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Lead contamination in drinking water remains a significant public health concern in the United States, high-
lighting the need for effective remediation techniques. During the 2014 Flint Water Crisis, toxic lead levels
reached over three times the federal hazardous waste threshold, exposing over 100,000 residents to contam-
inated water and resulting in billions of dollars in subsequent clean-up costs. Beyond lead, many other heavy
metals such as copper, chromium, and mercury contaminate drinking water supplies across numerous com-
munities worldwide. In this study, we designed and attempted to execute an experiment in which Escherichia
coli BL21(DE3) would be transformed with pET-28a(+) plasmids encoding two metal-binding proteins: CUP1,
a copper-sequestering metallothionein from Saccharomyces cerevisiae, and PbrD, a lead-sequestering protein
from the Pbr operon of Cupriavidus metallidurans. We intended to evaluate the engineered strains for their abil-
ity to remove lead and copper ions from aqueous solutions, with residual metal concentrations quantified by
spectrophotometry. However, transformation was unsuccessful across all experimental groups - likely due to
suboptimal temperatures used for plasmid and E. coli growth and storage: no colonies grew on kanamycin-
selective plates, and no downstream metal sequestration experiments could be conducted. Rather than treat
this as a simple null result, we present it as an educational case study for early-stage researchers working in
high school or resource-limited synthetic biology settings. Through retrospective analysis, we identify several
procedural deviations from standard transformation protocols that likely compounded to produce the transfor-
mation failure. We hope this transparent account of what went wrong, and why, provides practical guidance to
help fellow student researchers avoid similar pitfalls and gain a better understanding of the gap that often exists
between experimental design and wet-lab execution.
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HEAVY metal contamination of drinking water is a
persistent and serious global health challenge.
Lead (Pb?*) is toxic even at trace concentrations, caus-
ing irreversible neurological damage. To date, no
safe exposure threshold has been established (WHO,
2024). The 2014 Flint water crisis in Michigan made
this threat come to life: lead leached from corrod-
ing municipal pipes into the drinking water supply
of over 100,000 residents, with measured lead lev-
els exceeding three times the federal hazardous waste
classification threshold. An estimated 140,000 indi-
viduals were exposed to lead and other contaminants
(Ruckart et al, 2019), and Flint adults overall dis-
played much higher rates of physical symptoms, in-
cluding skin rashes, 58.1%; hair loss, 45.5%; and nau-

sea, 35.6% (Ezell & Chase, 2021). Beyond Flint, lead
and other heavy-metal contamination affect commu-
nities worldwide, particularly in lower-income and in-
dustrially impacted regions where water treatment in-
frastructure is limited.

Current approaches for removing heavy metals from
water include chemical precipitation, ion exchange,
and membrane filtration. While effective, these meth-
ods are often expensive, energy-intensive, and difficult
to implement at a local scale. Microbial bioremedia-
tion, which leverages living organisms like E. coli to re-
move or sequester environmental contaminants, offers
a compelling alternative (Zhu et al,, 2020). Microbial
bioremediation is particularly attractive because bac-
teria are self-replicating, relatively inexpensive to cul-
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ture, and can be manipulated through genetic modifi-
cation.

E. coli is among the best-characterized organisms
in molecular biology and has become a foundational
structure in synthetic biology (Elbing & Brent, 2019;
Tuttle et al., 2021). Its thoroughly characterized ge-
netics, rapid growth rate, and the availability of robust
inducible expression systems make it an ideal starting
point for engineering novel capabilities, including tar-
geted metal sequestration. In this study, we selected
two metal-binding proteins for expression in E. coli.
The first is CUP1, a cysteine-rich metallothionein from
baker’s yeast (S. cerevisiae) that binds copper ions with
high affinity (Butt et al, 1984). The second target,
PbrD, is a protein encoded by the Pbr operon of the bac-
terium C. metallidurans (NCBI, n.d.). C. metallidurans
naturally inhabits metal-contaminated environments,
and PbrD has been specifically implicated in intracel-
lular lead sequestration (Borremans et al., 2001). Both
genes were cloned into the pET-28a(+) expression vec-
tor, which drives transgene expression via an IPTG-
inducible T7 promoter and confers kanamycin resis-
tance to allow selection of successfully transformed
colonies (GenScript, n.d.; SnapGene, n.d.).

Our experimental plan was to transform E. coli
BL21(DE3) cells with each construct using chemi-
cal transformation (heat shock), confirm uptake via
kanamycin selection, induce protein expression with
IPTG, and expose the engineered cells to predeter-
mined aqueous solutions of lead(II) nitrate and cop-
per(II) nitrate to evaluate sequestration efficiency of
the copper and lead metals relative to wild-type con-
trols. We hypothesized that PbrD-expressing cells
would show the greatest reduction in lead ion concen-
tration, and CUP1-expressing cells would outperform
controls in copper removal. However, no transformed
colonies were recovered from any group, and the metal
sequestration study could not proceed.

In the following sections, we pivot from our origi-
nal hypothesis to provide a systematic “post-mortem”
analysis of the experimental process. By document-
ing our theoretical approach, initial procedure, ex-
perimental deviations, and troubleshooting steps, this
study serves as a cautionary guide and practical re-
source on navigating the gap between theoretical de-
sign and wet-lab execution.

Materials and methods

Bacterial strain and plasmids

We used E. coli BL21(DE3) as the expression host due
to its compatibility with the T7 promoter-reliant ex-
pression system relative to other strains (Elbing &
Brent, 2019; Tuttle etal., 2021). We used three plasmid
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TABLE 1
PLASMID CONSTRUCTS USED

Plasmid Gene Insert Purpose
X pET-28a(+) None Positive control
C pET-28a(+) CUP1 CuZ+ sequestration
P pET-28a(+) PbrD Pb%* sequestration

Note.—X, C, and P represent the positive control, CUP1-transformed,
and PbrD-transformed plasmids used for experimentation, respec-
tively

constructs based on the pET-28a(+) backbone (Gen-
Script, n.d.; SnapGene, n.d.): (1) an empty vector con-
trol lacking an insert (designated X), (2) pET-28a(+)
carrying the CUP1 gene (designated C), and (3) pET-
28a(+) carrying the PbrD gene (designated P). The
plasmid constructs are summarized in Table 1. All con-
structs contained a kanamycin resistance (KanR) cas-
sette to facilitate the selection of successfully trans-
formed colonies on antibiotic-containing plates (Fig-
ure 2). All nucleotide and protein sequences were
sourced from GenBank and can be found in Table
S1. Constructed plasmid maps can be found in Fig-
ure S1 and Figure S2 for Plasmid C and Plasmid P, re-
spectively. The custom plasmid was synthesized and
verified by GenScript. Visual mapping and sequence
auto-annotation were performed using PlasMapper
3.0 (Wishart et al,, 2023) (Figure 3).

Transformation procedure

Competent E. coli BL21(DE3) cells (200 pL total) were
removed from -80°C storage and thawed on ice for 10-
15 minutes. The cells were aliquoted into 4 sterile
microcentrifuge tubes (50 pL per tube) correspond-
ing to three experimental conditions and one nega-
tive control lacking plasmid DNA. 2 pL of the appropri-
ate plasmid DNA (targeting 1 to 10 ng) was added to
each experimental tube, and tubes were gently flicked
to mix. Mixing through pipetting was avoided to pre-
serve membrane integrity and maximum cell compe-
tency (New England Biolabs, n.d.-a; New England Bio-
labs, n.d.-c). The executed transformation workflow is
summarized in Figure 1A.

All tubes were incubated on ice for 30 minutes, then
heat-shocked at 42°C for 45 seconds, and immediately
returned to ice for 2 to 3 minutes (New England Bi-
olabs, n.d.-a; New England Biolabs, n.d.-c). Recovery
was initiated by adding 950 pL of pre-warmed LB broth
(supplemented with 50 pL of 20 mM glucose) to each
tube. Note that many standard transformation proto-
cols instead recommend SOC medium for post-heat-
shock recovery (Invitrogen, n.d.; QIAGEN, n.d.). Cells
were then incubated while shaking at room tempera-
ture for 120 minutes. It should be noted that standard
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Figure 1A

NO COLONIES!
We stoppad

here

Figure 1B

Figure 1. A - Pictorial Representation of our executed workflow. This figure shows the first half of our workflow,
which was fully executed; B -This figure shows the second half of our workflow which was thoroughly planned but
not executed due to an unsuccessful transformation process.

transformation protocols typically specify incubation
at 37°C for 60 minutes in a shaking incubator for E. coli
BL21(DE3); Due to equipment limitations, we could
only choose one among shaking or 37°C incubation, as
our shaking platform was unable to fit within the incu-
bator

As such, the standard 37°C incubation was replaced
with incubation at room temperature (approximately
20-22°C), and the time was extended to approximately
120 minutes as a compensatory modification.

Following recovery, we plated cells onto LB agar
made with 50 pg/mL kanamycin in two conditions. To
start, 50 puL was spread directly onto one plate. Next,

the remaining culture volume was subject to centrifu-
gation at 11,000 RPM for 30 seconds, and the super-
natant was discarded. The pellet was resuspended in
residual volume of LB, and 50 uL was plated in a con-
centrated area on a second plate. This yielded eight
plates in total. All plates were labeled with construct ID
(X, C, or P), date, and volume, then incubated inverted
at 37°C for 16 h.

Intended metal sequestration protocol
(not executed)

The following describes the metal sequestration exper-
iment as designed. It was not carried out due to the
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CUP1 gene/pbrD gene

pET-28a(+)
Plasmid

(Control)

pET-28a(+) pET-28a(+)
with CUP1 with pbrD
gene gene

Figure 2. “Plasmid Construction Workflow” (Visual representation of plasmid construct and gene insert)
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Figure 3. pET-28a(+) Plasmid Map Visual mapping and sequence auto-annotation were performed using PlasMap-

per 3.0 (GenScript n.d, Wishart et al, 2023)

transformation failure, and is included in Figure1B to
fully document the intended experimental workflow.

Successfully transformed single colonies from each
construct would have been used to inoculate 5 mL of
LB + kanamycin (50 pg/mL), with three independent
biological replicates per construct—nine cultures to-
tal (X1, X2, X3, C1, C2, C3, P1, P2, P3). After overnight
growth, each culture would have been diluted in a
1:100 ratio into fresh LB + kanamycin (50 pL overnight
culture + 4.95 mL fresh medium), then induced by
adding 20 pL of 100 mM IPTG to achieve a 1 mM
final concentration (Marbach & Bettenbrock, 2012).
Each induced 5 mL culture would then have been split
into two 2.5 mL aliquots—one for lead exposure, one
for copper exposure—for a total of 18 tubes. Copper
concentrations would also need to remain below lev-
els that compromise E. coli culturability during metal-
exposure experiments (Grey & Steck, 2001).

Metal ions would have been introduced by adding
25 pL of 1 mM copper nitrate - Cu(NOs3); -or lead ni-
trate - Pb(NO3); - stock to each respective tube, achiev-
ing a nominal final concentration of approximately 10
UM. Cultures would then have been incubated at room
temperature with shaking for 12 to 48 h, double the
standard 6 to 24 h to compensate for the lower in-
cubation temperature. Sub-lethal lead concentrations
(0.01, 0.25, and 0.5 mM) would have been identified
through prior toxicity testing with wild-type E. coli
BL21(DE3) to prevent cell lysis, which would release
sequestered ions back into solution and confound re-
sults. Preliminary wild-type E. coli growth on lead and
copper mediums are shown in Figure 4 and Figure 5,
respectively.

Following incubation, cultures would have been cen-
trifuged at 3,000 to 4,000 x g for 10 minutes to pellet
cells, and approximately 2.3 to 2.5 mL of supernatant
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Figure 4. “E. coligrowth on 0.01 mg/mL lead solution, 24
h” (The observed growth of E. coli at a lead concentra-
tion of 0.01 mg/mL establishes the baseline minimum in-
hibitory concentration for the wild-type strain. Success-
ful transformation with the PbrR gene is hypothesized
to enhance lead biosorption and intracellular sequestra-
tion. Consequently, the recombinant strain is expected
to maintain viability while effectively immobilizing lead
ions at the specified concentration of 0.01 mg/mL.)

per tube would have been collected for metal quan-
tification. Residual metal ion concentrations would
have been measured using spectrophotometry with a
metal-specific colorimetric reagent and fitted to a stan-
dard curve (Kharde et al, 2024; Lalmi et al.,, 2025;
Mohammed et al., 2025). Percent metal removed
per group would have been calculated relative to the
known initial concentration, and statistical analysis
would have been performed using a Student’s t-test,
with significance set at p < 0.05.

Results

Transformation outcome

After a full night of 37°C incubation, no colonies
were observed in any of the eight kanamycin-selective
plates. This includes negative control plates (con-
tained cells with no plasmids), both of plating volumes
(50 pL direct and concentrated pellet), and all three
experimental constructs (X, C, P). With all eight plates
missing colonies, the results indicated that transfor-
mation was unsuccessful (Figure 6, Table 2).
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Figure 5. “E. coli growth on 4 mM copper solution,
24 h” (This image confirms that the E. coli maintains
metabolic activity at the experimental concentration.
Following the successful integration and expression of
the CUP1 gene, it is anticipated that the bacteria will
exhibit an enhanced capacity for copper sequestration,
providing a biological mechanism for heavy metal accu-
mulation at the 4 mM threshold.)

TABLE 2
“TRANSFORMATION PLATE SUMMARY” (CONDITIONS OF
PLATES USED FOR POST-TRANSFORMATIONAL GROWTH
AND OBSERVED GROWTH RESULTS FOR EACH PLATE

Plate Construct Volume Plate Colonies
Plated Condition Grown
(mL)
1 X 50 Kan 50 0
ug/mL
2 X 150 Kan 50 0
Hg/mL
3 C 50 Kan 50 0
ug/mL
4 C 150 Kan 50 0
ug/mL
5 P 50 Kan 50 0
Hg/mL
6 P 150 Kan 50 0
Hg/mL

Note.—It is clear that an issue occurred throughout the procedure
such that the kanamycin resistance was not conferred to the E. coli)



E. coli-Based Lead & Copper Bioremediation

Figure 6.  “Kan Plates with no growth of Post-
Transformation E. coli after 72 h”

Survival on kanamycin-selective media requires ac-
tive expression of the KanR resistance gene; the com-
plete absence of growth across all plates therefore in-
dicates that plasmid uptake either did not occur or oc-
curred at frequencies too low to detect under the plat-
ing conditions used.

Metal sequestration data

Metal sequestration could not be conducted, and so
no related data were collected. All following data
and analysis are regarding the unsuccessful process of
transformation and practical improvements that can
be implemented for future trials.

Discussions

Interpreting the result

The complete absence of colonies on our kanamycin
plates is a definite indicator of transformation failure.
Although low colony counts or inconsistencies may
suggest partial success or variability in techniques, the
lack of growth on all eight plates despite variations in
plasmid constructs and plating volumes signals a more

fundamental issue with the transformation process it-
self. Below, we analyze the most probable causes of
failure within our procedure and what these results
suggest about the critical variables in chemical trans-
formation.

The recovery temperature deviation

The most likely source of error was the deviation
from standard protocol, specifically the use of room
temperature (approximately 20 to 22°C) instead of
37°C during the post-heat-shock recovery incubation.
This includes a critical period where transformed cells
must repair heat-shock-induced membrane damage,
resume normal metabolism, and begin expressing the
plasmid-encoded kanamycin resistance gene before
encountering the antibiotic on the plates. At 37°C, the
optimal growth temperature for E. coli, this process
occurs efficiently within 60 minutes (Elbing & Brent,
n.d.-b). At room temperature, transcription and trans-
lation rates are substantially reduced. This likely re-
sulted in insufficient KanR expression before exposure
to kanamycin.

Doubling the incubation time to 120 minutes was
an intuitive attempt to compensate, but metabolic rate
and time are not interchangeable, especially for a pro-
cess that crucially depends on reaching a threshold
protein concentration before plating.

This is likely the primary reason for our transforma-
tion failure, and it is also the most instructive: it il-
lustrates how a single, seemingly inconsequential en-
vironmental variable, temperature, can drastically in-
fluence the growth and success of bacterial transfor-
mation experiments. For any future uses, access to a
37°C shaking incubator for the recovery step should
be required to induce appropriate transformation and
translation before plating.

Heat shock precision

The heat shock step is among the most technically sen-
sitive in the entire protocol. The 45-second exposure
to exactly 42°C momentarily increases membrane per-
meability and allows plasmid DNA to enter the cell.
Even small deviations in temperature or timing can
greatly reduce this effect. Low temperatures may fail
to adequately increase membrane permeability, while
excessive temperature or duration of incubation may
damage or lyse cells. In a limited high school lab-
oratory environment lacking a calibrated heat block,
achieving a precise, constant 42°C is difficult. Any
deviations in the temperature or lag time between
the movement of test tubes between the heat source
could have further reduced our lab’s transformation ef-
ficiency.
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Competent cell handling

Chemically competent cells are extremely sensitive
to temperature changes before heat shock. Acciden-
tally allowing the cells to warm up even briefly before
use may weaken their membrane and reduce overall
competency. Additionally, although mixing was per-
formed by flicking rather than pipetting, any unin-
tended mechanical agitation during setup could have
further compromised cell integrity. Best practice is to
work quickly, keep cells on ice at all times until the mo-
ment of heat shock, and pre-chill all tubes and tips.

Plasmid integrity

Another potential contributor to the transformation
failure was the concentration and condition of the plas-
mid DNA. In our experiment, we directly used the plas-
mid stocks as received and did not independently ver-
ify the DNA concentration or integrity prior to use. If
the plasmid DNA had degraded prior to use (e.g., dur-
ing shipping, storage, or freeze-thaw cycling), the num-
ber of intact molecules available for uptake would have
been reduced. As a result, our transformation effi-
ciency and recovery of cells could have been compro-
mised.

Alternatively, it is possible that our plasmid was
faulty from the start, which would make possible
that transformation had occurred successfully, but the
plasmid did not provide adequate protection from
kanamycin. If the plasmid DNA had degraded prior to
use, our transformation efficiency and recovery of cells
could have been compromised (OriGene Technologies,
n.d.). However, given the long-standing reliability of
GenScript for usage in biological research, this is an un-
likely scenario. Nevertheless, verification of the plas-
mid DNA via direct sequencing and gel electrophore-
sis before use is a straightforward step that can catch
these issues early and is strongly recommended for fu-
ture attempts.

The compounding nature of small errors

Perhaps the most important lesson from this experi-
ence is that chemical transformation (even under ideal
conditions) is an inherently low-efficiency process that
depends on multiple technically demanding steps. No
single procedural issue can be identified with abso-
lute certainty as the only cause of failure. Instead,
the complete lack of colonies most likely resulted from
the compounding of small inefficiencies at multiple
steps simultaneously. The recovery temperature de-
viation, potential heat-shock variability, possible cell-
handling errors, and unverified plasmid quality each
likely reduced our transformation efficiency only par-
tially. Together, however, these reductions appear to
have pushed efficiency below the threshold needed to
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observe any surviving colonies under kanamycin selec-
tion.

This compounding dynamic is important for student
researchers to understand and consider in their own
work. Written or pre-existing protocols make trans-
formation appear straightforward, but in practice, ex-
perimental success is highly dependent on the main-
tenance of specific biological and physical conditions
at every step in the process. As such, in a high school
laboratory, where equipment access may be limited
and procedures may be performed for the first time,
small improvisations can have drastic effects. This fail-
ure underscores the necessity of specially designing
synthetic biology projects around available equipment
constraints and adhering strictly to each step of estab-
lished protocols.

Recommendations for fellow researchers

Based on our experience, we offer the following
cautionary recommendations to other student re-
searchers undertaking bacterial transformation for the
first time:

¢ Attempt to document every deviation from proto-
col as it happens. In the event of failure, retro-
spective troubleshooting becomes far more diffi-
cult without a clear record of what was actually
done.

e The transformation process should be treated as
its own critical experiment rather than as a sim-
ple preliminary step. For many studies, including
ours, failure during the transformation phase ren-
ders further experimentation void.

¢ Do notsubstitute incubation temperature without
understanding the biological consequences; if the
required equipment is unavailable, obtain it be-
fore proceeding as strict adherence to incubation
protocols is required for optimal metabolic recov-
ery.

 If materials allow, include a positive control trans-
formation using a known-working plasmid and
the exact standard protocol. A control group
run simultaneously with your experimental con-
ditions can be used to determine whether failure
was caused by the plasmid, the cells, or the trans-
formation procedure itself.

e Verify competent cell viability using the supplier-
provided control plasmid before investing exper-
imental plasmids. Competent cells lose efficiency
over time and with improper handling.
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e Also verify plasmid integrity and concentration
using nanodrop and gel electrophoresis tests be-
fore transformation. Do not assume that a stock
is perfectly intact simply because it was received
from a supplier.

¢ The heat shock step should be performed using
calibrated equipment (e.g. calibrated heat block)
capable of maintaining 42°C accurately for the
required time. A water bath, in comparison, is
harder to maintain at a precise temperature, es-
pecially for brief intervals.

e (Cells should be kept on ice at all times barring the
heat shock step. Given this short window, it is
essential that all materials, including pre-chilled
tubes and tips, are prepared in advance.

Next steps

The following outlines our team'’s specific action plan
for repeating the transformation, directly addressing
the protocol deviations identified above:

Secure access to a 37°C shaking incubator for the
60-minute recovery incubation, following the standard
manufacturer protocol without modification.

Verify plasmid quality and concentration via di-
rect sequencing and gel electrophoresis prior to
transformation. In future iterations, culture density
should also be normalized by 0D600 before induction
and metal exposure comparisons (Blue-Ray Biotech,
2024).

Run a positive control transformation with the
supplier-provided control plasmid first to confirm that
competent cells are viable and the procedure is work-
ing before committing experimental constructs.

A) Use acalibrated heat block for the 42°C heat shock
step to ensure precise, consistent temperature de-
livery across all tubes.

Identify the heat shock temperature that maximizes
the growth of the E. coli strain through controlled test-
ing aiming to compare colony growth for different tem-
peratures of heat shock used for transformation.

B) If transformation is ultimately successful, pro-
ceed with the metal sequestration protocol as
designed: IPTG induction, exposure to sub-
lethal concentrations of lead and copper nitrate,
and spectrophotometric or AAS quantification of
residual metal ions, with statistical comparison
across wild-type, CUP1, and PbrD groups.

C) For further development of E. coli based metal
bioremediation, we will:

D) Construct a controlled holding chamber for trans-
formed bacteria. Water will be allowed to flow
past a filtering chamber, after which it flows back
out clean of metal contaminants. This allows
bioremediation while minimizing risks of releas-
ing E. coli into the environment, and provides a
safe and simple method to remove the system
from its environment following usage.

E) To improve filtration and sequestration ability,
sodium alginate gel coats can be formed around
the free floating E. coli to compartmentalize them
into manageable “packaged” units. The coat not
only shields groups of E. coli from harsh envi-
ronmental conditions, but is also, when properly
formed, porous enough to allow metal ions like
lead to diffuse into the bead and be sequestered
by the contained bacterium. Sodium alginate it-
self also contains many negatively charged re-
gions due to the presence of carboxylates, poten-
tially strengthening the pull for heavy metal ions
and improving sequestration ability (This forms
a concentration gradient that in conjunction with
the lead sequestering E. coli held within, aids in
limiting metal ion release back into water) Fur-
thermore, the bead contributes to alarger volume,
which makes filtration more efficient in minimiz-
ing released E. coli.

F) The alginate, which has its own metal seques-
tration ability, thus demands further experimen-
tation to validate and isolate the individual con-
tribution of both alginate + modified bacterium
sided systems. Our current metal sequestration
protocol can be adapted to test the following ex-
perimental and control groups.

EX1: Alginate beads containing CUP1/PbrD trans-
formed E. coli

EX2: Free CUP1/PbrD transformed E. coli (Compar-
ative experimental group to determine the effect of al-
ginate addition)

C1: Empty alginate beads (Material control for de-
termining the quantity of lead sequestered by the coat
alone)

C2: Alginate beads containing unmodified E. coli (Bi-
ological control for determining the innate sequestra-
tion ability of bacterial biomasses in the absence of
specialized genes)

C3: Baseline lead concentration with no treatment
(Negative control) Note: Appropriate sodium alginate
and Ca?* concentrations are currently TBD. Effective
concentrations of E. coli across groups will be kept con-
stant to accurately measure sequestration/biomass ef-
fects.
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