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Osteoporosis is a progressive disease of the bone that causes decreased bone density and impaired osteogenesis, ultimately
resulting in fractures and limited mobility in the aging population. Bone Morphogenetic Protein 2 (BMP-2) is a critical regulator
of osteoblast differentiation and a part of a series of growth factors that maintains bone homeostasis. The purpose of this study
was to identify BMP-2 mutations that could enhance osteoblast activity, specifically mutant D375K, on recombinant protein
expression levels in a bacterial system. A synthetic BMP-2 gene was cloned into the pET-15b vector, in addition to performing
site directed mutagenesis, transformation, and protein expression in E. coli BL21(DE3). Of the variants performed, D375K
had the highest protein yield, which could account for either enhanced structural stability or translational efficiency. While
these findings suggest that the D375K mutation may improve structural stability, this study is limited to bacterial expression.
The findings of this work present the exciting opportunity to bioengineer BMP-2 for stability in BMP-2 levels. Future work
will involve functional assays in mammalian osteoblast cells and lysine-targeting delivery systems to determine the therapeutic

relevance of BMP-2 mutants.
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Introduction

Osteoporosis and Its Clinical Relevance

Osteoporosis is a chronic and progressive disorder of the bone
that insidiously erodes bone strength over time, making in-
dividuals—particularly older individuals—more vulnerable to
fractures. It arises when the equilibrium between bone for-
mation and resorption is lost, leading to a net bone mineral
density deficit!. Commonly referred to as the “silent thief,”
osteoporosis usually goes undiagnosed until a fracture occurs,
most commonly at the hip, spine, or wrist.

With the aging of the world’s population, the incidence of
osteoporosis is growing very fast and is recognized as a signif-
icant public health issue. Both women and men are affected,
but postmenopausal women are especially at risk because of
hormonal changes that favor bone loss. In addition to the
physical morbidity of fractures—pain, deformity, and loss of
mobility—osteoporosis can drastically affect quality of life
and independence and even contribute to mortality from major
fractures such as the hip.

The treatment modalities that are available are primarily an-
abolic drugs or anti-resorptive drugs, lifestyle modification,
and nutritional supplements. These are not without draw-
backs, however. Long-term medication usage such as bispho-
sphonates has adverse effects such as gastrointestinal discom-
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fort and extremely rare but serious complications such as those
of atypical femoral fractures®. Furthermore, compliance of
patients with treatment regimens is still an issue.

Considering these challenges, more advanced and sustain-
able treatments are receiving increased attention, including
next-generation drug delivery systems, bone-targeting biolog-
ics, and gene therapies to control bone regeneration®. These
technologies have the promise of delivering more effective and
safer osteoporosis treatments in the future.

Role of Osteoblasts in Bone Homeostasis

Osteoblasts are vital builders of our skeleton. Osteoblasts con-
struct and repair the bone structural framework through the
synthesis and mineralization of the extracellular matrix. In the
healthy body, they cooperate with osteoclasts—cells responsi-
ble for resorbing old bone—to maintain our bones strong and
responsive to stress and trauma. Bone remodeling, this active
process, is vital throughout life.

But in conditions like osteoporosis, this balance is lost.
Osteoblast activity and numbers decrease, but bone resorp-
tion by osteoclasts is uncontrolled. Progressive bone loss and
increased fragility result®. This decreased osteoblast activ-
ity comes to the forefront with increasing age or with post-
menopausal women experiencing hormonal changes, making
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the bones prone to fractures®.

Therefore, stimulation of osteoblast activity has been a cen-
tral approach in the development of novel osteoporosis treat-
ments. Novel advances have included the use of anabolic med-
ications like teriparatide and abaloparatide, that directly stim-
ulate osteoblast differentiation and bone formation”. Another
approach that may be considered is the use of anti-sclerostin
antibodies like romosozumab that stimulate osteoblast activity
by blocking the Wnt signaling pathway©.

In addition, research into the signaling communication be-
tween osteoclasts and osteoblasts is revealing the promise for
bone balance reconstruction in the future, with increasingly
targeted and effective treatments to follow.

Bone Morphogenetic Protein 2 (BMP-2)

Bone Morphogenetic Protein 2 (BMP-2) is a strong signal-
ing protein highly regarded for use in bone regeneration and
repair. A TGF-f superfamily member, BMP-2 is a master
controller of mesenchymal stem cell differentiation into os-
teoblasts—the very osteoblasts that create and mineralize new
bone tissue”. BMP-2 is thereby an essential element in skele-
tal system health and injury response.

In normal conditions of a healthy body, BMP-2 participates
in organized bone remodeling by osteoblast differentiation and
activity. It triggers Smad and MAPK pathways, which induce
the genetic and structural remodeling for osteoblast matura-
tion and function?, Under clinical conditions—most notably
in osteoporosis or bone trauma—native BMP-2 is insufficient
to induce bone regeneration.

To reverse this, researchers have attempted to enhance the
therapeutic activity of BMP-2. Prolonged BMP-2 stimula-
tion has been found to not only enhance osteoblast differentia-
tion but also trigger overall remodeling procedures, including
transdifferentiation of bone cells'!. Encapsulation of BMP-2
in biodegradable nanoparticles also allows for controlled re-
lease, making it more effective with fewer side effects2.

These results translate to increased potential for BMP-2 in
regenerative medicine. By amplifying and concentrating this
potent protein, scientists believe they can harness more effec-
tive therapies for osteoporosis and other bone diseases.

Study Rationale

Osteoporosis is a result of reduced osteoblast activity, lead-
ing to decreased bone formation and increased susceptibil-
ity. While Bone Morphogenetic Protein 2 (BMP-2) is a well-
established osteoblast differentiation and new bone formation
inducer, it remains limited to clinical applications. Supraphys-
iological concentrations of recombinant BMP-2 have been as-
sociated with unwanted side effects, including inflammation,
over-resorption of bone, and even the creation of suboptimal

bone'Y. The central question is whether the efficacy of BMP-
2 can be enhanced by modifying the protein’s structure itself,
rather than solely increasing its quantity.

The premise of this study is that amino acid mutations
in BMP-2 specifically would render it more potent with in-
creased capacity for inducing osteoblast activity without side
effects. Since BMP-2 plays such a pivotal role in bone re-
modeling by virtue of its capability to induce such signaling
pathways as Smad1/5/8 and activate transcription factors such
as RUNX2, even slight changes in its form would increase its
osteogenic activity'3,

Notably, human population studies like the Rotterdam
Study found BMP-2 gene polymorphisms in humans but with
no substantial correlation with bone density, implying that nat-
ural variants may be neutral!®, This leaves the door open for
engineered mutations—engineered to be rationally improved
in function and not to have resulted by chance.

Through the correction of these mutations, this study aims
to discover a better, more biologically sensitive way to treat
osteoporosis by redirecting the body’s own ability to cre-
ate healthy, strong bones. The current investigation focuses
strictly on the feasibility of producing these mutants and quan-
tifying their expression yields.

Objectives of the Study

1. To understand the role of BMP-2 in osteoblast differenti-
ation and bone development.

2. To identify and engineer specific amino acid substitutions
in the BMP-2 gene that will enhance its osteogenic activ-

ity.
3. To produce mutated BMP-2 constructs and compare with
the wild-type construct.

4. To compare protein and expression levels of BMP-2 mu-
tants in bacterial expression systems.

5. To measure the osteoblast-stimulating activity of BMP-2
mutants in bacterial systems by protein quantitation and
DNA analysis.

6. To establish if BMP-2 mutations can enhance bone-
forming activity in bacterial systems, and thus provide
a foundation for future research regarding BMP-2 muta-
tions as therapeutic targets for osteoporosis.

Methodology

Gene Synthesis and Vector Preparation

For the efficient expression and mutational analysis of Bone
Morphogenetic Protein 2 (BMP-2), a synthetic BMP-2 gene
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was designed and cloned into the pET-15b expression vector.
With its high levels of transcription under the T7 promoter
and N-terminal His-tag designed for purification purposes, the
pET-15b vector was ideal for the expression of this gene. The
gene was also codon-optimized for E. coli expression, synthe-
sized by GenScript, which means the sequence fidelity could
be confirmed and will be seamless for downstream applica-
tions.

The pET-15b expression system is appropriate for this study
as it has a great performance with bacterial hosts with pro-
tein expression that is directed to the periplasmic space after a
signal sequence was added to the synthetic BMP-2 protein,
which improved disulfide bond formation and protein fold-
ing™>. Prior literature has shown that BMP-2 produced from
E. coli will biologically function if processed properly.

Once the cloning of the wild-type construct was completed
successfully, site-directed mutagenesis was executed to pro-
duce specific amino acid substitutions in order to enhance the
osteogenic potential of BMP-2. Using PCR-based techniques
with rationally designed primers, all mutants were sequenced-
verified and cloned into bacterial expression systems. The mu-
tagenesis tactic utilized strategies like DiRect'” and allowed
us to look specifically at how mutations to BMP-2 may aug-
ment osteoblast activity, which is the foundation of new osteo-
porosis therapies with mutations to BMP-2.

Bacterial Transformation and Culture

For cloning, mutagenesis, and expression of BMP-2 and its
variants, a two-strain bacterial system was utilized with E. coli
DHS5-a for plasmid amplification and BL21(DE3) for protein
expression. DHS5-a was selected to facilitate transformation
because of high transformation efficiency and genetic stability
with recAl (recombinase) and endA1 (endonuclease) activity
which aids in the preservation of plasmids during DNA ampli-
fication'1%.

Verification of wild-type and mutant BMP-2 constructs was
performed by sequencing, and the plasmids were then trans-
formed into BL21(DE3) cells. This strain has IPTG-inducible
T7 RNA polymerase, which is capable of robust transcription
of BMP-2 under the T7 promoter, and also has reduced pro-
tease activity which is beneficial for the stability of expressed
recombinant proteins?.

Transformed colonies were grown in LB broth with the ap-
propriate antibiotics at 37 °C, shaking at 200-250 rpm. Protein
expression was induced at 25-28 °C to facilitate protein fold-
ing and solubility after reaching mid-log phase with ODgg of
approximately 0.6-0.8.

Mutagenesis and Primer Design

To probe whether some specific amino acid changes might im-
prove the osteogenic activity of BMP-2, we aimed for mu-

tations like D375K that could affect the protein’s structure,
binding to its receptor, or stability. We chose this region of
the protein because mutations in this region are found to have
high yields of results in E. coli bacterial systems. We experi-
mented with a deletion mutation and altered amino acids based
on opposing amino acid properties (Fig 1). Plasmid DNA
and Miniprep kits were ordered from GenScript. These muta-
tions were made using polymerase chain reactions. We made
changes in residue spatially close to BMP-2’s active site, pay-
ing attention to positions that could act as receptors or dimers.
Charge, size, or hydrophobic changes were made, for exam-
ple, substituting aspartic acid for lysine, to assess whether ben-
eficial changes were possible.

Primers were designed according to the established proto-
cols of mutagenesis, with the targeted nucleotide change in the
middle of the oligonucleotide and the 12—-15 base pairs of the
complementary sequences on both sides.

With the introduction of mutations, a PCR-based site muta-
genesis strategy was used and Dpnl digestion was completed
to eliminate the parental methylated DNA. The mutated plas-
mids were transformed to E. coli DH5-a and were propagated
to confirm the sequence. For some specific situations, we
applied efficiency and verification?Y2! restriction-based inser-
tions. This approach was the first step in the construction of
BMP-2 variants.

Confirmation of DNA and Mutants Verification

For the verification of BMP-2 constructs cloning and mutage-
nesis, a plasmid miniprep was done for the isolation of plas-
mid DNA from transformed E. coli DH5-« colonies. The ex-
tracted DNA was analyzed by the means of agarose gel where
sharp bands at the expected plasmid size indicated successful
transformation and plasmid DNA integrity.

With this, mutagenesis was validated using the Sanger se-
quencing method after two trials. The sequencing primers
which flank the mutation sites provide high-resolution reads
of the modified areas. The resulting chromatograms were an-
alyzed to ensure all expected base substitutions were made
without any off-target mutations, and frameshifts which
would indicate loss of sequence fidelity*?. Confirming high-
accuracy sequence is pivotal prior to expression as sequence
damage, no matter how small, is likely to create functional,
interpretational errors for the protein®. The wild type and
its variants were found to be folded correctly and functional
within a bacterial system through a functional assay.

In some cases, parallel primer approaches alongside a modi-
fied mutagenesis workflow were implemented to improve mu-
tation verification and efficiency®!. This guaranteed that all
validated constructs were the only ones progressed for recom-
binant protein expression in bacterial systems.
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Protein Expression and Quantification

After successful cloning and mutagenesis, wild-type and mu-
tant BMP-2 genes were transformed to E. coli BL21(DE3) for
expression of recombinant proteins. These cells were chosen
due to their synthesis of T7 expression system-compatible pro-
teins as well as their low levels of protease activity, which
would provide high yield with low degradation@. Protein ex-
pression was induced with IPTG at mid-log phase (ODggo ~
0.6-0.8) and was sustained at 25-28 °C for better folding.

For purification, all BMP-2 constructs contained an N-
terminal 6 x His-tag which made purification possible through
Ni-NTA affinity chromatography. Purification was accom-
plished through selective binding of BMP-2 to the His-tagged
nickel resin, and was eluted after the addition of high concen-
trations of imidazole?>,

Quantification of proteins was achieved through spec-
trophotometry at 280 nm, which measures the absorption of
proteins with tyrosine and tryptophan. Expression was con-
firmed through NanoDrop readings. Interestingly, the D375K
mutant demonstrated an increased absorbance compared to
the wild-type, which suggested that it was better at being ex-
pressed.

Results

The experimental research provided the successful construc-
tion, validation, and expression of wild type (WT) and mutant
BMP-2 genes and subsequent quantification of expressed pro-
teins. The research reported the successful designed mutations
that resulted in alterations of the expressed protein levels, in-
cluding the D375K mutant.

Confirmation of Mutant Constructs

Following site-directed mutagenesis, gel electrophoresis con-
firmed successful amplification of the wild-type and mutant
BMP-2 plasmids. As shown in Figure 2] bands were observed
for all plasmid DNA constructs verifying amplification of the
DNA. Given the consistently strong bands observed for WT,
D375K, N376I, and Del-A368-N377, it was sufficient to con-
clude that both the mutant plasmids were intact and had the
appropriate size.

In addition, validation of mutation and wild-type sequences
were confirmed by Sanger sequencing. Figure 3] shows a rep-
resentative chromatogram displaying a successful mutation
(368Q) with the wild-type sequence ensuring that the desired
amino acid mutations were introduced and that the PCR (site-
directed mutagenesis) did not introduce additional off-target
mutations. Using Chi-Square analysis, we determined that the
wild type’s and D375K’s absorbance and protein concentra-

Fig. 1 The protein structure of mutated BMP-2 genes

tion are independent of each other, showing a significant dif-
ference between the two protein variations.

Bacterial Growth and Protein Induction

The transformed plasmids were plated onto agar plates to eval-
uate bacterial colony formation (Figure ). All of the con-
structs (WT, D375K, N376l, and Del-A368-N377) had very
robust colonies indicating that the mutations withstood plas-
mid stability and bacterial viability. However, it was impor-
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Fig. 3 The Sanger Sequencing Results

tant to verify neither bacterial growth nor transformation was
affected by the mutations.

The colonies were then transferred to LB broth and IPTG
was added to induce BMP-2 protein expression in E. coli
BL21 (DE3) cells. It became evident that the level of expres-
sion was different between the constructs, as will be discussed
by spectroscopy results.

¢k
N”‘“:“VJ"

Fig. 4 WT and mutant DNA grown on agar plates

Protein Quantification by Spectrophotometry

Protein expression was quantified using a spectrophotometer
at 280 nm, targeting aromatic residues that correlate with pro-
tein concentration. The data, visualized in Figures E] and
demonstrated a range of expression levels among the BMP-2
constructs.

e Wild-type BMP-2 showed a baseline absorbance of
1.435.

e N376I mutant had an average absorbance of 0.512, indi-
cating lower protein production compared to WT.

* Del-A368-N377 mutant showed the lowest expression,
with an average absorbance of 0.28475.

* D375K mutant, however, exhibited the highest protein
yield, with an absorbance of 1.90325, surpassing the
wild-type.

The corresponding protein concentrations reflected the ab-
sorbance values and suggested that the D375K mutation may
enhance protein expression or stability. This observation is
noteworthy, as increased expression could be linked to im-
proved osteogenic function—a key aim of the study.

Absorbance of BMP2 Wild Type and Mutations
@ 280 nm

1 I

W|Id Type and Mutations

Absorbance

Fig. 5 The Absorbance of BMP 2 Mutants and WT at 280nm

Observational Trends and Comparative Analysis

Several trends emerged from the data:

Mutants with deletions or significant structural changes
(e.g., Del-A368-N377) resulted in diminished protein expres-
sion, potentially due to impaired folding or instability. Con-
servative point mutations like N376I also produced lower ex-
pression, indicating limited functional enhancement. In con-
trast, the D375K mutation, which involved a charge and size
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Fig. 6 The protein concentrations of WT and mutants

shift (aspartate to lysine), not only retained bacterial growth
but also increased protein expression. This trend suggests that
the D375K substitution might improve translation efficiency
or protein folding, making it a promising candidate for further
osteoblast-based functional assays.

Discussion

The results of this study show the promise of engineered
BMP-2 mutations, specifically D375K, to have a positive in-
crease in protein expression, and possibly, osteogenic func-
tion. D375K had the greatest absorbance at 280 nm (1.90325)
of the three BMP-2 mutants and more than wild-type BMP-2
(1.435), which likely indicates both greater protein expression
or structural stability. Any increase in protein yield is likely a
factor for greater biological activity along osteoblast-inductive
pathwaysm.

The D375K mutation has a lysine, a positively charged
amino acid, instead of an aspartate, a negatively charged
amino acid, due to the substitution of amino acids of different
characteristics. This shift in charge may drive differentiation
of how BMP-2 folds or interacts with receptors, potentially
contributing to dimerizing or activation of the Smad signal-
ing pathway critical for osteoblast differentiation. There is
support in the literature to the notion that amino acid changes
polarity or charge, specifically in the functionality, can alter
protein signaling and thereby, cellular outcomes-Z.

Engineered BMP-2 variants, especially those with aug-
mented protein intrinsic activity, are more directed in the treat-
ment of osteoporosis as compared to currently available ther-
apies (bisphosphonates; hormone therapy, etc.) that also pose
risks for gastrointestinal distress as well as very rare bone is-
sues. With greater protein intrinsic activity, potential doses

could be lowered with reduced risk of side effects.

This study has its limitations; within E. coli as a heterol-
ogous system, we were unable to examine mammalian post-
translational modifications, which meant that we could only
measure protein yield, not the osteogenic function of the pro-
tein. Future experiments should include expressing D375K in
mammalian or human osteoblast precursor cells followed by
functional assays including, ALP activity measurements, min-
eralization, and the activation of the Smad pathway, in order
to evaluate D375K’s performance in systems that are clinically
relevant.

Conclusion

In summary, this study showed that careful mutations of BMP-
2, specifically D375K, can enhance protein yield in a bacterial
system. The highest yield of any of the mutants was D375K.
This suggests that certain substitutive amino acids can alter the
structural or translational efficiency of BMP-2 protein. Previ-
ous studies performed by Sebald et al. and Siverino et al. have
demonstrated that BMP-2 variants have potential to alter os-
teogenic activity in vivo2Z28, The advantage of a more active
or stable form of BMP-2 is that with the anticipated reduction
in dosages, side effects may be reduced, and bone regenera-
tion can be improved. More validation is needed. Functional
testing of the D375K mutant has to be done in mammalian or
human osteoblast precursor cells to examine common markers
of BMP-2 induction, such as ALP activity and Smad signal-
ing. Additionally, using lysine-targeting delivery systems may
provide a useful strategic method for enhancing tissue-specific
delivery of BMP-2, which is key to facilitating clinical out-
comes of BMP-2 delivered following restoration of bone re-
pair and osteoporosis.
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