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Abstract

Spatial organization of pathway enzymes has emerged as a promising tool to address several
challenges in metabolic engineering, such as flux imbalances and off-target product formation.
Bacterial microcompartments (MCPs) are a spatial organization strategy used natively by many
bacteria to encapsulate metabolic pathways that produce toxic, volatile intermediates. Several
recent studies have focused on engineering MCPs to encapsulate heterologous pathways of
interest, but how this engineering affects MCP assembly and function is poorly understood. In this
study, we investigated the role of signal sequences, short domains that target proteins to the MCP
core, in the assembly of 1,2-propanediol utilization (Pdu) MCPs. We characterized two novel Pdu
signal sequences on the structural proteins PduM and PduB, which constitutes the first report of
metabolosome signal sequences on structural proteins rather than enzymes. We then explored
the role of enzymatic and structural Pdu signal sequences on MCP assembly by deleting their
encoding sequences from the genome alone and in combination. Deleting enzymatic signal
sequences decreased MCP formation, but this defect could be recovered in some cases by
overexpressing genes encoding the knocked-out signal sequence fused to a heterologous
protein. By contrast, deleting structural signal sequences caused similar defects to knocking out
the genes encoding the full length PduM and PduB proteins. Our results contribute to a growing
understanding of how MCPs form and function in bacteria and provide strategies to mitigate

assembly disruption when encapsulating heterologous pathways in MCPs.
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Introduction

Biomanufacturing is a promising method to sustainably synthesize chemicals such as
fuels, medicines, and materials. In contrast to traditional chemical synthesis, bioprocesses can
operate at lower temperatures, use lower-value feedstocks, and access the wide range of
molecules organisms have evolved to produce’2. However, to achieve yields high enough to
compete with traditional chemical production, metabolic engineering must overcome many
challenges that limit pathway productivity, such as kinetic bottlenecks, toxicity of pathway
products and intermediates to the host, and off-target product formation®®. Spatial organization
of enzymatic pathways is an attractive approach to address some of these challenges’.
Successful strategies for enzyme colocalization have included employing synthetic DNA and
protein scaffolds, which were used to increase the yields of L-threonine, mevalonate, 1,2-
propanediol, and glucaric acid production pathways®''. Microorganisms have also evolved an
alternative spatial organization strategy known as bacterial microcompartments (MCPs), which
are proteinaceous organelles used by many bacteria to encapsulate certain metabolic pathways.
MCPs are roughly 100 to 200 nm in diameter and consist of a liquid-like enzymatic core
encapsulated by a semipermeable polyhedral shell of self-assembling proteins'>'3. MCPs include
both carboxysomes, anabolic MCPs which encapsulate the RuBisCO enzyme required for CO-
fixation in cyanobacteria and chemoautotrophs, and metabolosomes, catabolic MCPs which
encapsulate enzymatic pathways that metabolize niche carbon substrates™.

MCPs are a common spatial organization strategy in bacteria, as operons encoding
metabolosomes have been identified in 45 of 83 bacterial phyla. The pathways encapsulated by
metabolosomes metabolize a variety of substrates, but nearly all are hypothesized to pass
through a toxic, volatile aldehyde intermediate’®. By colocalizing pathway enzymes inside a
diffusion barrier, metabolosomes are hypothesized to benefit the pathways they encapsulate by
protecting the cell from toxic intermediates, increasing local intermediate concentrations to

overcome slow enzyme kinetics, reducing competition with other cellular pathways, and providing
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private cofactor pools'®-2°. Engineering MCPs to encapsulate heterologous biosynthetic pathways
has emerged as an attractive opportunity to impart the benefits of MCPs onto industrially relevant
pathways, particularly those that share characteristics of natively encapsulated pathways such as
intermediate toxicity, kinetic bottlenecks, and high cofactor requirements.

One of the best-studied metabolosomes is the 1,2-propanediol utilization (Pdu) MCP
found in Salmonella enterica serovar Typhimurium LT2. This MCP encapsulates a pathway that
converts 1,2-PD to propionate and 1-propanol through a toxic propionaldehyde intermediate
(Figure 1a)'3. Propionate can then be utilized by the cell's central metabolism to produce energy
in the form of ATP?'22, The proteins that form the Pdu MCP are expressed from the pdu operon
in the S. enterica genome, which contains 22 genes (pduA through pduX) (Figure 1b)'. This
operon expresses the self-assembling proteins that form the Pdu MCP shell®, pathway enzymes
that convert 1,2-PD to propionate, cofactor recycling enzymes that regenerate adenosyl

cobalamin (Ado-B12) and NADH within the MCP?+25, and several proteins of unknown function?.
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Fig. 1. The 1,2-propanediol utilization microcompartment (Pdu MCP) pathway and operon.
(a) The native Pdu MCP contains main pathway (red) and cofactor recycling (green) enzymes
that degrade 1,2-propanediol to propionate and 1-propanol. (b) The pdu operon and adjacent
genes in the Salmonella enterica genome encode the regulatory elements, structural proteins,
and enzymes required to form the Pdu MCP, including three known signal sequences on the N-
termini of the PduD, PduP, and PduL enzymes.

Several recent studies have used engineered self-assembling structures based on Pdu
MCP shells as scaffolds or compartments to spatially organize and improve flux through several
heterologous pathways?®?’. Spatially organizing enzymes using these MCP-based structures has
improved flux through several heterologous pathways, including pathways for 1,2-propanediol
and ethanol production?-3°, To minimize disruptions to MCP function when encapsulating
heterologous pathways, it is critical to understand how manipulating different MCP components
affects MCP assembly. Although the primary functions of most Pdu MCP components are known,

how these functions unite to form functional MCP shells and cores is poorly understood. In
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88  particular, we do not understand how encapsulating heterologous cargo proteins in the MCP core
89  might change MCP structure or interfere with proper MCP formation and function.
90 The exact mechanisms by which all MCP cargo are encapsulated are not well understood,
91 but some MCP cargo proteins are known to contain encapsulation peptides, or signal sequences,
92 that target them to the enzymatic core®2. In addition to mediating encapsulation of native Pdu
93  proteins, these signal sequences can also target heterologous proteins to the MCP lumen. Signal
94  sequences appear to target the MCP core rather than any component of the shell, as they still
95  colocalize with other components of the enzymatic MCP core when the core and shell are
96 separated®’. Many Pdu proteins without identified signal sequences also localize to the MCP core,
97  but the encapsulation mechanisms for these proteins are unknown?>333* Three Pdu MCP
98 enzymes contain characterized signal sequences, PduD'-'® (ssPduD), PduP''® (ssPduP), and
99  PduL™?° (ssPdul), which are necessary and sufficient for encapsulation of the PduCDE, PduP,
100 and PduL enzymes (Fig. 1b). These signal sequences were identified by multiple sequence
101  alignments of PduD, PduP, and PduL with homologues not associated with compartments. The
102  Pdu-associated enzymes had N-terminal extensions that were not present in homologous
103  enzymes, suggesting that the N-termini of these proteins may have structural roles related to their
104  compartmentalization3':3%-%7,
105 Although the amino acid sequences of these signal sequences are poorly conserved
106  (<25% pairwise identity), they share a common motif of alternating pairs of hydrophobic and
107  hydrophobic residues. This motif is widely conserved across MCP systems®2®, and several de
108  novo signal sequences have been created based on this shared motif*®. Previous studies have
109 indicated that signal sequences fold into amphipathic a-helices?®324%41 and several studies have
110  also suggested that they may mediate aggregation of the enzymes they are attached to'%42. While
111 all three Pdu signal sequences share a highly conserved structure, they differ in encapsulation
112  efficiency, which is the proportion of expressed signal sequence-tagged protein that is

113  encapsulated in MCPs*.


https://doi.org/10.1101/2024.09.25.615066
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.25.615066; this version posted September 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

114 In this study, we investigate the role of signal sequences in targeting proteins to the MCP
115  core and how these encapsulation mechanisms influence MCP formation and structure. Because
116  signal sequences are responsible for targeting many cargo proteins to the MCP core, we
117  hypothesized that they may mediate interactions involved in MCP formation and the properties of
118  the resulting MCPs. We first used amino acid sequence alignments and protein structure
119  predictions to search the Pdu MCP for previously unidentified motifs resembling signal
120  sequences. This search and subsequent characterizations revealed functional signal sequences
121  on the structural MCP proteins PduM and PduB and showed that an N-terminal extension on
122  PduE does not function as a signal sequence in this system. Because ssPduM and ssPduB are
123 the first signal sequences discovered on structural proteins, we then knocked out the sequences
124  encoding each of the Pdu signal sequences, alone and in combination, to characterize how the
125 roles of enzymatic signal sequences in MCP formation differ from those of structural signal
126  sequences. We found that removing enzymatic signal sequences, particularly ssPduD, decreased
127  MCP formation, but this defect could be partially rescued by overexpressing the knocked-out
128  signal sequence attached to GFP. This suggests that enzymatic signal sequences play roles in
129  MCP assembly beyond just localizing enzymes to the MCP core. By contrast, removing structural
130  signal sequences caused similar defects to full-length pduM and pduB knockouts, and these
131  defects could not be rescued by overexpressing the knocked-out signal sequences. This suggests
132 that these defects are caused by removing the bodies of PduM and PduB from the MCP, rather
133  than by removing the signal sequences themselves. Finally, we mutated a region within two
134  weak/nonfunctional Pdu signal sequences, ssPduL and ssPduE, to investigate whether such
135  mutations can predictably increase signal sequence encapsulation efficiency. The results of our
136  study provide additional tools for identifying putative MCP signal sequences based on protein
137  structure rather than on comparisons with non-compartment associated homologues. In addition,

138  because signal sequences are likely to be manipulated when encapsulating heterologous
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139  pathway enzymes in MCPs, our findings also provide design rules for how heterologous pathways
140  can be encapsulated while minimizing disruptions to MCP formation.

141  Results

142  N-terminal extensions on PduM and PduB act as signal sequences, while an N-terminal
143  extension on PduE does not

144 To comprehensively investigate the role of signal sequences in Pdu MCPs, we first set out
145 to assemble a complete list of the Pdu signal sequences. To accomplish this, we searched Pdu
146  proteins for any previously unidentified signal sequence motifs and performed more extensive
147  testing on previously proposed signal sequence motifs. We first noticed that the N-terminus of
148  PduM contains an amino acid motif similar to known Pdu signal sequences. PduM is a low-
149  abundance structural protein that is highly conserved between pdu operons in different organisms
150  but has no known sequence homology to any proteins outside of Pdu MCPs'?4445_ PduM localizes
151  to the MCP core, and its absence causes partial separation of the MCP core and shell'?. Because
152  PduM lacks known sequence homologues outside of Pdu MCPs, we could not perform a
153  sequence alignment of PduM with non-compartment associated homologues, the technique
154  which was used to discover the signal sequences associated with PduD, PduL, and PdupP?3':3%:36.44,
155  Therefore, we instead used the HHpred program to search for structural homology between PduM
156  and proteins with deposited structures in the Protein Data Bank*¢. HHpred detected structural
157  homology between an N-terminal a-helix in PduM and N-terminal helices in PduD and PduE
158  orthologs from Klebsiella oxytoca (PDB entry 1EEX, chains E and C)*’. Because the PduD N-
159 terminus contains a known signal sequence and the PduE N-terminus is known to form an
160  amphipathic helix®*°, these HHpred hits suggest that the PduM N-terminus might contain a signal
161 sequence as well. In addition, we noted that the PduM N-terminus contained alternating sets of
162  hydrophobic and hydrophilic residues, similar to other signal sequences (Figure 2a). Interestingly,
163  HHpred also detected structural homology between other portions of PduM and proteins with

164 Rossmann-like folds, particularly flavin-binding proteins. Based on these results, we set out to
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165 determine if PAduM contained a signal sequence necessary and sufficient for its encapsulation in

166  Pdu MCPs.

a
ssPduD MEINEKLLRQIIEDVLRDMK f o !
ssPduP MNTSELETLIRTILSEQ
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168 Fig. 2. Characterization of N-terminal extensions on PduB, PduE, and PduM as

ApocR ApduB WT

167

169 encapsulation peptides. (a) Amino acid sequence alignment of the signal sequence-like motifs
170 at the N-termini of PduD, PduP, PduL, PduM, PduE, and PduB. Hydrophobic residues are
171  highlighted in red and hydrophilic residues are highlighted in blue, showing a pattern of alternating
172 sets of hydrophobic and hydrophilic residues conserved between most sequences. (b) Predicted
173  protein structures of previously identified signal sequences (ssPduD, ssPduP, and ssPduL) and
174  (c) signal sequences characterized in this study (ssPduM, ssPduE, and ssPduB). These
175  structures were downloaded from the AlphaFold Protein Structure Database and visualized using
176  UCSF Chimera using Chimera’s default coloring for hydrophobicity of protein surfaces®'3. The
177  hydrophobic sides of the amphipathic helices are shown. Hydrophilic areas are shown in blue and

178  hydrophobic areas are shown in red. (d) Optical and fluorescence micrographs of putative signal
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179  sequences fused to GFP. These constructs were overexpressed both in MCP-forming S. enterica
180 and in two assembly-deficient S. enterica strains (ApduB and ApocR). All scale bars are 1 ym.
181  Similar results were observed across at least three biological replicates of each strain.

182 To test whether the N-terminus of PduM was sufficient to target cargo to the MCP core,
183  we fused the putative PduM signal sequence (PduM™23) to GFP and overexpressed this construct
184 in S. enterica strains expressing both assembly competent and assembly deficient Pdu MCPs.
185  Like other signal sequences, PduM'#-GFP localized to fluorescent puncta in MCP-expressing
186  wild-type S. enterica, suggesting that it associates with Pdu MCPs (Figure 2b). To determine
187  whether PduM"#-GFP was localizing to the MCP shell or core, we also expressed it in S. enterica
188  lacking the shell protein PduB (ApduB), which causes decoupling of the MCP shell and core. In
189  ApduB, the MCP core localizes to one of the cell poles while the shells form separately and are
190  distributed throughout the cytoplasm'3348 Like other Pdu signal sequences, PduM'#-GFP
191 localized to polar bodies in ApduB, indicating that it associates with the MCP core rather than
192 interacting directly with the shell. Finally, we expressed PduM'23-GFP in a non-MCP-expressing
193  strain that lacks PocR, the transcriptional activator of the pdu operon (ApocR) #%%°. We observed
194  diffuse fluorescence when PduM'23-GFP was expressed in ApocR, indicating that PduM'2-GFP
195  aggregation is dependent upon expression of other MCP components. Together, these results
196 indicate that PduM'23is sufficient to target proteins to the Pdu MCP core.

197 We next investigated whether PduM'2® is necessary for PduM encapsulation in Pdu
198 MCPs. To do this, we fused both full-length PduM and PduM lacking its signal sequence motif
199  (PduM?*") to GFP and expressed these constructs in wild-type and ApocR S. enterica. In wild-
200 type S. enterica, PAduM-GFP overexpression resulted in multiple bright puncta per cell with low
201 diffuse background (Supplementary Figure S1). Surprisingly, PduM?**-GFP overexpression also
202  occasionally gave rise to multiple puncta per cell, but these puncta were very dim with high diffuse
203  background. Neither PduM-GFP or PduM--GFP showed appreciable aggregation in ApocR.

204 These results indicate that while PduM can still associate with MCPs to a low extent in the
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205 absence of its signal sequence, PduM"?® is necessary to reach wild-type levels of PduM
206  encapsulation.

207 Similarly to PduM, we observed that the N-terminus of PduE also contains alternating sets
208  of hydrophobic and hydrophilic residues, and we therefore investigated its ability to act as a signal
209  sequence (Figure 2a). This pattern in the PduE N-terminus was also previously noted by Kinney
210 et al.*°. A previous study found that like other Pdu enzymes that contain signal sequences, PdukE
211  contains an N-terminal extension that does not occur in non-compartment associated
212 homologues, which suggests that this extension may play a compartmentalization-related role®’.
213 However, Fan and Bobik showed that this region is not responsible for localization of PduE to
214  MCPs and rather is required for proper PduE enzymatic activity*®. Although the N-terminal
215  extension of PduE is not necessary for localizing PduE to MCPs, we hypothesized that it may still
216  be sufficient to target heterologous proteins to MCPs outside of the context of PAuE because it
217  shares the same pattern of alternating hydrophobic and hydrophilic regions seen in other signal
218  sequences. To test this hypothesis, we fused PAuE''® to GFP and overexpressed this construct
219 in S. enterica expressing Pdu MCPs. PduE'-'"8-GFP did not form fluorescent puncta in WT, ApduB,
220  or ApocR strains, indicating that PduE'-'® does not act as a signal sequence in these contexts
221 (Figure 2b).

222 Following the release of the AlphaFold Protein Structure Database, we were curious if the
223 common motif shared by the Pdu signal sequences would be reflected by any similarities in their
224  predicted structures. We therefore visualized the hydrophobicity surfaces predicted by AlphaFold
225  for Pdu proteins containing signal sequence motifs. The predicted surfaces of PduD, PduP, PduL,
226  and PduM showed that their signal sequences shared visibly similar structures, extending away
227  from the body of the protein with similar hydrophobic surfaces on one side of the helix (Figure 2c,
228  d)*"%3. However, the predicted hydrophobicity surface of PduE showed that its N-terminal

229  extension incorporates into the body of the protein instead of extending away from it
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230 (Supplementary Figure S2), consistent with findings that it is not a functional signal sequence and
231 s instead required for proper enzymatic activity>°.

232 Because the encapsulation mechanisms for many Pdu cargo proteins are still unknown,
233  we searched the predicted structures of other proteins in the pdu operon for signal sequence-like
234  structures. We found that the N-terminus of PduB, one of the MCP shell proteins, is predicted to
235 fold into a structure resembling a signal sequence (Figure 2d). Although the PduB N-terminus
236  does not follow the pattern of alternating sets of hydrophobic and hydrophilic amino acids as
237 closely as the other Pdu signal sequences (Figure 2a), PduB'?? is predicted to fold into an
238  amphipathic helix with a hydrophobic pocket. PduB?-*" is predicted to form an unstructured linker
239  between this helix and the body of the PduB protein, which interacts with the other MCP shell
240 components. We therefore hypothesized that the N-terminus of PduB acts as a signal sequence
241  and would be sufficient to target heterologous cargo to MCPs.

242 To test this, we fused PduB'?2and PduB'?" to GFP and overexpressed these constructs
243 in S. enterica expressing Pdu MCPs. Like other signal sequences, PduB'??>-GFP and PduB-%'-
244  GFP localized to fluorescent puncta in wild-type S. enterica, to polar bodies in ApduB, and were
245  diffuse in ApocR (Figure 2b). However, the puncta formed by overexpression of these constructs
246  were qualitatively dim compared to the diffuse background fluorescence, suggesting that PduB
247 22 may interact with MCPs more weakly than other signal sequences. Previous studies have found
248  that PduB™® deletions cause separation of the MCP core and shell'?*348  indicating that PduB"
249 37 is necessary to link PduB, carrying with it the rest of the MCP shell, to the MCP core. In
250  combination with our results, this suggests that PduB'3” may bind the MCP shell to the core by
251 the same mechanism other signal sequences use to bind cargo proteins to the MCP core. The
252  characterization of ssPduM and ssPduB comprises the first report of encapsulation peptides on
253  structural metabolosome proteins rather than enzymes. This result implies a broader view of

254  signal sequences’ role in MCP assembly, beyond just encapsulation of cargo enzymes.
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255 Finally, we assessed the encapsulation efficiencies of the signal sequence motifs on
256  PduM, PduE, and PduB relative to known Pdu signal sequences. To accomplish this, we purified
257  MCPs from strains overexpressing each signal sequence attached to GFP. We then assessed
258  cargo encapsulation and expression by performing an anti-GFP western blot of the purified MCPs
259  and whole cell lysates from these strains. Consistent with the ratios of punctate to diffuse
260 fluorescence observed by microscopy, western blotting showed high encapsulation efficiencies
261  for ssPduD-GFP, ssPduP-GFP, and ssPduM-GFP and much lower encapsulation efficiencies for
262  ssPdulL-GFP, ssPduB-GFP, and ssPduE-GFP (Supplementary Figure S3).

263  Enzymatic signal sequences play essential and distinct roles in proper MCP formation
264 Identifying encapsulation peptides on structural proteins made us consider the role of
265  signal sequences in overall MCP assembly and how these roles could differ between structural
266 and enzymatic signal sequences. We also recognized that signal sequences are often
267  manipulated when encapsulating heterologous cargo in MCPs, either by removing sequences
268  encoding native signal sequences or by overexpressing signal sequences fused to heterologous
269  proteins®?43%  Therefore, understanding how signal sequences affect MCP assembly could
270  advance efforts to engineer MCPs without disrupting their structure and function.

271 Because enzymatic signal sequences share a common structure suggested to contribute
272 to the liquid-like properties of the MCP core, we hypothesized that removing these signal
273  sequences might disrupt MCP assembly. To test this hypothesis, we combinatorially knocked out
274  the sequences encoding the enzymatic signal sequences ssPduD, ssPduP, and ssPduL from the
275  S. enterica genome and assessed the impact of these deletions on MCP formation using
276  fluorescence microscopy and transmission electron microscopy (TEM) (Supplementary Figure
277  S4a). We then overexpressed a suite of GFP reporters that localize to the MCP core in these
278  strains. Previous studies have used fluorescence microscopy of encapsulated GFP reporters to
279  show that MCP structural defects often change the number and spatial distribution of fluorescent

280  puncta®*°®%_In wild-type S. enterica, core reporters typically form three to six fluorescent puncta
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281  distributed throughout the cytoplasm. When MCP assembly is disrupted such that shells either do
282 not form or are separated from the core, the reporters typically localize to one or two fluorescent
283  puncta located at the cell poles. If the reporters no longer localize to the MCP core at all,
284  fluorescence is evenly distributed throughout the cytoplasm.

285 We first assessed how removing enzymatic signal sequences affects the number and
286  spatial distribution of MCP cores by overexpressing GFP fused to the cofactor recycling enzymes
287 PduG and PduO, which localize to the MCP core without a signal sequence, in the enzymatic
288  signal sequence knockout strains®:. Fluorescence microscopy of the PduG and PduO
289  encapsulation reporters showed that the number of puncta per cell decreased in the enzymatic
290 signal sequence knockout strains, but the spatial distribution of puncta was mostly unaffected
291  (Figure 3a, b and Supplementary Figures S5, S6). All AssPduD strains had an especially steep
292  drop in puncta count, and, in general, the more signal sequences were knocked out, the larger
293  the decrease in puncta count. PduO-GFP localized almost entirely to single polar bodies in
294  AssPduD strains, similar to its localization in ApocR, indicating that its encapsulation was
295  particularly affected by the absence of ssPduD (Supplementary Figures S5, S6). These results
296  suggest that the absence of enzymatic signal sequences decreases MCP core formation. In
297  addition, because ssPduD has the highest encapsulation efficiency among the enzymatic signal
298  sequences and targets the signature enzyme, PduCDE, to Pdu MCPs3¢43, these results point to
299  a possible correlation between a signal sequence’s encapsulation efficiency, significance in the

300 MCP pathway, and importance in MCP assembly.
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302 Fig. 3. Impact of enzymatic signal sequences ssPduD, ssPduP, and ssPduL on MCP shell
303 and core formation. (a) Knocking out the sequences encoding enzymatic signal sequences
304 ssPduD, ssPduP, and ssPduL reduces formation of Pdu MCP shells and cores. (b) Average
305 puncta observed per cell by fluorescence microscopy when Pdu signal sequences (ssD, ssP,
306  ssL), cofactor recycling enzymes (PduG, PduO), and a shell protein (PduA) were fused to GFP
307 and expressed in the enzymatic signal sequence knockout strains. Values shown in this figure
308 were normalized by the average wild type puncta count for each reporter to facilitate comparison
309 between reporters. Each value shown is the mean across three biological replicates, in which
310 each replicate consisted of at least 30 cells counted from the same microscope slide. The
311  standard deviation of the puncta count for each strain/reporter combination was less than 10% of
312  the mean unless noted otherwise. Raw (i.e., not normalized) means and standard deviations of
313  puncta counts are available in Supplementary Figure S6a. (c) Transmission electron micrographs

314  of MCPs purified from wild type, AssPduD, AssPduP, AssPduL, and AssPduDPL S. enterica.
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315 We also expressed PduA-GFP, a reporter that localizes to the MCP shell, in these strains
316  to determine how removing enzymatic signal sequences affects MCP shell formation. PduA-GFP
317  puncta counts also decreased as more enzymatic signal sequences were knocked out, following
318 a pattern similar to the core reporters. These results indicate that knocking out signal sequences
319 decreases overall MCP formation, rather than just formation of MCP cores.

320 Finally, we recognize that assembly defects observed when deleting signal sequences
321  could result either directly from the absence of a signal sequence itself or because the body of its
322  corresponding enzyme no longer localizes to MCPs. To distinguish between these possibilities,
323  we investigated whether defects in enzymatic signal sequence knockout strains could be rescued
324 by complementing one of the absent signal sequences fused to GFP, reintroducing the signal
325  sequence while the body of its corresponding enzyme remained absent.

326 Interestingly, complementation with ssPduD-GFP resulted in higher puncta counts
327 normalized to WT than all other encapsulation reporters in AssPduD strains (ANOVA p<0.01,
328  Supplementary Table S6). By contrast, ssPduD-GFP had similar normalized puncta counts to all
329  but one strain/reporter combination in non-AssPduD strains (ANOVA p>0.12, Supplementary
330 Table S6). This suggests that overexpressing ssPduD-GFP can rescue assembly defects caused
331 by knocking out ssPduD, but not defects due to knocking out other signal sequences. ssPduP-
332  GFP and ssPduL-GFP complementation did not similarly recover puncta counts in AssPduP and
333  AssPdul strains (Figure 3b). Normalized ssPduP-GFP and ssPduL-GFP puncta counts were
334  significantly higher than other reporters in a few strains (ANOVA p<0.05, Supplementary Table
335  S6) - for instance, ssPduP-GFP overexpression recovered puncta counts in AssPduDAssPduP,
336 and ssPduL-GFP had a significantly higher normalized puncta count than ssPduP-GFP and
337 PduG-GFP in AssPduDAssPdul. However, this pattern was not observed across most strains
338 and reporters, so we conclude that ssPduP-GFP or ssPduL-GFP complementation does not
339 recover puncta counts to as much of an extent as ssPduD-GFP. These results surprisingly

340 suggest that different signal sequences may play different roles in supporting MCP assembly.
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341 Because signal sequences share a common structure, we expected them to play similar roles in
342  MCP assembly. If this were the case, overexpressing one signal sequence in multiple signal
343  sequence knockout strains should rescue assembly equally across all strains. However, ssPduD-
344  GFP recovers puncta counts only in AssPduD strains, suggesting that the role of ssPduD in Pdu
345  MCP assembly is unique from the roles of ssPduP and ssPdulL.

346 We also performed TEM on purified MCPs from each of the knockout strains to more
347 closely evaluate changes in MCP morphology (Figure 3c). All strains still formed shells and
348  appeared to encapsulate cargo. MCPs from AssPduL strains were slightly elongated, which may
349  occur due to a polar effect that decreases the expression level of the downstream pduN gene*®.
350 AssPduD and AssPduDAssPduP MCPs were qualitatively less homogeneous in shape than WT
351 MCPs (Figure 3c, Supplementary Figure S7). No visible changes in MCP morphology were
352  observed between WT and AssPduP MCPs, which is consistent with the finding that AssPduP
353  puncta counts did not differ significantly from WT puncta counts. We also performed TEM of MCPs
354  purified from AssPduD and AssPduP strains complemented with ssPduD-GFP and ssPduP-GFP
355 todetermine if recovery in puncta counts by fluorescence microscopy correlated with any changes
356 in MCP morphology (Supplementary Figure S7). However, we did not notice any visible
357  differences between MCPs with and without complementation, indicating that complementation
358 rescues only the number of MCPs observed by optical microscopy and not the morphology of
359  MCPs from these strains.

360 Signal sequences are essential to the function of structural proteins PduM and PduB

361 We next knocked out the sequences encoding the structural signal sequences ssPduM
362 and ssPduB to assess how the effects of removing structural signal sequences would differ from
363  those of removing enzymatic signal sequences. Previous studies have shown that the MCP core
364 and shell separate in strains lacking the PduB N-terminus'?>#® because the body of the PduB
365 protein (PduB®”) can only bind to the shell*®. Similarly, because PduM is a low-abundance

366 structural protein, in contrast to the high-abundance enzymes encapsulated by ssPduD, ssPduP,
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367 and ssPdul, we expected that assembly defects in AssPduM strains would occur because the
368  body of PduM would be mostly unencapsulated (Supplementary Figure S1) rather than because
369  of the absence of the signal sequence itself. Therefore, we hypothesized that knocking out the
370  sequences encoding ssPduM and ssPduB would yield similar assembly defects to knocking out
371  the full-length pduM and pduB, and these assembly defects would not be rescued by
372  overexpressing the knocked-out signal sequences.

373 To test these hypotheses, we overexpressed ssPduD-GFP, PduG-GFP, ssPduM-GFP,
374  and ssPduB-GFP in AssPduM, ApduM, AssPduB, ApduB, and AssPduMAssPduB (AssPduMB)
375  strains (Supplementary Figure S4b). ssPduD-GFP and PduG-GFP were included to report on
376  MCP core formation. Because PduM and PduB play roles in proper connection of the MCP shell
377  and core, we also included PduA-GFP as a shell protein reporter to assess how these knockouts
378 impact shell formation. Puncta counts for ssPduB-GFP are not shown because its low
379  encapsulation efficiency makes puncta dim and difficult to count (Supplementary Figure S8).

380 In AssPduM and ApduM, all MCP core reporters localized mostly to polar bodies, with
381 only a few puncta distributed throughout the cytoplasm (Figure 4a, Supplementary Figure S8).
382  Puncta counts were similar across core reporters in these strains, indicating that overexpressing
383  ssPduM-GFP could not recover assembly (Figure 4b). However, AssPduM had lower puncta
384 counts than ApduM (two-factor ANOVA p = 1.18x107%), although this difference was only
385  significant for some reporters (Supplementary Table S5). This suggests that when the body of
386 PduM is present, but unencapsulated, it may still interact with the MCP by an unknown
387  mechanism to cause a greater assembly defect than when PduM is completely absent. In ApduB,
388  AssPduB, and AssPduMB, all MCP core reporters localized to polar bodies, indicating that
389 assembly was disrupted and overexpressing ssPduB-GFP could not rescue proper MCP
390 formation (Figure 4b, Supplementary Figure S8). ssPduM-GFP and ssPduB-GFP localize in a
391  similar pattern as other encapsulation reporters that localize to the MCP core in all strains, which

392 indicates that PduM and PduB are likely not required for each other’s encapsulation. This
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contradicts Yang et al.’s hypothesis that ssPduB and PduM bind to form a link between the MCP

shell and core'?, instead suggesting that ssPduB may directly target the shell to the core.
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Fig. 4. Roles of structural signal sequences ssPduM and ssPduB in MCP shell and core
formation. (a) Knocking out sequences encoding the structural signal sequences ssPduM and
ssPduB results in partial (ssPduM) or full (ssPduB) separation of Pdu MCP shells and cores. This
causes core reporters to form an aggregate at one pole of the cell, while MCP shells remain
distributed throughout the cytoplasm. (b) Average puncta observed per cell by fluorescence
microscopy when Pdu signal sequences (ssD, ssM), cofactor recycling enzymes (PduG), and a
shell protein (PduA) were fused to GFP and expressed in the structural signal sequence knockout
strains. Each value shown in this figure is the mean across three biological replicates, in which
each replicate consisted of at least 30 cells counted from the same microscope slide. The
standard deviation of the puncta count for each strain/reporter combination was less than 10% of
the mean unless noted otherwise. Means and standard deviations of puncta counts are available

in Supplementary Figure S6b. (c) Transmission electron micrographs of MCPs purified from the
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408  structural signal sequence knockout strains. TEM imaging was performed on one biological
409 replicate.

410 We next examined the impact of the structural signal sequences on shell formation by
411  expressing the MCP shell reporter PAuA-GFP in the structural signal sequence knockout strains.
412 In strains where the MCP core and shell are connected, PduA-GFP should form similar numbers
413  of puncta as encapsulation reporters. However, in strains where the core and shell are separated,
414  PduA-GFP should form more puncta than the encapsulation reporters. When PduA-GFP was
415  expressed in AssPduM and ApduM, it formed significantly more puncta than the encapsulation
416  reporters did (ANOVA p<0.01), which agrees with the partial separation of the MCP core and shell
417  observed by Yang et al. in ApduM'?. However, while the PduA-GFP puncta counts are similar to
418 WT in ApduM and AssPduMB, they are significantly lower than WT in AssPduM (ANOVA
419  p<0.001), indicating a reduced efficiency of shell formation in AssPduM. PduA-GFP formed
420 similar numbers of puncta when expressed in AssPduB, ApduB, ApduM, AssPduMB, and WT
421  (ANOVA p>0.19). This result indicates that a proper number of MCP shells formed in these
422  strains. Added to the result that core reporters localize to polar bodies in AssPduB and ApduB,
423  this suggests the shells were disconnected from the core in AssPduB and ApduB (Figure 4b).
424  These results suggest that when the shell and core are at least partially connected, MCP shell
425  formation is disrupted by cytosolic PduM, but it is less disrupted when PduM is completely absent
426  or when the core and shell are fully separated.

427 We performed TEM on purified MCPs from each of the knockout strains to more closely
428  evaluate changes in MCP morphology (Figure 4c). Kennedy et al. reported that WT Pdu MCPs
429 ranged from ~60 to ~170 nm in diameter when imaged by TEM, with an average diameter of
430  approximately 100 nm®’. Some AssPduM and ApduM MCPs were well above this WT MCP size
431  range, with some MCPs over 200 nm in diameter (Supplementary Figure S9). This suggests that
432 PduM may play a role in regulating MCP size. ApduB, AssPduB, and AssPduMB had qualitatively

433 lower electron density inside their MCPs, consistent with other results that indicate these strains
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434  form empty shells. AssPduMB MCP shells in particular were less defined than MCPs from other
435  strains. MCPs formed in ApduB and AssPduB strains also generally appeared smaller than WT
436  MCPs, consistent with previous studies showing that empty ApduB MCPs were smaller than WT
437  MCPs and suggesting that the presence of cargo may influence MCP size®.

438  Knocking out enzymatic signal sequences in combination with structural signal

439  sequences reduces MCP shell formation

440 Next, we knocked out structural signal sequences in combination with the enzymatic signal
441  sequences to assess whether this would cause additional assembly defects beyond knocking out
442  structural signal sequences alone. Because AssPduB and AssPduM cause large structural
443  defects that decouple the MCP core and shell, we hypothesized that this would outweigh
444  structural defects caused by knocking out the enzymatic signal sequences, and knocking out
445  enzymatic and structural signal sequences together would therefore not cause additional defects.
446  However, because signal sequences are hypothesized to play a role in MCP core aggregation,
447  we also hypothesized that knocking out all five signal sequences might affect the ability of signal
448  sequences and other core enzymes to localize to the MCP core.

449 To test these hypotheses, we overexpressed fluorescent reporters for the MCP core
450  (ssPduD-GFP and PduG-GFP) and shell (PduA-GFP) as well as the structural signal sequences
451  (ssPduM-GFP and ssPduB-GFP) in AssPduDAssPduPAssPdulAssPduM (AssPduDPLM),
452  AssPduDAssPduPAssPdul AssPduB (AssPduDPLB) and AssPduDAssPduP
453  AssPdulLAssPduMAssPduB  (AssPduDPLMB) strains  (Supplementary  Figure  S4b).
454 In AssPduDPLM, all MCP core reporters localized mostly to polar bodies, similar to their
455  localization in AssPduM and ApduM (Figure 5a, Supplementary Figure S8), suggesting that
456  structural defects in the MCP core caused by knocking out ssPduM largely outweigh structural
457  defects caused by knocking out the enzymatic signal sequences (Figure 5b). In AssPduDPLMB
458 and AssPduDPLB, all core reporters localized to polar bodies, similar to their localization

459  in AssPduB and ApduB (Figure 5a, Supplementary Figure S8). This indicates that the structural
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460  defects in the MCP core caused by knocking out ssPduB outweighed defects caused by knocking
461  out any other signal sequences. Interestingly, the presence of polar bodies in AssPduDPLMB
462  also shows that MCP cargo can still colocalize to an aggregate without any signal sequences.
463  ssPduD-GFP puncta counts were not significantly different than other core reporters in
464  AssPduDPLM, AssPduDPLB, or AssPduDPLMB (ANOVA p>0.2), indicating that ssPduD-GFP
465  overexpression did not recover puncta counts as it did in AssPduD strains not combined with
466  structural signal sequence knockouts.

AssPduDPL +

a
O 8) AssPduM/B
056D =2 5D
b

Average GFP Puncta per Cell

AssPduDPLB

.

0.0 4.7
C —
& ssD-GFP 147 15 10 14" 082
t i+
K PduG—GFP 099 17" 10 16 090" y e * :
e 3 5 T A Hoy

o : :
S <@ Normal <]Larger than WT
O  ssM-GFP 096 19 10  15% 094

<< Broken -=f Elongated

tStandard deviation 10-15% of mean
tStandard deviation >15% of mean

Shell

& © l\\ @ . ©
KN vc,% \75? N é\ \§

467  Fig. 5. Impact of enzymatic signal sequence (ssPduD, ssPduP, ssPduL) deletions in
468 combination with structural signal sequence (ssPduM, ssPduB) deletions on MCP shell
469 and core formation. (a) Knocking out the sequences encoding enzymatic signal sequences
470  ssPduD, ssPduP, and ssPduL in combination with those encoding the structural signal sequences
471  ssPduM and ssPduB results in partial (ssPduM) or full (ssPduB) separation of Pdu MCP shells
472  and cores and a decrease in MCP shell formation. Core reporters form an aggregate at one pole
473  of the cell, while MCP shells remain distributed throughout the cytoplasm. (b) Average puncta

474  observed per cell by fluorescence microscopy when Pdu signal sequences (ssD, ssM), cofactor
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475  recycling enzymes (PduG), and a shell protein (PduA) were fused to GFP and expressed in the
476  enzymatic + structural signal sequence knockout strains. Each value shown in this figure is the
477 mean across three biological replicates, in which each replicate consisted of at least 30 cells
478  counted from the same microscope slide. The standard deviation of the puncta count for each
479  strain/reporter combination was less than 10% of the mean unless noted otherwise. Means and
480 standard deviations of puncta counts are available in Supplementary Figure S6b. (c)
481  Transmission electron micrographs of MCPs purified from the enzymatic + structural signal
482  sequence knockout strains. TEM imaging was performed on one biological replicate.

483 PduA-GFP formed significantly fewer puncta when expressed in AssPduDPLB,
484  AssPduDPLM, and AssPduDPLMB strains than in WT (ANOVA p<0.0001, Figure 5b). However,
485 PduA-GFP still formed significantly more puncta than core reporters when expressed in
486  AssPduDPLB and AssPduDPLMB, indicating separation of the shell and core (ANOVA p<0.001).
487  AssPduDPLB, AssPduDPLM, and AssPduDPLMB also had significantly lower PduA-GFP puncta
488  counts than AssPduB, AssPduM, and AssPduMB, respectively (ANOVA p<0.05). These results
489  suggest that knocking out enzymatic and structural signal
490 sequences together reduces MCP shell formation.

491 Finally, we performed TEM on purified MCPs from each of the knockout strains to more
492  closely evaluate changes in MCP morphology (Figure 5c¢). Similar to AssPduM and APduM MCPs,
493  AssPduDPLM MCPs still had clearly defined shells and formed some MCPs >200 nm in diameter,
494  above the reported size range of WT MCPs observed by TEM (Supplementary Figure S9)%’. In
495 contrast, we did not observe any fully closed, unbroken shells in AssPduDPLB and
496  AssPduDPLMB MCPs across multiple biological replicates. In combination with the reduction in
497  PduA-GFP puncta counts in these strains, this result suggests that removing enzymatic signal
498  sequences in combination with separating the MCP shell and core may disrupt formation of

499  complete MCP shells.
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500 Mutating signal sequences causes unpredictable changes in their encapsulation
501 efficiencies

502 The Pdu signal sequences vary widely in encapsulation efficiency, but we could not find
503 any immediately apparent elements of their amino acid sequences or predicted structures that
504 correlated with their encapsulation efficiencies. We therefore sought to determine if Pdu signal
505 sequences could be mutated to predictably alter their encapsulation efficiencies. From our amino
506 acid alignment of the Pdu signal sequences, we chose to mutate a four amino acid region whose
507  properties differed between strong and weak signal sequences (Figure 6a). In the strong signal
508 sequences ssPduD, ssPduP, and ssPduM, these four amino acids comprise two polar or charged
509 residues followed by two hydrophobic leucine, isoleucine, or valine residues. However, in the
510 weak signal sequence ssPduL, the first hydrophobic residue is substituted by a polar threonine
511 residue, and in the non-functional signal sequence ssPduE, one of the leucine/isoleucine/valine
512  residues is replaced with methionine. This methionine (M9) is also one of the residues predicted
513 to interact with the body of the PduE protein (Supplementary Figure S2). We therefore
514  hypothesized that mutating this distinct sequence of four amino acids may predictably modulate
515 the encapsulation efficiency of the Pdu signal sequences. ssPduB was excluded from this
516  experiment because its amino acid sequence does not align well with the other Pdu signal
517  sequences. To test this hypothesis, we designed six mutated signal sequences in which these
518  four amino acids in ssPduE (ESMV) and ssPduL (QSTV) were replaced with the corresponding
519 amino acids from ssPduD (RQIl), ssPduP (ETLI), and ssPduM (QRIV) (Figure 6a). We fused
520 those ssPduE and ssPduL variants to GFP and overexpressed these constructs in wild-type
521  (normal MCP formation), ApduB (empty MCP shells), and ApocR (no MCP expression) S.

522 enterica.


https://doi.org/10.1101/2024.09.25.615066
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.25.615066; this version posted September 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

a
PduL @™ ‘FeTT MGKELLRQIIRKVLDE
ssPduD MEINEKLLRQI IEDVLRDMK zzp dELAQSW - MSKELLEng =
ssPduP  MNTSELETLIRTILSEQL Py ey pr s m:'LDE
ssPduM  MNGETLQRIVEEIVSRLHRRAQ H g RN -y
SERAUL  MSEELTOSINRKVIDE ssPduE’*ESWI “ETLI MNTDATETLIRDVLSR
u
ssPduE  MNTDAIESMVRDVLSR .
ssPduE ™" 9*V MNTDATIQRIVRDVLSR
b & & & & & F
I S
=) =) =) "9* "9* "9*
& & (+3 & & &
v v v v g A\
DA A A - S S 2
& & g & & & & &

Encapsulation

Efficiency Low High Low Low None Low High Low

2 T IY
2 L ‘ :‘1

- o | - = = a

= i .
: N

o VEEw

3 T
(U}
|1 %1 = )
- 1 & | i

eé o :k! i 1 — L'J

o

g o

523  Fig. 6. Mutations in a four amino acid region alter the encapsulation efficiencies of ssPduL
524  and ssPduE. (a) Amino acid sequence alignment of the native (left) and mutated (right) Pdu
525  signal sequences. Four amino acids in ssPduL and ssPduE were replaced with the corresponding
526  residues from ssPduD, ssPduP, and ssPduL. (b) Optical and fluorescence micrographs of the
527  ssPdulL and ssPduE mutants fused to GFP. These constructs were overexpressed both in MCP-
528 forming S. enterica and in two assembly-deficient S. enterica strains (ApduB and ApocR). All
529  scale bars are 1 ym. Similar results were observed across at least three biological replicates.

530 We observed punctate fluorescence when overexpressing ssPduEAESMV:RAILGFP and
531  ssSPAuEAESMV:ETLLGEP in WT S. enterica. Overexpressing ssPAuEAESMV:ORV_GFP also gave rise
532  to noticeable, but extremely dim, punctate fluorescence (Figure 6b). These results confirm that
533 ssPduE is “close” to a functional signal sequence, as substitution of just a small number of

534 residues makes it capable of encapsulation. Overexpression of all ssPduL variants in WT S.
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535 enterica also resulted in puncta. Out of all ssPduE and ssPdulL variants, ssPduEAESMV:ETLLGFP
536 and ssPdulA®SRV:RAILGFP gave rise to particularly high punctate fluorescence with lower diffuse
537  background, suggesting higher encapsulation efficiencies for these two constructs. Accordingly,
538 we identified polar bodies when all variants that resulted in punctate fluorescence in WT were
539  expressed in ApduB, confirming that these constructs aggregate with other MCP core proteins.
540 We observed diffuse fluorescence in ApocR with all constructs, showing that they cannot
541  aggregate without expression of other MCP proteins. Together, our results indicate that these four
542  amino acids do affect the encapsulation efficiency of signal sequences, but not in a predictable
543  manner. Mutating these four positions in the weak/nonfunctional signal sequences ssPduE and
544  ssPdul to match the pattern seen in the strong signal sequences ssPduD, ssPduP, and ssPduM
545  canincrease their encapsulation efficiencies, but not all such mutations do increase encapsulation
546  efficiency. Further, when the same set of mutations were made across different signal sequences,
547 the effects of these mutations on encapsulation efficiency were not consistent. These results are
548  not unexpected given the highly sensitive and unpredictable relationship between protein folding
549  and function.

550 Discussion

551 MCPs may be useful for metabolic engineering of heterologous pathways that share
552  characteristics with natively encapsulated pathways, such as toxic intermediates, high cofactor
553  requirements, and kinetic bottlenecks’. However, MCPs are highly complex, self-assembling
554  protein structures that rely on many critical and interconnected interactions. Successfully
555  engineering these structures to encapsulate heterologous pathways will therefore require an
556  understanding of which modifications can be made without upsetting these interactions. Signal
557  sequences that target proteins to the MCP core are particularly likely to be modified when
558 encapsulating heterologous pathways, as they are often used to target heterologous proteins to

559  the MCP lumen and may be knocked out if heterologous proteins are expressed genomically from


https://doi.org/10.1101/2024.09.25.615066
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.25.615066; this version posted September 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

560 the pdu operon?33%43 |n this study, we therefore examined the prope