83°C. Conversely, the 
non-curated data subset exhibited a median T50 value of 40.45°C, accompanied by a 90% confidence interval 
ranging from 37.26-45.26°C.

Discussion

The analysis of both curated and non-curated datasets extracted from the Design2Data database re-
veals a notable degree of intra-institutional variability in the obtained results. This observation underscores 
the complex nature of enzyme kinetics experiments, where numerous factors such as experimental condi-
tions, equipment calibration, and sample preparation can introduce variations. The identification of out-
liers through statistical methods, facilitated by SPSS, provides a mechanism to pinpoint and investigate 
discrepancies in reported data. These outliers can now be subjected to closer scrutiny within their respective 
laboratories, enabling the identification of potential sources of error and the refinement of experimental 
procedures.

The independent-sample Kruskal-Wallis test shows that kcat/KM and T50 contained a higher degree of 
variability. The measurement for KM, despite showing a wide range of values, is more consistent across 
institutions. This suggests that the variability for kcat/KM is more closely related to the value of the turnover 
number, kcat.

Our analysis shows that some institutions deviate from the reported median values of their counter-
parts. Institution L reports kcat/KM values that are 1000 times higher than the median values reported by 
other universities. Institution C reported kcat/KM values that range from 2 to 4 times higher than the estab-
lished norm. Possible explanations for these discrepancies include variations in the number of wild-type 
contributions, differing enzyme dilution factors, protein quantification, or human error in data recording. 

Interestingly, some institutions did not include a report for the T50 values or the quantity of wild-type 
enzymes expressed in their assays. The absence of these data hinders a comprehensive analysis and com-
parison of experimental outcomes. It is important to have a large and comprehensive dataset for a complete 
and holistic analysis of enzymatic kinetics results and to foster reproducibility across research institutions.

A significant finding emerges from the analysis of curated data, which displays a narrower range for 
the majority of parameters studied. This emphasizes the value of meticulous data curation by supervisors 
in maintaining the quality and relevance of the information stored in the D2D database. The curated data’s 
reduced variability further emphasizes the importance of standardizing experimental procedures and ad-
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hering to reporting guidelines, ultimately enhancing the reliability of enzymatic kinetics research findings.

The provision of 90% confidence intervals for KM, kcat/KM and T50 parameters serves as a valuable re-
source for guiding new institutions in designing and executing their enzyme kinetics experiments. These 
intervals offer a robust framework for assessing the precision and reliability of reported results. These in-
tervals are provided in hopes of identifying and eliminating experimental errors prior to their upload to 
the network by comparing outcomes to expected values. Additionally, they can be used by non-network 
affiliates in investigations of β-Glucosidases.

In conclusion, this study’s multifaceted analysis of the D2D database highlights various aspects of en-
zyme kinetics research. The provision of confidence intervals aids in guiding new institutions, the observa-
tion of intra-institutional variability prompts introspection and improvement, and the identification of devi-
ations and outliers helps identify potential problems in the assays and the final quality of the data reported. 
Furthermore, the absence of key data points and the narrower range exhibited by curated data collectively 
emphasize the relevance of meticulous data curation and adherence to protocols. As the field of enzymatic 
kinetics advances, these insights underline the need to refine methodologies and bolster the quality of re-
search data reporting.
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