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Abstract

Plants boost the expression of pseudo-enzyme PDX1.2 under heat stress and during embryonic
development. PDX1.2 positively regulates vitamin Bg production by hetero-association with its active
catalytic homologs such as PDX1.1 and PDX1.3. These heterologous interactions were found
challenging to understand. For instance, the crystals of PDX1.2-PDX1.3 heterocomplexes were found to
be statistically disordered and individual proteins could not be assigned. Using a combination of
biochemical and structural tools, we find that the key to this phenomenon is the nature of PDX1.2 hetero-
assembly with its catalytic counterparts. Using a cell-free protein synthesis approach, we were able to set
up a precise control of co-expression where we systematically varied the ratios of co-produced proteins
by tuning the ratios of input DNA. These were further analyzed by Native Mass Spectrometry, which
elucidated that 6-8 hetero-complex species of dodecamers of variable stoichiometry are produced for each
co-expression condition tested. This is in contrast to previous hypothesis of stacked inter-hexamer
assembly mechanism. As proposed previously, our high-resolution Cryo-EM structure of pseudo-enzyme
PDX1.2 closely mimics the fold of PDX1.3 and maintains all necessary protein-protein interactions
between subunits. In PDX1.2, the altered catalytic site P1 appears perturbed in concordance with its lack
of activity, while the P2 site appears largely unchanged. The most surprising finding is that we observe a
complete switch in the surface electrostatics for PDX1.2. Based on the activity assays and its structure,
we hypothesize that the change in electrostatic would have a significant impact on the neighboring P2 site
of the PDX 1.3 and influence the turnover efficiency at that site. These data suggest that pseudo-enzyme
PDX1.2 rather acts as an electrostatic tuning module, that, in combination with its hetero-assembly
mechanism based on random incorporation, imposes a perfect regulatory control of such important

process.
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Vitamin By is a central metabolite for all organisms. It functions as a cofactor for over a hundred
enzymatic processes and also provides an important defense mechanism against oxidative stress™.
Current knowledge indicates that pyridoxal 5 -phosphate (PLP) is the main active vitamin Bg in the cell.
Unlike bacteria, plants are able to synthesize PLP de novo via a very elegant and efficient mechanism
executed by just two proteins - PDX1 and PDX2 (Pyridoxine Biosynthesis 1 and 2)*“. These proteins
form a large complex with up to 24 subunits (12 of each). The core of this complex consists of PDX1
proteins, which are the key synthases that assemble into a dodecameric structure, composed of two st-
acked hexamer rings’. This dodecamer serves as scaffold for binding additional 12 units of glutaminase
PDX2. However, the nature of PDX1/PDX2 association is rather transient, and the PDX1 dodecamer is
not aways fully saturated with PDX2%’. Phosphorylated triose and pentose sugars in combination with
glutamine are used as substrates in the lysine-mediated production of PLP, which occurs within each
PDX1/PDX2 pair of the complex®. Interestingly, the synthase activity of PDX1 proteins can be PDX2-
independent if anmonium ions are supplemented’.

In the model plant Arabidopsis thaliana, there are three homologs of PDX1, designated as
PDX1.1, PDX1.2 and PDX1.3, and one homolog of PDX2*. PDX1.1, PDX1.3 and PDX2 are all
catalytically active enzymes while PDX1.2 was shown to be inactive®. Despite the lack of synthase
enzymatic activities for PDX1.2, studies showed that null mutants have an embryo lethal phenotype, and
its expression is upregulated by heat and oxidative stresss™®. The effect of PDX1.2 on embryo
development remains to be elucidated and is likely independent from the PLP production™®, However,
under stress conditions, the induced expression of PDX1.2 coincides with aboost in vitamin Bg synthesis,
suggesting a positive regulatory role’. Previously, PDX1.2 was found to associate with its catalytic
PDX1.1 and PDX1.3 proteins in vivo and forms complexes of high molecular weight similar to its
catalytic homologs'™. Furthermore, recombinant co-expression of PDX 1.2 with either PDX1.1 or PDX1.3
showed that hetero-complexes are dodecameric in nature®. It was also determined that co-expression was
required for the formation of such structures, and these hetero-complexes can't be reconstituted when

proteins are individually expressed and then later combined.
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It has been proven extremely challenging so far to work with these proteins. While the structure
of PDX 1.3 was solved by X-ray crystallography®, PDX 1.2 failed to crystallize on its own'?. Current X-ray
data on the PDX1.2-PDX1.3 hetero-complexes do exist but suffer from statistical disorder, where the
individual contribution of the proteins cannot be dissected in such assemblylz. Up to now, an
interhexamer assembly mechanism was proposed as the likely cause of interaction where one hexameric
ring of active PDX1.1 (or PDX1.3) stacks on top of a hexamer ring of inactive PDX1.2 to create a final
hetero-dodecameric state®? (Fig.1a).

Thus, a new approach was needed to resolve the mechanism controlling mixed PDX1 complex
formation as well as the biological relevance of the interaction on PLP synthetase activity. Here, using an
integrated biochemical and structural approach combining cell-free protein synthesis technology, Native
Mass Spectrometry and Cryo-EM, we delve into the mechanism, stoichiometry and structure of these

hetero-interactions.

Results

Cell-free co-expression of PDX1.2 and PDX1.3 proteins results in heterocomplexes of
variable molecular weight. For protein production, we decided to employ cell-free protein expression
pipeline using wheat germ extract’*™ for several reasons. First, this “open-format’ cell-free platform
provides an opportunity for precise stoichiometry control of protein co-expression by varying the amounts
of corresponding DNA templates. Second, the wheat germ protein extract being plant based also provides
the closest trand ational environment for the production of these plant-derived proteinsin terms of folding
and post-translational modifications.

We initially prepared two plasmids constructs, which were used as DNA templates for cell-free
protein synthesis of individual PDX1.2 and PDX1.3 proteins and co-expressed complexes. Both protein

constructs were designed to carry a 3XFLAG purification tag on their N-terminus (Fig. S1). In the initial
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79 st of cell-free trandation experiments (Fig. 1), we supplemented all the trandation reactions with
80  fluorophore-labeled lysine-charged tRNA as recently described™. This procedure allows detection of
81  newly-synthetized proteinsin the crude mixture with no need for purification. For co-expression, different
82 DNA template ratios (9:1, 3:1, 1:1, 1:3 and 1:9) were tested to establish that the molar ratio of expressed
83  proteins can be controlled in a precise fashion. For instance, by in-gel quantification, the co-expression
84  conditions 9:1, 3:1 and 1:1 correspond to protein product compositions of 3:1, 1:1 and 1:3 (Fig.1b left).
85  The same samples were also analyzed under native conditions (Fig. 1b right). It is immediately evident
86 that all co-expressed samples travel faster than individual PDX 1.2 homomeric complexes but slower than
87 PDX1.3 homomeric complexes. In addition, the bands for co-expressed samples appear significantly
88  wider in size suggesting multiple species. The mobilities of these samples also appear to be dependent on
89  the protein composition where the higher proportion of PDX1.3 in the co-expressed sample causes faster
90 migration of the hetero-complex, and the opposite for PDX1.2.
91 As we employed a different expression platform more reminiscent of native conditions in
92  comparison with the previous co-expression study in E. coli®, we also wanted to verify whether cell-free
93  co-expression was required for the formation of such complexes or if simple incubation of samples
94  following trandation and expression termination would result in intermixed complexes. Thus, PDX1.2
95 and PDX1.3 homomeric samples were combined and left to incubate for additional 48 hours and then re-
96  run on Native PAGE along with all other samples (Fig. S28). As clearly seen on the gel, no formation of
97  intermixed complexes is observed since PDX 1.2 and PDX 1.3 proteins travel as independent species (Fig.
98 S2a, last lane). Thus, co-expression was confirmed to be a critical parameter in the PDX 1 hetero-complex
99  formation, supporting the previous discoveries™*. However, our overall findings do not support the
100  proposed interhexamer assembly mechanism where a defined single band would be expected. It appears
101  that PDX1.2 and PDX 1.3 rather interact intramolecularly to form hetero-complexes of similar architecture
102  ashomo-assemblies, but with variable stoichiometry.
103 The same experiments were conducted using PDX1.1 (instead of PDX1.3), and the same

104  pseudoezyme-enzyme assembly behavior was seen and suggests the same assembly mechanism for
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105 PDX1.2 interaction with both PDX1.2 and PDX1.3 (Fig.S2b). Since PDX1.3 is the dominant homologin
106 A thaliana™"" and was previously found to be more impacted by PDX1.2°, we have limited our further
107  structura survey to PDX1.2 and PDX1.3 only to simplify the variable space.

108

109 Post-trandlational modifications. We further scaled-up the protein synthesis on select
110  complexes. Denaturing SDS and Native PAGE analysis was repeated on purified complexes and retention
111  of their native properties (Fig. S3). Liquid chromatography — mass spectrometry (LCMS) peptide
112  mapping of PDX1.2 and PDX1.3 homomeric samples showed the correct protein sequences as top hits
113  with near complete sequence coverage of 98% and higher (Fig. $4). In the previous study, E. coli
114  expressed plant PDX1.2 was found to carry an acetyl group on the alanine (A5)°. Such modification was
115 not detected in the cell-free produced PDX1.2 and PDX1.3. Nevertheless, N-termina acetylations were
116  detected but were located on the first methionine residue, preceding the tag (Fig. S5). In all homomeric
117 PDX1.2 and PDX1.3 samples aong with all three co-expressed samples, roughly half of the protein
118  population was acetylated (Fig. S6). These modifications, which are incorporated in the protein during its
119  synthesis by ribosome-bound N-terminal acetyltransferases (NATS), are the most abundant, especialy in
120  higher eukaryotes'™. In general, such acetyl modifications are associated with various protein degradation
121  and stabilization mechanisms inside the cell™®. Nevertheless, no preferential acetylation profile was found
122  across the samples, which supports the idea that these modifications are likely irrelevant to PLP
123  regulation itself. Finally, the measured masses for PDX1.2 and PDX1.3 were determined to be 37339.7
124  and 36405.5 Da, respectively, which is consistent with their theoretical predicted values of 37339.6 Da
125  and 36405.3 Da(monoisotopic) (see the sequence information in Fig.S1).

126

127 Pseudo-enzyme PDX 1.2 displays positive regulatory propertiesthat can betuned. Whilethe
128  kinetic parameters for individual PDX1.2 and PDX 1.3 dodecamers (including co-expressed dodecamer at
129  0.44:1 stoichiometry ratio) were aready reported®, here, we intended to compare the relative activities

130 across all samples in order to understand how the PDX1.2:PDX1.3 ratio in hetero-assembly affects their
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131  enzymatic performance. We employed a diagnostic assay where PLP is used as a cofactor molecule for
132  apo-enzyme chemica transformations, the products of which are detected by a colorimetric approach
133  (Fig.2a). Under these assay conditions with saturating substrate amounts, the specific activity of active
134  enzyme PDX1.3 was determined to be 793 umoles/min/mg protein. As expected, pseudo-enzyme PDX1.2
135 was found to be inactive and displays a slightly inhibitory effect. When proteins are co-expressed at
136 conditions 3:1 and 1:1, the presence of PDX1.2 heterocomplex positively impacts PLP synthesis with an
137  increase of up to 120% in relative enzymatic activity. However, at 9:1, where 75% of the total protein is
138 PDX1.2, the heterocomplex appears to display a negative regulatory effect as indicated by a decline in the
139 relative activity to 67% that observed for homomeric PDX1.3. However, the measured activities represent
140 asumof PDX1.2 and PDX1.3. If these relative enzymatic activities are normalized based on the amount
141  of catalyticaly active PDX1.3 in each co-expressed sample, calculated by in-gel quantification, the
142  positive regulatory impact of PDX1.2 is observed for every condition. The obvious trend emerges where
143  the higher ratio of PDX1.2 incorporation coincides with higher impact on PDX 1.3 catalytic activity with
144 the corresponding outputs such as: 3-fold increase for co-expression condition 9:1, 2.4-fold increase for
145  3:1and 1.5-fold increasefor 1:1.

146

147 Each co-expressed PDX sample generates a population of 6-8 species. Native MS
148  measurements, where we electrosprayed the protein complexes under nondenaturing conditions in 200
149  mM ammonium acetate solution (pH 7), determined that homomeric PDX1.2 and PDX1.3 proteins form
150 449 kDa and 437 kDa dodecamers respectively (Fig. 2b). When co-expressed, each condition generated a
151  population of 6-8 species of heterocomplexes of variable stoichiometry that were all dodecameric in their
152 fold. For instance, at 9:1, PDX1.2 represents the major constituent in the hetero-dodecamers with
153  stoichiometry values of 6:6, 7:5, 8:4, 9:3,10:2,11:1 and 12:0. An example of raw data, which includes the
154  full mass spectrum and zoomed-in spectrum of the 12-mer, is in Fig. 2c. At the 3:1 co-expression
155 condition, there is a shift to 3:9 -11:1 stoichiometry range, while, at 1:1, we are limited to 0:12-8:4

156  dodecamer pool (Fig. 2b). As the result, by varying DNA ratio (and thus protein ratios), the full range
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157  from 0:12 to 12:0 has been sampled. The observed stoichiometry values are consistent with the amounts
158  of proteins produced in each sample (see Fig.1b and Fig.2b).

159 Interestingly, significant amount of free monomer and dimer species were also observed for
160 PDX1.3 in Native MS data (Fig. S7). In the co-expressed samples, the relative abundance of PDX1.3
161  monomers and dimers was also found to be positively correlated with the ratio of PDX1.3 in the hetero-
162  complex. However, Native PAGE analysis of samples in the same ammonium acetate solution right
163  before gas-induced dissociation did not show any disassembly (Fig. S8), suggesting that PDX1.3 is
164  inherently sensitive to the gas-phase dissociation. Unlike PDX 1.3, PDX1.2 displays a different behavior
165 and appears stable under the same experimental conditions. Heterocomplexes containing higher ratios of
166 PDX1.2 also display higher stability based on fewer monomer dissociation events.

167

168 Structure of PDX1.2 reveals an inverted electrostatic surface potential relative PDX1.3. As
169 recently reported, PDX1.2 protein resists crystallization protocols while PDX1.3 homomers and
170  PDX1.2/PDX1.3 heteromers are compatible with macromolecular crystallography®. Interestingly, unlike
171  PDX1.3 homo-dodecamers, the crystals of PDX1.2/PDX1.3 heteromers were found to suffer from a
172  satistical disorder, where the positions of individual proteins were not distinguished despite multiple and
173  very exhaustive approaches used™. As stated by the authors, the X-ray data were found to be ambiguous,
174  prohibiting the determination of assembly mechanism. In attempt to gain further understanding of such
175 intriguing system, we first employed single particle Cryo-EM to resolve the structure of PDX1.2.
176  Purified PDX1.2 samples were first vitrified on EM grids and imaged in super-resolution mode using
177  Titan Krios (Fig. S9). A homogenous distribution of particlesin various orientations are clearly visible in
178 the thin layer of ice, and several rounds of 2D classification produced well-defined 2D classes where a
179  stacked 2-ring architecture was clearly observed and consistent with the dodecameric fold, known for
180 catalytically active PDX1.1 and PDX1.3. The final 3D volume was reconstructed at 3.2A resolution,

181  where the PDX1.2 homology model was then docked and real space refined (Fig.S10, Table S1).
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182  Residues 29-288 were clearly resolved while N- (aas 1-28) and C-terminal (aas 289-313) regions appear

183 rather flexible dueto the lack of associated densitiesin the volume.

184 PDX1.3 implements an extremely efficient lysine relay mechanism where all catalytic action
185  happens within a single domain (catalytic sites P1 and P2). Two key residues K98 and K166 trap the
186  substrates, covalently tether the intermediates and then shuttle the product out>®. We compared the
187  obtained Cryo-EM structure of inactive PDX1.2 with several crystallographic structures of PDX1.3
188 available at different stages of such action: precursor binding stage PDX1.3-R5P (PDB:5Ins),
189 intermediate stage PDX1.3-I3x (PDB:5Inu), post-intermediate PDX1.3-15-G3P (PDB:5Inw) and final
190 product stage where PLP is still covalently bound to K166 (PDB:5Inr) (Fig.3a). We found that the overall
191 fold of PDX1.2 is very similar to PDX1.3, and there is no deviation of the structure at the edges or
192  interfaces - presumably to preserve proper interactions with neighboring subunits. The best overall fit is
193  with the X-ray structure of PDX1.3-PLP, which has P1 site unoccupied. This is consistent with the fact
194  that there were no ligands supplemented in the PDX1.2 sample as it is a known (and shown in Fig. 2a) to
195 beinactive. The a8’ helix of PDX1.2 was found to fully trace the a8’ helix of PDX1.3 in PDX1.3-PLP

196  state(5lnr).

197 Major differences between PDX1.2 and PDX1.3 are observed in the area, surrounding the
198 catalytic site P1. Specificaly, a2’ helix and R6-a6 loop are significantly altered in PDX1.2. The a2’
199  helix, present in PDX1.3, is absent in PDX1.2 due to the amino acid truncation in that region and is
200 substituted by a loop that points slightly outwards. The amino acid changes in 36-a6 loop, including an
201 additional amino acid insertion, create a dight kink in its architecture towards the center of the
202  dodecamer, resulting in the potential weakening/aborting of the phosphate binding at this site. Key lysine
203  residues K98 and K166 which form covalent adducts with the intermediates of PLP formation in PDX1.3
204  are mutated to R100 and Q168 respectively in PDX1.2. While R100 is positioned similar to K98 and can
205  potentially form the imine bond with R5P as well, Q168 in PDX1.2 (in place of K166 in PDX1.3) points

206 towards the P1 site similar to the intermediate state of the PLP synthesis instead of pointing to P2 as
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207  observed in the priming state PDX1.3-R5P state. The same positional occupancy of Q168 was assigned to
208  the composite assignment of Q168 and K166 in the crystallized PDX1.2-PDX1.3 co-expressed complex
209  where individual protein positions were not distinguished™. Such structural alterations in the P1 site in
210 PDX1.2 are in agreement with the experimental data, showing the loss of catalytic potential. Unlike P1,
211  the catalytic site P2 in PDX1.2 appears to be undisturbed. Key arginine residues R149, R156, R157 in
212  PDX1.2 (corresponding to R147, R154, R155 in PDX1.3) are positioned properly for coordinating the
213  phosphate anions at this site. The only aa difference at F143 (instead of H142 for PDX1.3) might weaken

214  thewater coordination at this site.

215 We also obtained a high-resolution Cryo-EM dataset for the co-complex 9:1 and referred herein
216  as PDXcoexp (Fig.S12). Well-defined two-ring fold seems visually identical to the PDX1.2 dodecamer.
217  Various heterogenous, non-uniform and local refinements did not sort out the potential subclasses, which
218 s not surprising due to the diversity of co-expressed species generated, the similarity of PDX1.2 and
219 PDX1.3 folds and the small size difference between their monomer molecular weights. As the result,
220 PDXcoexp particle dataset was processed as a single 3D class, and non-uniform refinement yielded the
221 fina map. Both the PDX1.2 dodecamer or PDX1.3 dodecamer can be fitted independent with high
222  validation scores (Fig. S13, Table S1) similar to the results reported recently for X-ray structure®?.
223  However, mgjor structura differences across two proteins are defined by presence/absence of a2’ helix
224  and a R6-a6 loop kink. As such, the PDX1.2 protein was found to be a better fit in these two areas
225  consistent with its more prominent composition in this co-complex. The comparison of the atomic model
226  of PDX1.2, fitted in PDXcoexp cryoEM volume, with the PDX1.2 itself did not show any differences and

227  thusdid not provide any additional cluesin its regulatory impact.

228 Based on the structural analysis of overall shape and the comparison of areas around the catalytic
229  sites between PDX1.2 and PDXcoexp, there is no obvious benefit in keeping such a defective homolog.
230 We did not find any additional interactions at the interfaces between subunits which might weaken or

231  strengthen the overall complex (Fig. S14). Then why would plants keep functionally inactive PDX 1.2 and

10
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232  what is its impact? Hydrophobicity plots of PDX1.2 and PDX1.3 do not show any differences between
233  the positions of polar and hydrophobic residues (Fig. S15). Interestingly, the most stunning differences
234  are observed when one compares the electrostatic surface potentials between the two (Fig. 3b). The
235  surface potential of outer and inner regions of the PDX1.2 dodecamer, which spans the P1 and P2 sites,
236 looks inverted relative to PDX 1.3, where negative charges are in place of the positively charged regions.
237  The cataytic site P1 is buried inside the center of the individual PDX 1.3 subunit, and it is therefore hard
238  toimagine how the surface potential of PDX1.2 might potentially impact it. Instead, in concordance with
239  the observed mechanism of assembly, we hypothesize that the most profound effect would be on the
240  catalytic site P2. Site P2 is located at the edge of the PDX1.3 subunit and shares two subunit-subunit
241  interfaces: side-by-side 11’ within the hexamer ring and bottom-bottom |3 at the ring-ring interface (Fig.
242  4a). To understand it better, we constructed several PDX1.2/PDX1.3 assembly models around the
243  catalytic site P2 of PDX1.3 (Fig. 4b-d). Lateral PDX1.2 incorporation can create a local supercharging
244 effect on 34-a4 loop, which could potentially act on the nitrogen atom of its pyridoxine ring (Fig.4b).
245  This supercharging effect could promote imine bond breaking between PLP and K166, help in the
246  trandocation and assist with the exit of the final product. The supercharging of the same loop could also
247  be possible when PDX1.2 shares a bottom-bottom interface (Fig. 4c). The positioning of PDX1.2 on the
248  bottom also slightly weakens the charge state around the phosphate binding site in a4. As such, one can
249  imagine that the both side and bottom positioning of PDX1.2 (Fig.4d) could explain enhanced PDX1.3
250 activity in the heterocomplex and also explain the benefit of having a pseudoenzyme that associates with
251 active PDX1.3 in arandom positional and stochiometric fashion.

252

253

254  Conclusions

255

256 Pseudoenzymes still represent a largely uncharted territory with much to learn about the

257  additional layer of regulatory control they impose in nature. Mainly learned from select protein families

11
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258  of kinases and phosphatases, many pseudoenzymes retain the structural fold of their catalytically active
259  partners and rather function as protein interaction modules™. Structural studies were the key tools in
260 exploring and clarifying the molecular mechanisms of such systems, and they uncovered their roles as
261  allosteric regulators, scaffolds, molecular switches and substrate competitors®?. To understand the
262  impact and assembly of pseudoenzyme PDX1.2 with its catalytic homolog PDX1.3, we employed an
263  integrated approach, which includes the cell-free expression, Native MS and Cryo-EM.

264 Our findings demonstrate that PDX 1.2 co-assembly with its catalytic partner PDX1.3 is based on
265  random subunit incorporation at different locations, driven by the molar ratios of individual components
266  during co-expression conditions (Fig.5). The entire spectrum of all possible stoichiometry combinations
267  (from 12:0 to 0:12) has been recorded, suggesting the lack of any preferences for a specific arrangement.
268  This mechanism of assembly supports previously recorded statistical disorder and the inability of protein
269  assignment in the X-ray crystal for the co-expressed samples'. The same explains the inability of
270  identifying any unique 3D classesin our Cryo-EM datafor PDX coexp sample.

271 We also observe the inherent sensitivity of PDX1.3 to disassemble upon transition and activation
272  inthe gas-phase. The observed loss of its unfolded monomeric subunits in homo- and hetero-complexesis
273  possible due to the differential charge surface properties PDX 1.3 as compared to PDX1.2. Recent studies
274  have shown that charge plays important roles in gas-phase disassembly of protein complexes™?®. This
275 behavior is in agreement with the significant differences in computed electrostatic surface potentials
276  between the two, as described above.

277 It has also been shown that surface charge-charge interactions can be redesigned to increase the
278  protein stability?’. As PDX1.2 expression is induced under heat stress, this process might serve as a heat
279  adaption mechanism. While it is hard to account for all possible factors present in plant cells under stress
280  conditions, the most interesting aspect is that PDX1.2 regulatory impact on the PDX1.3 activity is
281 observed in vivo and in vitro and is tunable based on its stoichiometry arrangements. Our in vitro
282  enzymatic assays suggest that the key regulation function of PDX1.2 is defined by the co-complex itself,

283  otherwise no positive, as well as tunable, impact of PDX1.2 on PDX1.3 catalysis would be manifested.
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284  The observed switch in the charge distribution is a fascinating discovery that PDX1.2 might have evolved
285  and been repurposed as an allosteric activator. Extensive and comparative MD simulations will be needed
286 in the future to verify the supercharging effect on site P2 for PDX1.3. At this point, the most current
287  (however, till limited) understanding about allosteric regulation of pseudoenzymes spans around their
288  stabilizations of the active sites for their active homologs?#, thus it is possible that such mechanism
289  might be the key to explain the differential relative enzymatic activities between PDX1.3 and its co-
290 complexeswith PDX1.2.

201 This hypothesized strategy, in combination with the random incorporation assembly mechanism,
292  empowers simple, tunable and gentle approach to accelerate vitamin Bg production by active PDX1.3

293  when it is needed without adjusting the PDX 1.3 gene expression.

294

295 Methods

296

297 Plasmid construction. Gene sequences of PDX1.2 and PDX1.3 were sourced as described

298  previously'’. The clones were amplified by PCR to include the purification tag and then sub-cloned using
299  Gibson Assembly in the designated vector pEU for the cell-free protein synthesis™>. All reagents for
300 PCR and Gibson reactions such as the Q5 Hot Start High-Fidelity 2X Master Mix and Gibson Assembly
301  Master Mix were acquired from New England Biolabs. DNA primers were from ThermoFisher Scientific.
302  For expression of PDX1.2 and PDX1.3 proteins, two vectors were constructed: pEU_3XFLAG _PDX1.2
303 and pEU_3XFLAG_PDX1.3, where both genes were fused with the 3XFLAG purification tag on their N-
304  terminus (Fig. S1). The sequences of al plasmids used in this study were verified by Sanger sequencing
305 (MCLAB).

306

307 Cell-free expression/coexpression and purification of PDX proteins. Protein synthesis was
308 carried out using Wheat Germ Protein Research Kits WEPRO7240 from CellFree Sciences. For co-

309  expression, stock plasmids were prepared containing various amounts of pEU_3XFLAG _PDX1.2 and
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310 pEU_3XFLAG_PDX1.3. For example, in the case of co-expression at 9:1 DNA template ratio: 9 ul of 1
311 pg/ul pEU_3XFLAG_PDX1.2 was mixed with 1 pl of 1 pg/ul pEU_3XFLAG_PDX1.3 before the
312  transcription step. The MINI-scale protein synthesis in the presence of fluorophore-charged lysine tRNA
313  was conducted at the following conditions: (i) for transcription, 1 pl of 1 ug/ul stock plasmid was mixed
314  with 9 ul of Transcription premix solution (1x Transcription buffer, 25 mM NTP, 8 U/ul SP6
315  polymerase, 8 U/ul RNase inhibitor) and left incubated at 37°C for 4 hours, (ii) for translation, 2 pl of the
316  resulting mRNA was mixed with 1 pl of FluoroTect Green,ys (Promega) and 3 pl of the wheat germ
317  extract and transferred under 50 pl of the trandation buffer (1x SUB-AMIX SGC), placed in the 96-well
318 half-area plate. The translations were carried out overnight at 15°C away from light at the vibration-free
319  setting on the Eppendorf ThermoMixer C.

320 The MAXI-scale protein synthesis was performed using the robotic system Protemist DT Il from
321  CellFree Sciences. All steps were done at 4°C and at 140 rpm. The buffer exchange step of the crude
322  extract (in order to remove DTT) was skipped. Total of 600 pl of ANTI-M2 affinity resin (50%
323  suspension, pre-equilibrated in 1XTBS buffer, Sigma) was used per each 6 ml trandlation reaction, which
324  accounts for trandation buffer. Protein binding to the resin was carried out for 1 hour. The resin was
325  subsequently washed three times with 2.5 ml of 1XTBS buffer for 5 min each time. The protein products
326  were eluted twice with the Elution Buffer (1XTBS buffer, 100 ug/ml 3XFLAG peptide, 4 mM DTT) — 1
327  ml each time for 30 min. Proteins were further concentrated and buffer-exchanged to the Storage Buffer
328 (IxTBSwith4 mM DTT) using 30 kDa Amicon Ultra-2 centrifugal filter units. The concentrated samples
329  wereflash-frozenin liquid nitrogen in 10 pl aliquots and then transferred to -80°C for storage.

330 Genera PAGE electrophoresis conditions employed in this work followed standard procedures.
331 Bioanalyzer runs were performed with the Agilent Bioanalyzer 2100 system using the P80 kit according
332  tothe manufacturer’s guidelines.

333

334 Native Mass Spectrometry. Purified PDX complexes at 0.2-0.4 mg/mL concentrations (10 pL

335 eachin 1xXTBS with 4 mM DTT) were buffer exchanged into 200 mM ammonium acetate using Zeba 75
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336  pL microspin columns from Thermofisher following manufacturer’s instructions. Proteins were loaded
337  into pulled glass capillaries (GlassTip™, part number BG12692N20, Scientific Instrument Services, Inc.,
338 Ringoes, NJ) with gel loading pipet tips. A platinum wire connected to the electrospray voltage was
339 inserted into the capillary and is in contact with the protein solution. 1 kV was applied at the capillary to
340  sustain the nanoelectrospray on a Thermo Q-Exactive UHMR mass spectrometer. The source was kept at
341 200 °C, with S-ens set to 100%. In-source fragmentation of 100 V and in-source trapping of 50 V were
342  used for optimum de-solvation without extensive gas-phase dissociation of the complexes. Even with in-
343  source fragmentation/trapping voltages off, a significant amount of PDX1.3 1-mers was still observed,
344  implying that the PDX 1.3 monomers were not exclusively generated by the desolvation conditions. HCD
345  gas flow was set to 2. For each fina spectrum, 500 microscans were averaged. Mass calibration was
346  performed using cesium iodide clusters. To obtain the mass distribution of the PDX dodecameric
347  complexes, mass spectra were processed using UniDec®. Original data within m/z 8000-11000 were
348  extracted with curved baseline subtraction, Gaussian smoothing 2.0, and binned every 3 m/z.
349  Deconvolution was restricted to sampling mass every 10 Da with peak FWHM of 8 Th.

350

351 Activity assay. For quantitative PLP detection, we used Enzymatic Vitamin B6 assay from A/C
352  diagnostics. From an initial set of experiments using active enzyme PDX1.3, we determined that 5-10
353  ug/ml was found optimal protein concentration for conducting this assay where the OD675 signal falls
354  within thelinear PLP detection range of 0-200 nmol/L (data not shown).

355 To compare relative enzymatic activities, all PDX samples (individual or co-expressed) were first
356 diluted to 12.5 ug/ml concentration in TBS buffer. Then 5 ul of 12.5 ug/ml protein were combined with 5
357 ul of 2XAssay buffer (50 mM Tris, pH 8.0, 1 mM ribose 5-phosphate, 2 mM D-glyceraldehyde 3-
358  phosphate, 20 mM ammonium sulfate) and incubated away from light for 30 min at 30°C in the
359  Eppendorf thermocycler. For the calibration curve, PLP (Sigma, Cat # 82870) was diluted in a seria

360  manner to 400 nM, 200 nM, 100 nM, 50 nM, 25 nM concentration in TBS buffer, further combined with
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361  an equal volume of 2XAssay buffer and incubated away from light for 30 min at 30°C along with PDX
362  samplesfor consistency.

363 To quantify the amount of PLP in the mixture, 2.5 ul of each sample were further added to the
364 375 ul of Working Binding Assay buffer (with apo-enzyme), provided by the assay kit from A/C
365  diagnostics and placed in the Corning NBS 384-well microplate. The mixture was incubated at 37°C for
366 30 min at 750 rpm on the Eppendorf Thermomixer C away from light. Then 20 ul of Working Assay
367  buffer (from the kit) was added to the mixture, and incubation continued for additional 20 min. This was
368 followed by the addition of 6.25 ul of Chromogen Rl and 3.75 ul of Chromogen RIl and 10 min
369 incubation. The color development was measured at 675 nm using the Infinite M200 PRO microplate

370 reader by Tecan. For accuracy, al samples and calibration standards were assayed in triplicate.

371 Cryo-EM data acquisition and processing. Quantifoil grids (658-300-AU, Ted Pella) were first
372  glow-discharged at 15 mA for 1 min using PELCO easiGlow (Ted Pella). The grids were then transferred
373  to the plunge-freezer Leica EM GP, brought to 85% humidity at 25°C. Then 3 ul of protein sample (0.2
374  mg/ml, in TBS buffer with 4 mM DTT) was pipetted on the carbon side and blotted for 3 s, plunge-frozen
375 intheliquid ethane and transfer to liquid nitrogen. The frozen samples were imaged on a 300 keV FEI
376  Titan Krios equipped with a Gatan Image Filter at Pacific Northwest Center for Cryo-EM at OHSU

377  (https.//pnce.labworks.org) and a Gatan K2 summit direct electron detector. The data was collected using

378  automated acquisition software Seriad EM®. For PDX 1.2 sample, 8,106 -resolution movies with 60 frames
379  each at adosage of 1.5 electrons per A? per frame and the binned pixel size of 0.253 were collected. For
380 PDXcoexp, 6,904 super-resolution movies with 50 frames each at a dosage of 2 electrons per A ? per
381 frame and the binned pixel size of 0.253 A were acquired. All movies were further processed using
382  cryoSPARC v2 software®! and were corrected for full frame motion usi ng MotionCor2* and CTF using
383  CTFFIND4%®. For PDX1.2 sample, atotal of 787,982 particles were identified from template-based auto-
384  picking algorithm. Three rounds of reference-free 2D classification narrowed the pool to 265,224

385 particles. These were used to generate the ab initio 3D map as a reference. Homogenous refinement in
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386  cryoSPARC v2 with D6 symmetry produced 3.2 A reconstruction. For PDXcoexp sample, a total of
387 510,660 particles were identified from template-based auto-picking a gorithm. Three rounds of reference-
388 free 2D classification narrowed the pool to 286,642 particles. These were used to generate the ab initio
389 3D map as a reference. Homogenous refinement in cryosparc v2 with D6 symmetry produced 3.2 A
390 reconstruction while non-uniform refinement (BETA) yielded the 3.16 A map. Local resolution

391 calculations were performed in Relion 3%,

392 Atomic modeling. A homology model of PDX1.2 monomer was generated using HHPRED* and
393 MODELLER® using comparative modeling against known structures for PDX from other organisms
394  (2NV1, 5LNR, 4JDY, 2YZR and 3007). The Cryo-EM map and the aligned initial model for a single
395  subunit were imported to PHENIX®', docked using Phenix.DockinMap, mapped out the density region
396  surrounding the monomer unit via Phenix.MapBox. Several cycles of Phenix.Real spaceRefine has been
397  carried out to refine the atomic model for the individual monomer. Map symmetry parameters were then
398  applied on the rea space refined monomer model using Phenix.ApplyNCSoperators to generate the 12-
399  mer, which was further gone through additional round of Phenix.RealspaceRefine. Fina refinements
400  statistics and validation scores are presented in Table S1. The final models and maps were uploaded to the
401 PDB and EMDB databases under the accession numbers; 6PCJ and EM D-20302 for PDX1.2; and 6PCN
402 and EMD-20303 for PDXcoexp. Multiscale models, structural comparisons, structure-based alignments
403  and computing of electrostatic potentials were conducted in Chimera®. Protein-protein interactions
404  analysiswas perfomed by PDBsum server®,

405
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Figure L egends:

Fig.1. The pseudoenzyme PDX1.2 assembly with its catalytic pier PDX1.3. a. The hypothesized
mechanism of its assembly. b. PAGE analysis of synthetized PDX proteins in the crude wheat germ
mixture. Newly-synthesized proteins are detected by fluorescence. Control sample is a negative control
trandation (no DNA template added). Co-expressed conditions are denoted as 9:1, 3:1, 1.1, 1:3 and 1.9,
where these humbers correspond to DNA template ratio of PDX1.2 to PDX1.3. PAGE data include a
denaturing SDS-PAGE gdl on the left and Native PAGE on the right. F-tRNA stands for fluorophore-
labeled lysine-charged tRNA. In the co-expressed samples, protein molar ratios, determined by in-gel

guantifications, are shown in red.

Fig.2. Structural and enzymatic characterization of individual and co-expressed PDX proteins. a.
Histograms showing the enzymatic activities. b. Deconvoluted mass spectra of native PDX dodecamer
complexes. The peaks are annotated with the compositions of the PDX dodecamers following the format -
“number of PDX1.2 subunitssPDX1.3 subunits’. ¢c. An example of raw Native MS data for the

coexpression conditions 9:1.

Fig.3. The comparison of the cryoEM atomic model PDX1.2 versus the crystal structure of PDX1.3. a.
The comparison of individual subunit of PDX1.2 versus four different crystal structures, corresponding to
the different stages of PLP synthesis at active sites P1 and P2. The PDX1.2 monomer subunit isin yellow,
PDX 1.3 subunit isin magenta. Key residues in PDX1.3 catalysis, K98 and K166, are shown in light blue.
Mutated residues in PDX1.2 include R100 and Q168 (in yellow). Substrate, intermediate products and
PLP are colored by heteroatom. For structure-based sequence alignments and annotations, see Fig.S11.
b. Coulombic electrostatic potential maps. The middle images show the sliced view to show the interior

potential of the complex.
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Fig.4. The proposed electrostatic reorganization around the catalytic site P2 in the co-complexes (b,c,d)
in comparison with PDX1.3 (PDB:5Inr) (a). The potential impact of PDX1.2 on PDX1.3 activity can be
through 11’ and 13 interfaces. Due to D6 symmetry of the complex, these can be represented by trimer
portion of the dodecamer. The trimer model was reconstructed by replacing one of the subunits of
PDX1.3 (PDB:5Inr) with PDX1.2 monomeric unit (from our Cryo-EM, PDB:6pcj). The yellow molecule
represents PLP and shows its location in the P2 active site. Note the significantly changed electrostatic

potential on the upper left of the P2 site when PDX1.2 islateral to PDX1.3 in the same hexamer ring.

Fig.5. Revised model of PDX1.2 and PDX1.3 co-assembly. Each subclass is annotated as 12:0, 11:1,
10:2, 9:3 and etc. where the numbers correspond to humber of PDX1.2 subunits to PDX1.3 subunits.
Only one representative combination per class is shown while the total number of possible combinations
is variable. For example, subclass 10:2 encompasses 7 possible permutations for the D6 symmetry
complex. Note: while a stacked hexamer association is still possible, these results indicate that it is not the

only association possible, nor the major one.

24


https://doi.org/10.1101/717082
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/717082; this version posted July 28, 2019. 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.

Fig.l

b |

SDS-PAGE

L gl —
FIRNA ~3:1 ~1:1 ~1:3 :

pereman E B

25


https://doi.org/10.1101/717082
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/717082; this version posted July 28, 2019. 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.

Fig.2.
a Total protein Normalized by PDX1.3 content POX12 &
- ; ) : ;
i i 400
150 I
o < 300 B . r PAT: T
2 400 ——— o
E. | _g_zua N = PDX1.3
=1 %
[ o
100
/] -
| 0 T T T T
POX1Z  POX13  comp®i compdi  comxpiid PDX12 PDX13 cosxp@1 comxp31 cosxp -1 ;:B*Pmss”” a E =
: . -
¢ 2 ) 2
- o
100 12mer complex 100 PDX1.2:1.3 Mass(kDa) b,
i BEE e o
5:7 BB 44233 4.46 coSxpression ez
6:6 443.20 11.77 A :
7:5 0O 44411 3061
8:4 © 44505 57.47
9:3 = 44598 80.19
102 B e o
H 447, . T T
- - 12:0. 44876 30.71 coexpression
b 1:1
4350k 4400k 4450k 450.0k
a — i o
2000 4000 &000 RODO w:m 12000 14000 16000 R500 L e :::;! 10000 10500 Mass

26


https://doi.org/10.1101/717082
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/717082; this version posted July 28, 2019. 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.

¥

27


https://doi.org/10.1101/717082
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/717082; this version posted July 28, 2019. 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.

i

]

N

28


https://doi.org/10.1101/717082
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/717082; this version posted July 28, 2019. 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.

Fig.5.

29


https://doi.org/10.1101/717082
http://creativecommons.org/licenses/by-nc-nd/4.0/

