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Abstract

Homochirality of biopolymers emerged early in the history of life on Earth, nearly 4 billion years
ago. Whether the establishment of homochirality was the result of abiotic physical and chemical
processes, or biological selection, remains unknown. However, given that significant events in

protein evolution predate the last universal common ancestor, the history of homochirality may


https://doi.org/10.1101/2023.03.06.531422
http://creativecommons.org/licenses/by-nc-nd/4.0/

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.06.531422; this version posted March 7, 2023. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

have been written into some of the oldest protein folds. To test this hypothesis, the evolutionary
trajectory of the ancient and ubiquitous helix-hairpin-helix (HhH) protein family was analyzed
for functional robustness to total chiral inversion of just one binding partner. Against
expectations, functional ‘ambidexterity’ was observed across the entire trajectory, from phase
separation of HhH peptides with RNA to dsDNA binding of the duplicated (HhH).-Fold.
Moreover, dissociation kinetics, mutational analysis, and molecular dynamics simulations
revealed significant overlap between the binding modes of a natural and a mirror-image protein
to natural dsDNA. These data suggest that the veil between worlds with alternative chiral
preferences may not be as impenetrable as is often assumed, and that the HhH protein family is
an intriguing exception to the dogma of reciprocal chiral substrate specificity proposed by Milton

and Kent (Milton et al. Science 1992).

I ntroduction

Life on earth is characterized by exquisite homochirality: With very few exceptions, proteins and
peptides are composed of L-amino acids (except for glycine, which is achiral) while nucleic
acids (RNA and DNA) are derived from D-ribose. The history of homaochirality is murky, no
doubt because its origins predate the last universal common ancestor (LUCA), which likely arose
more than 3.5 billion years ago."  * Consequently, theories regarding the emergence and
evolution of homochirality remain speculative and tend to emphasize chemical and physical
processes over biological selection.” The benefits of chiral control over amino acid incorporation,
however, are clear: By stabilizing and regularizing the conformations of proteins, especially
protein secondary structures,®> homochirality laid the groundwork for the emergence of folded

protein domains.
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Current evidence suggests that the LUCA already had an assortment of folded protein
domains with complex structure®, indicating that significant events in protein evolution predate
the LUCA itself. The helix-hairpin-helix (HhH) motif’, for example, is an ancient nucleic acid
binding element that is ubiquitous across the tree of life and present in ribosomal protein S13.2 It
binds the phosphate backbone of RNA and DNA via the N-terminus of an a-helix, a primitive
binding mode’, and was identified as among the primordial peptides around which modern
domains condensed.’® Moreover, the ancestral sequence of the HhH binding loop, PGIGP, is a
palindrome composed of ancient amino acids.*> ** Duplication of the HhH motif yields a
globular domain called the (HhH),-Fold that binds to the minor groove of dsDNA.? We have
previously used the HhH motif to study the early functional evolution of nucleic acid binding,
where we observed a transition from a smple phase separating peptide to a structured domain
with specific dsDNA binding functionality (Figure 1).*® The (HhH).-Fold, like other putative
ancient folds™ *°, can be encoded by restricted alphabets biased for ancient amino acids™,
including ornithine as a precursor to arginine.®® More recently, we have demonstrated that
dimerization of the HhH moitif, likely to form an (HhH),-Fold, is promoted upon RNA binding
and occurs within peptide-RNA coacervates.)” Given the deep antiquity of the HhH motif and
the derived (HhH),-Fold,” ® 1° is it possible that these structures were shaped by the early
evolution of homochirality? How could indications of such a history be uncovered?

First, it is necessary to consider the consequences of chiral inversion in modern biology,
which is typically associated with a catastrophic loss of functionality, as famously demonstrated
by Milton and Kent.”® Indeed, this outcome is so reliable that several technologies have been
developed to take advantage of it, such as Spieglemers™ (aptamers with inverted chirality) and

mirror-image phage display.®® % % ® Therapeutic compounds with inverted chirality are
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exceptionally resistant to endogenous nucleases and proteases, resulting in extended in vivo half-
lifes®* As such, mirror image enzymes have also been employed to degrade environmental
pollution by achiral plastic substrates because these enzymes have superior biostability.” Even
coacervate formation has been demonstrated to be sensitive to chiral inversion of just one of the
interacting partners.”® One might reasonably predict, then, that total chiral inversion of the HhH
motif or the (HhH).-Fold will disrupt their respective functionalities of phase separation with
RNA and binding to dsDNA. After all, both proteins and nucleic acids are composed of chiral
residues (i.e., L-amino acids and D-ribose, respectively) that fold into chiral conformers (e.g.,
right-handed [ 1-helix and right-handed double helix) (Figure 1).

Following the previously reported trajectory of ancestor reconstruction and experimental
deconstruction,™® we now report that the function of both the HhH motif and the (HhH)»-Fold are
surprisingly robust to total chiral inversion. In the case of the (HhH).-Fold binding to dsDNA,
entropy mutations in the canonical binding loop (i.e., PGIGP — GGGGG) were more disruptive
to dsDNA binding than was total chiral inversion of the protein. Molecular dynamics s mulations
revealed that, remarkably, the residues that mediate binding of L-protein to D-dsDNA are largely
retained in the D-protein:D-dsDNA (mirror protein:natural dsDNA) binding mode. We must now
grapple with the question of whether functional ‘ambidexterity’ of an ancient nucleic-acid

binding domain may report on the early history of homochirality.

Materialsand Methods

Total Protein Synthesi's

Proteins and peptides characterized in this study were prepared by total chemical synthesis using

solid-phase peptide synthesis (SPPS)?’ and native chemical ligation (NCL)?® followed by
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94  desulfurization of the Cys residue at the ligation site, as described previously™® *’

(see S for a
95 detailed protocol and Figures S1-S19 and Schemes S1 and S2). Construct names and sequences
96 aregiveninTablel.

97

98 Circular Dichroism

99 Circular dichroism (CD) spectra were collected on a Chirascan CD spectrometer (Applied
100  Photophysics) with a 1-mm pathlength quartz cuvette. Samples containing 10 uM L-Precursor-
101  HhH, D-Precursor-HhH or D/L-Precursor-HhH were measured in 5 mM Tris-HCI, 50 mM NaCl,
102 pH 7.5 with ether 0% or 20% (v/v) trifluoroethanol (TFE). Samples containing 5 pM L-
103  Primordial-(HhH),, D-Primordial-(HhH), or L-Primordial-(HhH),-5G were measured in 5 mM
104  TrissHCI, 500 mM NaCl, 10 mM MgCl,, 5 mM CaCl,, pH 7.5. All spectra were collected from
105 195 to 260 nm with a data pitch of 1 nm at room temperature, 3 sec signal averaging per data
106  point, and a dit width of 1 nm. The photomultiplier tube voltage during measurement was kept
107 below 700 V, and data points exceeding this value were discarded. All reported spectra have had
108 the spectrum of the buffer subtracted.

109

110 Phase Separation

111 Peptides and polyuridylic acid (polyU; Sigma-Aldrich, P9528) were dissolved in Milli-Q water
112 (Millipore Sigma). Peptide concentrations were measured using the Pierce BCA Protein Assay
113 Kit (Thermo Fisher Scientific). Stock solutions of 10 mg/mL polyU and 500 mM MES pH 5.6
114  were prepared. Phase separation was induced by mixing the peptide and polyU solutions. The
115  final composition of the phase separation reaction mixture was 50 mM MES pH 5.6, 1.0 mg/mL

116  polyU, and 300 uM peptide. Typicaly, 3 uL of the phase separation reaction mixture was loaded
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117 onto dlides (24 x 40 mm, 0.13-0.16 mm thick) and observed using an Eclipse TI-E Nikon
118 inverted microscope (Nikon Instruments Inc., Meville, NY) with an oil-immersion 100x
119  objective (Plan Apo, 100x/1.40 ail). Images were acquired with a cooled electron-multiplying
120 charge-coupled device camera (IXON ULTRA 888, Andor). Pictures were analyzed using the
121  Fiji platform.?®

122

123 NanoSight

124  Coacervates were prepared as described in the previous section. The final composition of the
125  phase separation reaction mixture was 50 mM MES pH 5.6, 1.0 mg/mL polyU, and 300 uM
126  peptide. Upon phase separation, samples were diluted 500-fold in 50 mM MES pH 5.6 and the
127  size distribution and concentration of the droplets were measured by a NanoSight NS300
128 (Malvern Panalytical Ltd, UK) using a 405 nm laser and an SCMOS camera. The camera level
129 wasincreased until al particles were digtinctly visible (level 11). For each measurement, five 1-
130 min videos were captured at a cell temperature of 25 °C. The videos were analyzed by the built-
131  in NanoSight Software (NTA 3.4 Build 3.4.003) with a detection threshold of 2.

132

133  Surface Plasmon Resonance

134  Binding of biotinylated 29-bp D-dsDNA and L-dsDNA (the mirror-image DNA derived from L-
135  ribose) aswell as 29-bp D-ssDNA (see Table S1 for DNA sequences) was monitored by surface
136  plasmon resonance (SPR) on a Biacore S200 system (Cytiva, Sweden). Since the (HhH),-Fold
137  variants are positively charged at neutral pH, a C1 chip (S-Series Cytiva, Sweden), which carries
138  less negative charge than the standard CM5 chip, was used. Streptavidin was conjugated to the

139 chip surface using EDC/NHS chemistry, as outlined in the C1 sensor chip manual.
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140 Approximately 2000 RU (Chip 1, Main Text; buffer pH 3.8) or 700 RU (Chip 2, SI; buffer pH
141  4.6) of streptavidin was covalently conjugated to the chip surface and then blocked by injecting 1
142 M ethanolamine pH 8.0 for 5 min. Subsequently, 405 RU of D-dsDNA, 423 RU of L-dsDNA
143  and 210 RU of D-ssDNA (Chip 1) or 95 RU of D-dsDNA, 97 RU of L-dsDNA and 65 RU of D-
144  ssDNA (Chip 2) were stably associated to the surface of one channel. Before data collection, a
145 normalization cycle followed by three priming cycles were run to stabilize the instrument.
146  Binding assays were performed in SPR binding buffer (50 mM Tris, 150 mM NaCl, 0.05%
147  Tween-20, pH 7.5) with aflow rate of 20 uL/min at 25 °C. Regeneration of the chip surface was
148 achieved by a 60 s injection of 2 M NaCl in water. Reported sensorgrams were double
149  subtracted: First, by the background binding of the analyte to a streptavidin-conjugated control
150 channel and then by the average of 2 buffer injection runs.

151

152  Microscale Thermophoresis (MST)

153  Protein-DNA interactions were analyzed by microscale thermophoresis. Experiments were
154  performed with 25 nM of synthetic, Cy5-labelled (HhH),-Fold proteins, which were prepared by
155 coupling Cy5-NHS ester to the N-terminus of synthetic proteins (note that there are no Lys
156  residues present in these sequences). Experiments were carried out in a microMonolith NT.115
157 Blue/Red (NanoTemper Technologies) at 25 °C. Labelled peptides were mixed with serially
158 diluted DNA samples in 50 mM Tris, 150 mM NaCl, 0.05% Tween-20, pH 7.5 in premium
159  capillaries (NanoTemper Technologies) at 40% MST power. Dissociation constants (Kp) could
160 not be calculated as binding is non-specific for the minor groove of dsDNA and, as a result, one
161 strand of dsDNA has many degenerate, overlapping binding sites. See Table S1 for DNA

162  sequences.
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163

164 Molecular Dynamics (MD) Simulations

165 An atomistic mode of L-Primordial-(HhH), was made using the ColabFold implementation of
166  AlphaFold2.* This updated model wasin good agreement with an earlier homology model from
167 SWISS-MODEL," * particularly in the region of the nucleic acid binding loops. The initial
168 dsDNA binding orientation for the L-Primordial-(HhH), was estimated by alignment to the
169 natural (HhH).-Fold:dsDNA complex in PDB ID 1c7y using the cealign algorithm in PyMOL
170 (pymol.org). The DNA sequences were taken from chains C and G of PDB ID 1c7y and
171  elongated to 21 bp by repetition (see Table S1 for DNA sequences). D-Primordial-(HhH), was
172  generated using DStabilize,* and L-Primordial-(HhH)--5G (Table 1) was generated using
173 PyMOL mutagenesis of L-Primordial-(HhH),. MD simulations were performed using the
174 CHARMM36 force field® in GROMACS 2022.1.* Each system was solvated in a water box
175  (TIP3P) with 0.125 M NaCl, where the ions also served to render each system neutral. Each
176  system was minimized with the steepest descent method, followed by equilibration with the NV T
177  and NPT regimes.*® Position restraints were applied to both ends of each dsDNA strand (one
178  base pair) during production runs, which lasted 1 ps at atemperature of 300 K and were repeated
179  threetimesfor each system.

180

181 Results

182  Coacervation of an HhH Motif with RNA is Functionally Ambidextrous

183  Although coacervate formation with RNA can be achieved by simple peptides®* we have
184  previously demonstrated that the amino acid composition of the L-Precursor-HhH peptide (T able

185 1) is not sufficient for droplet formation®®: shuffling the sequence of L-Precursor-HhH -- either
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186 completely or preserving the positions of the basic amino acids -- resulted in a polypeptide that
187 forms insoluble aggregates when mixed with D-polyU."* Subsequent studies demonstrated that
188  binding to RNA and coacervation were associated with dimerization of the peptide.'” To explore
189 the functional profile of Precursor-HhH and its degree of ambidexterity in greater detail, L- and
190 D-Precursor-HhH were synthesized (Table 1; see Sl for details). Note that all chira centers,
191 including those within amino acid side chains (i.e., Thr and lle), were inverted (mirror-image
192 amino acids). The resulting CD spectra (Figure 2A) are indicative of unfolded, mirror image
193  peptides. The addition of 20% trifluoroethanol, which induces o-helix formation,® yielded
194  mirror image spectra with characteristic peaks at 208 and 222 nm (Figure 2A).

195 Upon addition of D-PolyU, both L-Precursor-HhH and D-Precursor-HhH formed
196  coacervates (Figure 2B and C). For a more quantitative measurement of coacervation forming
197 potential, particle tracking analyses of coacervate-containing solutions was performed. To
198 achieve the correct number of droplets in frame at any given time, a 500-fold dilution of
199 previously-formed coacervates was imaged. Despite these concentrations being significantly
200 lower than the concentrations used to drive coacervation, the droplets themselves were observed
201  to be stable post-dilution, though of generally smaller size. To confirm that the detected particles
202  werein fact droplets, 500 mM NaCl, which near-completely disrupts coacervation of Precursor-
203 HhH, was added to a solution of droplets to serve as a control (Figure 2C). As expected, the
204  resulting droplet counts were dramatically reduced (12.6 + 0.3 x 10" versus 142 + 2.0 x 10",
205  though still slightly higher than either peptide (5.0 + 1.1 x 10”) or D-polyU (1.4 + 0.7 x 10")
206 aone. Estimates of the number of droplets formed by each peptide in the presence of D-polyU

207  suggest that both the L- and D-peptides are similar in their droplet-forming potential, indicating
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208 that coacervation is robust to chiral inversion of just one partner and thus functionally
209  ambidextrous.

210 We have previously shown by electron paramagnetic resonance (EPR) analysis that
211 dimerization, RNA binding, and coacervation are linked processes.'’ If true, phase separation
212 potential may therefore depend in part on dimerization and a-helical folding. The a-helical
213  folding potential of Precursor-HhH was abolished by alternating the chirality of every other
214  amino acid®. The resulting construct, D/L-Precursor-HhH (Table 1, and S| for details), exhibited
215  amost no circular dichroism with or without 20% trifluoroethanol, asit is expected (Figure 2A).
216  D/L-Precursor-HhH also formed coacervates upon addition of polyU (Figure 2B and C) but did
217  so more weakly than either the D- or L-homochiral variants. Coacervation is therefore not strictly
218  dependent on Precursor-HhH a-helical folding, though it would seem that the emergence of -
219  helical folding can improve coacervation potential, as previously hypothesized.*

220
221  Chiral Inversion of Primordial-(HhH),

222 While the interactions that mediate coacervation are likely to be relatively nonspecific, the
223 binding of Primordial-(HhH), to the minor groove of dsDNA (Figure 1) is highly dependent on
224 the conformation of the protein itself, and should therefore be sensitive to chiral inversion. After
225 all, both biopolymers adopt higher order chiral conformations. To probe the effect of chiral
226  inversion, D-Primordial-(HhH), and L-Primordia-(HhH), were prepared by total chemical
227  protein synthesis (Figure 3A; see Sl for details). Circular dichroism spectra (Figure 3B) indicate
228  that both D- and L-proteins fold into 1-helical structures, with peaks around 208 and 222 nm.
229  Just like the proteins themselves, and as expected, the CD spectra are mirror images of each
230  other: L-Primordial-(HhH), has negative peaks (consistent with L-amino acids and right-handed

231 [ -helices) and D-Primordial-(HhH), has positive peaks (consistent with D-amino acids and left-
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232  handed C-helices). Minor differences between the spectra are likely due to the reduced purity of

233 D-amino acid reagents and errorsin concentration determination® %,

234
235  dsDNA binding by Primordial-(HhH) is Functionally Ambidextrous

236  Binding of D-Primordial-(HhH), and L-Primordial-(Hhh), to 29 bp D-dsDNA and 29 bp L-
237 dsDNA was assayed by surface plasmon resonance (SPR). We have previously shown that
238  heterologously expressed L-Primordial-(HhH), binds to D-dsDNA by solution-state NMR and
239  ELISA,™ and SPR experiments confirm that chemically synthesized L-Primordial-(HhH), also
240  bindsto D-dsDNA (Figure 3C and D). Binding of the D-protein to L-dsDNA corresponds to a
241  mirror world; as such, the binding affinity of these two pairs should, in principle, be identical.
242  The resulting binding curves are consistent with this expectation, with the D-protein:L-dsDNA
243  pair having dightly lower affinity, likely due to some combination of inaccuracy in the protein
244  concentrations and the lower synthetic purity of D-proteins and L-DNA relative to their natural
245  counterparts® ¥,

246 Remarkably, binding of D-Primordial-(HhH), to D-dsDNA and L-Primordial-(HhH), to
247  L-dsDNA was also observed (Figure 3C and D). The weaker binding of the D:D pair and the L:L
248 pair relativeto the L:D and D:L pairsis consstent with our expectation that, after nearly 4 billion
249  years of coevolution, there should be significant optimization for the L:D chiral par (and
250  consequently for the D:L chiral pair). However, Ancestor-(HhH), (Table 1) — which is the direct
251  result of ancestor sequence reconstruction and is comprised of a more complex alphabet of 15
252  different amino acid types, including aromatics — also binds to both L-dsDNA and D-dsDNA,
253 and with an even smaller difference in affinity (Figure 3D). This observation confirms that

254  functional ambidexterity is characteristic of the protein fold itself, and not unique to highly

255  sequence-simplified variants. Dissociation kinetics of the natural chiral pair are complex and
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256 multiphasic and the kinetic constants associated with the mirror image pair are highly similar
257  (Figure S20). Surprisingly, the dissociation kinetics of the L-protein:L-dsDNA pair are also
258  highly similar to that of the natural and mirror image pairs (Figure S21), suggesting some degree
259  of binding mode conservation.

260 To further confirm that binding is mediated by the PGIGP binding loop and the flanking
261 [ -helices, we mutated the PGIGP loop to GGGGG, yielding the construct L-Primordial-(HhH),-
262 5G (Table 1). This mutation does not change the charge of the protein nor does it occlude
263  binding by insertion of a bulky residue. Instead, this mutation should increase the overall
264 flexibility of the binding loops and the protein itself, and thus disfavor binding if a near-native
265  conformation mediates the interaction with dsDNA. Although not as well-folded as the parent
266  protein (Figure 3B), L-Primordial-(HhH).-5G retains some [1-helical character. As can been
267 seen in Figure 3D and E, L-Primordial-(HhH),-5G binds to D-dsDNA and L-dsDNA with
268 drastically lower affinity than any other construct tested. These results confirm that binding is
269  not smply mediated by promiscuous charge-charge interactions. The observations presented in
270  Figure 3 were confirmed on a second SPR chip (Figure S22) and are in agreement with
271  microscale thermophoresis (MST) experiments (Figure S23), though MST experiments were
272 concentration-limited due to significant changes in the initial fluorescence at high concentrations
273 of DNA.

274

275  The (HhH),-Binding Modeis Largely Retained Upon Chiral Inversion

276  To probe the extent to which the binding mode between the natural and unnatural pairs resemble
277 each other, MD smulations of L- and D-Primordial-(HhH), binding to D-dsDNA were

278 peformed. The Lenard-Jones short-range energies after 500 ns equilibration echoed
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279  experimental binding data, with binding of L-Primordial-(HhH), being the most stable and
280  binding of L-Primordial-(HhH)>-5G being the weakest (Figure S24). L-Primordia-(HhH)>-5G
281  dissociation from D-dsDNA was observed in one of the three simulations, also consistent with
282  thisbeing the least stable complex.

283 Bound structures after equilibration were clustered with a 2 A cutoff and the largest
284  cluster was used for further analysis (Figure S25). Heatmaps of the protein-dsDNA distances
285  calculated from the largest cluster are shown is Figure 4A. For the natural, L-protein:D-dsDNA
286  binding mode, four interaction surfaces are apparent. These surfaces correspond to the first and
287 second PGIGP motifs of the (HhH).-Fold (protein residues 14-18 and 46-50) binding to
288 nucleotides of the ‘upper’ and ‘lower’ strands of the minor groove. Comparison to the D-
289  protein:D-dsDNA binding mode reveals a remarkable conservation of the location of the
290 interaction surfaces in three out of four cases (Figure 4A). As in the natural binding mode,
291  surfaces are centered on the PGIGP motif, though with a dight C-terminal shift towards atrailing
292  Arg residue. Therefore, the ambidextrous nature of the (HhH).-Fold is not likely the result of a
293  second, unique binding site. Heatmaps of L-Primordial-(HhH),-5G binding to D-dsDNA show
294  the greatest degree of distortion (Figure S26), with only one of the four binding surfaces
295 relatively unperturbed (corresponding to the lower right interaction surface in the heatmap).
296  Finaly, ingpection of a representative conformation taken from the largest binding cluster
297 (Figure 4B) reveals that many of the features of the natural binding mode are similar in the
298  hinding of D-Primordial-(HhH), to D-dsDNA; namely, the participation of the N-terminus of the
299  a-helix to binding the phosphodiester backbone of dsDNA, the partial insertion of the PGIG
300 motif within the minor groove, and the binding of flanking Arg residues to nearby phosphates

301 (see Sl for selected movies).


https://doi.org/10.1101/2023.03.06.531422
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.06.531422; this version posted March 7, 2023. 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.

302

303 Discussion

304 Total chiral inversion was tolerated along the entire putative evolutionary trajectory of the HhH
305 protein family — from coacervation of a single HhH peptide with RNA to binding of the (HhH).-
306 Fold to dsDNA. These results suggest that functional ambidexterity is an enduring feature of this
307 fold. Previously, GroEL/ES was determined to be functionally ambidextrous with respect to the
308 protein substrate®, as it was able to refold DapA of either chirdlity into an active conformation.
309 The GroEL/ES result can, and perhaps should, be rationalized as a consegquence of the non-
310 gpecific interactions made by chaperones and their need to accommodate diverse protein
311  substrates. Similarly, the dimerization of transmembrane a-helices with inverted chirality was
312 taken to mean that the interactions involved in dimerization were largely mediated by
313  sidechains™. The case for the HhH protein family, however, is harder to interpret. First, with
314  respect to coacervation, relatively little is known about the effects of chiral inversion and one of
315  the few systems studied from this perspective exhibited dramatic effects®. Second, with respect
316 to dsDNA binding, the interactions are specific, partially mediated by the backbone, and the
317  same highly conserved residues participate in dsDNA binding of the natural and unnatural chiral
318 pairs.

319 At present, it is not yet possible to say whether the functional ambidexterity of the HhH
320 motif and the (HhH),-Fold is a chance occurrence or a manifestation of early functional
321  constraints. The pseudo-C, symmetry of the (HhH).-Fold is certainly related to its functional
322  ambidexterity, as it enables the approximately correct placement of the 4 a-helices even after
323 chiral inverson. Symmetric proteins may have been preferred early in protein evolution,

324  however, for reasons unrelated to functional ambidexterity; namely, because they can be realized
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325 by aminimal oligomerizing peptide™*

17,42.43,44.95 M oreover, in a world where only one chiral
326 form of dsDNA and protein exists, there is little pressure to evolve specificity against mirror-
327 image biopolymers. If the ambidexterity of this protein family is evolutionarily significant, it
328 transforms our understanding of the history of homochirality, as ambidextrous domains would
329 have unique propertiesin a complex ecosystem where both chiral forms of dsDNA or protein are
330 in competition. Ultimately, for questions of this nature to be answered, other ancient protein
331 folds will have to be resurrected and their functional ambidexterity assayed experimentally, a
332 goal that isincreasingly within reach®.

333

334 Conclusons

335 The HhH motif and (HhH).-Fold are ancient and ubiquitous nucleic acid binders. In an effort to
336  better understand the history of homochirality on Earth, we now report that both the HhH motif
337 and the (HhH).-Fold exhibit signatures of functional ambidexterity. Whether this is coincidence
338 or whether the history of homochirality is written into the most ancient protein folds remains to
339 be seen. If the latter case is true, it suggests that competition and biological selection — not
340 abiotic chemical or physical processes — could have been the ultimate decider of the chiral
341 preferences of life on Earth. Regardless, the HhH protein family is an intriguing exception to the
342 dogma of reciprocal chiral substrate specificity proposed by Milton and Kent.*® The veil between
343  worldswith alternative chiral preferences may not be asimpenetrable asis often assumed.
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350 Figurelegends

351

352 Figure 1. Trangition from a dimerizing HhH motif that forms coacervates with RNA to a
353  monomeric (HhH),-Fold that binds to the minor groove of dsDNA binding (PDB ID 1c7y).
354  Structure figures made using PyMol.

355

356  Figure 2. Coacervation of Precursor-HhH with PolyU in responseto chiral inversion. A. Circular
357 dichroism spectra of D- and L- Precursor-HhH indicates that the peptides are largely unfolded
358 and are mirror images of each other. Addition of trifluoroethanol (TFE) induces a-helices in both
359 cases, asindicated by the development of peaks at 208 nm and 222 nm. The D/L-Precursor-HhH
360 peptide, which is comprised of amino acids of alternating chirality, does not exhibit significant
361 circular dichroism signal alone or in the presence of TFE. B. Light micrographs of coacervates
362 formed by 300 uM peptide and 1 mg/mL PolyU. D/L-Precursor-HhH consistently exhibited
363 reduced coacervate formation. C. Nanoparticle tracking analysis of droplets. To achieve
364  appropriate droplet concentrations, samples of 300 uM peptide and 1 mg/mL PolyU were diluted
365 by afactor of 500 in buffer. Despite the dramatic change in component concentrations, droplets
366  were sufficiently stable for measurement. Addition of 500 mM NaCl to the sample dramatically
367 reduced the particle count, confirming that the observed particles were in fact coacervates.
368  Although the sizes of the droplets in each sample were approximately the same, D/L-Precursor-
369 HhH exhibited reduced droplet counts, consistent with the micrograph images and with a
370 previous anaysis that identifies a-helix formation and dimerization as being coupled to RNA
371 binding and coacervation®’.

372

373  Figure 3. dsDNA binding of Primordial-(HhH), in response to chiral inversion. A. L- and D-
374  Primordial-(HhH), was synthesized by a single native chemical ligation reaction between two
375 peptide segments, followed by a desulfurization step to convert the Cys residue at the ligation
376  siteback to Ala (as described previously™'’, see Sl for details). B. Circular dichroism spectra of
377  L-Primordia-(HhH), and D-Primordial-(HhH), exhibit peaks around 208 nm and 222 nm, which
378 are halmarks of a-helical structure. The spectra are approximately symmetric about the x-axis,
379 consistent with total chiral inversion and a-helices of opposite handedness. C. SPR sensorgrams
380 demonstrating the binding of L-Primordial-(HhH), to immobilized L-dsDNA and D-dsDNA
381  (protein concentration range 5.3 nM - 2.7 uM). D. Steady state analysis of SPR binding data.
382  The ability of both Primordial-(HhH), and the more modern L-Ancestor-(HhH). to bind to either
383 chiral form of dsDNA suggests that functional ambidexterity is a property of the fold itself, and
384 not related to the highly simplified sequence of Primordial-(HhH),. The amount of protein bound
385 at state binding was approximated to be 4 s prior to the end of analyte injection, 216 s in total.
386 An analysis of the dissociation rates is presented in Figures S20 and S21. See Figure S22 for
387 replicate SPR binding data. E. The inactivation mutant L-Primordial-(HhH)2-5G, in which the
388 canonical PGIGP binding motif (green) has been mutated to GGGGG (left). This mutant is less
389 waell-folded than the wild-type proteins (Panel B), and has greatly impaired binding affinity to
390 dsDNA of ether chirality (right, Panel D; concentration range 5.4 nM - 2.8 uM).

391 Figure 4. Molecular dynamics smulations of L- and D-Primordial-(HhH), bound to D-dsDNA.
392  A. Heatmaps showing the minimum Ca to C/N distances between protein and DNA, respective,
393  for the dominant binding clusters. Significant retention of the key binding surfaces upon chiral
394 inversion is observed. B. Representative structures from the dominant binding clusters. PGIGP
395 motifs are colored magenta and Arg residues are colored green. Backbone traces for the
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396 remainder of the protein is rendered as a yellow ribbon. Note that the PGIGP motif straddles the
397  minor groove in both structures.

398 Tables
399
400 Tablel. Peptide and Protein Sequences.
Construct Name* Chiralities Sequence’
Tested
Precursor-HhH L RIRRASVEELTEVPGIGPRLARRILERL
Precursor-HhH D CSIERIRRASVEELTEVPGIGPRLARRILERL
Precursor-HhH D/L® RIRRASVEELTEVPGIGPRLARRILERLA
Primordial-(HhH), L,D RIRRASVEELTEVPGIGPRLARRILERL
ASIERIRRASVEELTEVPGIGPRLARRILERL
Primordial-(HhH),-5G L RIRRASVEELTEVGGGGGRLARRILERL
ASIFRIRRASVEELTEVGGGGGRLARRILERL
Ancestor-(HhH), L HRKRRSKRTLRSELDDIPGIGPKTAKALLKHF
ASVEKIKKASVEELTEVPGIGPKLAKKIYEHF

401  “Naming follows that of reference . However, since ornithine-containing constructs were not
402  testedinthis study, the “-Arg” signifier was dropped for simplicity.

403  “The location of the conserved PGIGP binding motif is underlined. Residues associated with the
404  linker that joins two HhH motifsisitalicized.

405  3Alternating D- and L-amino acids.

406

407
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