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Abstract 26 

Harnessing and controlling the localization of recombinant proteins is essential for advancing 27 
synthetic biology, industrial biotechnology, and drug delivery. This study presents a dual system 28 
for protein anchoring and controlled release in Chlamydomonas reinhardtii. Using truncated 29 
variants of the GP1 glycoprotein fused to the plastic-degrading enzyme PHL7, we identified the 30 
PPSPX motif as critical for anchoring proteins to the cell wall. Constructs with increased PPSPX 31 
content exhibited reduced secretion but enhanced anchoring, revealing key anchor-signal sites 32 
within GP1. To enable controlled release, we incorporated a pH-sensitive intein from derived 33 
from Mycobacterium tuberculosis RecA. Under acidic conditions (pH 5.5), this intein efficiently 34 
cleaved and released mCherry and PHL7 from the GP1 anchor. Fluorescence kinetics 35 
demonstrated significant mCherry release from the mCherry-intein-GP1 construct within 4 hours 36 
at pH 5.5, while release was minimal at pH 8.0 and negligible for the mCherry-GP1 control. 37 
Western blot analysis confirmed efficient cleavage, showing a lower band corresponding to free 38 
mCherry at pH 5.5 and no release at pH 8.0. This anchor-release strategy integrates 39 
glycomodules with pH-sensitive inteins to enable precise spatial and temporal protein control. 40 
The system offers broad utility for targeted drug delivery, environmental biosensing, and 41 
biocatalyst deployment. Overall, we establish a versatile framework for optimizing protein 42 
localization and environmentally triggered release in C. reinhardtii, with broad implications for 43 
proteomics, biofilm engineering, and scalable therapeutic delivery systems. 44 

1. Introduction 45 

The ability to precisely control protein localization, anchoring, and release is crucial for a wide 46 
range of biotechnological applications, including industrial bioprocessing, drug delivery, and 47 
gene therapy [1–4]. As the field advances, there is an increased demand for systems that can 48 
both stably anchor proteins and conditionally release them under specific stimuli or conditions. 49 
Microalgae have emerged as a promising platform for engineering these complex biological 50 
systems. Their robust cell walls, ease of genetic manipulation, and potential for large-scale 51 
cultivation make them attractive candidates for applications ranging from biofuel production to 52 
the expression of recombinant proteins [5]. However, challenges remain in achieving precise 53 
control over protein localization and release in these organisms, which is essential for optimizing 54 
their use in various industrial and therapeutic applications [6,7].  55 

One promising approach to address these challenges involves the use of glycomodules: short 56 
peptide sequences rich in serine-proline (SP) repeats and proline-proline-serine-proline-X 57 
(PPSPX) repeats derived from native microalgal cell wall proteins, such as the hydroxyproline-58 
rich GP1 protein attached to the cell wall via non-covalent interactions [8–10]. The existing 59 
literature conveys that when synthetic (SP)n glycomodules were attached to the C-terminus of 60 
proteins of interest expressed in Chlamydomonas reinhardtii and Nicotiana tabacum, protein 61 
secretion was enhanced [11–13]. Increased secretion is a feature that is highly desirable for 62 
downstream purification and applications requiring high protein yields. The capacity to enhance 63 
protein secretion has significant implications for drug delivery systems. Proteins designed for 64 
therapeutic use often require high yield and purity to be cost-effective, particularly when 65 
produced at scale. By integrating glycomodules into the design of therapeutic proteins, their 66 
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secretion-enhancing properties can be exploited to produce biologics, such as monoclonal 67 
antibodies, growth factors, or enzyme therapies, in microalgal platforms [14]. However, contrary 68 
to these results, this C. reinhardtii study demonstrated that when a plastic-degrading enzyme, 69 
PHL7, [15] was fused to GP1-derived glycomodules containing PPSPX motifs, PHL7 was 70 
anchored to the cell wall rather than secreted. 71 

Increased secretion or stable anchoring are advantageous, but there are also many 72 
biotechnological applications that require a mechanism for the controlled release of anchored 73 
proteins [7,16]. To address the challenge of controlled release of proteins, the use of inteins was 74 
explored. Inteins, or intervening proteins, are autocatalytic protein elements that 75 
posttranslationally splice or cleave themselves from a host protein to form the mature protein 76 
[17–19]. Self-splicing or -cleavage of these protein elements can be engineered to be induced 77 
by changes in light, pH, temperature, or redox state, and to be responsive to the addition of 78 
small molecules [17–19]. Splicing or cleavage by inteins does not require energy supply, 79 
exogenous host-specific proteases, or cofactors [18,20]. Genetically engineering microalgae to 80 
anchor therapeutics or enzymes to the cell wall that could be released upon specific stimuli 81 
offers a scalable and cost-effective alternative to other drug delivery systems, such as micro or 82 
nanorobots [21,22]. Additionally, combining the stable anchoring provided by microalgae with 83 
the precision of microrobot technology could enhance drug delivery by merging cost-84 
effectiveness with precise targeting. Similarly, in industrial bioprocessing, the controlled release 85 
of enzymes or functional proteins at specific stages of the process can significantly enhance 86 
both efficiency and yield. For instance, the use of thermostable inteins to control the activity of 87 
cell wall-degrading enzymes, such as xylanases in genetically engineered maize, has 88 
demonstrated the potential to avoid detrimental effects on plant growth while still enabling high 89 
enzyme activity during processing [23]. Applying a similar strategy in microalgae could allow for 90 
the controlled release of enzymes at optimal stages in bioprocessing, improving the overall 91 
efficiency and scalability of biofuel and biochemical production. This study uses a cis-cleaving, 92 
pH-sensitive intein that self-cleaves at its C-terminal at pH 5.5[24]. By integrating this pH intein 93 
into the vector constructs, a system was developed to not only anchor proteins to the cell wall, 94 
but also allow for their controlled release in response to a change in pH.  95 

This study combines glycomodules and pH-sensitive inteins to create a versatile platform for 96 
targeted protein localization and release in microalgae. The anchoring capacity of glycomodules 97 
was validated using PHL7, demonstrating its effective localization to the cell wall. Subsequently, 98 
vectors that fused GP1 and PHL7 or mCherry via the pH-sensitive intein (PHL7-intein-GP1 or 99 
mCherry-intein-GP1, respectively) were engineered, transformed into C. reinhardtii, and 100 
assessed for their ability to mediate controlled protein release under acidic conditions. The 101 
results showed that, upon acid treatment, the inteins cleaved as designed, releasing the 102 
downstream proteins into the supernatant. By providing a system that can anchor proteins with 103 
high specificity and release them under controlled conditions, this study opens up new 104 
possibilities for the development of advanced therapeutic delivery systems, more efficient 105 
industrial bioprocesses, and other applications in biotechnology. 106 
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2. Results 107 

2.1 Glycomodule-mediated anchoring to C. reinhardtii’s cell wall 108 

To investigate whether the truncated portions of GP1 can serve as anchoring domains for 109 
proteins on the C. reinhardtii cell wall, we constructed and analyzed six recombinant vectors 110 
expressing PHL7 fused to truncated variants (glycomodules) of GP1. The glycomodules were 111 
generated by amplifying the GP1 coding region from the mCherry-GP1 vector [10] via PCR. Due 112 
to the high GC content and repetitive structure of the GP1 sequence, truncated variants were 113 
produced. This process yielded six sequences, each containing a distinct number of motif 114 
repeats (Figure 1). These truncated GP1 variants were fused to the C-terminus of PHL7, 115 
resulting in the recombinant constructs designated as pJP32PHL7_X, where X corresponds to 116 
0p1s, 2p16s, 3p20s, 13p20s, 15p20s, or 18p20s. The naming scheme denotes the number of 117 
specific motifs: "p" represents the number of PPSPX motifs, and "s" indicates the number of SP 118 
motifs. For example, the 0p1s variant contains one SP motif but no PPSPX motifs, whereas the 119 
18p20s variant contains 18 PPSPX motifs and 20 SP motifs. The pJP32PHL7 construct serves 120 
as the baseline strain expressing secreted PHL7 without GP1 fusion. 121 

The pJP32PHL7_X vectors were transformed into C. reinhardtii via electroporation, and the 122 
cells were plated onto TAP agar plates containing 15 μg/mL zeocin and 0.75% (v/v) Impranil® 123 
DLN. Every transformation generated colonies with clearing zones, or halos, in the opaque 124 
polyester polyurethane polymer suspension that becomes transparent upon degradation by 125 
PHL7 (Table 1) [25]. The vectors containing more PPSPX motifs (13p20s, 15p20s, and 18p20s) 126 
had a lower proportion of colonies with halos compared to that of vectors containing less 127 
PPSPX motifs (0p1s, 2p16s, and 3p20s). This suggests that the PPSPX motif may be involved 128 
with anchoring rather than secretion [11–13]. 129 
 130 
The colonies with halos were picked into 96-well plates, along with the pJP32PHL7 control and 131 
wild-type, and grown for 7 days. Constructs pJP32PHL7_13p20s, 15p20s, and 18p20s 132 
generated significantly less halos than the control (ANOVA followed by Dunnett’s multiple 133 
comparison test; adjusted p-values = 0.0354, 0.0372, and 0.0397, respectively). An Impranil® 134 
DLN-degrading activity assay was employed to further screen for PHL7 activity. Impranil® DLN, 135 
an opaque polyester polyurethane polymer suspension, becomes transparent upon 136 
degradation. Since PHL7 cleaves ester bonds in polymers [15,25], transformants secreting 137 
PHL7 formed transparent halos around the colonies on the opaque plates, indicating both 138 
secretion and activity of PHL7. This halo phenotype was leveraged to measure the decrease in 139 
absorbance as the enzyme degraded the polymer. The activity assay revealed a negative trend: 140 
as the number of motifs repeats increased, there was a decrease in activity (i.e., change OD at 141 
350 nm over 2 days [day 5 to day 7]) (Figure 2A). We observed significantly lower activity in 142 
each glycomodule vector compared to the pJP32PHL7 control (ANOVA followed by Tukey post-143 
hoc analysis; adjusted p-values < 0.0001; n = 84 for every vector). The pJP32PHL7 baseline 144 
strain is used as a benchmark for soluble, unconstrained enzyme activity in this assay. 145 
Additionally, there was a statistically significant difference between the 2p16s and 3p20s vectors 146 
(adjusted p-value 0.0122). On the other hand, the 13p20s, 15p20s, and 18p20s vectors 147 
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displayed no activity (with the exception of an outlier for 15p20s), with levels comparable to the 148 
wild type for the supernatant samples (Figure 2A). To further confirm the presence of each 149 
truncated glycomodule in the vectors, the transformants exhibiting the highest activity levels 150 
were selected and their supernatants were used to run a zymogram containing 1% (v/v) 151 
Impranil® DLN. As the number of motifs repeats increased, the band size of clearing zones also 152 
increased (Figure 2C). For pJP32PHL7_control and 0p1s, two bands were observed, conveying 153 
that two active isoforms of the enzyme were present due to glycosylations sites present in PHL7 154 
[25].  155 
 156 
Increasing the number of PPSPX motifs in GP1 fusion constructs led to a clear enhancement in 157 
anchoring efficiency, as demonstrated by reduced enzymatic activity in the supernatant (Figure 158 
2A) and increased recovery following perchlorate treatment (Figure 2B). This trend was most 159 
evident among constructs that varied primarily in the number of PPSPX repeats while 160 
maintaining a relatively constant SP motif background (e.g., 16s to 20s). In contrast, the 0p1s 161 
construct, containing a single SP motif and lacking PPSPX repeats, showed significant 162 
secretion and minimal anchoring. These findings are consistent with prior reports that SP-rich 163 
glycomodules enhance secretion efficiency in both C. reinhardtii and N. tabacum [11–13], and 164 
further suggest that PPSPX motifs specifically promote cell wall retention. 165 
 166 
Because diminishing activity was observed with the 2p16s, 3p20s, 13p20s, 15p20s, and 167 
18p20s, these transformants were treated with 2 M sodium perchlorate to release the cell wall 168 
components. An Impranil® DLN-degrading activity assay was employed to screen for activity 169 
from PHL7 that could have been anchored to the cell wall via the glycomodule. The results now 170 
demonstrated a positive trend: as the number of motifs repeats increased, the activity levels 171 
also increased (Figure 2B). We observed statistically significant differences in activity between 172 
every glycomodule vector (ANOVA followed by Tukey post-hoc analysis; all had adjusted p-173 
values < 0.0001) except for 15p20s and 18p20s (adjusted p-value 0.6578). The presence of 174 
perchlorate alters the baseline optical properties of Impranil® DLN. Perchlorate can cause 175 
increased background absorbance over time due to colloidal destabilization. In the presence of 176 
active enzymatic degradation, this absorbance increase is counteracted, resulting in a net 177 
negative or reduced ΔOD350. Therefore, absolute OD values are less meaningful across 178 
different treatments (Figures 2A and B), and comparisons are made within matched 179 
experimental sets. 180 

2.2 Intein-mediated release of PHL7 from the cell wall to the extracellular 181 

environment 182 

After pinpointing the potential anchor-signal sites for GP1, we investigated how to release PHL7 183 
in a controlled manner. The PHL7-intein-GP1 vector was constructed, where the full-length GP1 184 
and PHL7 coding sequences were fused via the pH intein [24]. The PHL7-intein-GP1 vector was 185 
transformed into C. reinhardtii via electroporation, and the cells were plated onto TAP agar 186 
plates containing 15 μg/mL zeocin and 0.75% (v/v) Impranil® DLN. The colonies with halos 187 
were picked into a 96-well plate containing TAP media, and grown for 7 days. An Impranil® DLN 188 
activity assay was performed to screen for positive transformants (Supplementary Figure 1A). 189 
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The transformant with the highest activity level was selected (here on referred to as W4_PHL7), 190 
and treated with pH 5.5 sodium acetate buffer (1 M NaCH3COO) or pH 8.0 potassium 191 
phosphate buffer (1 M K2HPO4). For W4_PHL7, the zymogram displayed only two clearing 192 
zones at about 24 kDa and 26 kDa for the pH 5.5 NaCH3COO-treated sample and no clearing 193 
zones for the pH 8.0 K2HPO4-treated sample (Supplementary Figure 1B). We also observed a 194 
clearing zone at above 250 kDa (indicated by red arrow) and no clearing zones at 24 kDa and 195 
26 kDa (indicated by blue arrow) for the perchlorate-treated sample, indicating an initially 196 
uncleaved form of the protein. These results exemplify that when the cells were exposed to pH 197 
5.5 conditions, the pH intein successfully self-cleaved and released PHL7 from the cell wall. 198 

2.3 Anchorage of mCherry to the cell wall via GP1 199 

To investigate the functionality of the engineered intein in C. reinhardtii, we constructed a fusion 200 
protein consisting of mCherry linked to the intein and full-length GP1, referred to as mCherry-201 
intein-GP1 (see Plasmids in https://doi.org/10.5281/zenodo.15823381). Screening of 84 202 
transformants for mCherry fluorescence revealed that 28 colonies exhibited robust 203 
fluorescence, indicating successful expression of the fusion protein (Figure 3A). The control 204 
plasmid (mCherry-GP1), which lacks the intein, showed comparable levels of fluorescence. The 205 
wild-type (Cre_WT) showed minimal or no fluorescence. 206 
 207 
To determine whether the intein underwent self-cleavage to release mCherry, transformants 208 
exhibiting the highest fluorescence from the initial screen were exposed to pH 8.0 and pH 5.5 209 
conditions. Fluorescence kinetics demonstrated significant mCherry release from the mCherry-210 
intein-GP1 top expressor at pH 5.5, with a measurable increase within 4 hours (Figure 3B). In 211 
contrast, release was minimal under pH 8.0 conditions and negligible for the mCherry-GP1 top 212 
expressor control, irrespective of the pH. These results indicate that the intein self-cleavage 213 
mechanism is strongly pH-dependent, favoring acidic conditions. 214 
 215 
Western blot analysis confirmed the pH-dependent cleavage of the mCherry fusion protein 216 
(Figure 3C). At pH 5.5, mCherry was efficiently released from the mCherry-intein-GP1 top 217 
expressor, as shown by the presence of cleaved mCherry bands. Conversely, at pH 8.0, no 218 
cleavage products were detected. When cells were treated to release with perchlorate (ClO��), 219 
distinct protein isoforms were observed for both mCherry-intein-GP1 and mCherry-GP1 top 220 
expressors possibly representing different glycosylation states of the fusion protein. Notably, the 221 
Western Blot shows an absence of the band at >250 kDa for the mCherry-intein-GP1 top 222 
expressor, which is otherwise present for the mCherry-GP1 top expressor. We hypothesize this 223 
to be the fully mature glycosylated form. We hypothesize thes absence of it in the mCherry-224 
intein-GP1 top expressor could be due to altered glycosylation or processing, and future studies 225 
should investigate this. 226 
 227 
To assess the potential impacts on cell viability and proliferation, growth curves of C. reinhardtii 228 
transformants expressing mCherry constructs (mCherry-intein-GP1 and mCherry-GP1) were 229 
compared to wild-type (Cre_WT). All strains displayed similar growth patterns over six days, as 230 
evidenced by overlapping 95% confidence intervals for the growth rate parameter, K (Gompertz 231 
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model fit) across strains (Figure 4A). This indicates that neither the mCherry-intein-GP1 nor the 232 
control mCherry-GP1 constructs significantly affected cell growth. In parallel, mCherry 233 
fluorescence was monitored to evaluate protein expression levels over time (Figure 4B). The 234 
mCherry-intein-GP1 transformants exhibited lower fluorescence compared to mCherry-GP1, 235 
which lacks the intein, suggesting that intein-mediated cleavage or altered protein processing 236 
may reduce the accumulation of mCherry. This was also observed by the lack of overlapping 237 
95% confidence intervals for production rate parameters (logistical curve fit) (see Figure 4 238 
Source Data in https://doi.org/10.5281/zenodo.15823381). Wild-type cells showed negligible 239 
fluorescence, confirming the absence of background signal. 240 
 241 
To further investigate the subcellular localization of mCherry, fluorescence microscopy was 242 
performed (Figure 4C–F). In the mCherry-GP1 top expressor (Figure 4D), mCherry 243 
fluorescence appeared consistently distributed around the cell periphery, likely localized to the 244 
cell wall [10]. However, in the mCherry-intein-GP1 top expressor (Figure 4E), mCherry signal 245 
was largely absent from the cell wall, with fluorescence observed predominantly in intracellular 246 
compartments (indicated by white arrows), likely corresponding to secretory vesicles. This 247 
pattern suggests incomplete secretion or improper targeting of the mCherry fusion protein in the 248 
presence of the intein. We did not observe a significant visual difference in mCherry location 249 
after pH treatment (Figure 4E and F). At pH 8.0, mCherry signal in mCherry-intein-GP1 cells 250 
remained intracellular, consistent with vesicular localization. Exposure to pH 5.5 resulted in 251 
slightly reduced mCherry signal from the cell wall. This observation may reflect pH-mediated 252 
cleavage and release of mCherry or experimental variability (e.g., sample preparation bias). 253 
Nevertheless, we observed a significant increase in released mCherry upon pH treatment 254 
(Figure 3B). 255 

2.4 Investigating intein function through release of mCherry from the cell wall 256 

To further characterize the behavior of the mCherry-intein-GP1 construct, we compared it to 257 

wild-type cells (WT, negative control), pJP32mCherry (a secreting strain), and mCherry-GP1 (a 258 

cell wall-localized strain). A nanofiltration-based fractionation assay was designed using a 100 259 

kDa molecular weight cutoff filter, which allowed us to separate samples into retentate (≥100 260 

kDa) and flowthrough (<100 kDa) fractions (Supplementary Figure 2A). This approach 261 

enabled the detection of mCherry fluorescence associated with either larger protein complexes 262 
or free cleaved mCherry. 263 
 264 
The wild-type strain was used to account for any background fluorescence or autofluorescence 265 
caused by endogenous pigments. The pJP32mCherry strain was used as a control for mCherry 266 
secretion, while mCherry-GP1 served as a control for cell wall-associated mCherry signal. 267 
Experimental samples were subjected to pH 8.0 (neutral control) and pH 5.5 (cleavage-inducing 268 
condition), and fluorescence measurements were taken for both retentate and flowthrough 269 
fractions (Supplementary Figure 2B). 270 
 271 
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mCherry fluorescence increased significantly in the pH 5.5-treated samples compared to pH 8.0 272 
across all strains. In the WT strain, fluorescence increased by 2.21-fold in the retentate fraction 273 
(ANOVA, Tukey post hoc, p-value = 0.9228, n = 3 biological replicates), likely representing 274 
background signal unrelated to mCherry expression. For the pJP32mCherry strain, fluorescence 275 
increased 98.89 times in magnitude in the flowthrough fraction (p-value = 0.0006), consistent 276 
with secretion/leaking of mCherry. In the mCherry-GP1 top expressor, fluorescence increased 277 
by 10.00-fold in the retentate fraction (p-value < 0.0001), reflecting cell wall-associated 278 
mCherry. Fluorescence also increased 12.66 times in magnitude in the flowthrough fraction (p-279 
value < 0.0001). This increase may be attributed to the secretion or leakage of partially 280 
glycosylated proteins (mCherry-GP1 fusion), which have a smaller molecular size, as observed 281 
in the Western blot (Figure 3C). Some mCherry proteins may be fully secreted without being 282 
anchored, contributing to the observed fluorescence signal. To account for this effect, 283 
fluorescence measurements of the culture supernatant are needed for normalization. 284 
 285 
Interestingly, the mCherry-intein-GP1 top expressor exhibited a distinct fluorescence pattern, 286 
with significant increases observed in both the retentate (3.64-fold) and flowthrough (2.64-fold) 287 
fractions (p-values < 0.0001 and = 0.0001, respectively). These results suggest that the pH 5.5 288 
treatment triggered mCherry cleavage and partial release from intracellular compartments 289 
and/or the cell wall. The concurrent fluorescence increases in both fractions further support the 290 
hypothesis that acidic conditions may cause partial cell lysis or destabilization (see Discussion 291 
for further analysis). 292 
 293 
To investigate the possibility of cell lysis contributing to mCherry release under pH 5.5 294 
conditions, we included an additional control strain, pAH04mCherry, which expresses mCherry 295 
cytosolically. All strains were treated at pH 8.0 and pH 5.5, and mCherry fluorescence in the 296 
supernatant was measured (Supplementary Figure 3A). Equal volumes of the supernatant 297 
from each strain were also analyzed using SDS-PAGE to visualize protein release patterns 298 
(Supplementary Figure 3B). 299 
 300 
Across all strains, including the wild-type, an increase in mCherry signal was observed at pH 5.5 301 
compared to pH 8.0 (Supplementary Figure 3A). For the wild-type strain, this increase was 302 
clearly detectable, reflecting background fluorescence likely originating from cell lysis and 303 
release of pigments (1.75 times higher mCherry RFU, ANOVA, Tukey, p-value < 0.0001, n = 3 304 
biological replicates). In the cytosolic mCherry strain (pAH04mCherry), a significant increase in 305 
supernatant fluorescence was detected at pH 5.5 (4.48 times higher) compared to pH 8.0 (p-306 
value <0.0001). This trend was similarly observed in the recombinant strains (pJP32mCherry, 307 
mCherry-GP1, and mCherry-intein-GP1), all of which exhibited elevated mCherry fluorescence 308 
at pH 5.5. 309 
 310 
The SDS-PAGE analysis further corroborated these findings (Supplementary Figure 3B). At 311 
pH 5.5, the protein gel revealed a greater diversity of protein bands and overall higher intensity 312 
compared to pH 8.0, consistent with increased protein release under acidic conditions. Notably, 313 
the recombinant strains showed a more diverse protein release, further supporting the 314 
hypothesis of pH 5.5-induced cell membrane permeabilization.  315 
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 316 
To further characterize the role of pH and buffer composition in inducing cell lysis, we used the 317 
cytosolic mCherry strain (pAH04mCherry) to monitor the release of proteins under various 318 
buffer conditions. The tested conditions included a phosphate buffer (100 mM K2HPO�, pH 319 
8.0), a citrate buffer (100 mM trisodium citrate, pH 5.5), and acetate buffers at different 320 
concentrations (10 mM, 50 mM, 100 mM, and 200 mM sodium acetate, pH 5.5). mCherry 321 
fluorescence in the supernatant was measured as a proxy for cytoplasmic protein release 322 
(Supplementary Figure 4). The phosphate buffer at pH 8.0 resulted in a low background 323 
release of mCherry, likely due to background signal, or non-specific fluorescence values 324 
observed in the supernatant. In contrast, all acetate buffers at pH 5.5 caused a significant 325 
increase in mCherry fluorescence compared to the phosphate buffer, except for 50 mM acetate 326 
(ANOVA, Tukey post hoc, n = 3 biological replicates, see Supplementary Figure 4 Source 327 
Data in https://doi.org/10.5281/zenodo.15823381 for p-values). 328 
 329 
Interestingly, the citrate buffer at pH 5.5 did not result in a significant increase in mCherry 330 
release compared to the phosphate buffer (p-value = 0.8871). This indicates that the effect of 331 
pH 5.5 is not solely due to acidity but is instead buffer-dependent, with acetate playing a specific 332 
role in promoting membrane destabilization or lysis. These results suggest that acetate buffer at 333 
pH 5.5 drives the release of cytoplasmic contents likely through a mechanism involving 334 
membrane permeabilization. In contrast, the lack of a similar effect with citrate buffer highlights 335 
a potential specificity in the interaction between acetate ions and cell membranes, which 336 
warrants further investigation. 337 
 338 

3. Discussion 339 

This study sheds light on key aspects of protein anchoring and controlled protein release in C. 340 
reinhardtii, with findings that have broad implications for biotechnology. First, we demonstrated 341 
that a specific fraction of the GP1 protein is necessary for anchoring of recombinant proteins to 342 
the cell wall. Using a series of truncated GP1 fragments fused to PHL7, we identified that the 343 
PPSPX motif plays a critical role in anchoring, despite containing the SP motif for secretion 344 
[11,12]. GP1, a widely studied glycoprotein, is known to reside in the chaotropic fraction of the 345 
cell wall and is composed of distinct structural domains, including a shaft region and a globular 346 
region [9,27]. Our results align with previous hypotheses suggesting that the PPSPX motif, 347 
which forms polyproline type II (PPII) helices, plays a crucial structural role in anchoring by 348 
mediating interactions with neighboring proteins [8]. Our results confirm that the PPSPX motifs 349 
are critical for anchoring proteins to the cell wall. Constructs with a higher number of PPSPX 350 
motifs displayed reduced secretion of PHL7 (pJP32PHL7_13p20s, pJP32PHL7_15p20s, and 351 
pJP32PHL7_18p20s), suggesting that these motifs promote retention within the cell wall 352 
(Figure 2). This is consistent with the proposed role of PPII helices in protein-protein 353 
interactions within the extracellular matrix. 354 
Unexpectedly, the addition of GP1 sequences did not enhance secretion efficiency as some 355 
patents had suggested [12]. Other groups have previously demonstrated that the SP motifs 356 
associated with GP1 appear to facilitate enhanced protein secretion, as observed in both plants 357 
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and algae [11–13]. Instead, our findings reveal that the PPSPX motif primarily acts as an 358 
anchoring domain, while the SP motifs likely influence efficient secretion. Ideally, a motif-by-359 
motif dissection would involve variants containing exclusively one or the other motif class (e.g., 360 
18p0s or 0p20s constructs), and we acknowledge that such constructs would provide stronger 361 
mechanistic clarity. However, the 20s construct has already been independently validated in 362 
previous studies [11–13], supporting the role of SP motifs in enhancing secretion. In our work, 363 
due to the high GC content and repetitive nature of the GP1 sequence, we were limited in the 364 
precise assembly of synthetic variants and instead relied on PCR-derived truncations that 365 
retained varying numbers of both motif types, more relevantly, varying the number of proline-366 
rich PPSPX motifs to complement existing literature. Nevertheless, this new understanding 367 
clarifies the mechanistic roles of GP1’s distinct motifs and reveals the structural complexity of 368 
this glycoprotein in the cell wall. 369 
 370 
The implications of these findings are both theoretical and practical. On a theoretical level, our 371 
results pinpoint PPSPX motifs as essential for cell wall anchoring, providing a foundation for 372 
understanding similar motifs in other C. reinhardtii proteins, such as those related to mating. For 373 
instance, the sexual agglutinins that are involved in sexual adhesion between gametes of C. 374 
reinhardtii contain a shaft domain in a PPII configuration that comprises PPSPX motifs [28]. 375 
These agglutinins are encoded by the sag1 (sexual agglutination) and sad1 (sexual adhesion) 376 
genes and mediate cell-cell interactions critical to the mating process. Furthermore, the PPSPX 377 
motifs forming PPII helices resemble those in structural proteins such as collagen, elastin, and 378 
actin-binding proteins [29], suggesting a conserved role across biological systems. This 379 
conservation implies that PPII helices contribute to stability and interaction dynamics in 380 
extracellular matrices and cytoskeletal systems across diverse organisms. This structure is also 381 
often found in the Src homology 3 (SH3) and tryptophan-tryptophan (WW) domains. The SH3 382 
domain is involved in cell proliferation, migration and cytoskeletal modifications [30], and the 383 
WW domain is found in many signaling and structural proteins including RNA-binding proteins 384 
[31]. Moreover, the role of GP1’s C-terminal globular region, which was not directly addressed in 385 
this study, may warrant further investigation to determine how it contributes to cell wall 386 
integration and interactions with other matrix components. 387 
 388 
From a practical perspective, understanding the distinct roles of the SP and PPSPX motifs could 389 
guide the development of constructs tailored for specific biotechnological needs. For instance, 390 
maximizing SP motifs could enhance protein secretion, while increasing PPSPX content could 391 
improve anchoring efficiency. Furthermore, different configurations could be strategically 392 
designed to optimize functionality. For example, anchoring domains could be positioned in the 393 
N-terminal region with SP motifs in the C-terminal region to facilitate both efficient secretion and 394 
anchoring of the engineered protein, or vice versa, depending on the specific application and 395 
structural requirements of the recombinant construct. Additionally, identifying PPSPX as a key 396 
anchoring motif offers opportunities for engineering smaller and more efficient anchoring 397 
modules. Such modules could be used to tether enzymes to surfaces for biocatalysis or to 398 
stabilize proteins within biofilms for industrial or environmental applications [32,33]. 399 
 400 
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The experimental limitations of this study should also be considered. The truncated GP1 401 
variants analyzed here were generated via PCR, which limited control over the exact motif 402 
composition. Future studies should employ synthetic constructs specifically designed to isolate 403 
the effects of SP and PPSPX motifs. This approach would pinpoint the minimal PPSPX motif 404 
content required for anchoring. While PCR artifacts were observed due to the GC-rich repeat 405 
regions, these do not reflect instability in C. reinhardtii, as it derives from the same endogenous 406 
sequence of the native GP1. Future work using long-read sequencing technologies could further 407 
verify structural integrity at the genomic level. Furthermore, the reliance on activity assays and 408 
zymograms, while informative, may not fully capture the structural dynamics of GP1 variants 409 
within the cell wall. 410 
 411 
For many biotechnological applications, particularly those involving drug delivery or industrial 412 
bioprocessing, it is not sufficient to simply anchor proteins; there must also be a mechanism to 413 
release these proteins under specific conditions, enabling precise control over their activity. To 414 
address this need for controlled release, we successfully employed a cis-cleaving, pH-sensitive 415 
intein system, which complements the anchoring properties of glycomodules by enabling the 416 
conditional release of the anchored proteins under acidic conditions. The intein-mediated 417 
cleavage mechanism allowed for the release of PHL7 and mCherry under acidic conditions (pH 418 
5.5), representing a novel approach to controlled release in microalgae. This advancement is 419 
particularly significant for applications requiring precise timing and spatial control, such as drug 420 
delivery systems. For instance, groups have previously engineered microalgae to carry 421 
payloads (e.g., antibiotics or small molecule cancer chemotherapeutic drugs) that get released 422 
via photocleavable linkers [16] or protease-cleavable linkers [34]. Moreover, for recombinant 423 
protein production, this system could simplify downstream processing by enabling the selective 424 
cleavage and harvesting of proteins in response to environmental stimuli, reducing the need for 425 
extensive purification steps. 426 
 427 
Here, the cis-cleaving, pH-sensitive intein [24]functioned effectively in C. reinhardtii, facilitating 428 
the release of PHL7 and mCherry at pH 5.5. Zymogram analysis and fluorescence kinetics 429 
confirmed that cleavage is pH-dependent, favoring acidic environments while showing no 430 
activity at pH 8.0. This aligns with the known properties of the pH intein from Choi et al. and 431 
validates their application for tightly controlled protein release [24]. In the case of mCherry, 432 
microscopy revealed that intein-mediated cleavage also influenced protein processing and 433 
localization. The reduced presence of characteristic mCherry at the whole cell wall in mCherry-434 
intein-GP1 transformants, combined with its prominent vesicular localization, suggests that the 435 
intein may interfere with proper protein trafficking or secretion. This was further corroborated by 436 
detecting several protein isoforms on a Western Blot which we hypothesize to be different 437 
glycosylation states. The full mCherry-intein-GP1 fusion protein is expected to have a molecular 438 
weight above 250 kD, as the native GP1 protein has a molecular weight of 272.4 kD when 439 
modified (and 65.1 kD when deglycosylated) [8]. Unmodified mCherry and the intein has a 440 
molecular weight of 26.7 kD and 18.6 kD, respectively. On the Western blot, we detected at 441 
least 22 bands to mCherry-GP1 and 17 bands to mCherry-intein-GP1 (Figure 3C), indicating 442 
isoforms potentially arising from variable glycosylation and sequential post-translational 443 
modifications. Notably, the fully processed protein observed in mCherry-GP1 was absent in 444 
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mCherry-intein-GP1, implying that the intein might be disrupting parts of post-translational 445 
modifications. We hypothesize that these isoforms represent different glycosylation states, but 446 
glycan profiling should be conducted in future studies to investigate these isoforms. 447 
 448 
Several limitations of the pH-sensitive intein must be addressed. The intein appeared to reduce 449 
overall mCherry accumulation compared to the control constructs, suggesting that intein 450 
presence in the tested configuration might affect protein yield. Localization and processing 451 
issues observed in mCherry transformants further indicate that intein integration can interfere 452 
with proper trafficking and secretion. The use of perchlorate revealed different isoforms on the 453 
Western Blot, which are possibly different glycosylation states that vary between constructs as 454 
discussed above. Furthermore, reliance on acidic conditions for cleavage may limit applicability 455 
in systems where pH sensitivity of host cells or proteins is a concern. Because acetate buffer at 456 
pH 5.5 induces release of cytosolic mCherry, this confounds the interpretation of cleavage-457 
specific release. Direct testing of the mCherry-intein-GP1 construct in citrate buffer at pH 5.5 458 
would provide a stronger mechanistic resolution, and should be the focus of future research. 459 
Our data suggest that citrate causes significantly lower release of intracellular mCherry than 460 
acetate across a range of concentrations, despite equivalent pH (Supplementary Figure 4). 461 
These findings suggest that buffer composition, in addition to pH, plays a critical role in 462 
modulating membrane integrity and potential cell lysis. While a portion of the mCherry release 463 
observed in Figure 3B may be attributed to lysis under acidic conditions, no detectable release, 464 
whether lytic or cleavage-mediated, was observed in the control mCherry-GP1 construct under 465 
the same conditions. Moreover, a distinct shift in banding pattern was observed in the Western 466 
Blot (Figure 3C), with the disappearance of the higher molecular weight fusion protein and the 467 
emergence of a band corresponding to free mCherry, consistent with intein-mediated cleavage.. 468 
 469 
To enhance the utility of intein-mediated systems, future research should focus on optimizing 470 
protein trafficking and processing by modifying intein sequences to minimize disruptions or by 471 
designing constructs with more efficient and compact anchoring domains. The observed 472 
disruption in trafficking could potentially stem from interference with the glycosylation machinery 473 
or spatial constraints within the tightly assembled cell wall matrix. Incorporating smaller 474 
anchoring domains could mitigate these issues by providing more space for proper protein 475 
anchoring thereby improving functional integration into the cell wall. Creating inteins with 476 
narrower pH sensitivity or tunable cleavage thresholds would allow for greater control in 477 
complex systems. Expanding the system to include other pH-sensitive inteins or engineering 478 
inteins responsive to additional stimuli, such as temperature or light, could further broaden its 479 
applications. 480 
 481 
With insights into the GP1 glycomodules and intein-mediated controlled protein release, the 482 
observed pH-induced lysis in C. reinhardtii offers an additional layer of biological understanding 483 
and technological opportunity. Cell lysis, essential for applications such as protein purification, 484 
proteomics, and recombinant protein production, was effectively induced using acetate buffer at 485 
pH 5.5. This treatment resulted in the release of cell contents, including mCherry 486 
(Supplementary Figure 4). The mechanism underlying this phenomenon appears to involve 487 
the specificity of acetate in promoting lysis. While C. reinhardtii is known to be sensitive to acidic 488 
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conditions [35], our findings suggest that the protonated form of acetate (i.e., acetic acid) may 489 
play an additional role as a surfactant, disrupting the cytoplasmic membrane. The specificity 490 
observed with acetate, compared to phosphate or citrate buffers at a similar pH, supports this 491 
hypothesis. Acetic acid's pKa of 4.8 determines its protonation state at different pH levels. At pH 492 
5.5, approximately 17% of acetate exists in the protonated form (CH�COOH), while the 493 
remaining 83% is present as acetate ions (CH�COO�). This proportion of acetic acid 494 
(CH�COOH) may enhance its ability to integrate into and destabilize lipid bilayers, promoting 495 
membrane permeabilization. Unlike phosphate or citrate buffers at a similar pH, which did not 496 
induce lysis under similar conditions, acetate also uniquely enabled controlled permeabilization 497 
while leaving the chloroplast largely intact (data not shown). In Supplementary Figure 4, the 498 
10mM acetate condition presented a higher variability, likely due to poor media removal in the 499 
washing steps, which is a potential technical limitation. This could have led to higher mCherry 500 
measurements for one of the samples, compared to the other buffers at higher acetate 501 
concentrations. Nonetheless, these findings highlight the utility of acetate buffers in facilitating 502 
cell lysis and open avenues for optimizing lysis conditions for various biotechnological 503 
applications. Additionally, we employed a Stain-Free SDS-PAGE gel (Supplementary Figure 504 
3B), which uses a fluorescence-based protein detection method that is directly correlated with 505 
total protein load and distribution, similar to traditional Coomassie staining. This approach 506 
allowed us to detect global protein release patterns under different pH and buffer conditions. As 507 
shown, an increase in protein release was observed at lower acetate buffer pH. 508 
 509 
The exact mechanism of acetate-induced lysis remains unclear and would require further 510 
exploration across a broader range of pH levels and buffer compositions, including mixtures and 511 
other weak acids such as propionic acid. Specific investigations into membrane lipid 512 
composition and interactions with protonated acetate could provide a mechanistic basis for the 513 
observed specificity. These experiments were beyond the scope of this work, which focused on 514 
demonstrating the phenomenon rather than pinpointing its underlying mechanism. Ultimately, 515 
this study establishes a framework for intein-mediated controlled protein release in C. 516 
reinhardtii, offering a versatile tool for synthetic biology and biotechnology while identifying key 517 
areas for refinement to enhance its broader applicability. 518 

4. Conclusion 519 

This study advances our understanding of protein anchoring, controlled protein release, and pH-520 
induced lysis in C. reinhardtii, offering insights into algae biotechnology. We identified that the 521 
PPSPX motif in GP1 plays a crucial role in anchoring proteins to the cell wall, providing a 522 
foundation for engineering glycomodules tailored for diverse applications. Additionally, the 523 
successful deployment of a pH-sensitive intein system enabled precise temporal and 524 
environmental control over protein release, demonstrating its potential for applications in drug 525 
delivery, biocatalysis, and recombinant protein production. The observed pH-induced lysis, 526 
mediated by acetate buffer, highlights a cell permeabilization mechanism, paving the way 527 
towards innovative proteomics and protein purification approaches. Together, these findings 528 
establish C. reinhardtii as a versatile platform for synthetic biology and emphasize the potential 529 
for harnessing its biological systems to address critical challenges in industrial biotechnology. 530 
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 531 

5. Materials and Methods 532 

5.1 Construction of Plasmids 533 

All vectors were assembled using the pBlueScript II KS+ (pBSII) backbone and contain the 534 
nuclear promoter AR1 (HSP70/RBCS2). The ble gene was employed as a selection marker. For 535 
all vectors (except for pAH04mCherry), the gene of interest was fused to ble with a foot-and-536 
mouth-disease-virus 2A self-cleavage peptide (FMDV-2A) and signal peptide (SP7). The 537 
pAH04mCherry vector does not contain SP7 because mCherry is targeted to the cytoplasm. 538 
 539 
The pJP32PHL7 vector [25] served as a negative control for the glycomodule vectors, and 540 
contains the PHL7 sequence codon-optimized for C. reinhardtii that was purchased from IDT 541 
(Integrated DNA Technologies, San Diego, CA, USA). The pJP32PHL7_X glycomodule vectors 542 
(where X denotes the number of PPSPX and SP motifs) were constructed using the 543 
pJP32PHL7 vector as a backbone. These vectors include an additional 0p1s, 2p16s, 3p20s, 544 
13p20s, 15p20s, and 18p20s sequences attached to the C-terminus of PHL7, where “p” stands 545 
for the PPSPX motif and “s” stands for the SP motif. These PPSPX- and SP-repeat sequences 546 
were prepared by PCR of the GP1 cell wall protein from the mCherry-GP1 (mCherry-GP1) 547 
vector [10] using forward primer 5’-CCTGGCGGTATCTTCAACTGCCCT-3’ and reverse primer 548 
5’-CTTGACGGCCACGGGCG-3’. The variation in the number of serine-proline repeats resulted 549 
from unintended PCR products during amplification, due to the challenges posed by repetitive 550 
nature and the high GC content of the GP1 sequence. Consequently, we relied on PCR-derived 551 
truncations that retained varying numbers of both motif types. 552 
 553 
The pJP32mCherry and pAH04mCherry vectors [36] served as controls for the pJPW4mCherry 554 
(mCherry-intein-GP1) and pJPW4PHL7 (PHL7-intein-GP1) intein vectors. Both vectors contain 555 
the mCherry sequence codon-optimized for C. reinhardtii that was purchased from IDT. The 556 
mCherry-GP1 vector [10] also served as a negative control for the intein vectors because it 557 
does not contain an intein. For mCherry-intein-GP1 and PHL7-intein-GP1, the incorporated 558 
intein was classified as a cis-cleaving pH-induced intein that self-cleaves at its C-terminal at pH 559 
5.5 [24]. The intein was codon-optimized for C. reinhardtii and purchased from IDT. For 560 
mCherry-intein-GP1, the pJP32 backbone is used, and the fusion protein includes the full-length 561 
coding sequence of the endogenous GP1 protein, fused at its N-terminus to the pH-sensitive 562 
cis-cleaving intein and mCherry. Similarly, for PHL7-intein-GP1, the pJP32 backbone was also 563 
used, and the full-length coding sequencing of endogenous GP1 is fused at its N-terminus to the 564 
intein. 565 
 566 
All vector pieces were assembled using NEBuilder® HiFi DNA Assembly (NEB - New England 567 
Biolabs) following the manufacturer’s protocol. All vectors contain restriction sites that flank the 568 
expression cassette (XbaI on the 5’ end and KpnI on the 3’ end) for linearization. The restriction 569 
enzymes were obtained from New England Biolabs  (Ipswich, MA, USA). The final sequences 570 
can be found at ZENODO (https://doi.org/10.5281/zenodo.15823381. 571 
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 572 

5.2 C. reinhardtii Growth Conditions and Transformation 573 

5.2.1 Growth Conditions 574 

The wildtype, cell wall-containing C. reinhardtii CC-1690 (mt+) strain was obtained from the 575 
Chlamydomonas Resource Center in St. Paul, MN, USA. The strain was propagated in TAP 576 
medium at 25 °C with constant illumination at 80 μmol photons m-2s-1 and agitated at 150 rpm 577 
on a rotary shaker. 578 

5.2.2. Transformation 579 

The plasmids were doubly digested using XbaI and KpnI restriction enzymes (New England 580 
Biolabs, Ipswich, MA, USA), followed by purification with the Wizard SV Gel and PCR Clean-up 581 
System (Promega Corporation, Madison, WI, USA) without fragment separation. DNA 582 
concentration was quantified using the Qubit dsDNA High Sensitivity Kit (Thermo Fisher 583 
Scientific, Waltham, MA, USA). The digested plasmids were transformed into C. reinhardtii CC-584 
1690 using electroporation. The cells were cultured to reach mid-logarithmic growth phase (3 x 585 
106 - 6 x 106 cells/mL) in tris-acetate-phosphate (TAP) medium and maintained at 25°C with 586 
constant light exposure (80 μmol photons m-2s-1) on a rotary shaker at 150 rpm. The cells were 587 
concentrated by centrifugation at 3000 G for 10 minutes and resuspended to density of 3 x 108 - 588 
6 x 108 cells/mL using MAX Efficiency™ Transformation Reagent for Algae (Catalog No. 589 
A24229, Thermo Fisher Scientific). For electroporation, 250 μL of the cell suspension and 500 590 
ng of a vector plasmid (digested with XbaI and KpnI restriction enzymes) was chilled on ice for 591 
five to ten minutes in a 4-mm wide cuvette compatible with the Gene Pulser®/MicroPulser™ 592 
(BioRad, Hercules, CA). The cell-DNA mixture was electroporated using the GenePulser 593 
XCell™ device (BioRad, Hercules, CA) with a pulse of 2000 V/cm for 20 microseconds. 594 
Following electroporation, the cells were transferred into 10 mL of TAP medium and incubated 595 
with gentle agitation (50 rpm) in ambient light conditions (approximately 8 μmol photons m-2s-1) 596 
for an 18-hour recovery period. Post-recovery, the cells were concentrated by centrifugation, 597 
resuspended in 600 μL of TAP medium, and evenly spread onto two TAP agar plates with 15 598 
μg/mL zeocin for mCherry-intein-GP1-transformed cells and two TAP agar plates with 15 μg/mL 599 
zeocin and 0.75% (v/v) Impranil® DLN for pJP32PHL7gXSP- and PHL7-intein-GP1-transformed 600 
cells. Impranil® DLN is a colloidal polyester-PUR dispersion [37]. The plates were incubated 601 
under a light intensity of 80 μmol photons m-2s-1 at 25 °C until visible colonies were formed. This 602 
transformation protocol can be found at [38]. 603 
 604 

5.3 Strain Screening 605 

5.3.1 mCherry Fluorescence Analysis 606 

Transformant colonies were picked into 96-well plates: 84 transformant colonies, 6 wildtype C. 607 
reinhardtii CC-1690 colonies, and 6 blank wells. Each well contained 160 μL of TAP media. 608 
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After a growth period of 7 days, fluorescence measurements were conducted using the Infinite® 609 
M200 PRO plate reader (Tecan, Männedorf, Switzerland). Chlorophyll was measured at an 610 
excitation wavelength of 440/9 nm and emission wavelength of 680/20 nm for cell density 611 
normalization. mCherry fluorescence was measured at an excitation wavelength of 580/9 nm 612 
and emission wavelength of 610/20 nm for analyzing protein expression. Transformants 613 
exhibiting the highest mCherry-to-chlorophyll ratio were selected for further analysis (cell wall 614 
extraction, cell wall recrystallization, intein cleavage experiments, microscopy, and 615 
immunoblotting). 616 
 617 

5.3.2 Impranil® DLN Activity Assay 618 

C. reinhardtii transformant colonies with clearing zones, or halos, were picked into two 96-well 619 
plates. Each plate contained 84 transformant colonies, 6 of the C. reinhardtii CC-1690 wild type 620 
colonies, and 6 blank wells. Each well contained 160 μL of TAP media. After a growth period of 621 
7 days, fluorescence measurements were conducted using the Infinite® M200 PRO plate reader 622 
(Tecan, Männedorf, Switzerland). Chlorophyll was measured at an excitation wavelength of 623 
440/9 nm and emission wavelength of 680/20 nm for cell density normalization. The 96-well 624 
plates were centrifuged at 2000 G for 5 minutes, and the supernatant was collected and filtered 625 
through a 0.2 µm PVDF Membrane 96-well filter plate (Corning®, Corning, NY, USA). The 626 
filtered supernatant (total soluble protein) was collected in a 96-well PCR plate (Fisher 627 
Scientific, Waltham, MA, USA) from which 50 µL was taken for the polyester polyurethane 628 
polymer degradation assay. 629 
 630 
This protocol was adapted from Molino et al., 2024. The 96-well round bottom plate (Thermo 631 
Fisher Scientific, Waltham, MA, USA) was prepared by heating a mixture of 0.2% (w/v) agarose 632 
and 1 M K2HPO4 buffer solution in a 50 ml erlenmeyer flask in a microwave until the agarose is 633 
completely dissolved. Impranil® DLN was then added to the hot solution to reach a final 634 
concentration of 0.25% (v/v) and mixed thoroughly to ensure homogenous distribution. 635 
Subsequently, 150 μL of the molten Impranil® DLN-agarose solution was pipetted into each well 636 
of a 96-well round bottom plate and allowed to solidify at room temperature. Once the gel had 637 
solidified, 50 μL of the enzyme preparation was pipetted into each well. The assay plate was 638 
tightly sealed using a transparent 96 Well Plate Sealing Film (Lichen Cottage, Item Number SF-639 
100). Using the Infinite® M200 PRO plate reader (Tecan, Männedorf, Switzerland), absorbance 640 
readings were measured at 350 nm, every 5 minutes, for over the course of 7 days. PHL7 641 
activity was analyzed by calculating the change in absorbance over time. The presence of 642 
perchlorate in some experimental conditions alters the baseline optical properties of Impranil. 643 
Specifically, perchlorate can cause increased background absorbance over time due to colloidal 644 
destabilization. In the presence of active enzymatic degradation, this absorbance increase is 645 
counteracted, resulting in a net negative or reduced ΔOD350. Therefore, absolute OD values 646 
are less meaningful across different treatments, and comparisons are made within matched 647 
experimental sets. 648 
 649 
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5.3.3 Zymograms with Impranil® DLN 650 

Three biological replicates of the highest expressing clones from transgenic C. reinhardtii 651 
pJP32PHL7_X, pJP32PHL7, and the C. reinhardtii CC-1690 wild type were used for the 652 
zymogram. Strains were cultured for 5 days, and the 50 mL culture was split two ways: 1) 653 
supernatant collection and concentration and 2) chemical extraction of cell wall components. 654 
Supernatants containing total secreted soluble protein were collected from the transgenic C. 655 
reinhardtii pJP32PHL7_X, pJP32PHL7, and the C. reinhardtii CC-1690 wild type. These 656 
replicates were pooled together and each were equally concentrated 300X using 10 kDa 657 
centrifugal filters (Amicon® Ultra, Darmstadt, Germany). These samples were used for the first 658 
zymogram. To determine if PHL7 was anchoring to the cell wall, the chaotropic soluble portion 659 
of the transgenic C. reinhardtii pJP32PHL7_X cell wall was extracted, following the protocol 660 
adapted from [9]. Using the other half of the cultures, 1 mL was taken from each biological 661 
replicate and centrifuged at 3000 g for 2 minutes. The pellets were washed with 1 mL of 662 
ddH�O, followed by centrifugation. The cell pellet was then resuspended in 150 μL of 2 M 663 
sodium perchlorate, centrifuged at 20,000 g for 1 minute, and 50  μL of the supernatant was 664 
used for the second zymogram.  665 
 666 
The supernatant and perchlorate samples were separately mixed with 4X Laemmli Sample 667 
Buffer (BioRad, Hercules, CA). Equal volumetric amounts of protein samples (30 µL) were 668 
loaded into two 12% TGX Stain-Free™ FastCast™ gels containing 1% v/v Impranil® DLN 669 
(BioRad, Hercules, CA). The 12% TGX Stain-Free™ FastCast™ gels were prepared as per the 670 
manufacturer’s instructions, with the modification of adding 1% v/v Impranil® DLN to the 671 
solution to enable detection of PHL7 enzymatic activity. The proteins were separated at 80 V to 672 
120 V. Following electrophoresis, the gels were immersed in a K2HPO4 buffer solution (100 mM, 673 
pH 8.0), and incubated at 37°C until clearing zones (i.e., transparent bands) appeared. This 674 
incubation step was crucial for the development of clearing zones, which indicates enzymatic 675 
degradation of the polyester polyurethane polymer within the gel matrix. Clearing zones typically 676 
emerged within 1-2 days of incubation, allowing for the qualitative assessment of enzymatic 677 
activity. This protocol was adapted from Molino et al., 2024. 678 
 679 

5.3.4 Cleavage of Intein with Sodium Acetate (pH 5.5) Treatment 680 

5.3.4.1 Screening for positive mCherry-intein-GP1 transformants 681 
C. reinhardtii mCherry-intein-GP1 transformants were screened for mCherry fluorescence and 682 
the highest expressing strains were expanded to 50 mL cultures. C. reinhardtii pJP32mCherry, 683 
C. reinhardtii pAH04mCherry, and C. reinhardtii mCherry-GP1 strains were used as controls, 684 
and these strains were also expanded to 50 mL cultures. All strains were cultured for 5 days, 685 
and 1 mL of the culture was centrifuged at 3000 g for 2 minutes. The cell pellet was washed 686 
with 1 mL of ddH2O, followed by centrifugation at 3000 g for 2 minutes. The cell pellet was then 687 
resuspended in 1 mL of K2HPO4 (100 mM, pH 8.0) buffer or NaCH3COO (1 M, pH 5.5) buffer, 688 
and incubated at room temperature for 1 hour. After incubation, the cells were centrifuged at 689 
20,000 g for 1 minute, and 100 μL of the supernatant was used for mCherry fluorescence 690 
reading at excitation wavelength of 580/9 nm and emission wavelength of 610/20 nm.  691 
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 692 
5.3.4.2 Kinetics of pH-induced mCherry release from mCherry-intein-GP1 strain 693 
The C. reinhardtii mCherry-intein-GP1, C. reinhardtii pJP32mCherry, C. reinhardtii 694 
pAH04mCherry, and C. reinhardtii mCherry-GP1 top expressors were used to measure 695 
mCherry release over time under pH 5.5 and pH 8.0 conditions. All strains were cultured for 5 696 
days, and 1 mL of the culture was pipetted into 48-well plates (Corning®, Corning, NY, USA) in 697 
triplicates. The plate was centrifuged at 3000 g for 2 minutes, and the cell pellet was washed 698 
with 1 mL of ddH2O, followed by centrifugation at 3000 g for 2 minutes. The cell pellet was then 699 
resuspended in 1 mL of K2HPO4 (100 mM, pH 8.0) buffer or NaCH3COO (1 M, pH 5.5) buffer, 700 
and incubated at room temperature for 1 hour on a rotary shaker for gentle agitation (50 rpm). 701 
After incubation, the cells were centrifuged at 3000 g for 2 minutes, and 100 μL of the 702 
supernatant was used for mCherry fluorescence reading at excitation wavelength of 580/9 nm 703 
and emission wavelength of 610/20 nm. After each fluorescence reading, the 100 μL 704 
supernatant sample was put back into the 48-well plate to retain constant volume, and 705 
incubated at room temperature for 1 hour on a rotary shaker for agitation (50 rpm) again. This 706 
process was repeated 3 times, where fluorescence readings were taken every hour to track 707 
mCherry release over time. 708 

5.3.5 Cell membrane permeabilization using different buffers 709 

The following buffers were prepared: 100 mM potassium dihydrogen phosphate at pH 8.0, 100 710 
mM trisodium citrate at pH 5.5, and sodium acetate at pH 5.5 at concentrations of 10 mM, 50 711 
mM, 100 mM, and 200 mM. A 50 mL culture of the pAH04mCherry strain expressing cytosolic 712 
mCherry was grown for 5 days. In three replicates, 6 x 1 mL of the culture was centrifuged at 713 
3000 g for 2 minutes. The cell pellets were washed with 1 mL of ddH2O, followed by 714 
centrifugation at 3000 g for 2 minutes. The cell pellets were then resuspended in 1 mL of the 715 
different buffers, and incubated at room temperature for 1 hour. After incubation, the cells were 716 
centrifuged at 20,000 g for 1 minute, and 100 uL of the supernatant was used for mCherry 717 
fluorescence reading at excitation wavelength of 580/9 nm and emission wavelength of 610/20 718 
nm. 719 

5.4 Chemical Extraction of Cell Wall Components and Recrystallization of 720 

mCherry 721 

This protocol was adapted from Goodenough et al. to extract the chaotropic soluble portion of 722 
the C. reinhardtii cell wall [9]. Strains were cultured for 5 days, and 1 mL of the culture was 723 
centrifuged at 3000 g for 2 minutes. The pellet was washed with 1 mL of ddH�O, followed by 724 
centrifugation. The cell pellet was then resuspended in 150 μL of 2 M sodium perchlorate, 725 
centrifuged at 20000 g for 1 minute, and 100 μL of the supernatant was used for fluorescence 726 
reading at excitation wavelength of 580/9 nm and emission wavelength of 610/20 nm.  727 
 728 
For cell wall recrystallization, 40 mL of culture was centrifuged at 3000 g for 3 minutes. The 729 
pellet was washed with 40 mL of ddH�O and resuspended in 1 mL of 2 M sodium perchlorate. 730 
After transferring to a microcentrifuge tube, the mixture was centrifuged at 20000 g for 1 minute. 731 
Approximately 900 μL of the supernatant was concentrated to 50 μL using a 30 K centrifugal 732 
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filter (Amicon® Ultra, Darmstadt, Germany), followed by three diafiltration steps with 450 μL 733 
ddH�O. The cell wall crystals were recovered according to the manufacturer's instructions by 734 
inverting the filter membrane into a new collection tube. 735 
 736 

5.5 Cellular Fluorescence Localization 737 

Transformed strains were cultivated in TAP medium until they reached the late log phase at 738 
25°C, under continuous illumination of 80 μmol photons/m²/s, with agitation at 150 rpm on a 739 
rotary shaker. Live cells were then observed using agarose pads, prepared according to the 740 
protocol described at dx.doi.org/10.17504/protocols.io.bkn8kvhw. These cells were placed onto 741 
TAP 1% agarose pads, prepared with Frame-Seal™ Slide Chambers (15 × 15 mm, 65 μL) on a 742 
glass slide and covered with a coverslip before image acquisition. Live-cell imaging was 743 
conducted using an automated inverted confocal laser scanning microscope (Leica Stellaris 5 744 
Confocal). mCherry fluorescence was excited at 580 nm with a laser set to 5% power, and 745 
emission was detected using a HyD hybrid detector set between 601 nm and 634 nm. 746 
Chlorophyll fluorescence was excited at 405 nm with a laser set to 2% power, and emission was 747 
detected between 650 nm and 750 nm, again using the HyD hybrid detector. Microscope 748 
settings were maintained consistently across all imaging sets, and images were acquired in 749 
sequence mode for both chlorophyll and mCherry. Image analysis was performed using Fiji, an 750 
ImageJ distribution, with uniform settings applied across all image groups. Brightness 751 
adjustments were made in Fiji, with consistent settings used unless otherwise noted. For video 752 
imaging, a Zeiss Elyra 7 Lattice SIM microscope was used. In this setup, a diode-pumped solid-753 
state laser with a 561 nm wavelength was used to excite mCherry, with BP 525/50 and BP 754 
617/73 filters in line with a long-pass dichroic mirror SBS LP 560 to observe mCherry 755 
fluorescence. 756 
 757 

5.6 Western Blot 758 

After mCherry fluorescence screening of C. reinhardtii pAH04mCherry- and mCherry-intein-759 
GP1-transformants, the highest expressing strains were expanded to 50 mL cultures, along with 760 
the C. reinhardtii wild type. For the pAH04mCherry strain, the 50 mL culture was split in half, 761 
each of the 25 mL was centrifuged at 3000 g for 10 minutes, and the pelleted cells were treated 762 
with 1 mL (equal volume) K2HPO4 buffer (100 mM, pH 8.0) or NaCH3COO buffer (100 mM, pH 763 
5.5) for 2 hours at room temperature under static condition. After incubation, the mixture was 764 
centrifuged at 20,000 g for 1 minute. The supernatants were collected and concentrated 765 
approximately 66.67X using 10 kDa centrifugal filters (Amicon® Ultra, Darmstadt, Germany). 766 
For the mCherry-intein-GP1 top expressor, the 50 mL culture was split three ways, two of which 767 
were used for K2HPO4 pH 8.0 buffer and NaCH3COO pH 5.5 buffer treatment, while the last 768 
aliquot was used for 2 M NaClO4 buffer treatment. The mCherry-GP1 top expressor was also 769 
expanded to 50 mL, and prepared for 2 M NaClO4 buffer treatment. The 15 mL cultures were 770 
centrifuged at 3000 g for 10 minutes, the pellet was washed with 15 mL of ddH�O and 771 
resuspended in 1 mL of 2 M sodium perchlorate. After transferring to a microcentrifuge tube, the 772 
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mixture was centrifuged at 20,000 g for 1 minute. The supernatants were collected and used for 773 
the Western blot. 774 
 775 
All samples were denatured by adding 4X Laemmli Sample Buffer (BioRad, Hercules, CA), 776 
followed by boiling at 98°C for 10 minutes. Equal volumetric amounts of protein samples (30 µL) 777 
were loaded into the 12% TGX Stain-Free™ FastCast™ gel (BioRad, Hercules, CA). The 778 
proteins were separated at 80 V to 120 V. After separation, the proteins were then transferred to 779 
a nitrocellulose membrane at 15 V for 1 hour. The membrane was blocked with 2% Bovine 780 
Serum Albumin (Sigma-Aldrich, St. Louis, MO, USA) diluted in 1X phosphate-buffered saline 781 
with Tween® detergent overnight at 4°C on a rocking shaker (BioRocker™ 2D Rockers, Thermo 782 
Fisher Scientific, Waltham, MA, USA). After blocking, the membrane was probed with an anti-783 
RFP polyclonal antibody conjugated to horse radish peroxidase (Abcam, Cambridge, United 784 
Kingdom) for 1 hour at room temperature on a rocking shaker (BioRocker™ 2D Rockers, 785 
Thermo Fisher Scientific, Waltham, MA, USA). Bands were detected using Clarity Western ECL 786 
Blotting Substrate (BioRad, Hercules, CA) as per the manufacturer's instructions. 787 
 788 

5.7 Separation of Proteins Using 100 kDa Membrane Filters After Cleavage of 789 

Intein With Sodium Acetate (pH 5.5) Treatment 790 

After mCherry fluorescence screening of C. reinhardtii mCherry-intein-GP1-transformants, the 791 
highest expressing strains were expanded to 50 mL cultures. The highest expressing C. 792 
reinhardtii pJP32mCherry and C. reinhardtii mCherry-GP1 strains were used as controls, and 793 
these strains were also expanded to 50 mL cultures. All strains were grown for 5 days and the 794 
cultures were split in half for perchlorate treatment (1M) and sodium acetate (100 mM, pH 5.5) 795 
treatment. For each treatment group, 1 mL of the culture were centrifuged at 3000 g for 2 796 
minutes, and the pellets were washed with K2HPO4 buffer (100 mM, pH 8.0), followed by 797 
centrifugation at 3000 g for 2 minutes. Then, the pellets were resuspended with 1 mL of either 1 798 
M NaClO4 buffer or 100 mM NaCH3COO (pH 5.5) buffer. The cells were incubated at room 799 
temperature for 1 hour on a rotary shaker for agitation (50 rpm). After incubation, the cells were 800 
centrifuged at 20,000 g for 1 minute, and the supernatants were transferred into a 100 kDa 801 
centrifugal filter (Amicon® Ultra, Darmstadt, Germany) to centrifuge at 10000 g for 30 minutes. 802 
After centrifugation, the retentate and permeate samples were transferred to a 96-well plate and 803 
read for mCherry fluorescence at excitation wavelength of 580/9 nm and emission wavelength 804 
of 610/20 nm.  805 

5.8 Data Analysis 806 

R Statistic version 3.6.3 (2020-02-29) running in the RStudio v1.2.5042 IDE was used to import 807 
and generate plots for the figures and the statistical summary. The ggprism theme was used to 808 
generate graphs and plots [39]. GraphPad Prism 7.0 was also used to generate graphs and 809 
plots and perform statistical analyses. All data were analyzed and processed using Microsoft 810 
Excel 365 (Version 16.0, Microsoft Corporation, Redmond, WA, USA).  811 
 812 
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 968 

Tables 969 

970 
Table 1: Quantification of colony formation and halo production by C. reinhardtii strains971 
expressing various vector constructs.  972 
The table summarizes the total number of colonies*, the number of colonies displaying halos,973 
and the calculated proportion of colonies with halos for each vector construct. 974 
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 975 
*The total colonies refers to the total number of colonies for each transformation experiment.  976 
 977 
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Figure 1: Schematic of cell surface display improvements. 981 
(A) The control strains used in this study are pAH04mCherry (cytosolic mCherry), 982 
pJP32mCherry (secreted mCherry), pJP32PHL7 (secreted PHL7), pJPW2mCherry (mCherry-983 
GP1; cell wall-anchored mCherry).  984 
(B) We explored 2 strategies to improve cell surface display. The first involves the induced 985 
release of a payload via a cis-cleaving pH intein at pH 5.5. The pJPW4mCherry construct 986 
contains an mCherry-intein-GP1 fused protein that releases mCherry from the cell wall into the 987 
extracellular environment upon pH 5.5 buffer treatment. Similarly, the pJPW4PHL7 construct 988 
contains an PHL7-intein-GP1 fused protein that releases PHL7 upon pH 5.5 buffer treatment. 989 
The second strategy involves anchoring PHL7 onto the cell wall via glycomodules of varying 990 
lengths that contain different motifs. 991 
(C) The structural organization of GP1 from C. reinhardtii and the glycomodule constructs used 992 
in the second strategy to improve cell surface display are described here. The N-terminal region 993 
(labeled 'N' in gray) spans the first 10 amino acids of the mature form. The PPSPX region 994 
(shaded green) is enriched in repetitive PPSPX motifs (labeled "1") and PPX motifs ("2"). 995 
Following this, the transition region (shaded blue) is characterized by increased sequence 996 
variability, including with some PPSPX variant motifs ("3") exhibiting slight sequence 997 
divergence, short proline-rich segments ("4"), PPSPX motifs, and SP motifs ("6"). The SP region 998 
(red) contains repetitive SP motifs and terminates in the C-terminal region (gray), a more typical 999 
non-repetitive sequence that includes three predicted N-glycosylation sites, marked as "C". 1000 
Recombinant GP1 variants (0p1s, 2p16s, 3p20s, 13p20s, 15p20s, and 18p20s) were designed 1001 
by truncating the C-terminal region and redistributing motifs from the PPSPX and SP regions. 1002 
Each variant retains portions of the N-terminal and SP regions, with differing quantities of 1003 
PPSPX and SP motifs. The naming convention for the variants reflects the number of motifs 1004 
they contain, with "p" indicating the number of PPSPX motifs and "s" denoting the number of SP 1005 
motifs. The primary amino acid sequence of GP1 is shown below the map, with each functional 1006 
region highlighted for clarity. 1007 
 1008 
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1009 
Figure 2: Screening of PHL7-glycomodule protein fusions for plastic-degrading activity1010 
using Impranil® as a substrate.  1011 
(A) Violin plot showing the enzymatic activity of supernatants from C. reinhardtii transformants1012 
expressing PHL7 fused to GP1 fragments of varying lengths containing different numbers of1013 
PPSPX and SP motifs. Transformants were screened for plastic degradation using an Impranil®1014 
activity assay, measured as the change in optical density at 350 nm (ΔOD350). The data shows1015 
secretion of active protein into the supernatant from untreated cell cultures. Each dot represents1016 
the activity of an individual transformant. The violin plot illustrates the activity distribution, and1017 
the box plot indicates the interquartile range with a horizontal line marking the median activity1018 
for each construct. (B) Violin plot illustrating Impranil® DLN degradation activity of cell wall1019 
proteins released after perchlorate treatment. The presence of perchlorate in some1020 
experimental conditions alters the baseline optical properties of Impranil. Specifically,1021 
perchlorate can cause increased background absorbance over time due to colloidal1022 
destabilization. In the presence of active enzymatic degradation, this absorbance increase is1023 
counteracted, resulting in a net negative or reduced ΔOD350. Therefore, absolute OD values1024 
are less meaningful across different treatments, and comparisons are made within matched1025 
experimental sets. (C) Zymogram analysis of Impranil® degradation by secreted PHL7-1026 
glycomodule fusions. Clear bands indicate zones of enzymatic activity. Lanes correspond to1027 
wild-type C. reinhardtii (Cre_WT), a control strain expressing only PHL7 (PHL7_ctrl), and single1028 
transformants expressing various GP1 fusions. The molecular weight marker is shown in the1029 
most left lane. 1030 
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 1031 
Note: Panels (A) and (B) collectively demonstrate the contribution of specific GP1 fragments to1032 
enzyme secretion and activity, while panel (C) confirms functional plastic degradation by the1033 
expressed PHL7-glycomodule fusions in a semi-quantitative gel-based assay. 1034 
 1035 

1036 
 1037 
Figure 3: Analysis of mCherry release from C. reinhardtii recombinant strains under1038 
different pH conditions and perchlorate treatment.  1039 
(A) The mCherry-intein-GP1 vector was transformed into C. reinhardtii, and the transformant1040 
colonies were picked into 96-well plates containing TAP media. After 7 days of growth, the1041 
plates were screened for mCherry expression by measuring fluorescence at excitation1042 
wavelength 580/9 nm and emission wavelength of 610/20 nm. The threshold for positive1043 
expression of mCherry by the mCherry-intein-GP1 C. reinhardtii positive transformants was1044 
defined as three standard deviations above the mean fluorescence of the wild type (dotted line1045 
at 3064 RFU). A total of 28 transformants were above this threshold and are marked in red. (B)1046 
Time-course measurements of mCherry release from the top expressing mCherry-GP1 and1047 
mCherry-intein-GP1 strains under pH 5.5 and pH 8.0 conditions. The mean observed1048 
fluorescence values ± SD are plotted as a function of time (in days) are relative values from the1049 
total RFU observed after perchlorate treatment. The mCherry-intein-GP1 top expressor at pH1050 
5.5 exhibited significantly higher release of mCherry compared to other conditions, suggesting1051 
enhanced release under acidic conditions. (C) Western blot analysis of mCherry protein in1052 
supernatants of the mCherry-intein-GP1 and mCherry-GP1 top expressors treated at different1053 
pH conditions and with perchlorate. Supernatant (left panel): mCherry was detected in the1054 
mCherry-intein-GP1 strain at pH 5.5 but not at pH 8.0, indicating pH-dependent release.1055 
Perchlorate treatment (right panel): Perchlorate-induced release of mCherry was observed for1056 
both the mCherry-intein-GP1 and mCherry-GP1 top expressors, with the latter displaying a most1057 
fully processed fusion protein.  1058 
 1059 
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1060 
Figure 4: Growth analysis and microscopy visualization of C. reinhardtii strains1061 
expressing mCherry constructs, including pH-dependent localization effects.  1062 
(A) Growth curves based on optical density at 750 nm over six days for wild-type1063 
(Cre_WT) and recombinant strains: mCherry-intein-GP1 (expressing mCherry::Intein::GP1),1064 
pJP32mCherry (secreting mCherry), and mCherry-GP1 (expressing mCherry::GP1). The growth1065 
dynamics of recombinant strains were similar to the wild type. This was also observed in the1066 
overlapping 95% confidence intervals for growth rate parameter, K (Gompertz model fit). Data1067 
points represent the mean ± SD from three biological replicates. (B) mCherry fluorescence1068 
measured in relative fluorescence units (RFU) over six days for the same strains. There was no1069 
overlap in the 95% confidence intervals for growth rate parameters (logistical curve fit).1070 
Recombinant strains exhibited higher mCherry fluorescence compared to the wild type. Data1071 
points represent the mean ± SD from three biological replicates. (C) Fluorescence microscopy1072 
images of wild type (Cre_WT) with no detectable mCherry fluorescence. (D) mCherry-GP1:1073 
Localization of mCherry::GP1 observed as a peripheral fluorescence pattern. (E) mCherry-1074 
intein-GP1 at pH 8.0: Aggregation or compartmentalization of mCherry observed, with1075 
fluorescence indicating retention within the cell and potentially part of the cell-wall (white1076 
arrows). (F) mCherry-intein-GP1 at pH 5.5: Altered fluorescence pattern with changes in1077 
mCherry localization or potential release from the cell wall under acidic conditions. Chlorophyll1078 
autofluorescence (blue) and mCherry fluorescence (magenta) are shown as individual and1079 
merged channels. All microscopy images include scale bars = 5 µm. 1080 
 1081 
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Supplementary Figures 1086 

 1087 

1088 
Supplementary Figure 1: Zymogram analysis of plastic-degrading activity in C.reinhardtii1089 
strains expressing PHL7 under different pH conditions and perchlorate treatment.  1090 
(A) Impranil® activity assay to screen for positive PHL7-intein-GP1 transformants. The1091 
threshold (red dotted line) for positive transformants represents three standard deviations below1092 
the mean WT supernatant activity (-0.0017). (B) This zymogram, performed using Impranil®, a1093 
plastic dispersion substrate, detects plastic degrading activity of the plastic-degrading enzyme1094 
PHL7 in samples collected from wild type (WT), pJP32 (PHL7-secreting top expressing strain),1095 
and PHL7-intein-GP1 (PHL7-intein-GP1 fusion protein-top expressing strain). The WT strain1096 
exhibited no detectable activity at either pH 8.0 or pH 5.5. The pJP32 strain, which secretes1097 
PHL7, showed clear plastic degrading activity at both pH 8.0 and pH 5.5, indicating functional1098 
secretion of the plastic-degrading enzyme. In contrast, the PHL7-intein-GP1 top expressor1099 
displayed no detectable activity at pH 8.0, but strong plastic degrading activity was observed at1100 
pH 5.5, consistent with pH-dependent cleavage and release of the active enzyme from the GP1-1101 
Intein-PHL7 fusion construct. Additionally, treatment of the PHL7-intein-GP1 strain with1102 
perchlorate (ClO��) resulted in a clearing zone at above 250 kD (red arrow), indicating an1103 
initially uncleaved form of the protein, in contrast to the expected ~25 kDa for the free form (blue1104 
arrow). This result highlights the pH- and chemical-dependent regulation of PHL7 release and1105 
activity in engineered C. reinhardtii strains.     1106 
 1107 
 1108 
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1109 
Supplementary Figure 2: Analysis of mCherry fluorescence in supernatants of C.1110 
reinhardtii strains treated at pH 8.0 and pH 5.5 and filtered through a 100 kDa molecular1111 
weight cutoff (MWCO) filter.  1112 

(A) Schematic showing a nanofiltration-based fractionation assay using a 100 kDa molecular1113 

weight cutoff filter (MWCO), which allowed us to separate samples into retentate (≥100 kDa)1114 

and flowthrough (<100 kDa) fractions. Made with BioRender.com. (B) The bar plots show1115 

mCherry fluorescence, measured in relative fluorescence units (RFU), in two filtrate fractions:1116 
proteins smaller than 100 kDa ("<100 kDa") and retained proteins larger than 100 kDa (">1001117 
kDa"). Samples were analyzed from wild type (WT), pJP32 (secreting non-fused mCherry),1118 
mCherry-GP1 (top expressor), and mCherry-intein-GP1 (top expressor). pH 8.0 (left panel):1119 
Low fluorescence was detected in wild-type, pJP32 and mCherry-GP1 fractions across both1120 
MWCO filters fractions. mCherry-intein-GP1 strains demonstrated higher fluorescence in the1121 
<100 kDa fraction, suggesting partial release of mCherry-containing proteins under neutral1122 
conditions. pH 5.5 (right panel): Acidic treatment resulted in a substantial increase in1123 
fluorescence in the <100 kDa fraction for all recombinant strains, pJP32, mCherry-GP1 and1124 
mCherry-intein-GP1, suggesting pH-dependent release of mCherry. pJP32 exhibited modest1125 
fluorescence in the <100 kDa fraction, consistent with secretion of mCherry. The >100 kDa1126 
fraction fluorescence decreased significantly, particularly for mCherry-intein-GP1, indicating1127 
potential dissociation or cleavage of the fusion protein under acidic conditions. Letters above1128 
bars indicate statistical groups, with distinct letters denoting significant differences (p < 0.05).  1129 
    1130 
 1131 
 1132 
  1133 
 1134 
 1135 
 1136 
 1137 
 1138 
 1139 
 1140 
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1141 
Supplementary Figure 3: Analysis of pH-induced cell lysis in C. reinhardtii strains1142 
expressing mCherry.  1143 
(A) Quantification of mCherry fluorescence released into the supernatant over 2 hours for the1144 
strains measured at excitation/emission 580/610 nm. Fluorescence values for the 2-hour time1145 
point were normalized to time-zero values and are shown for both pH 8.0 and pH 5.5. Error bars1146 
represent the standard deviation of 3 biological replicates. Strains expressing cytosolic mCherry1147 
(pAH04mCherry) showed significantly higher mCherry fluorescence release at pH 5.5 compared1148 
to pH 8.0, consistent with pH-induced cell lysis. Significant differences between groups are1149 
indicated by different letters (e.g., a, b, c, d; P < 0.05). (B) Stain-free SDS-PAGE gel showing1150 
total protein content in the supernatants of C. reinhardtii strains cultured in 100mM phosphate1151 
buffer at pH 8.0 or 100 mM acetate buffer at pH 5.5 for 2 hours. The lanes include a molecular1152 
weight ladder (Ladder) and the following strains: wild type (WT), pAH04mCherry (cytosolic1153 
expression of mCherry), pJP32mCherry (secretion of mCherry), mCherry-GP1 (top expressor),1154 
and mCherry-intein-GP1 (top expressor). Supernatants from both pH conditions were analyzed1155 
for all strains except the WT, which is shown only at pH 5.5 as a control.  1156 
 1157 
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 1158 
Supplementary Figure 4: Buffer type, pH, and concentration influence cell lysis in C.1159 
reinhardtii expressing cytosolic mCherry.  1160 
Mean mCherry fluorescence release (RFU difference) from the supernatant of C. reinhardtii1161 
strains expressing cytosolic mCherry after 4 hours under different buffer conditions. Buffers1162 
include 100 mM phosphate (PO�) at pH 8.0, 100 mM citrate (Cit) at pH 5.5, and acetate (Acet)1163 
at pH 5.5 at concentrations of 10 mM, 50 mM, 100 mM, and 200 mM. Fluorescence readings1164 
(Delta RFU) represent mCherry release due to cell lysis, normalized to initial time-zero values.1165 
Statistical groupings (letters: a, b, c, etc.) were determined using one-way ANOVA followed by1166 
Tukey’s post hoc test with three biological replicates per treatment (P < 0.05). Error bars1167 
represent the standard deviation of replicates. 1168 
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