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Abstract

The cell adhesion molecule LRRTM2 is crucial for synapse development and function.
However, our understanding of its endogenous trafficking has been limited due to
difficulties in manipulating its coding sequence (CDS) using standard genome editing
techniques. We instead replaced the whole LRRTM2 CDS by adapting the recent
CRISPR method Targeted Knock-in using Two Guides (TKIT), enabling complete control
of LRRTM2. In primary rat hippocampal cultures, N-terminally tagged, endogenous
LRRTM2 was found in 80% of synapses, and synaptic LRRTM2 content correlated with
PSD-95 and AMPAR levels. LRRTM2 was also enriched with AMPARSs outside synapses,
demonstrating the sensitivity of this method to detect relevant new biology. Finally, we
leveraged total genomic control to increase the synaptic levels of LRRTM2 via
simultaneous mutation of its C-terminal domain, which did not correspondingly increase
AMPAR enrichment. The coding region of thousands of genes span lengths suitable for
whole-CDS replacement, suggesting this simple approach will enable straightforward
structure-function analysis in diverse cellular systems.
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Introduction

Synaptic organizing molecules, or cell adhesion molecules (CAMs), are unique
transmembrane proteins that reach across the synaptic cleft, where they play critical roles
in both cis- and transsynaptic biological processes from synaptogenesis to receptor
trafficking and plasticity. The trafficking and expression of CAMs are tightly regulated, and
mutations in CAM genes can severely disrupt neuronal function and are linked to
neurological disease'3. Accordingly, alterations of CAM expression levels, such as due
to the use of exogenous expression for visualization and mutational analysis, can alter
neuronal function and cloud interpretations of CAM biology. It is therefore necessary to
measure and manipulate the endogenous protein itself to advance our understanding of
CAMs. However, endogenous structure-function studies have been challenging,
particularly because one critical approach is to mutate CAM sequences at multiple
locations simultaneously. For example, N-terminal, extracellular tagging is ideal for most
CAMs to visualize surface-expressed protein, but many critical protein interaction sites
are quite distant from the N-terminus or even intracellular, as CAM C-tails play important
roles in their anchoring and synaptic signaling. Standard genome editing techniques have
largely been insufficient to make these changes simultaneously.

One example of a CAM for which new tools are needed is the synaptic CAM
Leucine-Rich Repeat Transmembrane Protein 2 (LRRTM2). LRRTM2 resides in the post-
synaptic membrane, where it binds to PSD-95 at its C-terminus and interacts trans-
synaptically with presynaptic neurexins*®. LRRTM2 exerts considerable power over
synaptic function at mature synapses, largely as a result of its influence over AMPA
receptor (AMPAR) anchoring and abundance at synapses. Knockdown of LRRTM2
affects basal AMPAR synaptic enrichment and synaptic strength?®, and dual knockdown
or knockout of LRRTM2 and its sister protein LRRTM1 abolishes long term potentiation
(LTP) in hippocampal CA1 neurons &7. Furthermore, enzymatic cleavage of the LRRTM2
extracellular domain in a knockdown-rescue context disorganizes AMPAR subsynaptic
distribution within minutes, and reduces total synaptic AMPAR content over the following
hours®. LRRTM2 also plays a dose-dependent role in synaptogenesis, where over- or
under- expression leads to corresponding changes in synapse density*°. These results
highlight the central role LRRTM2 plays in regulating synaptic strength at mature
synapses and motivate detailed analysis of its molecular mechanisms.

As is true for many proteins, our understanding of LRRTM2 cellular functions has
relied on genetic knockout and overexpression or antibody-based immunocytochemistry.
Each of these approaches has considerable shortcomings. In particular, methods that
manipulate LRRTM2 expression levels dramatically alter synaptic development and can
engage compensatory mechanisms from related CAMs*®°. The use of knockdown-rescue
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90 can reduce overexpression phenotypes*8, but expression via exogenous promoters can
91 nevertheless cause diverse effects that are difficult to adequately monitor. While some
92 studies have utilized antibody detection of endogenous LRRTM2, the low signal-to-noise
93 ratio and lack of possibility to manipulate the protein sequence limits their scope’®'".
94  Knock-in mouse models could bridge this gap; however LRRTM2 has numerous binding
95 partners, and making a separate mouse model for each mutation is expensive and
96 inefficient. Disappointingly, traditional CRISPR knock-in approaches to tag the LRRTM2
97 N-terminus have proven infeasible due to a lack of suitable PAM sites in the protein
98 encoding region, and N-terminal knock-ins could threaten the integrity of the reading
99 frame due to possible indels. C-terminal tagging is less than ideal due to inability to
100 accurately identify protein present on the cell surface, and likely disrupts the PDZ-binding
101  motif. Recently, the CRISPR approach TKIT (Targeted Knock-In with Two guides) was
102  used to replace a protein-coding exon using two intron-localized guide RNA sequences’?.
103  This approach allowed N-terminal tagging of proteins without shifting the reading frame,
104 as any Cas9-induced indels occur in intronic regions. We considered whether this
105 strategy could be expanded and adapted to permit tagging and mutagenesis anywhere
106  within a protein where the entire protein coding sequence (CDS) can be replaced. To test
107 the feasibility of this approach while investigating LRRTM2 trafficking, we have applied
108  whole-CDS replacement TKIT to the rat Lrrtm2 gene.
109
110 In this work, we demonstrate whole-CDS replacement in neurons as well as the
111  simultaneous tagging and mutagenesis of the Lrrtm2 coding region. We utilized
112  endogenously tagged LRRTM2 to measure its synaptic enrichment as well as its
113  relationship with AMPAR enrichment at synapses. To enable rapid identification and
114 measurement of knock-in cells, we also developed a strategy to express a marker
115 conditional on successful knock-in, enabling new and flexible experimental designs.
116  Finally, we demonstrated the power of this technique by combining N-terminal tagging
117  with distal point mutations to increase synaptic surface enrichment of LRRTM2. Together,
118 our findings provide context for our understanding of LRRTM2 function as well as a novel
119 method for future structure-function studies in neurons and other post-mitotic cells.
120
121

122 Results
123

124  Two-guide CRISPR approach TKIT can be adapted for whole-CDS replacement of
125 LRRTM2

126 To decipher the trafficking patterns of the key synaptic cell adhesion molecule
127 LRRTM2, we designed an approach to simultaneously measure and manipulate the
128 protein while maintaining its endogenous transcriptional regulation and expression level.
129 HITIl is a common CRISPR genome editing method used in post-mitotic cells such as
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130  neurons that allows for DNA insertions that could be useful for tagging native LRRTM2'3,
131  However, HITl is limited to insertion at single sites, which for LRRTM2 would only allow
132 either an N-terminal tag or protein mutagenesis, not both. In addition, HITI targets PAMs
133 to make double stranded breaks within the coding region, and therefore may generate
134 indels that alter the reading frame unpredictably (Figure 1A, left). Therefore, we
135 considered whether we could edit the entire mature LRRTM2 CDS by adapting the exon-
136  replacement technique Targeted Knock-In with Two guides (TKIT)'2. Instead of targeting
137 asingle PAM site within the coding region, TKIT utilizes two guide RNAs targeting PAMs
138 in the non-coding regions flanking an exon, which directs Cas9 to excise the exon entirely
139 and enables its replacement with a synthetic exon (Figure 1A, middle). This has the
140 advantage of improving knock-in efficiency since multiple guide RNAs and PAM sites can
141  be tested throughout the intronic sequences, and it reduces the effects of indels as they
142  will occur outside the coding region. TKIT has previously been used to replace the 5’-
143  most coding exon of diverse neurotransmitter receptors with a synthetic version that
144  includes an N-terminal fluorescent tag'?. We wondered whether this approach could be
145 modified such that the entire coding region of a gene, in our case LRRTM2, could be
146  replaced instead (Figure 1A, right). Notably, nearly the entire LRRTM2 protein is encoded
147 in a single exon, with the 5> UTR and only 4 bases of signal peptide in exon 1, and the
148 rest of the coding region, plus the 3' UTR, in exon 2 (Figure 1B). This genomic
149 organization offered the attractive possibility of replacing the entire protein-coding
150 sequence of LRRTM2 with an entirely customizable one using TKIT. Therefore, we
151 modified the TKIT approach to replace much of the second exon, including all the coding
152  sequence contained therein. Given that the signal peptide is cleaved co-translationally,
153 this approach would allow us to replace the entire mature LRRTM2 protein with a donor
154  sequence of our choosing.

155 To replace the LRRTM2 coding sequence using TKIT, we designed a 5" guide RNA
156  (guide 1) targeting a PAM site within intron 1 of Rattus norvegicus Lrritm2 and a 3’ guide
157 RNA (guide 2) targeting a PAM site after the Lrrtm2 stop codon within the 3'UTR, resulting
158 in a large span of replacement that exceeds those of previous efforts'>'415 The
159 replacement donor sequence was engineered using rat genomic DNA and subcloned to
160 include an epitope tag between the signal peptide and LRRTM2 N-terminal regions. The
161 donor was also flanked by flipped and reversed guide sequences to allow reversed
162 integration to be fixed, as used in both HITI and TKIT'?'3 (Figure 1B). We tested several
163  N-terminal tags for both specific labeling intensity and non-specific background from the
164  affinity reagent using exogenous LRRTM2 expression in HEK cells (Supplemental Figure
165  1). We found that the ALFA nanobody® displayed lower non-specific signal than an HA
166  antibody plus secondary antibody. Further, we were able to increase specific staining of
167 the ALFA epitope by adding a triple ALFA tag without interstitial linkers, which had
168 approximately 50% higher fluorescence intensity than either the single ALFA tag or a
169 triple ALFA tag with linkers. Therefore, we utilized a triple ALFA tag without linkers in the
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170 donor sequence for fluorescent labeling (note that for genomic PCR and sequencing
171  experiments, a triple HA tag was used instead for convenience). As transfection efficiency
172 of cultured neurons is low, we delivered the necessary DNA with two lentiviruses, one to
173  express the guides and donor sequence and a second to express Cas9.

174 We first validated the success of LRRTM2 whole-CDS replacement by infecting
175 dissociated embryonic rat hippocampal neurons with either Cas9 and LRRTM2
176  guides/donor lentiviruses or with guides/donor virus only as a control, then sequenced
177 genomic DNA after three weeks in culture. Briefly, we utilized PCR to isolate the Lrrtm2
178 gene and amplified knock-in-positive alleles using sequential PCRs (Figure 1B, bottom)
179 and sequenced the resulting amplicons via Sanger sequencing. Positive sequences for
180 the 3xHA tag were identified in the knock-in condition (Figure 1C, middle) but not in the
181 control condition lacking Cas9 (Figure 1C, bottom), indicating that the tag was
182  successfully incorporated into the correct gene locus and that knock-in was successful.
183  Note that we did not introduce indels at the signal peptide-tag junction or at the tag-protein
184  junction, as this region was contained entirely within the engineered donor sequence as
185 s true for TKIT. We next evaluated whether the knocked-in 3xALFA tag would allow us
186  to visualize the endogenous expression of LRRTM2. We performed surface fluorescent
187 labeling of 3xALFA-LRRTMZ2 on live, dissociated hippocampal cultured neurons infected
188 three weeks prior with the knock-in constructs, then fixed the cells and additionally
189 immunolabeled for PSD-95 and the presynaptic scaffold protein Bassoon to visualize
190 synapses. Fluorescent confocal imaging showed isolated cells with anti-ALFA labeling in
191 discrete puncta along the cell body and dendrites (Figure 1D). Close inspection revealed
192 these puncta typically occurred at synapses, as indicated by colocalization with both
193 Bassoon and PSD-95, consistent with previous studies of LRRTM241° (Figure 1E,
194 especially arrowheads). In line with previous TKIT-based knock-ins, we commonly
195 observed 20 to 30 ALFA-stained cells per coverslip with this method; note that this may
196  be an underestimate of the knock-in efficiency as some cells may be knocked-in but not
197 express LRRTM2, and some cells may not be co-infected by both viruses. These results
198 together demonstrate that our knock-in was successful and could be used to visualize
199 endogenous LRRTM2 in cultured neurons.

200 The previous best practice for visualizing LRRTM2 has been knockdown-rescue
201 (KDR), which is frequently assumed to minimize overexpression due to the knockdown
202  of endogenous expression. However, this method still typically relies on exogenous or
203 unregulated promoters, which often express proteins at higher than endogenous levels.
204  To compare knock-in LRRTM2 expression levels with those following KDR, we performed
205 live surface ALFA labeling on cells infected with knock-in constructs and on cells
206 transfected with a knockdown-rescue 3xALFA-LRRTM2 construct. As expected, ALFA
207  staining was clearly far higher in the KDR condition than the knock-in (Figure 1F). Further,
208 while the expression pattern of both was largely synaptic, LRRTM2 signal in the KDR
209 condition showed higher and more consistent levels of LRRTM2 at each spine (Figure
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210 1F, line scan, dark arrows), and also showed higher ALFA labeling along the dendrite
211 outside of dendritic spines (Figure 1F, line scan, white arrows). This indicates that
212 overexpression of LRRTM2, even following knockdown, can alter its surface and
213 subcellular trafficking, highlighting the importance of labeling and measuring endogenous

214  protein.

215

216  Rapid identification of whole-CDS knock-in cells

217 As is true for many endogenously labeled proteins, the low endogenous expression

218 levels of LRRTM2 made visualizing knock-in cells or tracing their morphology for analysis
219  difficult. We therefore leveraged our whole-CDS replacement system to design a knock-
220 in conditional marker. The conditional effect was achieved by adding an Internal
221 Ribosome Entry Sequence (IRES) and Cre gene after the stop codon in the LRRTM2
222  donor containing the 3xALFA tag. This donor could allow for expression of a FLEXxible
223 marker protein'” to be conditional upon successful knock-in of 3xALFA-LRRTM2 (Figure
224  2A). To test the utility of this approach, we infected neurons with three lentiviruses
225 expressing the 3XxALFA-LRRTM2-IRES-Cre donor and guide RNAs, Cas9, and FLEx-
226 mTagBFP2, expecting that when the 3xALFA-LRRTM2-IRES-Cre donor is knocked into
227 the Lrrtm2 locus and the mRNA translated, Cre will also be expressed and able to induce
228 FLEx-mTagBFP2 expression (Figure 2A, bottom). This strategy successfully produced
229 cells expressing both knock-in 3xALFA-LRRTM2 and knock-in-dependent mTagBFP2
230 cellfill, facilitating rapid visual identification on the microscope (Figure 2B). Notably, the
231 3xALFA tag and IRES-Cre sequences are 1449 bp away from one another on the donor
232 sequence, a simultaneous knock-in impossible to make by other methods. The donor
233  used was also 3925 bp long, over two times larger than the largest TKIT donor previously
234 reported’? and among the largest we are aware of successfully being knocked in using
235 NHEJ-based CRISPR methods. We observed a fraction of neurons that were positive for
236 mTagBFP2 without detectable surface ALFA labeling (16%), presumably reflecting cell
237  types with successful knock-in that do not express or only transiently expressed LRRTM2.
238 Cells in this category were excluded from further analysis. A small number of neurons
239  (8%) were positive for surface ALFA staining without detectible mTagBFP2 expression,
240 potentially due to a lack of coinfection by all three viruses. Nevertheless, expression of
241  the marker protein was routinely high enough to rapidly identify presumed knock-in cells
242  for image acquisition. An important advantage of this approach is the potential to use
243  alternative conditional reporters. To illustrate this, we utilized a FLEx-IRES-EGFP
244  lentivirus in place of the FLEx-mTagBFP2 and observed EGFP-positive knock-in cells
245  (Figure 2C). Conceivably, any FLEX fluorescent protein, sensor, or optogenetic tool could
246  be used to accommodate numerous experimental approaches, demonstrating the utility
247  of our whole-CDS control.

248
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249 Endogenous LRRTM2 labeling enables investigation of LRRTM2 trafficking and
250 synaptic enrichment

251 We next set out to deploy our LRRTM2 knock-in and conditional reporter system to
252  characterize LRRTM2 expression and synaptic trafficking at endogenous levels. We first
253  quantified the average synaptic LRRTM2 expression level per cell and found a wide range
254  of intensities across cells (Figure 3A). This suggests that LRRTM2 expression varies
255  within the transcriptomic profile of neurons in these CA1-enriched hippocampal cultures,
256 indicating possible cell-intrinsic control of LRRTM2 expression. We considered that some
257  of the cells with higher LRRTM2 intensity might be homozygous for the 3xALFA-LRRTM2
258  knock-in, and those with lower expression might be heterozygous. However, we observed
259 a smooth, rather than bimodal, distribution of average synaptic intensity (Figure 3B),
260 consistent with regulation of LRRTM2 expression levels by activity history or other cell-
261  specific mechanism.

262 LRRTM2 is synaptically localized and plays a key role in synaptic function*®7.
263  However, our observation that LRRTM2 puncta were more discrete and variable with our
264  knock-in than with KDR due to overexpression artifacts (Figure 1F) indicated its
265 endogenous distribution may be more nuanced. We therefore investigated in detail the
266 variability of endogenous LRRTM2 content at individual synapses in 3xALFA-LRRTM2
267  knock-in neurons, immunolabelled for PSD-95 with a fluorescently labeled nanobody
268  (Figure 3C). Despite prominent colocalization at synapses (Figure 3C, white arrows), we
269  observed that the quantity of LRRTM2 varied substantially between synapses (coefficient
270  of variation 1.514) and that, in fact, not every synapse along dendrites from knock-in cells
271  contained LRRTM2 (Figure 3C, blue arrow). To better understand the synaptic variation
272 of LRRTMZ2 content while accounting for cellular variability of LRRTM2 expression levels
273  (Figure 3A), we measured LRRTM2 intensity within synapses and normalized for variable
274  cellular expression by calculating cell-based intensity Z-scores for each synapse. We
275 identified synaptic puncta as PSD-95 regions of interest (ROIs) using a semi-automated
276  synapse detection analysis'®'® of images from 54 knock-in neurons across 3 culture
277  replicates and calculated Z-scores for each synapse. We measured the area as well as
278 the fluorescence intensity of each labeled protein within these synapse ROls, and
279 normalized for their variable cellular expression by calculating cell-based intensity Z-
280  scores for each synapse using the cellular average and standard deviation for LRRTM2
281 or PSD-95, respectively (Figure 3D). This analysis clearly showed that synaptic LRRTM2
282  content varied considerably within individual neurons, even when normalized for cellular
283  variability.

284 To define a synapse as lacking LRRTM2, we sought to establish a baseline by
285 examining the off-target ALFA staining. This was done by measuring ALFA intensity at
286 neighboring synapses from non-knock-in neurons, reflecting non-specific staining and
287 noise, which as expected had Z-scores near 0 (Figure 3E, Neighboring Synapses). To
288 compare these two distributions, we recalculated the Z-scores of knock-in LRRTM2
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289 intensity using the mean and standard deviation of ALFA signal in neighboring PSDs, and
290 found the synapses along the knock-in dendrite were, as expected, far brighter in ALFA
291 signal than the neighboring background staining. (Figure 3E). We then used the 95%
292  percentile of non-knock-in synapse ALFA staining z-scores to delineate a cutoff between
293 LRRTM2-containing and LRRTM2-lacking synapses within the knock-in dataset. Using
294  this cutoff, approximately 80% of the synapses along knock-in dendrites contained
295 LRRTM2 (Figure 3F). This is slightly higher than a previous estimate utilizing LRRTM2
296 antibody staining in DIV13-15 mouse hippocampal cultures'!, which could represent a
297 developmental or species difference, but also could be a reflection of our ability to more
298 precisely estimate background noise from cells that unequivocally lacked the knock-in
299 and therefore accurately identify true signal.

300 Our observation of a synapse subtype lacking LRRTM2 raises additional questions
301 about what other differences these synapses exhibit relative to their LRRTMZ2-containing
302 neighbors. Given that LRRTM2 plays a role in synaptic plasticity and binds to PSD-95,
303 one explanation of its synaptic variability is that synapses with higher LRRTM2 levels
304 might be larger and contain more PSD-95. Indeed, we found that synapses with LRRTM2
305 exhibited larger PSDs than those without (Wilcox test: p < 2.2e-16, r-statistic: -0.142;
306 Figure 3G). Further, within the population of LRRTM2-containing synapses, larger
307 synapses contained more LRRTM2 protein (slope: 7.061, R?: 0.226; Figure 3H). Our
308 interpretation is further supported by examining PSD-95 content — synapses with
309 LRRTM2 contained more PSD-95 than those without LRRTM2 (Wilcox: p < 2.2e-16, r-
310 statistic: -0.149; Figure 3l), and PSD-95 and LRRTM2 intensities were positively
311 correlated (Slope: 0.442, R-squared: 0.183; Figure 3J). These data indicate that the
312  subcellular trafficking of LRRTM2 to synapses is correlated with both synapse size and
313 the amount of PSD-95 present. While previous studies have indicated that overexpressed
314 LRRTM2 does not require PSD-95 binding to be enriched at synapses'®, our data
315 indicates that nonetheless LRRTM2 trafficking scales with these key markers of synaptic
316  strength.

317
318 Synaptic AMPA receptor content scales with LRRTM2 content
319 Previous studies utilizing LRRTM1/2 KDR or LRRTM1/2 KO replacement with

320 LRRTMZ2 have established that LRRTM2 stabilizes AMPARSs in synapses at baseline and
321  anchors new AMPARSs after long-term potentiation®’. Despite these findings, it has been
322 difficult to disentangle how AMPAR trafficking compares with endogenous expression
323 levels of LRRTM2. Furthermore, our ability to visualize endogenous LRRTM2 and identify
324  synapses lacking it gives us the opportunity to compare AMPAR content between these
325 two groups of synapses. We hypothesized that synapses lacking endogenous LRRTM2
326  would also have reduced AMPAR content relative to synapses with LRRTM2. To examine
327 the relationship between the synaptic enrichment of LRRTM2 and AMPARSs, we
328 immunolabeled surface AMPA receptors simultaneously with ALFA-LRRTM2, fixed and
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329 stained the neurons for PSD-95 to identify synaptic puncta, and measured synaptic
330 LRRTM2 and AMPAR intensity from the same synapses (Figure 4A). As in Figure 3, we
331 normalized both the LRRTM2 and AMPAR raw integrated density signals using Z-scores
332 based on respective means in each cell, then assessed synapses along knock-in
333 dendrites for the presence or absence of LRRTM2. Consistent with the role of LRRTM2
334 in AMPAR anchoring, LRRTM2-lacking synapses contained less surface AMPAR signal
335 than synapses with LRRTM2 (Wilcox: p < 2.2e-16, r-statistic: -0.136; Figure 4B). While
336 LRRTM2-lacking synapses still exhibited AMPAR staining, this is likely due to stabilization
337 by other mechanisms. When LRRTMZ2 was present, synapses with more LRRTM2 also
338 had more AMPAR content on the surface (Slope: 0.3513, R-squared 0.1326; Figure 4C).
339 While these results do not support a model where endogenous LRRTM2 is solely
340 responsible for synaptic AMPAR anchoring, the correlation between AMPAR content and
341 LRRTM2 content supports the hypothesis that LRRTM2 plays a strong role in control of
342  AMPAR trafficking®’.

343 Surprisingly, close examination of these triply-labeled knock-in cells revealed
344  occasional LRRTM2 puncta that fell outside of PSD-95-demarcated synapses (Figure 4D,
345 red vs white arrows). It is well documented that extrasynaptic AMPAR pools play a role
346 in regulating synapse strength, particularly during long-term potentiation®%2'. Given the
347 role of LRRTM2 in LTP and AMPAR stabilization, we therefore wondered whether these
348 LRRTM2 puncta outside of PSD-95 might also contain AMPARs. To address this, we
349 selected isolated dendrites from 23 knock-in cells across three culture replicates and
350 identified puncta in each channel (surface AMPARs, PSD-95, and 3xALFA-LRRTM2) as
351 ROIls for measurement. As the semi-automated detection was trained to detect puncta
352 that are sized and shaped like synapses and ignore nonsynaptic labeling, these ROIls
353 were hand-selected. We then measured the raw integrated density within these ROlIs in
354  all three channels, and qualitatively labeled each as positive or negative for the other
355 labeled proteins based on its intensity, where intensities above the first local minimum of
356 the distribution were described as “positive” for that corresponding protein (Figure 4E,
357 left). Consistent with our previous automated analysis, when the hand-selected PSD-95
358 puncta were pooled together, we found similar numbers of LRRTM2- positive and -
359 negative synapses (by hand: 79.7% positive and 20.2% negative; automated: 80.5%
360 positive and 19.5% negative), validating our approaches. We then broke down the non-
361 PSD-95-containing puncta into groups based on their protein expression (Figure 4E,
362 right). Most such puncta contained both LRRTM2 and AMPARs together (52%), more
363 than the puncta with either protein on its own (29% AMPAR only and 19% LRRTM2 only).
364 The existence of LRRTM2/AMPAR puncta outside PSD-95 synapses could be partially
365 explained to be synapses that do not contain PSD-95 and instead have another scaffold
366 such as SAP-102 or PSD-933%637, However, given that such synapses are relatively rare
367 in mature hippocampal neurons, it's likely that at least some of them are genuinely
368 extrasynaptic. This raises the exciting possibility that along with its known localization
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369  within synapses, LRRTM2 could co-diffuse with extrasynaptic AMPARSs, and possibly play
370 arole in their trafficking there.

371

372  Simultaneous mutagenesis and tagging enabled by whole-CDS replacement
373  permits analysis of mutation-induced changes in LRRTM2 surface expression

374 A major advantage of whole-CDS replacement is the potential it offers to easily edit a
375 protein of interest at multiple sequence points, as we have already demonstrated by
376 adding IRES-Cre at the C-terminus simultaneously with the N-terminal 3xALFA tag. To
377 demonstrate the power of whole-CDS replacement of LRRTM2, we modified our synthetic
378 donor sequence to include, along with the IRES-Cre, a functional mutation near the C-
379 terminus expected to alter LRRTM2 trafficking. Previous work has shown that surface
380 enrichment of exogenously expressed LRRTM2 can be manipulated through two point
381 mutations in the C-terminal domain, Y501A and C504A2223 which are hypothesized to
382 alter the membrane-targeting trafficking mechanisms of LRRTM2?3. Termed “YACA”,
383 these mutations induce a 400% increase in surface LRRTM2 levels in a knockdown-
384 rescue context??; however as we established, the KDR protein trafficking pattern may not
385 be the same as endogenous. Our whole-CDS replacement model offers the ideal platform
386 on which to test this. We introduced the YACA mutations into our donor construct to create
387 a 3xALFA-LRRTM2-YACA-IRES-Cre knock-in (Figure 5A), infected neurons with
388 lentivirus to generate wild type or YACA knock-ins, then measured AMPAR and LRRTM2
389 contentin PSD-95-labeled synapses as above (54 wild type and 64 YACA neurons across
390 3 culture replicates; Figure 5B). On a per cell basis, average synaptic LRRTM2-YACA
391 content was 24.6% higher than wildtype (Wilcox: p < 0.005, r-statistic = 0.280; Figure 5C).
392  When we examined the per synapse distribution of LRRTM2 intensities between the two
393 conditions, we found a similar trend where the distribution of YACA-containing synapses
394  was right-shifted relative to wildtype (Wilcox: p < 2.2e-16; r-statistic = 0.102; Figure 5D).
395 Therefore, while the YACA mutations did increase endogenous LRRTM2 surface
396 trafficking as expected, the percent change was dramatically smaller than that observed
397 in a KDR model. These findings reinforce the value of our whole-CDS replacement
398 approach and demonstrate the power of simultaneous genomic editing at multiple sites
399 within a protein.

400 Previous studies have established that removing LRRTM2 reduces synaptic AMPAR
401 content®?, and our data indicate that AMPAR content scales with LRRTM2 content at
402  synapses. While we have shown that the YACA mutations moderately increase LRRTM2
403 content, it is unclear whether this small change would follow the pattern in our
404  correlational data and drive an increase in AMPAR content. We therefore measured
405 synaptic AMPAR staining in each condition and found that the YACA mutations did not
406 have a positive effect on synaptic AMPAR content (Wilcox: p = 1, r-statistic = -0.035;
407  Figure 5E). This suggests that despite the correlation between LRRTM2 synaptic content
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408 and AMPAR synaptic content, increasing the LRRTM2 synaptic content by 24.6% via
409 YACA is insufficient or unable to induce a similar increase in AMPAR content.

410

411  Applying whole-CDS replacement to other genes

412 We conclude that whole-CDS replacement TKIT will be a valuable approach for
413  protein structure-function analysis. The structure of the rat Lrrfim2 gene, being essentially
414  contained on a single exon, is undoubtedly highly advantageous for the technique, but
415 other genes with different exon/intron structures may still be amenable for the same
416 approach. We presume that the length of the CDS would have to be somewhat modest,
417  but note that the insertion sizes utilized here (3925 bp) are much greater than typically
418 amenable to knock-in via HITI'3. In fact, the length rather than the content or functional
419 complexity of what is being replaced appears to be most critical for the success of the
420 knock-in. We explored the Santa Cruz Genome Browser for rat genes smaller than a
421 practical limit of 10,000 bases and found 39,459 coding sequences (including splice
422 variants) that had a distance from start to stop codon (CDS spanning region) that is the
423 same or shorter than that of Lrrfim2 (1882 bp, though the span between our selected
424  guides is 2258 bp) (Figure 6A). Out of the rat genes whose CDS spanning regions are
425 under 10kb, approximately 42.6% are smaller than Lrrtm2 (Figure 6B). While of course
426 many important genes have long genomic spans, this simple analysis shows that
427 numerous genes may be targetable for whole-CDS replacement. Our conservative
428 estimate reflects the fact that we have not systematically explored the upper range of
429 donor sizes amenable to our approach, suggesting that the actual number of suitable
430 genes may in fact be much higher. Furthermore, while guide selection is undoubtedly
431 critical to knock-in success, the flexibility of guide locations as adapted from TKIT permits
432  more successful knock-in of large donors. Overall, the power of whole-CDS replacement
433  will enable new research on endogenous protein localization, trafficking, and function in
434 neurons avoiding the constraints of overexpression and single-locus CRISPR editing
435 techniques.

436

437

438 Discussion

439

440 In this work, we have demonstrated whole-CDS replacement in neurons, and shown

441 its power to simultaneously tag and mutate a protein at widely separated points of its
442  sequence while maintaining native genetic regulation. The protein-coding portion of
443  thousands of genes span lengths suitable for whole-CDS replacement, suggesting that
444  this simple approach for total control over protein sequence will be a straightforward
445  method for structure-function analysis in diverse systems. We used the approach here to
446 identify new characteristics of expression and trafficking of the critical synaptic adhesion
447  molecule LRRTM2. LRRTM2 levels in cultured hippocampal neurons were unexpectedly
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448 variable between neurons, and while its expression correlated with both PSD-95 and
449 AMPAR content, the protein appeared absent from 20% of synapses. We also observed
450 LRRTM2 outside of synapses at puncta that contained AMPARs but lacked PSD-95,
451  suggesting a previously unappreciated role for LRRTM2 outside of PSD-95-containing
452  synapses. Finally, utilizing our ability to manipulate the endogenous LRRTM2 sequence,
453  we were able to increase synaptic LRRTM2 content without affecting AMPAR content,
454  suggesting that this relationship may not be intrinsic or bi-directional.

455

456  Whole-CDS replacement is a general and flexible approach for simultaneous multi-
457  site manipulations

458 While CDS replacement strategies have been demonstrated in dividing cells?*, this
459  work is to our knowledge the first demonstration of whole-CDS replacement in neurons.
460 A major advantage of this method is the ability to make multiple, simultaneous
461 modifications to a gene at disparate locations along it in a single editing step. In theory,
462  other CRISPR technologies that allow for DNA replacement could be used for whole-CDS
463 replacement, though likely TKIT, which we relied upon here, is the most generalizable
464  approach. For example, CDS replacement has been achieved in dividing cells for a
465 coding region of similar size to LRRTM224. However, this relied on homology-directed
466  DNA repair, which makes it intractable in post-mitotic cell types such as neurons. This is
467 due to the necessary reliance in post-mitotic cells on Non-Homologous End Joining
468 (NHEJ), a method of donor DNA incorporation that religates blunt ends of DNA together.
469 PRIME editing, which utilizes neither nonhomologous end joining nor homology-directed
470 repair?®, allows for short substitutions (~100 bp?®), but this is too small to replace the vast
471  majority of genes. Designer exon approaches such as CRISPIE?” could also be used to
472  essentially “knock-in” an engineered CDS in place of a gene’s first exon and bypassing
473 the later exons, though this would eliminate key intronic regulation and alternative
474  splicing. Finally, while making two separate edits using CRISPR is possible?®28, this
475 remains extremely challenging and less efficient than whole-CDS replacement. Further,
476 there is as yet no path for expanding to more than two editing sites, whereas whole-CDS
477 replacement offers near-infinite flexibility within the large donor sequence. Due to the
478 permanent nature of genetic modifications, this whole-CDS replacement approach could
479  simplify the process of generating multiple stem cell lines or animals with multiple genetic
480 mutations in the same gene, as there would be no need to select and validate new guides
481  for each modification that is introduced. Given these factors and the proven efficiency and
482  accuracy of TKIT'?, we are confident it presents a flexible tool to manipulate entire coding
483  sequences in diverse systems.

484 The limit on donor size for TKIT is not known, though previous research would suggest
485 that large donor sizes have generally been a struggle for CRISPR in neurons and other
486 models reliant on NHEJ. Previous studies suggest NHEJ may have greater difficulty with
487 larger DNA sizes?®, though it is also more efficient'3. It is also conceivable that larger
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488 replacements may be facilitated by fusing repair machinery onto Cas9, which has been
489 recently demonstrated to impact its efficiency3C. Practically, donor size and efficiency
490 likely depend in part on the genetic and epigenetic context as well as practical limits such
491 as plasmid size or viral packaging and must therefore be determined on an individual
492 Dbasis. The former can be addressed with TKIT due to the flexibility of guide locations
493  within the intronic/noncoding regions, which permits higher efficiency guides with lower
494  off-target effects to be selected. We were able to efficiently knock-in a large donor
495 sequence (3925 bp, including IRES-Cre), and while we have demonstrated that a
496 replacement of this size is feasible, replacement of larger regions may certainly also be
497 possible. Furthermore, we have identified a sizeable group of genes whose CDS-
498 spanning region size is smaller than this and thus appear amenable to whole-CDS
499 replacement. Note that for many genes of interest, the difficulty of applying the approach
500 will not be the size of the translated protein but the presence of introns so large as to be
501 impractical to supply in a donor. In such cases, it may still be possible to adapt this
502 technique to replace regions on one side or the other of a large intron, including multiple
503 small, contiguous exons and introns, without modifying the entire CDS. This approach
504 would largely preserve the regulation intrinsic to intronic sequences such as transcription
505 and alternative splicing.

506
507 Whole-CDS replacement permits versatile tagging and reporter strategies
508 Ready identification of knock-in cells is key to experimental performance in many

509 techniques, including microscopy and flow cytometry. However, knocked-in tags can be
510 difficult to visualize because endogenous protein expression is often far lower than typical
511 overexpression, and reliance on abundant target protein translation for tag detection is a
512 potential source of bias. While empirical determination of the brightest protein tags can
513 help improve utility, a knock-in conditional marker independent of the target protein’s
514  expression level is highly useful, and essential in many cases. By integrating existing Cre-
515 FLEx conditional marker technologies into non-coding regions simultaneously with our
516 modifications to the LRRTM2 coding sequence, we were able to identify, tag, and
517 manipulate knock-in cells in a single step. Importantly, this strategy has previously only
518 been available for C-terminal knock-ins, or N-terminal using a Cre-P2A sequence3'3?,
519 whereas whole-CDS replacement allows combining this manipulation with other
520 mutations throughout the CDS. The FLEX system is highly adaptable, and the cell fills we
521 utilized here can be exchanged for any genetically-encoded protein marker, sensor, or
522 optogenetic tool desired. This combination of powerful tools in an efficient CRISPR
523 environment should permit elegant, high-throughput studies of protein function in their
524  cellular context in the future.

525
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526 Endogenous LRRTM2 expression varies across and within neurons

527 One surprising result from this study was the cellular variability of LRRTM2 expression
528 even within the relatively restricted range of neuron types found in hippocampal culture.
529 LRRTM2 mRNA levels have been found to vary between cell types in neocortex and
530 hippocampus®334. The correlation in single cells between mRNA and protein levels is
531 frequently poor, yet analysis of population protein expression levels at single-cell
532 resolution is challenging. Here, sparse knock-in allowed systematic evaluation of single-
533 neuron expression as well as the measurement of expression levels of mutant protein.
534  Note that such analysis is aided substantially by the presence of a knock-in dependent
535 marker, which we expect will be particularly useful for analysis in vivo where the range of
536 expression levels may be even greater. The mechanisms of cell-specific LRRTM2
537 expression level remain unknown, but one attractive possibility is that the activity history
538 of the neuron drives regulation of LRRTM2 as the number of AMPARSs and synapses is
539 modulated.

540 Our data have shown conclusively that LRRTM2 is present at higher levels in larger
541 synapses. LRRTM2 binds directly with PSD-95 via its PDZ-binding motif4'°, and
542 endogenous LRRTM2 was indeed most abundant at synapses with more PSD-95
543  content. Furthermore, we were able to increase the synaptic content of LRRTM2 via the
544  YACA mutations. Notably, this increase in synaptic content was smaller than expected
545 from mutant overexpression??, highlighting the importance of manipulating LRRTM2
546 trafficking, and protein trafficking more generally, with endogenous regulations intact.
547  While the mechanisms by which the YACA mutations influence endogenous LRRTM2
548 trafficking are unclear, the intracellular location of the YACA mutations suggests
549 intracellular interactions may be involved in trafficking LRRTM2, including possibly PSD-
550 95 whose interaction domain is close by. However, we also found that LRRTM2 was not
551 present at nearly 20% of PSD-95-containing synapses and was also present at dendritic
552 locations lacking PSD-95, suggesting there are additional mechanisms beyond binding
553 to PSD-95 responsible for LRRTM2 localization. Several overexpression studies have
554  found that removing the PDZ-binding motif does not affect the ability of LRRTM2 to traffic
555  to synapses or facilitate LTP”1°, suggesting it is not exclusively responsible for LRRTM2
556 trafficking. Furthermore, it appears that these potentially extrasynaptic LRRTMZ2 puncta
557 frequently contained AMPARs. What would prompt enrichment of LRRTM2 at these
558 points is unclear. The neurexin-binding domain of LRRTM2 is required for rescuing the
559 effects of removing LRRTM2 on LTP via overexpression®’, but it is unclear whether
560 neurexins, or indeed any presynaptic scaffold, would be present outside of PSD-95
561 synapses. One hypothesis is that these LRRTM2 puncta are indeed synapses but lack
562 PSD-95 and contain other synaptic scaffolds whose interaction with LRRTM2 has not
563 been investigated. Given the homology in PDZ motifs across synaptic scaffolds, it is
564  certainly likely that the LRRTM2 PDZ-binding motif also interacts with other scaffolds such
565 as SAP-102 or PSD-93%. However, previous research has found that SAP-102-only
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566 synapses are relatively rare past early postnatal development®®37, and as such are
567 unlikely to account for very many of these LRRTM2 puncta. Alternatively, it is possible
568 that these puncta represent a diffusible pool of LRRTM2 that can be recruited to the
569 synapse as needed, much the way that AMPARSs are?>?'. This model would include two
570 pools of LRRTM2 protein, one synaptic and one extrasynaptic, where the synaptic pool
571 would be either non-functional or diminished in size when unable to bind presynaptic
572  neurexins but not PSD-95 or other scaffolds.

573 LRRTM2 and its sister protein LRRTM1 share high sequence homology and are
574  expressed in the same broad regions of hippocampus®®, and many studies have relied on
575 their simultaneous deletion®’. This is done because CAMs frequently compensate for one
576  another, and dual knockouts can better illustrate their roles than either knockout alone,
577 as has been recently shown for CAMs LRRTM1 and SynCAM1 in hippocampal
578 synapses3®. Interestingly, the effects of dual knockout can be rescued with
579 overexpression of LRRTM2 alone®’. We found endogenous LRRTM2 in 80% of
580 synapses, which raises the possibility that the remaining 20% may be LRRTM1-positive.
581 This is potentially an interesting case of differential subcellular trafficking of highly
582 homologous proteins. A more extreme segregation between members of a single family
583 of CAMs has been observed previously in vivo; for example the neuregulin proteins 1 and
584 3 are differentially sorted to the somatic and axonal domains of pyramidal neurons,
585  respectively*?. The functional implications of such segregation are unknown at this point,
586 but given that many studies have relied on their simultaneous deletion, future work is
587 needed to tease out their individual roles. While it is currently extremely challenging to
588 simultaneously target multiple genes via CRISPR, future developments could make it
589 possible to tag and manipulate both LRRTM1 and LRRTM2 in the same cells to further
590 investigate their relative trafficking.

591
592  Relationship of endogenous LRRTM2 with AMPARs
593 Numerous previous studies have established that LRRTM2 controls synaptic AMPAR

594 content. One possibility is that changing LRRTM2 levels would be determinative in
595 establishing AMPAR levels. Our data show that synapses lacking LRRTM2 are smaller
596 and contain fewer AMPARSs than those with LRRTM2, though the latter correlation was
597 weaker than predicted by this hypothesis. However, when we increased the content of
598 LRRTM2 with the YACA mutations, there did not appear to be a similar increase in
599 synaptic AMPAR content. Several possible explanations exist for this finding. One
600 possibility is that while YACA mutations may increase LRRTM2 surface content by
601 altering membrane-targeting trafficking mechanisms?®, they also block the as yet
602 unknown mechanisms by which LRRTM2 anchors AMPARs at the surface. However,
603  given that previous studies have removed the entire C-terminal domain of LRRTM2 in a
604 replacement context with no effect on LTP®7, this appears unlikely. Another possibility is
605 that the YACA mutations, which lead to a cell-wide increase in LRRTM2 content, may not


https://doi.org/10.1101/2024.05.03.592283
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.03.592283; this version posted May 8, 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.

606  significantly alter AMPAR trafficking at the cellular level due to potential compensatory
607 mechanisms. Instead, it's plausible that AMPAR trafficking could be influenced by
608 localized increases in LRRTMZ2 content on a synapse-by-synapse basis. Further, it is
609 possible that the mechanism connecting AMPAR enrichment to LRRTMZ2 levels is not
610 sensitive enough to respond to the small increase that the YACA mutations induce in
611 LRRTM2 content. Unfortunately, these latter two possibilities are difficult to test without a
612  greater understanding of what induces LRRTM2 trafficking to synapses so that it can be
613  manipulated more directly and in a physiologically relevant manner. Finally, it is important
614 to note that we measured the LRRTM2 YACA mutation at a static baseline state, whereas
615 it is possible that the role of the domain containing the YACA mutants is engaged
616  primarily during synaptic potentiation.

617 Previous studies have established that surface diffusion of AMPARSs to synapses is
618 critical during plasticity?>?'. Our data have shown that LRRTM2 and AMPARs localize to
619 puncta outside of PSD-95 and appear together more frequently than either protein alone.
620 This suggests the exciting possibility that LRRTM2 may traffic together with, or potentially
621 shepherd, extrasynaptic AMPARSs as they are trafficked to synapses during plasticity. This
622  would give LRRTM2 the ability to retain new AMPARSs at synapses via its interaction with
623  presynaptic neurexins in a timely fashion. If LRRTM2 recruits AMPARSs to the synapse
624 via this surface trafficking mechanism, it would explain why a whole-cell increase in
625 LRRTM2 content, as induced via the YACA mutation, is insufficient to induce a similar
626 increase in synaptic AMPAR content. LRRTM2 facilitates synaptogenesis?, and
627 extrasynaptic LRRTM2-AMPAR puncta suggest a means by which LRRTM2 could enable
628 AMPAR trafficking to new synapses. The presence of LRRTM2 clusters outside of PSD-
629 95 synapses, and their potential role in local AMPAR trafficking, represents an intriguing
630 new development in our understanding of LRRTM2 function and requires further
631 investigation to fully understand.

632 Together, our approach for whole-CDS replacement facilitates labeling, imaging, and
633 manipulating endogenous proteins, including LRRTMZ2, and represents a potent
634 methodological advance in the field of cellular neurobiology. While we have illustrated
635 many new findings regarding the endogenous trafficking of LRRTMZ2, the approach of
636 whole-CDS replacement will assist in determining the mechanisms by which this cell
637 adhesion molecule controls such critical processes as synaptic AMPAR retention and
638  plasticity.

639

640

641 Methods

642

643 CRISPR Design and Plasmids

644 The NCBI Rnor 6.0 database LRRTM2 sequence (NC_005117.4) was used as a

645 reference for both guide and donor design. Guides positioned at least 50bp from the
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646 intron-exon splicing boundary (5 guide) or over 50bp into the 3'UTR (3’ guide) were
647 identified using the Benchling CRISPR guide ranking tool, targeting those with the best
648 on-target and off-target scores based on previous publications*'4?, then were cloned into
649 the pX330 backbone as previously described’”. Guide sequences: 5’
650 GTTTTAATCTCTCTTATACA 3 (guide 1, anneals to |Intron 1) and %
651 CTTTTTAAGTAGGAAGCCAG 3’ (guide 2, anneals to the 3'UTR). Once cloned into the
652 pX330 vector under identical U6 promoters, the guide construct was grown in NEB
653 STABLE cells at a reduced temperature of 30°C to prevent bacterial recombination of the
654 promoters. Guide 2 was cloned with a guanine at the 5’ end after the U6 promoter, as
655 described in Fang et al. 2021. 3xALFA epitope tag and IRES2-Cre insertions as well as
656  YACA (Y501A/C504A) mutations were added to the donor by either Gibson NEB HIFI
657 Assembly or NEB Q5 site-directed mutagenesis as appropriate. The 3xALFA tag was
658 inserted after the signal peptide along with a small linker (TS) after the tag, and IRES2-
659 Cre was added immediately after the stop codon. For lentiviral expression, the guides
660 and donor were combined into the pFW lentiviral backbone'® by NEB HIFI Assembly.
661 FLEx-mTagBFP2 was generated by NEB HIFI Assembly, replacing the mCherry-KASH
662 in Addgene #139652 (a gift from Harold MacGillavry; http://n2t.net/addgene:139652;
663 RRID:Addgene_139652) with the mTagBFP2 gene and replacing the hSyn promoter with
664 the CAG promoter forimproved expression levels. FLEx-IRES-EGFP was made similarly,
665 with a CMV promoter in place of CAG. HA-spCas9 was a gift from Harold MacGillavry
666 (Addgene plasmid # 131506; http://n2t.net/addgene:131506; RRID:Addgene_131506),
667  constructs to make lentivirus (pMD2.G and psPAX2) were gifts of Didier Trono (Addgene
668 plasmid # 12259; http://n2t.net/addgene:12259; RRID:Addgene 12259; Addgene
669 plasmid # 12260; http://n2t.net/addgene:12260; RRID:Addgene_12260). ALFA and HA
670 tagged LRRTM2 KDR variants for transient expression in HEK cells were generated by
671 replacing the GFP tag in KDR GFP-LRRTM2 previously described® using NEB HIFI
672 Gibson cloning. All sequences were confirmed by whole plasmid sequencing
673 (Plasmidsaurus) using Oxford Nanopore Technology with custom analysis and
674 annotation. These plasmid sequences will be deposited with public databases upon
675 publication.

676 Note that we originally tried to combine the FLEXx fluorescent protein with the
677 guides/donor lentiviral plasmid, but full plasmid sequencing revealed that growing a
678  construct with both IRES2-Cre and FLEx genes in bacteria caused a reversal of the
679 flipped gene. Based on previous literature, we suspect that this could be due to bacteria
680 recognizing the IRES2 sequence and expressing the Cre protein themselves*:. Thus, we
681 elected to separate these constructs into two viruses, with the Cas9 virus as a third virus
682 due to its large size and the limitations of lentiviral packaging. The guides and Cas9 were
683 cloned into separate viral constructs to avoid Cas9 activity at the Lrrtm2 locus in the
684 absence of donor sequence to replace it.

685
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686 Genomic sequencing

687 Cultured hippocampal neurons were infected with either knock-in viruses (Cas9 +
688  guides/donor) or guides/donor alone at DIV1. DNA was extracted and purified at DIV21
689 using the Wizard Genomic DNA Purification Kit (Promega) according to manufacturer’'s
690 instructions. The LRRTM2 gene was amplified using primers that anneal on either side of
691 the guidel Cas9 cut sites (5 AGCCAGTGAATTCCCGTTTT 3, ¥
692 AGGCGAACTGGGATAGTCCGCA 3’). This PCR product was gel-purified, then PCR
693 amplified again using a reverse primer that anneals specifically to the knock-in HA
694 sequence (5" CATTTAGGTGGACAACTAGTAGCGTAGTCTGGTACATCAT 3’) and the
695 same forward primer as in the first PCR run. Gel purified PCR products from the round 1
696 PCR control condition and the round 2 PCR knock-in condition (no product was made
697 from the control condition due to the lack of knock-in HA sequence in the Lrrtm2 locus)
698 were Sanger sequenced (Genewiz/Azenta) to confirm knock-in in the correct genetic
699 locus.

700

701  Lentivirus Production

702  HEK293T cells (ATCC CRL-3216) maintained in DMEM + 10% FBS supplemented with
703  penicillin/streptomycin were plated at high density and transfected using PEI as we have
704  described'8. Cells were incubated for 6 hours followed by a media change to standard
705 neuronal culture media. Lentivirus was allowed to accumulate in the media for 2 days
706  before harvesting, and debris were removed by centrifugation at 1000 x RPM for 5
707  minutes. Virus aliquots were used fresh or else frozen at -80°C. Based on prior titrations
708 and to achieve high levels of co-infection, neurons were infected with 100uL of each virus.
709

710 Immunostaining

711 Dissociated, mixed-sex hippocampal cultures were prepared as previously described’®.
712 Knock-in preparations were infected at DIV1 with 100 ul each unconcentrated Cas9,
713  guide/donor, and marker viruses. To immunostain LRRTM2 and synaptic proteins,
714  coverslips were removed from their culture media at DIV21 and blocked for 5 minutes in
715 1% BSA in Tyrode’s buffer, then live-labeled with ALFA-AlexaFluor647 nanobody
716  (NanoTag) and mouse anti-pan GIluA (Synaptic Systems) at 1:500 and 1:200,
717  respectively, in the same solution composition for 12 minutes at room temperature. To
718 avoid background from aggregation, aliquots of nanobody are vortexed thoroughly for 2
719  minutes followed by centrifugation at max speed for 1 minute. Coverslips were then rinsed
720 twice briefly in phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA)
721  + 4% sucrose in PBS for 9 minutes at room temperature. The cells were washed with
722  PBS-100mM Glycine (PBS-Glycine) three times for five minutes each, permeabilized with
723 0.3% TritonX-100 in PBS-Glycine for 15 minutes at room temperature, then incubated
724  with PSD-95 nanobody conjugated to AZ568 dye (NanoTag) at 1:100 and goat anti-rabbit
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725  AlexaFluor488 at 1:750 in 4% TBS-milk for 45 minutes at room temperature. Coverslips
726  were then rinsed in TBS three times for five minutes prior to imaging.

727 To test different knock-in tags, we transfected HEK cells using Lipofectamine 2000
728 (ThermoFisher) with an EGFP cell fill to normalize for transfection as well as the
729 respective KDR LRRTM2 constructs with 1xALFA, 3xALFA with interstitial linkers, and a
730 3xALFA without linkers. A 1xHA tag visualized with a traditional primary-secondary
731 antibody approach was included for comparison. We then immunolabeled, fixed, and
732 stained as above. Cells were fixed and surface stained with either the ALFA nanobody or
733  an HA primary antibody followed by fluorescent secondary. Both approaches utilized the
734  AlexaFluor 647 dye to detect LRRTM2 as well as identical imaging parameters. Images
735 were analyzed in Imaged for 647 fluorescence intensity normalized to GFP as a
736  transfection control.

737

738  Microscopy

739 Images were acquired on an Andor Dragonfly spinning disc confocal (Andor) attached to
740 a Nikon Ti2 Eclipse inverted microscope base with a 60x Plan Apo 1.49 NA objective.
741  Excitation laser light (405, 488, 561, or 638 nm) from an Andor ILE, flattened by an Andor
742  Beam Conditioning Unit, was passed to the sample by a 405/488/561/640 quadband
743  polychroic (Chroma). Emission light was passed through an appropriate bandpass filter
744  (FF02-447/60-25 (Semrock), ET525/50, ET600/50 (Chroma), or EmO01-R442/647
745  (Semrock), for 405nm, 488nm, 561nm, and 638nm emission, respectively) and collected
746  on a Zyla4.2 sCMOS camera. Cells of interest were imaged with confocal z-stacks with
747 0.5 uym z-steps at 25-90% laser power with 200 ms exposure (400 ms for 638nm channel),
748  with each channel imaged sequentially.

749

750 Analysis

751  Image processing was performed using macros and plugins in Fiji/lmageJ*4, and image
752 file names were blinded during analysis. All z-stacks were converted to maximum
753 intensity projections, then xy chromatic aberrations were corrected using the Register
754  Channels tool of the NanoJ — Core plugin*® (and 4-color TetraSpek bead images acquired
755  prior to imaging as a standard.

756 We used a semi-automated ImageJ macro similar to that described in Dharmasri
757 et al'® to detect synapses. In brief, the macro provides user-guided image cropping,
758 followed by automated thresholding to isolate ALFA-LRRTM2 signal, then uses the
759 puncta detection plugin SynQuant' to detect synapses on knock-in neurons from the
760 PSD-95 staining. Detected synapses were converted to ROIls and used to measure
761 synapse area and PSD-95 intensity, as well as intensity of LRRTM2 and/or AMPARs
762  within those puncta. Due to high cellular variability, we took the cellular average for each
763  channel and assigned each synapse ROI a z-score based on their relative intensity within
764  that channel to the cellular average.
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(x—p)

P
766  where x is the intensity at the individual synapse, u represents the mean synaptic intensity
767  across the neuron, and o represents the standard deviation. This was performed for two
768 measures of intensity readout: Mean Intensity (Figure 3C) and Raw Integrated Density
769  (everything else), the latter of which is superior for establishing protein content
770  correlations as it does not normalize for synapse size, which is biologically relevant. We
771  observed infrequent outliers on the upper end of the intensity distributions across all three
772  staining conditions (LRRTM2, PSD-95, and AMPARSs), presumably due to clumping of
773  the antibody or nanobody. To eliminate these synapses from our dataset in a way that
774  was agnostic to the normality of the distribution, we utilized a cutoff of 150% of the
775 interquartile range (IQR) above the third quartile (Q3 + 1.5*IQR) in each of the three
776  channels’ distributions. These outlier calculations were performed using the z-scored data
777  to avoid artificially removing synapses from cells with high expression levels of any of the
778 measured proteins, particularly LRRTM2. Synapses above the calculated cutoff were
779  removed completely from the datasets.
780 Synapses along knock-in dendrites were categorized as containing or lacking
781 LRRTM2 by comparing the distributions of ALFA labeling along knock-in dendrites or
782  neighboring dendrites (acquired simultaneously and analyzed with the same pipeline as
783  above in parallel).
784 Relative ALFA Z — score = %

n

785  where i is the synaptic ALFA intensity (KI dendrite or neighboring region), u» represents
786 the mean synaptic ALFA intensity of the adjacent neighboring region, and o, represents
787  the standard deviation of the adjacent neighboring region. The 95" percentile of the ALFA
788 intensity distribution on neighboring dendrites was used as the cutoff between “LRRTM2-
789 lacking” and “LRRTM2-containing” synapses along knock-in dendrites.
790 For detection of LRRTM2 and/or AMPAR-containing puncta within and outside
791 PSD-95 puncta, we hand-picked elliptical ROls around puncta in each channel using FIJI
792 ROl selection tools, then quantified fluorescence intensities as above. Raw Integrated
793  Density was measured within each hand-drawn ROI, followed by background subtraction
794  using similarly-sized ROIs drawn nearby in the background region of each image. Each
795 puncta was categorized as “positive” or “negative” for each of LRRTM2, PSD-95, and
796  AMPARSs utilizing a first local-minimum cutoff in the intensity distribution of each protein
797 across the dataset. These categories were plotted as pie charts using a combination of
798 RStudio and GraphPad Prism.
799
800 Bioinformatics
801 To assess how applicable a whole-CDS replacement of a similar size to our approach
802  would be to other genes, we turned to a bioinformatics approach. Genetic data on Rattus

765 / — score =
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803  norvegicus was pulled from the search function of the University of California Santa Cruz
804 Genome Database (https://genome.ucsc.edu/cgi-bin/hgGateway). To measure the CDS
805 Spanning Region along the genome for each gene and splice isoform, we subtracted the
806 stop codon position from the start codon position. Practically, replacement size will
807 depend on the proximity of suitable PAM sites and guide sequences on either side of the
808 CDS. For practicality of graphing, we set the maximum CDS Spanning Region size as
809 10,000bp. Search parameters entered into the UCSCGD were as follows: absolute
810 value(endCDS - startCDS) <= 10000bp. Alternative splice isoforms of the same gene
811 were included as separate genes because they likely differ in genomic span and carry
812  differing biological significance. Histogram was produced in RStudio, cumulative plot in
813  GraphPad Prism.

814

815  Statistics

816 Data from Imaged measurements was processed and statistics calculated using RStudio
817 (Posit). Frequency distributions were produced for each of the synaptic intensity
818 measurements to evaluate normality. These distributions were not normally distributed as
819 evaluated with a Shapiro-Wilks test, and we therefore elected to utilize Wilcoxon tests to
820 compare LRRTM2-containing and -lacking synapses, as well as YACA and wildtype
821 LRRTMZ2 mutant conditions. Graphs were produced in RStudio or GraphPad Prism
822 (Dotmatics). Due to the high throughput nature of our semi-automated synapse detection
823 method, we pruned the number of points displayed in scatter plots by averaging every 5
824  synapses together based on ranked data (PruneRows, Prism). While this had very little
825 effect on the slope of the regression lines, it does influence the R-squared values so we
826 have reported the values of regressions performed on the raw data in the text.
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827  Figure 1: Successful whole-CDS replacement of LRRTM2

828 A) Diagram of traditional HITI, TKIT, and whole-CDS replacement CRISPR methods.
829 Locations of possible Cas9-induced indels are indicated with red zigzag lines. B) Diagram
830 of the Rattus norvegicus Lrrtm2 gene with CRISPR guide locations. Note that the entire
831 coding sequence (orange), minus 4 bases of the signal peptide that is cleaved from the
832 mature protein, is confined to exon 2. Guide 1 anneals to the intronic region and guide 2
833 to the 3'UTR. The replacement donor (Engineered CDS, black) contains an N-terminal
834 epitope tag between the signal peptide and mature protein. C) Genomic sequencing
835 shows positive knock-in result. Samples of genomic DNA from either the guides/donor
836 virus alone (Control) or the guides/donor and Cas9 viruses (Knock-in, KI) underwent two
837 rounds of PCR amplification, first to amplify the Lrrtm2 gene, then again to amplify the
838 knock-in tag (no product in the control condition). Sanger sequencing shows the 3xHA
839 tag sequence in the Kl condition, without indels. D) Image of a cultured hippocampal
840 knock-in neuron, stained for 3xALFA-LRRTM2. Sparse knock-in permits identification of
841 synaptic puncta along knock-in vs neighboring dendrites. E) Images of a dendrite from a
842  knock-in neuron, stained for 3xALFA-LRRTM2 (yellow), PSD-95 (magenta), and pre-
843 synaptic Bassoon (cyan). LRRTM2 puncta are largely synaptic (white arrows). F)
844  Endogenous LRRTM2 (KI, right) is expressed at far lower levels than typical exogenous
845 expression via knockdown-rescue (KDR, left). Matched staining, imaging, and look-up
846 tables show that while both KDR and Kl show synaptic localization, knockdown-rescue
847  ALFA labeling is considerably higher than knock-in both at synapses and between (blue
848 and orange, respectively, line scan, lower right). Dark arrows indicate spine enrichment,
849  white arrows dendritic signal. Line scan locations shown with red lines in the respective
850 images.
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Figure 2: Rapid identification of whole-CDS knock-in cells

A) Schematic of knock-in conditional marker implementation. An Internal Ribosome Entry
Site (IRES) sequence and a Cre gene were inserted into the donor construct between the
LRRTM2 STOP codon and the 3’'UTR (IRES-Cre, orange). Thus, Cre is expressed once
the donor is successfully incorporated into the LRRTM2 gene. A separate lentiviral
construct was used to deliver FLEx-mTagBFP2 cell fill, which can be targeted by the
knocked-in Cre. B) Knock-in neuron expresses the mTagBFP2 cell fill. Surface
immunostained 3xALFA-LRRTM2 (yellow), cytosolic mTagBFP2 (cyan). C) The IRES-
Cre approach permits flexibility in the conditional marker. Due to the flexible multi-virus
approach, it is simple to swap mTagBFP2 for any other FLEx protein marker, such as
EGFP (magenta). Three viral constructs were used: Cas9, Guides/Donor, and FLEx
marker.
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864  Figure 3: Variation in endogenous synaptic LRRTM2 content reflects key markers of
865  synaptic strength.

866 A) Exemplar hippocampal neurons expressing 3xALFA-LRRTM2 at low, medium, and
867  high levels. B) Histogram of synaptic LRRTM2 expression across the dendrite, averaged
868 by cell. C) Image of an example stretch of dendrite expressing knock-in 3xALFA-LRRTM2
869 (yellow)immunolabeled for PSD-95 (magenta). LRRTM2 is highly synaptic in localization
870 (exemplars, white arrows), but does not appear in every synapse on the dendrite (blue
871 arrow). D) Distribution of synaptic LRRTM2 mean intensity along knock-in dendrites,
872 normalized for cellular variability using a per-cell Z-scoring method. E) Cumulative
873 frequency plot of ALFA mean intensity at synapses in knock-in neurons (pink) or
874  neighboring non-knock-in dendrites (blue). Z-scores for LRRTM2 mean intensity
875 measures were calculated from the mean and standard deviation of synaptic ALFA signal
876  within neighboring non-knock-in synapses. F) Bar plot of synapses along knock-in
877  dendrites categorized as containing (pink) or lacking (blue) LRRTM2. The 95" percentile
878 of non-knock-in mean intensity Z-scores was used to delineate the cutoff between
879 LRRTMZ2-containing and -lacking synapses. G) Violin plot comparing synapse area along
880  knock-in dendrites that do or do not contain LRRTM2 (pink or blue, respectively). (p <
881 2.2°'%) H) Scatter plot correlating synapse area with synaptic LRRTM2 content (raw
882 integrated density Z-score) in LRRTM2-containing synapses. 1) Violin plot comparing
883 PSD-95 content within synapses along the knock-in dendrites that do or do not contain
884 LRRTM2. (p < 2.2°'6) J) Scatter plot of PSD-95 content with synaptic LRRTM2 content at
885 LRRTM2-containing synapses. In violin plots, green lines represent means and black
886 lines represent medians for each distribution. Scatter plots have been averaged across
887 every 5 ranked data points for visibility; statistics are calculated from raw data. Lines show
888 linear regression with gray dotted lines representing 95% confidence intervals.
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889  Figure 4: Synaptic AMPAR content scales with LRRTM2 content

890 A) Images of a knock-in neuron labeled for 3xALFA-LRRTM2 (yellow) and surface
891 AMPARs (cyan). Arrows show high co-enrichment of AMPARs with LRRTM2. B) Violin
892  plot comparing synaptic surface AMPAR content along the knock-in dendrites that do or
893  do not contain LRRTM2 (pink and blue, respectively). p < 2.27'® Green lines represent
894 means and black lines represent medians for each distribution. C) Scatter plot correlating
895 AMPAR content (Raw Integrated Density z-score) with synaptic LRRTM2 content (Raw
896 Integrated Density z-score) at LRRTM2-containing synapses. Scatter plot has been
897 averaged across every 5 ranked data points for visibility; statistics are calculated from
898 raw data. Lines show linear regression with gray dotted lines representing 95%
899 confidence intervals. D) Images of triply labeled neurons with 3xALFA-LRRTM2 (yellow),
900 PSD-95 (magenta), and surface AMPARSs (green). Arrows indicate LRRTM2 clusters that
901 do (white) or do not (red) co-enrich with PSD-95. D) Left: Pie chart depicting the
902 proportions of LRRTM2, AMPAR, and/or PSD-95-containing puncta along knock-in
903 dendrites. Right: Subset of left, AMPAR and/or LRRTM2 clusters without PSD-95
904 enrichment. Notably, LRRTM2 puncta outside of PSD-95 often also contain AMPAR
905 clusters.
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906 Figure 5: Simultaneous mutagenesis and tagging enabled by whole-CDS TKIT permits
907 analysis of mutation-induced changes in LRRTM2 surface expression

908 A) N-terminal 3xALFA tags were inserted in LRRTM2 as in Figure 2, as well as two point
909 mutations in the C-terminus (Y501A + C504A, or YACA). Control condition knock-ins
910 contain tagged wildtype (WT) sequence, YACA condition knock-ins contain both the tag
911 and the two point mutations. B) Exemplar images of WT or YACA-mutated LRRTM2
912 (yellow), co-stained for PSD-95 (magenta) and surface AMPARSs (green). C) The YACA
913 mutation (navy) of LRRTM2 induces higher synaptic surface intensity than wildtype (tan),
914 averaged by cell (p < 0.005). Green lines represent means and black lines represent
915 medians for each distribution. D) Distribution of synaptic enrichment of WT or YACA
916 LRRTMZ2, showing a rightward shift of the YACA distribution (navy) relative to the WT
917 (tan) (p < 2.27'%). Purple lines represent the mean, cyan the median of the respective
918 distributions. E) Synaptic surface AMPAR enrichment is not significantly higher in the
919 YACA-mutated condition relative to WT. Green lines represent means and black lines
920 represent medians for each distribution.
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Figure 6: Applying whole-CDS replacement to other genes in Rattus norvegicus

A) Bioinformatics analysis of coding sequence span within the Rattus norvegicus
genome. Data procured from the Rnor6.0 sequence via UCSC Genome Browser. Results
were restricted to complete CDS sequences whose total span across the genome does
not exceed 10,000 bases. Arrow shows size of the LRRTM2 CDS, which spans a total of
1882bp from start codon in exon 1 to stop codon in exon 2, with our CRISPR replacement
of 2171 bp from guide 1 (intron 1) to guide 2 (3’'UTR). B) Cumulative frequency distribution
of data in A, showing a considerable proportion of the sequences with a CDS spanning
region below 10kb are smaller than that of LRRTM2 and therefore potential targets for
this method.
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