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Abstract 22 

Gene expression specificity of Homeobox transcription factors has remained paradoxical. 23 

WUSCHEL activates and represses CLAVATA3 transcription at lower and higher 24 

concentrations, respectively. We employ computational modeling and experimental 25 

analysis to investigate the properties of the Cis-regulatory module. We find that 26 

intrinsically each cis-element can only activate CLAVATA3 at a higher WUSCHEL 27 

concentration. However, together they repress CLAVATA3 at higher WUSCHEL and 28 

activate only at lower WUSCHEL, showing that the concentration-dependent interactions 29 

among cis-elements regulate both activation and repression. Biochemical experiments 30 

show that two adjacent functional cis-elements bind WUSCHEL with higher affinity and 31 

dimerize at relatively lower levels. Moreover, increasing the distance between cis-32 

elements prolongs WUSCHEL monomer binding window resulting in higher CLAVATA3 33 

activation. Our work showing a constellation of optimally-spaced cis-elements of defined 34 

affinities determining activation and repression thresholds in regulating CLAVATA3 35 

transcription provides a new mechanism of co-factor independent regulation of 36 

transcription factor binding in mediating gene expression specificity.  37 

Teaser 38 

WUSCHEL concentration-dependent transcriptional switching by optimally spaced cis-39 

elements of defined number and affinities. 40 

 41 

MAIN TEXT 42 

 43 
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Spatio-temporal regulation of gene expression is critical for specifying different cell types 45 

during development (1-3). Eukaryotic gene regulation involves interactions among DNA 46 

sequences and proteins, many of which are transcription factors. Enhancers, the DNA 47 

sequences that bind a given transcription factor (TF) or multiple TFs, can regulate 48 

transcription irrespective of their location in the gene (1, 3, 4). Since a given class of TFs 49 

binds similar DNA sequences, how they achieve gene expression specificity has been the 50 

subject of intense investigation. One of the possible mechanisms to achieve specificity is 51 

the binding of co-factors that may unmask latent binding specificity of TFs as shown in 52 

the case of Homeobox (HOX)-mediated regulation in anterior-posterior body patterning in 53 

Drosophila melanogaster (5). Another mechanism involves the utilization of the cis-54 

regulatory modules (CRMs), a subset of enhancers that contain cis-elements for one or 55 

more TFs, which have been shown to determine the expression of neighboring genes in a 56 

variety of organisms (4, 6-9). In general, the CRMs can be classified into homotypic, 57 

where they bind a given type of TF, or heterotypic, where they bind different TFs (10, 11). 58 

The heterotypic CRMs largely have been thought to mediate spatio-temporal regulation of 59 

gene expression through their ability to recruit different collections of TFs in space and 60 

time (10, 12, 13). 61 

Both the homotypic and heterotypic CRMs have been shown to regulate spatio-temporal 62 

gene expression patterns in response to TF gradients. The earliest examples of homotypic 63 

CRMs have been described in the promoters of genes activated by the TFs that accumulate 64 

in a graded manner during early embryonic development in Drosophila (14-17). 65 

Classically, the French flag model proposed by Wolpert has been applied to explain the 66 

expression of genes by TF gradients. According to this model, the target gene expression 67 

is highest in places of the highest concentration of the TF (18). Analysis of multiple 68 

CRMs has identified three recurring properties: cis-element number, affinity, and 69 

cooperativity, which determine gene expression (16). Essentially, decreasing any of the 70 

three CRM properties reduces the mean expression while increasing any of the properties 71 

leads to overexpression (15, 16, 19, 20). 72 

 In Arabidopsis shoot apical meristems (SAMs), WUSCHEL (WUS) is a homeodomain 73 

TF expressed in the rib meristem (RM) (21, 22). WUS protein migrates into the overlying 74 

central zone (CZ), where it promotes stem cell fate by repressing differentiation and also 75 

activates its own negative regulator-CLAVATA3 (CLV3) (23, 24) (Fig. 1A-C). CLV3 76 

encodes a secreted peptide that activates a receptor kinase pathway to restrict WUS 77 

expression (25, 26). WUS has also been shown to bind to the promoters of key 78 

differentiation promoting TFs to repress transcription (27). How the same TF activates 79 

some genes, such as CLV3, and represses other genes in the same cells is largely 80 

unknown. However, a recent study has provided some clues to this regulation. Perales et 81 

al. (24), showed that WUS binds a CRM, a collection of five closely spaced cis-elements, 82 

in the CLV3 enhancer region (Fig. 1D). The incremental deletion of cis-elements led to 83 

downregulation of CLV3 in the outer layers of the CZ and misexpression in the inner 84 

layers of the RM suggesting that same cis-elements mediate activation and repression of 85 

CLV3 at lower and higher WUS respectively. Biochemical analysis revealed that WUS 86 

binds cis-elements as monomers at lower WUS concentrations and binds as 87 

dimers/multimers with increasing WUS concentrations suggesting that 88 

dimerization/multimerization of WUS at higher levels may repress CLV3 (Fig. 1E). The 89 

biochemical analysis also revealed that DNA promotes homodimerization (28, 29). 90 

Furthermore, increasing the affinity of one of the cis-elements decreased the dimerization 91 

threshold and led to the repression of CLV3 in the CZ, supporting the hypothesis of 92 
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affinity-based concentration-dependent activation-repression of transcription in 93 

maintaining CLV3 expression over a window of WUS levels. This concentration-94 

dependent switching of CLV3 transcription is unique among the homotypic CRMs studied 95 

and forms an exception to the French flag model. 96 

Understanding how the concentration-dependent transcriptional switch is established 97 

requires understanding how the CLV3 CRM functions as a unit. The complexity of the 98 

CLV3 CRM regulation involving five cis-elements and the bidirectional relationship 99 

between CLV3 and WUS can be challenging to untangle experimentally. The current 100 

experimental limitations cannot provide a direct real-time view of the actual WUS/CLV3 101 

molecular dynamics under precisely defined conditions. A multiscale computational 102 

model capable of simulating the binding and unbinding dynamics of WUS to all five cis-103 

elements and CLV3 transcription at the tissue level can be helpful in providing 104 

mechanistic insights into the WUS concentration-dependent functioning of the CLV3 105 

CRM.  106 

Different approaches have been developed for studying transcription factor binding 107 

dynamics. The thermodynamic models are usually based on the occupancy of the 108 

promoter by the transcription factors, the statistical weights of possible configurations and 109 

the free energy (30-34). However, when multiple cis-elements with different affinities and 110 

their interactions are involved as observed in CLV3 CRM, the number of possible 111 

configurations becomes large and it is not practical to employ the thermodynamic 112 

approach. Instead, the stochastic simulation algorithm, i.e., Gillespie algorithm where the 113 

dynamics of WUS binding and unbinding to the cis-elements can be modeled as a series of 114 

probabilistic events occurring at random time steps determined is ideal to explicitly model 115 

CLV3 transcription.  116 

We developed a stochastic model to simulate the WUS binding to the CRM in a single 117 

cell. The single cell model was applied to simulate WUS binding the cis-elements under 118 

different concentrations and compared the simulation output with the experimental data on 119 

tissue-level expression patterns of different cis-element mutants of CLV3, to investigate 120 

the roles of WUS binding affinity, distance dependent cooperativity among cis-elements, 121 

and RNA polymerase II (Pol II) recruitment in the transcription process. Subsequently the 122 

single-cell stochastic model was applied to multiple cells represented by unit spheres to 123 

develop a cell-based three-dimensional (3D) model representing the SAM. The 3D model 124 

was applied to further test the mechanisms identified in single-cell model in generating the 125 

spatial patterns of CLV3 expression.  126 

Using a WUS gradient consistent with the experimental data, both computational models 127 

suggested a role for residence time limit (see results section for details) of WUS monomer 128 

binding to the individual cis-elements of different affinities which have been shown to 129 

activate CLV3 largely to a similar extent when acting alone. Beyond residence time limit, 130 

the aged WUS monomers fail to activate transcription and they are replaced with newly 131 

synthesized WUS monomers to sustain CLV3 activation. Our experimental observations 132 

showing a correlation between higher WUS turnover and increased CLV3 activation 133 

supports such a mechanism. When multiple cis-elements are involved, we found that the 134 

cooperative binding of WUS monomers and dimers is required to achieve correct CLV3 135 

activation patterns. The model simulations also suggested a nonhomogeneous 136 

cooperativity among cis-elements that depends on the intervening distance between cis-137 

elements. The model prediction on distance dependent cooperativity was tested in 138 
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experiments by increasing the intervening distance between cis-elements which revealed 139 

an increase in CLV3 activation. The corresponding biochemical experiments revealed that 140 

an increase in intervening distance between cis-elements increased their affinity to WUS 141 

monomers, however, did not alter the concentration at which WUS monomers switch to 142 

form stable dimers/higher molecular weight complexes. These results show the 143 

importance of optimal spacing between cis-elements in determining the concentration 144 

range over which appropriate number of WUS monomers and dimers populate on cis-145 

elements in setting up the activation-repression thresholds. The 3D model that 146 

incorporates multiple cis-elements of different affinities that are spaced optimally, allowed 147 

independent manipulation of the monomer and dimer cooperativity. Our simulations 148 

revealed monomer cooperativity was critical for expression of CLV3 at lower WUS 149 

concentration, while the dimer cooperativity was critical for repression at higher WUS 150 

concentration. Moreover, a balance of the monomer and dimer cooperativity levels was 151 

critical to achieve the wild-type CLV3 expression at a WUS concentration range observed 152 

in experiments.  153 

Results  154 

 155 

 156 

Affinity and collective activity of multiple cis-elements determine CLV3 expression. 157 

Incremental mutations of cis-elements within the CRM result in incremental 158 

downregulation of CLV3 expression in outer cell layers of the CZ and upregulation in the 159 

inner cell layers of the RM, suggesting interaction among cis-elements (24). To 160 

understand the collective behavior of cis-elements, we first deduced the contribution of 161 

each cis-element within the CRM to the regulation of CLV3 by analyzing the loss of 162 

binding mutations in each of the five cis-elements. Single loss of binding mutations in 163 

high-affinity cis-element 970 (Fig. 1D, Table S1), led to drastic downregulation in the 164 

outer layers of CZ (Fig. 2A, B, Fig. S1). On the other hand, independent loss of binding 165 

mutations in the four lower affinity cis-elements led to a minor downregulation in the L1 166 

layer (Fig. 2A, C). These results show that all five elements contribute to the CLV3 167 

expression, with the highest affinity cis-element contributing maximally over the lower 168 

affinity cis-elements CLV3. Moreover, our previous work shows that increasing the 169 

affinity of 970 cis-element alone downregulated CLV3 expression revealing the critical 170 

role of affinity of cis-elements in regulating the CLV3 expression (Fig. 2A, D). These 171 

results suggest that each cis-element contributes to CLV3 expression and their affinities 172 

are critical to achieving proper spatial regulation. 173 

Single cis-elements can only activate CLV3 at higher WUS level 174 

The subtle changes observed upon mutating individual lower affinity cis-elements ruled 175 

out a simple additive interaction in regulating CLV3 expression. Therefore, to further 176 

understand the nature of interactions among cis-elements, we first determined the 177 

contribution of each one of the five cis-elements to CLV3 expression, referred to as the 178 

intrinsic (i) behavior. We generated a library of 5 mutant CLV3 reporters; each contained 179 

only one functional cis-element referred to as 970i, 997i, 1007i, 950i, and 1060i. The 180 

reporter expression analysis revealed a dramatic downregulation of CLV3 expression in 181 

outer cell layers of CZ, including the higher affinity cis-element-970i (Fig. 2E, F, Fig. S1). 182 

To test further the importance of affinities in influencing intrinsic behavior, we analyzed 183 

the expression of 970M4i (Fig. 2E, H). The 970M4 cis-element is a mutation in 970 which 184 
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binds WUS with three times higher affinity, and it has been shown repress CLV3 185 

expression even at lower WUS in outer cell layers of CZ (24). The 970M4i reporter (Fig. 186 

2E, H, Fig. S1) was expressed at a significantly higher level than the 970M4 (Fig. 2A, D). 187 

To further test whether the reactivation of CLV3 associated with the 970M4i is 188 

functionally relevant, we examined its ability to complement clv3-2 null mutants by 189 

expressing CLV3 genomic version. The 970M4 mutants partially complement the SAM 190 

and the floral meristem (FM) phenotypes when compared to the wild-type CLV3 promoter 191 

(Fig. 3, Fig. S2). However, the 970M4i was able to significantly better complement both 192 

the SAM and FM phenotypes showing the reactivation of 970M4i (Fig. 3F, l). 193 

Furthermore, both 970i (Fig. 3E, K) and 970M4i (Fig. 3F, L) complemented clv3-2 to a 194 

similar extent despite binding WUS with different affinities. Consistent with this 195 

conclusion, all single cis-elements irrespective of large differences in their WUS binding 196 

affinities largely activated CLV3 only in the inner layers of RM where WUS accumulates 197 

at a higher level (Fig. S3). However, cis-element affinity is important in the context of 198 

other functioning cis-elements in the CRM, as exemplified by the repression of 970-M4. 199 

In summary, the affinity-dependent collective WUS binding to all five cis-elements is 200 

required for balancing activation and repression of transcription in regulating the spatial 201 

expression and levels of CLV3. 202 

Description of a stochastic single-cell model of CLV3 transcription 203 

To investigate the mechanisms of interaction among five cis-elements, we developed a 204 

stochastic modeling framework to simulate the WUS binding to the CLV3 CRM in a 205 

single cell, together with the RNA Polymerase II (Pol II) recruitment and CLV3 mRNA 206 

synthesis (Fig. 4A). The model was applied to understand the mechanisms underlying the 207 

CLV3 activation by the individual cis-elements that bind WUS with different affinities and 208 

the interactions among multiple cis-elements in regulating the CLV3 expression together. 209 

The stochasticity was introduced by implementing the Gillespie algorithm (35) to simulate 210 

all possible WUS binding and unbinding events to form a monomer or dimer and 211 

recruitment of Pol II for activating CLV3 transcription. A sufficiently long time was 212 

allowed for all the simulations to reach the steady-state. The CLV3 reporter analysis 213 

performed in the wild-type background, uses a steady-state WUS gradient, to quantify the 214 

effects of the number, affinity and intervening distance between cis-elements on CLV3 215 

expression. Since the focus of this study is to analyze concentration-dependent binding of 216 

WUS to the CLV3 CRM, the feedback regulation of CLV3 on WUS was disabled to 217 

maintain a constant WUS concentration gradient throughout simulations to match the 218 

reporter analysis. It was also assumed that WUS binding the CLV3 CRM alone would not 219 

change the overall WUS concentration. The stochastic time step and index for the next 220 

occurring event were generated by following the original Gillespie algorithm based on the 221 

assumption that binding to one cis-element was independent of the other cis-elements 222 

unless cooperativity among cis-elements exists. The average amount of CLV3 mRNA 223 

synthesized, at a fixed WUS concentration, from multiple simulations was calculated. The 224 

model was then applied to measure the total amount of CLV3 mRNA synthesized at 225 

different WUS concentrations (See Supplementary Materials for details). 226 

Modeling WUS binding to the cis-regulatory module 227 

Our previous analysis revealed that each cis-element binds WUS at different 228 

concentrations as monomers first and then switches to forming dimers at increasing 229 

concentrations (24). Therefore, we first aimed to determine the binding and unbinding 230 
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probabilities associated with each cis-element by reproducing the ratio of monomer and 231 

dimer bound cis-elements observed in Electrophoretic Mobility Shift Assay (EMSA) 232 

experiments (24). Since increasing the TF concentration decreases the search time of its 233 

binding to cis-elements (36), it was assumed that the probability of WUS binding to cis-234 

elements increases with the increase in WUS concentration. In particular, the propensity 235 

of WUS binding to an empty cis-element or with a monomer is assumed to depend 236 

linearly on WUS concentration, i.e., 𝑘𝑜𝑛𝑀 [𝑊𝑈𝑆], where 𝑘𝑜𝑛𝑀  is the binding rate. Then the 237 

unbinding propensity 𝑘𝑜𝑓𝑓𝑀  of WUS associated with each cis-element is calculated as 238 𝑘𝑜𝑓𝑓𝑀 =𝐾𝑑𝑀𝑘𝑜𝑛𝑀 , where 𝐾𝑑𝑀 , the dissociation constant, was quantified in our previous work 239 

(24) (Table S1). To test this assumption, we considered a wide range of WUS 240 

concentration that encompasses WUS monomer and dimer binding to each one of the five 241 

cis-elements observed in EMSA experiments (24). We first simulated WUS monomer 242 

binding to a single cis-element to determine 𝑘𝑜𝑛𝑀 , a free parameter, such that proportions of 243 

bound monomers obtained in the model were similar to those observed in the EMSA 244 

experiments with WUS that lacked the C-terminal homodimerization domain (Fig. S4A). 245 

Since dimerization occurs through sequential recruitment of WUS to the WUS monomer-246 

DNA complex, we next modeled the dimer formation by recruiting the second WUS 247 

molecule to a monomer. In absence of the experimental values on binding affinity 248 

associated with the WUS dimerization, we chose 𝐾𝑑𝐷 associated with the binding of the 249 

second WUS molecule to be the same as the one used to simulate monomer 𝐾𝑑𝑀. We chose 250 𝑘𝑜𝑛𝐷  for dimer binding such that proportions of monomer and dimer bound to the cis-251 

elements matched the EMSA experiments with full-length WUS (24) (Fig. S4B). 252 

Modeling CLAVATA3 transcription 253 

We considered the recruitment of Pol II as another stochastic event in the model. It has 254 

been shown that the transition from monomer binding to dimer binding could be 255 

correlated to the transcriptional switch from activation to repression of CLV3. Therefore, 256 

we assumed monomer binding recruits Pol II to activate CLV3 transcription while the 257 

WUS dimers fail to recruit Pol II and activate CLV3 transcription. We introduced a time 258 

delay between two successive Pol II recruitment events due to the size of the Pol II 259 

complex occupying the transcription start site. The time delay calculated based on an 80 260 

bp footprint of RNAp and mRNA elongation rate, which is estimated to be 1.2 kb/min 261 

(37), was approximated as 80 𝑏𝑝 × 60𝑠𝑒𝑐1200𝑏𝑝 = 4 𝑠𝑒𝑐. It is also assumed that after 262 

transcription initiation, the WUS monomer can unbind or bind another WUS molecule to 263 

form a dimer. Moreover, we considered the Pol II recruitment rate as an uncalibrated 264 

parameter and carried out perturbations to examine its effect on the transcriptional output. 265 

The model was calibrated over a wide range of WUS concentrations. We then applied the 266 

model to simulate WUS binding/unbinding to a single cis-element and Pol II recruitment 267 

to generate the intrinsic expression of CLV3 at different WUS concentrations. By 268 

comparing the CLV3 mRNA production with the experimental quantification of the CLV3 269 

expression in (Fig. 2E-H), an optimal scale of WUS concentrations was obtained to 270 

capture the WUS gradient in different cell layers of the SAM. This optimal WUS 271 

concentration scale was used in all single-cell simulations to investigate possible 272 

mechanisms controlling the intrinsic behavior of each cis-element in regulating the CLV3 273 

expression. 274 

Mechanisms of the intrinsic behaviors of cis-elements in regulating CLV3 275 
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It has been observed that the transcriptional output depends on the affinity of cis-elements 276 

and the TF concentration (30, 32, 38-45). In general, a higher affinity cis-element results 277 

in a longer TF occupancy than the lower affinity cis-element at a given WUS 278 

concentration. Consequently, a longer TF occupancy leads to a higher mRNA production 279 

(46). Experiments reveal that WUS binds to 970M4i with approximately 21.4 times higher 280 

affinity than to the lowest affinity cis-element-1060i. Therefore, a longer residence time of 281 

WUS on 970M4i was expected to produce much higher levels of CLV3 than 1060i. 282 

However, our experiments revealed that though 5 cis-elements bound WUS with different 283 

affinities, intrinsically (950i, 970i, 997i, 1007i and 1060i mutants), they were able to 284 

similarly activate CLV3 only in inner cell layers of RM where WUS concentration is 285 

higher (Fig. 2E-H). The initial attempt in modeling by assuming WUS occupancy based 286 

on affinities produced distinct CLV3 expression patterns for the highest -970M4i and the 287 

lowest -1060i cis-element (Fig. 4B). The 970M4i produced a much sharper increase in 288 

CLV3 expression at lower WUS concentration than 1060i. With the increase in WUS 289 

concentration, the 970M4i produced a lower amount of CLV3 mRNA which is expected 290 

due to the WUS dimerization, while the 1060i continued to yield higher CLV3 mRNA 291 

(Fig. 4B). Such dramatically different CLV3 expression patterns produced by 970M4i and 292 

1060i were not consistent with experimental observations, suggesting additional 293 

mechanisms may regulate the intrinsic activation behavior of cis-elements in addition to 294 

their affinities. 295 

It has been noticed for different types of TFs, including General Control transcription 296 

factor (GCN4) in yeast (47), and transcriptional co-activator-NPR1 involved in systemic 297 

acquired resistance (SAR) in Arabidopsis (48), a higher turnover of TFs leads to a higher 298 

transcriptional activation. Furthermore, the transcriptional activation domains (TADs) of 299 

GCN4 and other TFs have been shown to overlap with degradation domains, suggesting a 300 

possible correlation between transcriptional activation and TF turnover (47, 49). Moreover 301 

transcription-dependent degradation has been shown for SREBP family of transcription 302 

factors (50). These observations suggest that TFs when actively transcribing may get 303 

progressively modified (for example phosphorylated) and become transcriptionally 304 

ineffective and marked for their degradation (47, 49). Although deep mechanistic links 305 

between WUS, protein phosphorylation and protein destabilization machinery are still 306 

unknown, our earlier work suggests similarities between WUS and TFs described above. 307 

a) The transcriptional regulatory domains (WUS-box and EAR-like domains) function as 308 

degrons (51, 52). b) The CLV3 activated at lower WUS concentration in the CZ can be 309 

repressed by enriching and stabilizing the WUS protein in the nucleus (24, 51). c) The 310 

Dexamethasone (Dex)-mediated nuclear translocation of WUS by using the 35S::eGFP-311 

WUS-GR system led to an immediate destabilization of the protein in the CZ within 6hrs 312 

(53). By 24hrs of Dex application, the protein was only detected in the nuclei of cells in 313 

the edge of the PZ and deeper cell layers of the RM. The CLV3 activation and expansion 314 

into the PZ followed the centripetal pattern of rapid destabilization of the WUS protein 315 

(53; Fig. 5).  316 

Perhaps degradation of WUS decreases the dimer concentration or creates a dynamic 317 

WUS that works favorably with the Pol II binding limit to increase CLV3 activation. 318 

Therefore, we considered an upper limit on the residence time of WUS beyond which 319 

WUS becomes inactive and fails to recruit Pol II, referred to as residence time limit in the 320 

model (Fig. 4A). The older/inactive WUS species need to be replaced with newly 321 

synthesized WUS monomers to maintain transcription. Therefore, we imposed the same 322 

WUS monomer residence time limit for all cis-elements. A drastically lower WUS 323 
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monomer residence time limit substantially decreased CLV3 expression for all cis-324 

elements (Fig. 4C, S5). Simulations with a balanced residence time limit were able to 325 

generate a similar intrinsic expression pattern of CLV3 for all cis-elements. In particular, 326 

to generate similar expression patterns of 970M4i (highest affinity) and 1060i (lowest 327 

affinity) cis-elements, we chose the residence time limit to be 10 for all simulations 328 

involving multiple cis-elements discussed in the following sections (Fig. 4B-D, Fig. S5). 329 

 330 

The CLV3 CRM composition determines sensitivity to dynamic changes in WUS 331 

protein levels 332 

The number of cis-elements may also determine the sensitivity of the CLV3 promoter to 333 

WUS levels to regulate spatial expression of CLV3. To test this, we analyzed the response 334 

of the mutant promoters lacking several WUS binding cis-elements to 35S::eGFP-WUS-335 

GR  system, upon 24 hours of Dex application, described in the previous section. The 336 

wild-type CLV3 promoter with five functional cis-elements expressed at high levels and 337 

the promoter activity expanded into the PZ (Fig. 5D, G). The mutant promoter lacking the 338 

two functional WUS binding cis-elements (970M and 997M)-pCLV3(DM)::H2b-mYFP is 339 

initially expressed in the deeper cell layers, and the expression levels are below that of the 340 

wild-type promoter (Fig. 5E). The 24hrs Dex application was able to activate pCLV3(DM) 341 

in the CZ weakly but failed to expand into the PZ (Fig. 5H) [n=8] when compared to the 342 

wild-type promoter, which revealed strong activation and radial expansion (Fig. 5G). The 343 

mutant promoter lacking four cis-elements (950M, 970M, 997M, and 1060M)-344 

pCLV3(QM)::H2b-mYFP was expressed only in the deeper layers (Fig. 5F). After 24hrs of 345 

Dex application, the mutant promoter was mildly upregulated in deeper layers, however, it 346 

failed to activate in the CZ and expand radially into the PZ (Fig. 5I). Taken together, rapid 347 

destabilization of WUS can lead to higher CLV3 activation which is maintained even at 348 

undetectable WUS protein levels showing that all five cis-elements working together 349 

increases the sensitivity of CLV3. 350 

Cooperativity among cis-elements regulates CLV3 expression 351 

Our experimental analysis showing different expression patterns of CLV3 for single cis-352 

elements and multiple cis-elements suggested an interaction among cis-elements within 353 

the CRM (24). The same study also showed that an increase in cis-element affinity 354 

(970M4) resulted in a decrease in dimerization threshold and repressed CLV3 in outer cell 355 

layers of CZ where WUS accumulates at a lower level. These observations suggested that 356 

cis-element affinity is important in the context of the multiple cis-elements, possibly in 357 

inducing cooperative interactions among WUS dimers bound to multiple cis-elements 358 

within the CRM. To understand the multiple cis-element behaviors, we utilized the 359 

calibrated single cell WUS binding model by extending it to include multiple cis-elements. 360 

Without any cooperative interactions among them, an increase in WUS concentration led 361 

to an increase in CLV3 expression, which can be interpreted as a linear combination of 362 

intrinsic behaviors of individual cis-elements, which is not consistent with the 363 

experimental analysis (Fig. 6A). Therefore, we introduced cooperativity among cis-364 

elements into the model. First, we considered equal cooperativity among all cis-elements 365 

irrespective of the intervening distance. As the cooperativity increased, the CLV3 366 

expression decreased at higher WUS concentration, which could be due to increased 367 

dimerization (Fig. 6B). Then we chose appropriate values for parameters involved in the 368 
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dimer cooperativity to obtain the highest activation of CLV3 at a lower WUS 369 

concentration as observed in experiments. Next, we used the calibrated model with the 370 

chosen cooperativity parameters to simulate mutant CLV3 consisting of different number 371 

of cis-elements. In particular, our experimental analysis showed a weaker downregulation 372 

of CLV3 upon mutating any one of the four lower affinity cis-elements (950M, 997M, 373 

1007M and 1060M) for low WUS concentration, compared to the highest affinity, i.e., 374 

970 cis-element (970M) (Fig. 2A-C). However, in the simulations with the calibrated 375 

equal dimer cooperativity, the 950M was expressed at a much higher level than the wild-376 

type at high WUS concentration (Fig. 6C), which was not consistent with the experimental 377 

observation, suggesting unequal cooperativity among those cis-elements in the CRM. 378 

Next, we introduced unequal dimer cooperativity wherein the interaction between 379 

neighboring cis-elements was higher, and cooperativity decreased with increasing 380 

intervening distance (referred to as distance-dependent cooperativity). Similar kind of 381 

cooperativity was studied in thermodynamic models earlier (54). For simplicity, we 382 

simulated 970M and 950M expressions representing mutations in high and low-affinity 383 

cis-elements respectively. The model with distance-dependent dimer cooperativity was 384 

able to generate wild-type expression patterns. However, a similar expression behavior 385 

was observed for both 950M and 970M at lower WUS concentrations which is 386 

inconsistent with the experimental data (Fig. 6D). This suggested that the cis-element 387 

affinity influences interactions among cis-elements and the higher affinity cis-element-970 388 

interacts differently than the lower affinity cis-elements in activating CLV3 at lower WUS. 389 

Therefore, distance-dependent monomer cooperativity between cis-elements was 390 

considered. The monomer and dimer cooperativity were considered separately since one is 391 

responsible for activation and the other one is responsible for repression. Considering that 392 

the affinity plays a role when multiple cis-elements interact, the residence time limit 393 

associated with single cis-element was disabled. The additional WUS monomer 394 

cooperativity along with the dimer cooperativity between all cis-elements, was able to 395 

generate expected wild-type and the mutant (970M and 950M) cis-element behaviors at all 396 

WUS concentrations (Fig. 6E), showing the importance of both in regulating CLV3 397 

transcription.  398 

The neighboring cis-elements influence WUS DNA-Protein complex formation 399 

To test predictions of model simulations on the possible cooperative behavior of cis-400 

elements, we performed EMSA with increasing concentration of WUS on probes that 401 

contain two adjacent cis-elements. We considered the two adjacent cis-elements-970 and 402 

997 because mutating these two cis-elements has been shown to downregulate CLV3 403 

expression in outer cell layers of CZ and upregulate expression in the inner layers of RM 404 

(24). Full-length WUS at lower concentration has been shown to bind as a monomer to 405 

single cis-elements, which shifts to a dimeric complex at higher WUS concentration (24). 406 

We found that WUS bound the oligo that contains 970 and 997 cis-elements (Fig. 6I) at 407 

much lower concentrations than observed with the oligos of the same length that only 408 

contains one functional cis-element that is either the 970 (Fig. 6H) or 997 cis-element 409 

(Fig. 6G). In addition, the WUS shifted to form higher molecular weight complexes at 410 

much lower concentrations with the two functional cis-elements than one functional cis-411 

element (Fig. 6I). To further test the nature of the protein and complex formation across 412 

multiple cis-elements, we tested the binding patterns of two WUS protein variants-WUS1-413 

134 that only contained the DNA binding domain and lacked the centrally located 414 

homodimerization domain (HOD) and WUS1-208 that contains the centrally located HOD 415 



 

Science Advances                                               Manuscript Template                                                                           Page 10 of 55 

 

domain. Our earlier work has shown that these fragments bind cis-elements with 416 

comparable affinities to the full-length protein (24). With increasing concentration of 417 

WUS1-134, a gradual switch from monomeric to the higher molecular complex was 418 

observed, which is expected as previous work has shown that the DNA binding domain 419 

also participates in dimerization (24, 29). While with the WUS1-208, at the same protein 420 

concentration range, we observed a faster shift from the monomer form into the higher 421 

molecular weight complex. Testing these two protein versions on a probe containing only 422 

one functional 970 cis-element revealed higher molecular complex formation at a much 423 

higher concentration (24). These results suggest that the second dimerization domain may 424 

facilitate interaction between WUS molecules bound to the adjacent cis-elements in 425 

promoting higher molecular WUS complex formation. 426 

The distance between cis-elements is critical for CLV3 expression 427 

The cooperativity observed in gel shift assays suggests that the neighboring cis-elements 428 

increase WUS binding, possibly through protein-protein interaction facilitated by the 429 

second homodimerization domain (HOD2). To test the influence of spacing between cis-430 

elements without reducing the number or affinity, we duplicated the sequence between 431 

neighboring cis-elements. The increased distance might reduce the interaction of WUS 432 

bound to neighboring cis-elements without affecting the intrinsic binding to each 433 

independent cis-elements. Therefore, we duplicated the intervening sequence between 434 

970-997 and 997-1007 [Double space around 997] pCLV3(DS-997)::H2B-mYFP. 435 

Increasing the distance between neighboring cis-elements led to increased CLV3 436 

expression in all cell layers and increase in the deeper layers was much higher than the 437 

outer cell layers of CZ (Fig. 7A-C). These results suggest that the distance between cis-438 

elements is more critical for the repression of CLV3, likely through the formation of large 439 

WUS complexes across neighboring cis-elements. In order to test whether the increased 440 

distance between 970 and 997 cis-elements alters the binding dynamics, we analyzed 441 

WUS binding to the oligo with duplicated sequences that doubled the distance between 442 

970 and 997 (970--997). The full-length WUS protein could bind the oligo (970--997) at 443 

lower WUS (Fig. 7D,E). However, the transition from lower molecular weight complexes 444 

to higher molecular weight complexes occurred over a much wider WUS concentration 445 

range. Therefore, the increase in CLV3 expression in all cell layers seen in DS-997 could 446 

be explained by the larger WUS concentration range over which it remains as a lower 447 

molecular weight complex, showing that in addition to the affinity of the cis-elements, the 448 

intervening distance is important in regulating the CLV3 expression. 449 

Description of a 3D cell-based model of CLV3 transcription  450 

The single-cell model provided insights into the WUS binding dynamics with individual 451 

cis-elements, Pol II recruitment, and minimum cooperativity mechanisms required for 452 

CLV3 expression (Fig. S6). However, the single-cell model can only provide average 453 

expression behavior at given WUS concentrations, without considering the tissue spatial 454 

organization and the stochasticity associated with individual cells within layers of the 455 

SAM under a broader range of WUS concentrations. Therefore, we expanded our scope of 456 

study by developing a three dimensional (3D) multicellular model to capture the tissue-457 

level spatial dynamics. 458 

The 3D model could help quantify the establishment of the CLV3 expression pattern 459 

throughout the tissue by simulating the stochastic single-cell model in individual cells 460 
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simultaneously at different WUS concentrations. The 3D model was constructed based on 461 

the framework used in our previous work (27) combined with new biological data and 462 

mechanisms identified by using the stochastic single-cell model. The computational 463 

domain consisted of a 3D matrix of unit spheres organized in a half-dome shape, 464 

corresponding to cells within the SAM from the L1 to L7 layers. At the tissue level, a 465 

spatial gradient of WUS proteins across different layers, which captured a similar fold 466 

change from deeper layers to outer layers observed in experiments (Fig. 8C, Fig. S3), was 467 

introduced and maintained at this fixed concentration throughout each simulation (Fig. 468 

1A, 8C). In individual cells, the single-cell stochastic model was applied to simulate WUS 469 

binding with cis-elements by using the local WUS concentrations to regulate CLV3 470 

transcription. The same mechanisms identified by the single-cell stochastic model were 471 

implemented under wild-type and multiple cis-element mutant conditions. Each 472 

simulation was allowed to run long enough to achieve the steady-state behavior, and the 473 

parameters used in the simulations are listed in Table S3. 474 

Analysis of CLV3 expression and WUS complexes captured by the 3D model 475 

Using a biologically relevant WUS gradient (Fig. 8C), CLV3 simulations were generated 476 

under a variety of different conditions, including wild-type, four cis-elements (970M), 477 

three cis-elements (DM), and single cis-element (e.g. 970i). The behaviors of several cis-478 

element mutants are shown in Fig. 8A-B. CLV3 expression in wild-type was generally 479 

higher than other mutants, similar to the experimental data shown in Fig. 2A. In particular, 480 

wild-type CLV3 activation was highest in the L1 layer and lowest in the inner layers of 481 

RM. 970M showed a higher expression in the inner layers of RM than in the outer L1 482 

layer. Of particular interest was 970M4, in which the affinity was strengthened over the 483 

default 970 affinity, expressed at lower level in all cell layers. When simulating the 484 

mutants with a single functional cis-element in the CRM, e.g. 950i, 970i, 997i, 1007i, and 485 

1060i, the CLV3 expression was detected in only the inner layers of RM. Other than the 486 

minor difference in the magnitude, all single cis-element mutants expressed only in the 487 

inner cell layers (Fig. 8B), similar to the experimental results. Simulations also showed an 488 

impairment in the spatial patterns of CLV3 expression as more cis-elements were deleted. 489 

For example, the deletion of a single lower affinity cis-element-950 (950M) had a 490 

relatively minimal effect on CLV3 activation. (Fig. 8D). In contrast, deletion of the higher 491 

affinity cis-element-970 (970M) shifted CLV3 expression to the inner layers (Fig. 8D). 492 

The more drastic shift in CLV3 expression into deeper layers occurred when deleting four 493 

cis-elements (e.g. 950i or 970i) regardless of their WUS binding affinity (Fig. 8D). 494 

Therefore, the cooperativity mechanism identified by the single-cell stochastic model was 495 

able to generate the expected CLV3 expression behavior in the 3D model. 496 

Bi-molecular Fluorescence Complementation assays (BiFC) in plants expressing split 497 

eGFP-WUS constructs expressed from the native WUS promoter revealed very few 498 

fluorescent positive cells in the L3 and the L2 layers of SAMs (Fig. S7). These results 499 

show that WUS dimerizes in cells that accumulate higher levels of WUS supporting the 500 

correlation observed in biochemical analysis.  However, the observed dimerization in 501 

BiFC assays does not distinguish between DNA-bound WUS complexes and unbound 502 

complexes. Moreover, it likely represents WUS complexes with cis-elements of many 503 

target genes (27).  Therefore, we utilized the 3D model to visualize the spatiotemporal 504 

distributions of WUS complexes including monomers and dimers on the CLV3 promoter 505 

across cell layers in SAMs (Fig. 8D). A higher concentration of WUS monomers in the 506 

outer layers of CZ and higher dimers in the inner layers of RM were observed for the 507 
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wild-type and lower affinity cis-element -950M. Deleting the 970 cis-element showed 508 

lower levels of WUS monomers in outer layers of CZ and lower levels of dimers in inner 509 

layers of RM (Fig. 8D). This suggested that the higher affinity cis-element exerts a 510 

stronger influence on CLV3 transcription, but it was not sufficient to completely activate 511 

in the outer layers of the CZ or repress the inner layers of RM on its own, showing that 512 

cis-elements interact with each other in maintaining specific amounts of WUS monomer 513 

and dimer complexes in different layers in regulating CLV3 expression. The 970M4 514 

results resolved the seemingly paradoxical expression patterns of this mutant. A massive 515 

amount of WUS dimers in all layers that can explain a drastic reduction of CLV3 516 

expression. In contrast, both monomers and dimers accumulated at a lower level when 517 

only one cis-element was functional, showing that WUS failed to populate at higher levels 518 

on cis-elements likely due to the lack of cooperativity. Overall, the 3D model simulations 519 

showed the spatial distributions of WUS complex formation at a quantitative level in 520 

different cell layers of SAMs. The WUS complex formation could be correlated to WUS 521 

concentration in different cell layers and the affinity-dependent cooperative behavior of 522 

cis-elements in expressing CLV3 in the CZ. 523 

Effect of cooperativity on the spatial patterns of CLV3 transcription 524 

The experimental evidence suggested that the cooperativity among cis-elements is critical 525 

to achieving proper spatial patterns of CLV3 expression. To better understand the role of 526 

cooperativity in the robust regulation of CLV3 expression quantitatively, we imposed 527 

different levels of cooperativity between monomers or dimers for both wild-type and 528 

mutant conditions. A complete removal of cooperativity led to a higher CLV3 expression 529 

in the inner cell layers of RM and a lower expression in outer cell layers of CZ under all 530 

conditions (Fig. 9A). In contrast, increasing cooperativity led to CLV3 downregulation 531 

(Fig. 9C) showing that strength of cooperativity influences CLV3 expression. Our 532 

experimental analysis shows that increasing the cis-element affinity (970M4) leads to 533 

downregulation of CLV3 expression which could be due to a higher cooperativity among 534 

cis-elements leading to the repression. To test this hypothesis, we removed cooperativity 535 

from 970M4 which led to an increase in CLV3 expression, and the pattern of expression 536 

resembled that of wild-type (Fig. 9A). These results show the importance of cooperativity 537 

in modulating CLV3 expression, which in turn depends on the cis-element affinity. 538 

Our experimental analysis also showed that decreasing the number of cis-elements leads 539 

to a decrease in CLV3 expression in outer cell layers of CZ and an increase in inner cell 540 

layers of RM, suggesting that the number of cis-elements may also aid in inducing 541 

cooperativity. Consistent with the requirement of multiple cis-elements in mediating 542 

cooperativity, the effects of cooperativity levels on CLV3 expression diminished with the 543 

deletions of multiple cis-elements (Fig. 9). 544 

As shown above, removing the overall cooperativity that includes both the monomer and 545 

dimer cooperativity leads to the internalization of CLV3, which is not entirely consistent 546 

with the in vivo observed overall increase of CLV3 expression even in the outer cell layers 547 

of pCLV3(DS-997) (Fig. 7B, C). Removing the overall cooperativity which also included 548 

the monomer cooperativity might have caused the downregulation of CLV3 in outer cell 549 

layers of CZ. Therefore, we perturbed monomer and dimer cooperativity independently. 550 

At a constant dimer cooperativity, increasing monomer cooperativity alone led to a 551 

gradual increase in CLV3 expression in outer cell layers and expression maxima shifted to 552 

outer cell layers (Fig. 10A and Fig. S8, S9). In contrast, increasing the dimer cooperativity 553 
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alone led to an overall decrease in CLV3 expression, which was more pronounced in the 554 

inner layers of RM and a shift in the expression maxima to the outer layers of CZ (Fig. 555 

10B and Fig. S8, S9). This suggests that CLV3 expression is regulated through a balance 556 

between dimer and monomer cooperativity mediating the repression and activation, 557 

respectively. These simulation results could also help us to understand the experimental 558 

data, in which the increased expression of CLV3 in all cell layers observed upon doubling 559 

the distance (DS-997) could be attributed to lower dimer cooperativity leading to 560 

derepression. Together, these results show that cooperativity plays a critical role in 561 

regulating CLV3 expression when all five cis-elements are functional. 562 

 563 

Discussion  564 

A homotypic cluster of 5 cis-elements with different WUS binding affinities regulates 565 

levels and spatial expression of CLV3. WUS has been shown to activate and repress CLV3 566 

at lower and higher levels, respectively. Our work reveals that the relative affinities of 567 

each element, the number of cis-elements and intervening distance contribute to the 568 

collective effect. Moreover, the collective activity of the CRM arises not only because of 569 

the individual affinity but also because of cooperative binding of multiple neighboring cis-570 

elements to WUS. WUS was previously shown to form a mixture of monomers, dimers, 571 

and oligomers in solution over a wide concentration range (24). Moreover, DNA/cis-572 

elements have been shown to promote dimerization or multimerization of WUS over a 573 

small 2-4 fold increase in WUS level.  574 

Our biochemical analysis presented here reveals that two adjacent cis-elements can 575 

increase the binding sensitivity of WUS at lower levels than the single cis-elements 576 

suggesting that the cis-elements cooperate in increasing the binding probability of WUS 577 

monomers which could contribute to boost activation. Our biochemical work also shows 578 

that the two cis-elements working together allows the formation of higher order WUS 579 

complexes at lower WUS levels which depends on the second homodimerization domain 580 

(Fig. 6J, K). This suggests that the second homodimerization domain may allow 581 

interaction of WUS species bound to the adjacent cis-elements in forming higher order 582 

complexes. WUS has two dimerization domains one of which is near the DNA binding 583 

domain and the other is found outside the DNA binding domain (24). The second 584 

dimerization domain may allow for protein-protein interaction across neighboring cis-585 

elements which then allows for cooperative binding across the cis-elements. Our analysis 586 

also reveals that cis-element affinity plays a critical role in inducing cooperativity across 587 

cis-elements. The increased affinity of 970M4 cis-element contributed to higher 588 

cooperativity leading to the repression of CLV3. However, such repression requires other 589 

functional cis-elements in the CRM showing that the collective behavior arises as a result 590 

of the number of cis-elements and the WUS binding affinities. The collective behavior of 591 

a low affinity homotypic CRM has been shown to be critical in a recent study of the 592 

Drosophila SHAVENBABY locus. Increasing the binding affinity of one of the cis-593 

elements resulted in a strong ectopic activation suggesting that low affinity homotypic 594 

CRMs may lead to higher specificity (9). Our work showing the importance of the number 595 

of cis-elements in regulating gene expression agrees with the fundamental concept of 596 

having multiple cis-elements organized in a constellation leads to gene expression 597 

specificity. However, the CLV3 CRM regulation differs from other homotypic CRMs such 598 

SHAVENBABY locus where CLV3 expression is regulated through a concentration-599 

dependent activation-repression switching mechanism. The C-terminus of WUS has been 600 

shown to bind at least three proteins; HAIRYMERISTEM (HAM) (55), SHOOT-601 
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MERISTEMLESS (STM) (56) and TOPLESS (TPL) (57). Earlier analysis shows that the 602 

C-terminus of WUS is not required for the regulation of DNA binding affinity and 603 

dimerization (24) and DNA binding specificity (29). Therefore, we suggest that WUS 604 

binding to the CLV3 CRM is a cofactor independent mechanism that depends on the 605 

organization of cis-elements in the CRM. Besides CLV3, WUS has been shown to activate 606 

and repress several hundred genes (27). Our bioinformatics search for “TAAT” core 607 

containing cis-element clusters (see supplementary materials for details of the algorithm) 608 

identified multiple clusters in 152 out of 154 WUS-upregulated genes and 298 out of 303 609 

WUS-downregulates genes (Tables S6 and S7). This resource should guide future in vivo 610 

analysis to refine our understanding of the relationship between CRMs and gene 611 

expression specificity.  612 

Our analysis also shows that the interaction between cis-elements in promoting higher 613 

molecular WUS complexes also depends on the distance between cis-elements. Increasing 614 

the distance between cis-elements surprisingly decreased the WUS detection threshold 615 

suggesting that distance may also play a role in sensing WUS concentration through an 616 

unknown mechanism. This might increase the probability of WUS monomer binding to 617 

adjacent cis-elements. However, the stabilization of WUS into a higher molecular weight 618 

complexes still occurred at the same WUS levels as observed with the wild-type distance. 619 

Thus, the increase in CLV3 expression observed upon increasing the distance could be due 620 

to increased activation and not entirely due to the reduced repression. Taken together our 621 

results show that the cis-element affinity plays a dominant role in CLV3 repression while 622 

it appears that the system can withstand an increase in intervening distance in forming 623 

higher WUS complexes.  624 

The computational model developed in this study allows us to recreate and, in a sense, 625 

verify the plausibility of our mechanistic explanations of experimental results. It was 626 

possible to quantify properties that are very difficult to obtain through experimental means 627 

such as the residence time of WUS on cis-elements to calibrate the model and 628 

visualization of concentration-dependent ratios of WUS monomer and dimer/higher order 629 

complexes on the CLV3 cis-elements. The upper limit on the residence time of WUS was 630 

critical to explain individual cis-element behaviors that differ in their binding affinities. 631 

Our experimental analysis shows that a higher WUS turnover leads to a higher CLV3 632 

activation suggesting that older WUS species may become ineffective and may unbind. 633 

The nuclear export of WUS has been shown to play a crucial role in regulating the WUS 634 

nuclear concentration (51). It has also been shown that a nuclear export signal is required 635 

for WUS degradation in the cytoplasm. Perhaps the older WUS molecules that unbind are 636 

exported and degraded in the cytoplasm which may create space for newly synthesized 637 

WUS that moves into the outer layer of CZ to bind cis-elements to sustain CLV3 638 

activation. CLV3 has been shown to offset nuclear export of WUS which forms an 639 

additional feedback mechanism in regulating the nuclear concentration (51). Whether 640 

CLV3 levels also independently determine residence time of WUS by influencing its 641 

unbinding from cis-elements perhaps by regulating the WUS protein modifications 642 

remains to be explored. Nevertheless, a seamless connection involving WUS binding, 643 

unbinding, export and degradation could lead to a robust maintenance of CLV3 644 

transcription. However, the current model assumes a constant WUS gradient and is limited 645 

to exploring the mechanisms underlying the CLV3 expression without considering the 646 

feedback regulations of CLV3 signaling on WUS. Our recent study developed a model 647 

involving both transcriptional and post-translational regulations of WUS by the CLV3 648 

signaling (51). This model used a generic function of WUS concentration to represent the 649 

CLV3 transcription. The model perturbations revealed the dual control of WUS 650 
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transcription and nuclear levels by the CLV3 signaling when coupled to the WUS 651 

concentration-dependent transcriptional activation and repression of CLV3 leads to a 652 

robust maintenance of the WUS protein gradient. Our results show that the cis-element 653 

mutant reporter-970i was dramatically reset into the outer layers of CZ in the clv3 null 654 

mutants complemented with the 970i genomic construct (Fig. S10A-B). Perhaps this is 655 

due to the effects of altered CLV3 signaling on the expression and nuclear accumulation 656 

of WUS establishing a new gradient. In the future, coupling the 3D stochastic model of 657 

CLV3 transcription developed here with the CLV3 signaling model of the regulation of 658 

WUS transcription and the WUS protein dynamics should allow assessment of the 659 

influence of different properties of the CLV3 CRM, including the number of cis-elements 660 

in regulating the robustness of the WUS gradient.  661 

 662 

Materials and Methods 663 

Experimental Design 664 

Plants were grown under continuous light as described earlier in (24). Imaging was 665 

performed on the Zeiss 880 AIRYSCAN upright under a 40X objective. eGFP-WUS was 666 

excited at 488nm and collected with filter 495nm - 550nm. H2B-mYFP was excited at 667 

514nm filtered with MBS 458/514/561/633 and collected with filter BP 495nm - 550nm. 668 

FM4-64 was excited at 561nm and collected with BP 570nm - 620nm.  669 

 670 

Stochastic single-cell model and the 3D cell-based model 671 

Description of two computational models developed in this study is provided in detail in 672 

the Supplemental Materials. Parameters used in the stochastic single-cell model can be 673 

found in Table S1, S2. Parameters used in the 3D cell-based model can be found on Table 674 

S1, S3. 675 

 676 

Statistical Analysis  677 

The source data associated with all experiments are presented in the additional data files. 678 

Additionally, the means, N, and P values are included within each data set. 679 

 680 
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 878 

Figures and Tables 879 

 880 
Fig. 1. Cis-Regulatory Module (CRM) required for CLV3 activation and repression. 881 

Side views of wild-type meristems with the WUS protein reporter pWUS::eGFP-882 

WUS (A) and CLV3 transcriptional reporter containing all five wild-type cis-883 

elements within the 3' CRM pCLV3(wild-type)::H2B-mYFP (B). Scale bar = 884 

10μm. (C) Side view of a SAM cartoon showing WUS protein distribution (green) 885 

and CLV3 (yellow) which form a regulatory feedback loop across cell layers. The 886 

CLV3 CRM; a cluster of WUS binding cis-elements, interacts with the WUS 887 

concentration to repress and activate CLV3. CLV3 signals to WUS at both the 888 

post-translation level, enriching the WUS protein, and transcriptional level, 889 

repressing WUS expression. (D) Schematic of the CLV3 gene including the 890 

location and Kd of WUS binding TAAT cis-elements (cyan) of the CLV3 CRM. 891 

(E) Schematic of WUS monomer and dimer binding to the CLV3 cis-elements 892 

depending on the WUS concentration gradient (across SAM cell layers) and the 893 

relative affinities of cis-elements.  894 

 895 

Fig. 2. The number of cis-elements and affinity influence the collective behavior of 896 

the CRM in regulating CLV3 activation and repression. Average fluorescence 897 

levels (mean ±S.E.) of H2B-mYFP in different cell layers of various pCLV3::H2b-898 

mYFP promoter variants carrying a mutation in single cis-elements of the 3’ CRM 899 

(A). (B-D) Side views of wild-type meristems showing various mutant 900 

pCLV3::H2B-mYFP reporter expression patterns. Single cis-element mutants-901 

970M (B), -950M (C), a higher affinity mutant 970M4 (D). Average fluorescence 902 

levels (mean ±S.E.) of H2B-mYFP in different cell layers of various pCLV3::H2b-903 

mYFP promoter variants carrying mutations in four of the five cis-element mutants 904 

[quadruple mutants] (E).  Side views of wild-type meristems showing various 905 

mutant pCLV3::H2B-mYFP reporter expression patterns. Quadruple mutant 906 

[mutants -950M,997M,1007M,1060M] referred to as 970 intrinsic [970i] (F), 907 

[mutants- 970M,997M,1007M,1060M] referred to as 950 intrinsic [950i] (G), and 908 

[mutants -950M,997M,1007M,1060M] referred to as 970-M4 intrinsic [970-M4i] 909 

(H). All cis-element mutations within the CRM in the 3’ region were generated in 910 
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the mutant-1080 cis-element background.  In all images, scale bar = 20 μm. (A and 911 

E) The error bars represent the standard error. (in all cases, n=4 represents 912 

independent transformants).  913 

 914 
Fig. 3. Functional analysis reveals the importance of the collective behavior of the 915 

CLV3 CRM.  (A-F) Top views of 3D-reconstructed SAMs stained with plasma 916 

membrane dye-FM4-64 (Red). Wild-type (A), clv3-2 (B), and clv3-2 917 

complemented with wild-type genomic CLV3 (gCLV3) expressed from the wild-918 

type CLV3 promoter [pCLV3(WT)::gCLV3;clv3-2] (C), CLV3 promoter carrying 919 

high affinity 970M4 cis-element [pCLV3(970-M4)::gCLV3;clv3-2] (D), CLV3 920 

promoter carrying loss of binding mutation in 950, 997,1007, and 1060 921 

[pCLV3(970i)::gCLV3;clv3-2] (E), and CLV3 promoter carrying high-affinity 922 

mutation-970-M4 and loss of binding mutations in 950, 997, 1007, and 1060 923 

[pCLV3(970-M4i)::gCLV3;clv3-2] (F). (G-L) Side views of intact siliques and 924 

cross section of sliced siliques. Insets show a higher magnification view of the 925 

cross section of the sliced siliques. Wild-type (G), clv3-2 (H) and 926 

[pCLV3(WT)::gCLV3;clv3-2] (I), [pCLV3(970-M4)::gCLV3;clv3-2] (J), 927 

[pCLV3(970i)::gCLV3;clv3-2] (K), and [pCLV3(970-M4i)::gCLV3;clv3-2] (L). 928 

Scale bars (in μm) are given on individual panels in A-F and the scale bars in G-L 929 

are 1 mm. 930 
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 931 
Fig. 4. WUS protein time limit on cis-elements determines the CLV3 levels and 932 

domain of expression. (A) WUS concentration dependent binding [𝑘𝑜𝑛WUS], 933 𝑘𝑜𝑛 is the association rate, and cis-element affinity dependent unbinding [𝑘𝑜𝑓𝑓 =934 𝐾𝑑𝑘𝑜𝑛] determine three possible WUS occupancy states: unbound (zero WUS), 935 

monomer bound (one WUS), and dimer bound (two WUS). We assume only the 936 

monomer bound is able to recruit the RNA Polymerase II (Pol II). A 4 second gap 937 

between recruitment of successive Pol II molecules was estimated from the Pol II 938 

elongation rate and the size of Pol II footprint on the DNA. Additionally multiple 939 

rounds of Pol II recruitment by WUS monomer deteriorate the ability of WUS to 940 

recruit additional Pol II (residence time limit). (B-D) Single cell model of WUS 941 

mediated activation of CLV3 from single cis-element promoters (four mutated and 942 

only one functional cis-element). (B-D) Show the scaled simulation results of 943 

highest (970M4i), intermediate (997i) and lowest (1060i) affinity cis-elements 944 

with the residence time limit of 1000s (similar expression pattern as without the 945 

time limit since the time limit is extremely large) (B), 1s (C) or 10s (D). (D) 946 

Shows all five cis-elements in addition to 970M4i. (D) also shows an approximate 947 

WUS concentration range to reflect the corresponding WUS fold changes from L1, 948 

L2, and L3 layers. 949 
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 950 
Fig. 5. The number of cis-elements determine the sensitivity of CLV3 promoter to the 951 

dynamic changes in the WUS protein accumulation.  (A-C) SAMs showing 952 

WUS protein accumulation patterns (p35S::eGFP-WUS-GR) upon its Dex-induced 953 

nuclear translocation at 6 hours (B) and at 24 hours (C), and upon mock treatment 954 

(A). (D-I) p35S::WUS-GR expressing SAMs showing pCLV3::H2B-mYFP 955 

reporter expression of wild-type CLV3 promoter (D), the double mutant promoter 956 

[970 and 997 mutants] (E) quadruple mutant promoter [970, 997, 950 and 1060 957 

mutants] (F) upon mock treatment. The pCLV3 reporter expression of the 958 

corresponding genotypes after 24 hour Dex treatment is shown in G-I. (A-I) 3D 959 

reconstructed top views of SAMs and corresponding side views shown in A’-I’. 960 

Plasma membrane stain-FM4-64 (red), eGFP-WUS-GR (green) and H2B-mYFP 961 

(yellow). Scale bar = 20 μm. 962 
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 963 
Fig. 6. Cooperativity among cis-elements regulate CLV3 expression. Average CLV3 964 

mRNA levels from single cell simulations in response to WUS concentration 965 

without cooperativity (A), at different strengths of dimer cooperativity (B), when 966 

dimer cooperativity between every cis-element is considered (C), when the dimer 967 

cooperativity depends on the intervening distance between cis-elements (D), and 968 

when both WUS monomer and dimer cooperativity were considered (E). (F) 969 

Binding and unbinding dynamics of WUS monomer and dimer on cis-elements. 970 

(G-K) Gel shift assay of increasing concentrations of full length WUS (1-292aa) to 971 

probes of similar length that cover the 970 and 997 cis-elements. Probes with loss 972 

of binding mutations to the TAAT elements in the 970 cis-element (G) and the 997 973 

cis-element (H). (I) Probe with wild-type copies of the 970 and the 997 cis-974 

elements. Probes that contain higher affinity mutant 970-M4 along with the mutant 975 

997 (J) or the wild-type 997 cis-element (K). (G-K) Arrowheads denote higher 976 

order WUS complexes; monomer (dark grey), dimer (light grey), and higher 977 

complexes (white). The unbound probe (black). 978 

 979 

Fig. 7. Spacing between cis-elements is critical for CLV3 repression. Side view of 980 

SAM showing the wild-type pCLV3::H2B-mYFP expression (A) and mutant CLV3 981 

reporter containing duplicated sequence to the left (5') and right (3') of the 997 cis-982 

element [Double sequence around 997- DS997] (B). (C) Average H2B-mYFP 983 

fluorescence intensity (mean ±S.E.) in 10 centrally located nuclei/cell layers 984 

quantified from four independent transformants of wild-type and DS-997 [n =4] 985 

*** p <0.001. EMSAs showing increasing concentrations of full length WUS (1-986 

292 aa) WUS bound to the probe containing the 970 and 997 cis-elements with 987 

wild-type intervening sequence (D) or a duplicated intervening sequence (E).  988 
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 989 
Fig. 8. Simulated CLV3 dynamics and WUS protein complexes in the 3D SAM model. 990 

(A) Levels of CLV3 (mean = line, SD = shaded area) activation in wild-type 991 

system and system with selected mutated cis-elements. (B) Levels of CLV3 gene 992 

activation (mean = line, SD = shaded area) in wild-type system and system 993 

carrying all possible combinations of quadruple mutants (reflects intrinsic behavior 994 

of each functional cis-element). Line indicates mean CLV3 in different cell layers. 995 

Shaded area indicates standard deviation of activation among the cells in a given 996 

cell layer. L1-L7 indicates the layers of the SAM from outermost CZ to inner 997 

layers of the RM. (C) Spatial distribution of nuclear localized WUS. (D) Median 998 

longitudinal sections of simulated SAMs showing WUS monomer (center panel), 999 

WUS dimer (bottom panel) and CLV3 expression (top panel) in wild-type and 1000 

system carrying various mutant cis-elements-970M4, 950M, 970M, 950i, 970i and 1001 

970M4i. 1002 
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 1003 
Fig. 9. Cooperativity levels influence CLV3 activation. CLV3 activation level of wild-1004 

type CLV3 CRM and mutant CLV3 CRMs under various cooperativity levels. (A) 1005 

No cooperativity; simulations had no cooperativity between cis-elements. (B) 1006 

Normal cooperativity: Normal cooperativity values (0.01 Monomer Cooperativity, 1007 

0.2 Dimer Cooperativity) used in the default simulations. (C) High Cooperativity: 1008 

Simulations with 10x the cooperativity of the default values in the simulation i.e. 1009 

(0.001 Monomer Cooperativity, 0.02 Dimer Cooperativity). Dots are simulation 1010 

values for a cell. Lines are corresponding average expression values from 1011 

experimental studies. Colors represent different mutants. 1012 
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 1013 

Fig. 10. Independent perturbations of the monomer or dimer cooperativity. The 1014 

effect of changes in monomer cooperativity (from 1 to 0.005) and dimer 1015 

cooperativity (from 1 to 0.05) on CLV3 activation. The direction of the arrows 1016 

indicate an increase in cooperativity. In row (A) dimer cooperativity was held 1017 

constant at 0.2 while monomer cooperativity was varied (1 - 0.005). In row (B) 1018 

monomer cooperativity was held at 0.01 and dimer cooperativity was varied (1 - 1019 

0.05). A complete table of changes in monomer and dimer cooperativity is 1020 

presented in Fig. S6. The individual graphs represent the CLV3 activation in 1021 

different cell layers (L1 to L7) of simulated SAMs under the cooperativity levels 1022 

noted for each simulation. The dots represent the values of the CLV3 signal for 1023 

individual simulated cells.  1024 

 1025 

  1026 
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Supplementary Text 1053 

Plant growth conditions and genotypes. 1054 

All plants were grown at 25oC under continuous light. All transgenic plants were generated 1055 

in the Landsberg erecta background. The wild-type pCLV3::H2B-mYFP reporter has been 1056 

described earlier (24). Various cis-element mutant pCLV3::H2B-mYFP reporters described were 1057 

generated through PCR mutagenesis by using appropriate primers listed in Table S4. The 1058 

sequence of the pCLV3::H2B-mYFP and pCLV3::CLV3genomics are included in Data S1, while 1059 

the mutant CRM excerpts are included in Table S5. The p35S::eGFP-WUS-GR transgenic plants 1060 

described in the earlier study (53) were crossed to the wild-type pCLV3::H2B-mYFP, pCLV3 1061 

(DM)::H2B-mYFP and pCLV3 (QM)::H2B-mYFP reporters (24). The progeny was exposed to 1062 

mock or 10μM Dexamethasone (Dex) for 24 hours and imaged as described below. 1063 

 1064 

Sample preparation and confocal microscopy. 1065 

The images were acquired from three-week-old plants. All surrounding older flowers were 1066 

removed carefully. The excised stem containing the shoot apex was transplanted into a plastic 1067 

imaging box containing a 1 cm thick layer of 1.5 % agarose. The stem was stabilized by pouring 1068 

additional amounts of molten agarose, then submerged in deionized water and further processed 1069 

under a stereomicroscope. The remaining older floral buds covering the SAM were further 1070 

trimmed with tweezers to expose the SAM. The water was discarded and a droplet of 3% FM-4-1071 

64 dissolved in deionized water containing 0.016% silwet-77 was applied to each SAM. After 10 1072 

minutes of FM4-64 staining, the plants were submerged in deionized water and imaged by using 1073 

the Zeiss880 confocal microscope.  1074 

 1075 

Image quantification and analysis 1076 

The pCLV3::H2B-mYFP reporter expression and pWUS::eGFP-WUS nuclear protein 1077 

accumulation were quantified from four independent SAMs. The mean nuclear fluorescence 1078 

signal from the ten central most cells in each cell layer were manually selected using a circle tool 1079 

within the ZEN 2.3 blue edition software. To evaluate the statistical significance, two-tailed t-1080 

tests were applied comparing wild-type CLV3 reporter levels in each cell layer to various mutant 1081 

reporters described. The quantification of SAM height was carried out as described in (24). Two 1082 

samples on each independent line, for a minimum of nine independent transgenic lines, for each 1083 

WUS binding cis-element promoter were analyzed. The height was determined from the junction 1084 

of the 5th primordia to the SAM apex. The carpel number was performed on two samples on each 1085 

independent line, for a minimum of 5 independent transgenic lines. The multiple comparison was 1086 

performed by one-way ANOVA followed by Tukey’s HSD test using R (v3.6.1) package.  1087 

 1088 

Gel shift assays - EMSA 1089 

The purification of wild-type WUS protein (amino acids 1-292) was carried out as described 1090 

previously in (24). His-WUS protein, cloned into pET28𝛼 plasmid (Novagen), was expressed in 1091 

BL21 cells. WUS protein was purified from the soluble lysate using a His-tag protocol (Ni-NTA 1092 

His-Bind Resins; Novagen) and dialyzed in 20 mM Hepes at pH 7.8 and 100 mM KCl. The 1093 

EMSA was carried out as described in an earlier study (23, 24). Oligonucleotides were 1094 

radiolabeled with (Ɣ-32P) ATP by T4 polynucleotide kinase (NEB) and annealed with 1095 

complementary oligonucleotides to make double stranded DNA. The protein-DNA binding 1096 

reaction was performed in a 20 μL reaction mixture: 10fmol probe, 1x binding buffer (20mM 1097 

HEPES-KOH at pH7.8, 100mM KCl, 1mMEDTA, 0.1% BSA, 200 ng DNA salmon sperm, and 1098 

10% glycerol) and His-WUS protein. After a 20 min incubation at RT, samples were loaded into a 1099 

6% native polyacrylamide gel. Electrophoresis was performed at 10V/cm for 90 min in 0.5x Tris-1100 

borate buffer. Gels were autoradiographed using phospho imaging and Typhon system. The single 1101 

cis-element probes were same as those used in earlier study (24). The sequences of new 1102 
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oligonucleotide probes containing two cis-elements, the corresponding mutant forms, and probes 1103 

with altered intervening distance have been listed in Table S2.  1104 

 1105 

BiFC analysis  1106 

For the BiFC analyses, the N-terminal fragment of eGFP (NeGFP) from nucleotides 1-465 1107 

(AA 1-155), and the C-terminal fragment of eGFP from nucleotides 466-723 (AA 156-241) were 1108 

generated through an inverse PCR using 5’ Phosphorylated oligos in (Table S4) on the PCR4 1109 

cloning vector with eGFP-WUS described in (23). For generating stable transgenic lines, these 1110 

constructs were introduced into the WUS promoter described in earlier study (23). Fifteen 1111 

independent transgenic plants for each construct were isolated and crossed to each other. The F1 1112 

progeny were used for visualizing BiFC signal in SAM tissue. 1113 

 1114 

Description of stochastic single-cell model 1115 

In the stochastic single-cell model, the WUS concentration-dependent activation and 1116 

repression of CLV3 transcription is modeled as follows. WUS can bind as a monomer or dimer to 1117 

each of the five cis-elements at different affinities. In particular, it is assumed that only monomers 1118 

can recruit Pol II for transcription of CLV3 and one molecule of CLV3 mRNA is generated for 1119 

each Pol II recruitment. The total amount of CLV3 mRNA produced is quantified. Specifically, the 1120 

following five possible stochastic events are considered, where 𝑆 represents a binding site, 𝑃 1121 

denotes one WUS molecule, 𝑆𝑃 denotes the WUS monomer bound cis-element, 𝑆𝑃2 denotes a 1122 

WUS dimer bound cis-element, 𝑇𝑆𝑆 is the transcription starting site, 𝑃𝑜𝑙 𝐼𝐼 is RNA Polymerase 1123 

and 𝑚𝑅𝑁𝐴 denotes CLV3 mRNA: 1124 𝑆 + 𝑃   𝑘𝑜𝑛𝑀→   𝑆𝑃  binding with one WUS molecule (WUS monomer) [1] 1125 𝑆𝑃   𝑘𝑜𝑓𝑓𝑀→   𝑆 + 𝑃 unbinding of WUS monomer creates unoccupied cis-element      [2] 1126 𝑆𝑃 + 𝑃  𝑘𝑜𝑛𝐷→   𝑆𝑃2 binding of the second WUS molecule to the WUS monomer (WUS dimer)          1127 

 [3] 1128 𝑆𝑃2   𝑘𝑜𝑓𝑓𝐷→    𝑆𝑃 + 𝑃 unbinding of the second WUS molecule generates WUS monomer [4] 1129 𝑇𝑆𝑆 + 𝑆𝑃 + 𝑃𝑜𝑙 𝐼𝐼    𝑘𝑝→   𝑇𝑆𝑆(𝑡1) + 𝑆𝑃 + 𝑃𝑜𝑙 𝐼𝐼(𝑡2) + 𝑚𝑅𝑁𝐴(𝑡2)  1130 

Recruitment of Pol II by a WUS monomer bound to a cis-element to produce CLV3 mRNA                        1131 

 [5]  1132 

In EQ (1) and (2), a single WUS molecule binds an empty cis-element at a rate 1133 𝑘𝑜𝑛𝑀  (𝜇𝑀−1𝑠−1) and the monomer dissociates at a rate 𝑘𝑜𝑓𝑓𝑀 (𝑠−1). Similarly in EQ (3) and (4), a 1134 

second WUS molecule binds a WUS monomer at a rate 𝑘𝑜𝑛𝐷  (𝜇𝑀−1𝑠−1) and a dimer dissociates 1135 

at a rate 𝑘𝑜𝑓𝐷 (𝑠−1). EQ.5 represents the recruitment of Pol II by a WUS monomer bound to a cis-1136 

element, 𝑆𝑃, at 𝑇𝑆𝑆 for CLV3 mRNA transcription. Pol II molecules are recruited to 1137 

Transcription Start Site (TSS) at a rate 𝑘𝑝(𝑠−1) by any WUS monomer present in CRM. There is 1138 

a time delay for the release of TSS, Pol II and mRNA. TSS is released with a delay 𝑡1, Pol II and 1139 

mRNA is released with a delay 𝑡2. We apply the Gillespie algorithm, developed originally to 1140 

simulate discrete interactions in chemical reaction systems, through the use of Monte Carlo 1141 

method in determining time step sizes and occurring events. By applying this algorithm, possible 1142 

events and their associated probabilities are updated in each iteration according to the current 1143 

status of the cis-elements. In particular, the delayed stochastic simulation algorithm (SSA) (61) 1144 

was applied based on the estimated 4 sec time delay (denoted by 𝑡1 =  𝑡𝑑𝑒𝑙𝑎𝑦 in the algorithm), 1145 

involved in the recruitment of successive Pol II molecules to the transcription start site. Assuming 1146 𝑘𝑜𝑛𝑀  = 𝑘𝑜𝑛𝐷 = 𝑘𝑜𝑛 for all sites, the association and dissociation probabilities of monomers are 1147 

given by (62): 1148 



 

Science Advances                                               Manuscript Template                                                                           Page 32 of 55 

 

𝑝𝑎 = 𝑘𝑜𝑛𝑉𝑁𝐴 𝑁𝑃𝑁𝑆 [6] 1149 𝑝𝑑 = 𝑘𝑜𝑓𝑓𝑁𝑆𝑃 [7] 1150 

where 𝑉 is the reaction volume, 𝑁𝐴 is the Avogadro's number, 𝑁𝑃, 𝑁𝑆 and 𝑁𝑆𝑃 are the 1151 

number of WUS molecules, cis-elements and WUS monomer bound cis-elements respectively. 1152 

We consider WUS binding and unbinding events to each cis-element as a separate event and 1153 

therefore 𝑁𝑠 = 𝑁𝑆𝑃 = 1 (or 0 depending on the state of cis-elements in the CRM). Also 
𝑁𝑃𝑉𝑁𝐴 =1154 [𝑊𝑈𝑆] where [𝑊𝑈𝑆] is the concentration of WUS proteins. In the thermodynamic equilibrium, 1155 

we have 𝐾𝑑 = 𝑘𝑜𝑓𝑓𝑘𝑜𝑛 , where 𝐾𝑑 is the affinity of the cis-element and it is determined by EMSA 1156 

(24). Combining these we obtain: 1157 𝑝𝑎 = 𝑘𝑜𝑛[𝑊𝑈𝑆] [8] 1158 𝑝𝑑 = 𝑘𝑜𝑓𝑓 = 𝑘𝑜𝑛𝐾𝑑 [9] 1159 

Considering 𝑘𝑜𝑛 as a free parameter, we can conclude that binding propensities depend on 1160 

WUS concentration and unbinding propensities of WUS monomers depend on affinities of cis-1161 

elements. WUS dimers are also modeled similarly by estimating 𝐾𝑑 for dimerization according to 1162 

EMSA data. 1163 

 1164 

Additional assumptions 1165 

● WUS concentration is assumed to be constant in time since each binding or unbinding 1166 

event is not expected to change the overall WUS concentration in the nucleus.  1167 

● Dimers are formed in two steps, i.e., first one WUS molecule binds as a monomer and 1168 

then it becomes dimer if the second WUS molecule binds, as shown in EMSA 1169 

experiments (24). 1170 

● If a WUS monomer does not cooperate with other WUS monomers to stabilize each other, 1171 

it dissociates upon reaching the "residence time limit (RTL)" as explained in the main text. 1172 

This dissociation of WUS monomers is not directly related to affinities of the cis-elements 1173 

when only a single cis-element is functional. 1174 

● WUS monomers bound to the cis-elements recruit Pol II for transcribing CLV3 and each 1175 

Pol II recruitment generates one CLV3 mRNA. Successive recruitment of Pol II to the 1176 

transcription start site (TSS) is assumed to happen with an estimated 4 sec time delay. The 1177 

time delay (𝑡1 = 𝑡𝑑𝑒𝑙𝑎𝑦) is based on an 80 bp footprint of Pol II containing protein 1178 

complex and mRNA elongation rate, which is estimated to be 1.2 kb/min (37) 1179 

[80𝑏𝑝 × (60 𝑠𝑒𝑐/1200 𝑏𝑝) =  4 𝑠𝑒𝑐]. Pol II and CLV3 mRNA are released with a delay 1180 

of 𝑡2 seconds upon completion of the transcription, but we assume Pol II is abundant in 1181 

the system so the total number is unaffected. Since we track the total number of CLV3 1182 

mRNA generated at steady-state, we neglect the second time delay 𝑡2. 1183 

● Right after the recruitment of one Pol II by a WUS monomer, the WUS monomer can 1184 

unbind the cis-element or a second WUS monomer can bind to generate WUS dimer on 1185 

the same cis-element without affecting transcribing by Pol II.  1186 

● Degradation of CLV3 mRNA is neglected. We tested single cis-element simulations with 1187 

different degradation values. When degradation rate is high compared to the binding and 1188 

unbinding rates of WUS molecules, the simulations failed to capture the single cis-element 1189 

CLV3 expression behavior observed in the experiments. When degradation is much 1190 

smaller than binding and unbinding rates of WUS molecules, the simulations could 1191 

capture the experimental data qualitatively and moreover, the degradation level did not 1192 

affect the CLV3 expression pattern qualitatively. Therefore, for simplicity we neglected 1193 

the degradation of CLV3 mRNA.  1194 

At any given time, the next event can be one of the five stochastic events described in Eq. (1-1195 

5), the release of Pol II from TSS (at the end of 𝑡𝑑𝑒𝑙𝑎𝑦 = 4𝑠), or the release of a WUS monomer 1196 
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with no cooperativity upon reaching the "residence time limit". The remaining time for the release 1197 

of Pol II from the TSS, the minimum of the remaining times for the release of the monomers 1198 

bound to cis-elements upon reaching the residence time limit and the waiting period for the next 1199 

stochastic event are denoted by 𝑡𝑟𝑒𝑚 1 , 𝑡𝑟𝑒𝑚 2  and 𝜏 respectively. 1200 

 1201 

Algorithm 1202 

1. Set 𝑡 = 0, the amount of CLV3 mRNA is zero and TSS and CLV3 CRM are unoccupied.  1203 

2. Propensity functions are calculated for each possible event based on current binding 1204 

status, denoted by 𝑎𝑖(𝑡) for each event. The sum is denoted by 𝑎0(𝑡) =  ∑  𝑁𝑖=1 𝑎𝑖(𝑡).   1205 

3. Two random numbers 𝑟1 and 𝑟2 are generated from a standard uniform distribution. 1206 

4. The waiting time for the next event is calculated as 𝜏 = −𝑙𝑛(𝑟1)/𝑎0; the next event with 1207 

the index 𝑗 satisfying ∑ 𝑎𝑖(𝑡)𝑗−1𝑖=1   ≤  𝑎0  𝑟2 < ∑ 𝑎𝑖(𝑡)𝑗𝑖=1   is chosen. 1208 

5. Compare 𝜏 with 𝑡𝑟𝑒𝑚 1  and 𝑡𝑟𝑒𝑚 2 . Apply one of a, b or c below: 1209 

a. If CLV3 CRM is bound with a WUS monomer with no cooperativity and ((𝑡𝑟𝑒𝑚 1 <1210 𝑚𝑖𝑛(𝜏, 𝑡𝑟𝑒𝑚 2 ) or (𝑡𝑟𝑒𝑚 1 < 𝜏 and TSS is unoccupied)): Update the time as 𝑡 ← 𝑡 +1211 𝑡𝑟𝑒𝑚 1  and update CLV3 CRM by unbinding the WUS monomer, set 𝑡𝑟𝑒𝑚 1 = 0 and if 1212 

TSS is occupied, update 𝑡𝑟𝑒𝑚 2 = 𝑡𝑟𝑒𝑚 2 − 𝑡𝑟𝑒𝑚 1 . 1213 

b. If Pol II is bound to TSS and ( 𝑡𝑟𝑒𝑚 2 < 𝑚𝑖𝑛(𝜏, 𝑡𝑟𝑒𝑚 1 ) or (𝑡𝑟𝑒𝑚 2 < 𝜏 and CLV3 CRM 1214 

is not bound to a WUS monomer with no cooperativity)): Update the time as 𝑡 ←1215 𝑡 + 𝑡𝑟𝑒𝑚 2 , increase the amount of CLV3 mRNA by 1, set 𝑡𝑟𝑒𝑚 2 = 0 and set TSS to 1216 

be unoccupied. If at least one WUS monomer with zero cooperativity is bound, 1217 

update 𝑡𝑟𝑒𝑚 1 = 𝑡𝑟𝑒𝑚 1 − 𝑡𝑟𝑒𝑚 2 . 1218 

c.  If (𝜏 < 𝑚𝑖𝑛(𝑡𝑟𝑒𝑚 1 , 𝑡𝑟𝑒𝑚 2 ) ) or (TSS is unoccupied and 𝜏 < 𝑡𝑟𝑒𝑚 1 ) or (CLV3 CRM is 1219 

not bound to a WUS monomer with no cooperativity and 𝜏 < 𝑡𝑟𝑒𝑚 2 ) or (TSS is 1220 

unoccupied and CLV3 CRM is not bound to a WUS monomer with no 1221 

cooperativity): Update the time as 𝑡 ← 𝑡 + 𝜏 and update the current state of the 1222 

CLV3 CRM or TSS according to the selected event 𝑗. If TSS is occupied, update 1223 𝑡𝑟𝑒𝑚 2 = 𝑡𝑟𝑒𝑚 2 − 𝜏. If at least one WUS monomer with zero cooperativity is bound, 1224 

update 𝑡𝑟𝑒𝑚 1 = 𝑡𝑟𝑒𝑚 1 − 𝜏. If the selected event is Pol II recruitment, set 𝑡𝑟𝑒𝑚 2 =1225 𝑡𝑑𝑒𝑙𝑎𝑦. If the selected event is a WUS monomer binding without cooperativity, set 1226 𝑡𝑟𝑒𝑚 1 = 𝑅𝑇𝐿. 1227 

6. If 𝑡 < 𝑡𝑓𝑖𝑛𝑎𝑙, go to Step 2, otherwise stop. 1228 

 1229 

For each stochastic simulation, the activation of CLV3 is obtained by calculating the total 1230 

amount of mRNA accumulated during the simulation period. The mean value from a sufficiently 1231 

large number of independent simulations (41) was generated and compared with the 1232 

experimentally quantified CLV3 expression measured by fluorescence quantification of 1233 

pCLV3::H2B-mYFP (Fig. 2). In Fig. 4, 6A-E and Fig. S5, 𝑡𝑓𝑖𝑛𝑎𝑙 = 1.6 × 106 in the simulations, 1234 

and in Fig. S9, 𝑡𝑓𝑖𝑛𝑎𝑙 = 1.6 × 105. 1235 

 1236 

Parameters 1237 

The 𝐾𝑑 values for events EQ.1 and EQ.2, which are binding and unbinding events of a WUS 1238 

monomer to different cis-elements, are represented by 𝐾𝑑 = 𝑘𝑜𝑓𝑓𝑀 /𝑘𝑜𝑛 𝑀  and they are determined by 1239 

the EMSA experiments (24). With these 𝐾𝑑 values (Table S1), first we simulated WUS monomer 1240 

binding and unbinding and compared the simulation results with the quantitative data from EMSA 1241 

experiments with WUS that lacked the C-terminal homodimerization domain. In these 1242 

simulations, we chose 𝑘𝑜𝑛 values between 0.1 and 1 which fit well to the experimental data (Fig. 1243 

S4A). Next, we simulated monomer and dimer binding and unbinding similar to the EMSA 1244 

experiments with WUS that had the C-terminal homodimerization domain. Since the quantitative 1245 
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data for WUS dimerization (𝐾𝑑 values) is not available, we matched EMSA data qualitatively as 1246 

follows. We simply considered 𝐾𝑑 𝑑, the dimerization 𝐾𝑑, the same as monomer 𝐾𝑑 and we chose 1247 𝑘𝑜𝑛 𝑀 = 𝑘𝑜𝑛 𝐷 = 0.1. We tested this assumption by simulating the single cis-element EMSA 1248 

experiments with WUS that had the C-terminal homodimerization domain. Since the 1249 

quantification of the proportions of monomers and dimers in these experiments is not possible, we 1250 

compared our simulations to the EMSA experiments qualitatively. For the cis-elements 970i, 1251 

970M4i, 997i and 1007i, the assumption 𝐾𝑑𝑑 = 𝐾𝑑 could generate results similar to the data 1252 

qualitatively, so we proceeded with this assumption for these cis-elements. But for the low 1253 

affinity cis-elements 950i and 1060i, the assumption that 𝐾𝑑𝑑 = 0.5𝐾𝑑 gave better results. In 1254 

summary, we defined 𝑘𝑜𝑓𝑓𝑀 = 𝐾𝑑 ⋅ 𝑘𝑜𝑛 and 𝑘𝑜𝑓𝑓𝐷 = 𝐾𝑑𝑑 ⋅ 𝑘𝑜𝑛 with 𝑘𝑜𝑛 = 0.1 (Fig. S4B). In EQ5, 1255 𝑘𝑝 is a free parameter that was tested to ascertain how varying 𝑘𝑜𝑛 and 𝑘𝑝 affects intrinsic 1256 

activation of CLV3 in the case of highest (970M4i) and lowest affinity (1060i) cis-elements (Fig. 1257 

S9). The total amount of transcriptional output increased as 𝑘𝑝 increased from 0.2 to 100 for fixed 1258 𝑘𝑜𝑛. To calibrate kon and kp values, we simulated our model for highest affinity single cis-element 1259 

970M4i and lowest affinity single cis-element 1060i, and calculated the ratio of the experimental 1260 

CLV3 reporter values for 970M4i and 1060i in different cell layers. For small kon values like 1261 

kon=1 or smaller, we see a huge difference between simulations and experimental data. For larger 1262 

values such as kon=10  and kp=10, the ratio of expressions of 970M4i and 1060i gets closer to 1263 

experimental measurements (Fig. S11A). However, for multiple cis-element behavior with kon=10 1264 

and kp=10 (WT, 970M, 950M and DM [970M-997M]), we observed high levels of expression at 1265 

low WUS concentrations for all mutants including 970M and DM, similar to the wild-type, which 1266 

is contrary to the experiments. We also tried simulations under different cooperativity 1267 

assumptions and levels and obtained similar results that didn’t match the experiments (Fig. S11B-1268 

D). Therefore, although it is possible to generate the single cis-element behavior using larger 1269 

values of kon and kp, the multiple cis-element behavior could not be generated. In contrast, using 1270 

smaller values of kon and kp coupled with the monomer residence time limit, the model was able 1271 

to generate both single and multiple cis-element behaviors consistent with experiments. 1272 

Therefore, kp=0.2 and kon=0.1 are used in all simulations of the single cell model. 1273 

 1274 

The WUS levels in different cell layers in the single cell model were chosen to satisfy the 1275 

experimental quantification where WUS concentration decreases by ~1.5 fold from L2 to L1 and 1276 

~2 fold from L3 to L2 (51). The chosen WUS levels were able to generate the experimentally 1277 

observed CLV3 expression. 1278 

 1279 

Cooperativity 1280 

The free energy of binding of a WUS molecule to a cis-element can also be affected by the 1281 

interaction between WUS bound to other cis-elements in the CRM. This interaction between 1282 

WUS molecules might increase the binding propensity of the new WUS molecules or stabilize the 1283 

bound ones, e.g. decrease the unbinding propensity of the bound WUS molecules (63), which was 1284 

modeled as cooperativity. We first considered equal cooperativity between every two cis-1285 

elements in the model, which couldn’t generate consistent results as the experimental data (Fig. 1286 

6C). Cooperativity as a function of the distance between binding sites, d, was studied before (54). 1287 

To model the strength of the interaction between WUS molecules bound to different cis-elements, 1288 

we defined a function 𝑓(𝑑) which decreases as 𝑑 increases. To model the increase in the binding 1289 

propensity due to cooperativity we multiplied the original propensity with 𝑓(𝑑) and to model the 1290 

decrease in unbinding propensity we divided that with 𝑓(𝑑). A linear function did not give rise to 1291 

biologically consistent behavior, therefore we considered the following nonlinear function: 1292 𝑓(𝑑)  = −𝑎𝑑 𝑎𝑟𝑐𝑡𝑎𝑛 (𝑎𝑐(𝑑 − 𝑏𝑑)) +  1.5708 𝑎𝑑 + 1  to reduce the difference between wild-type 1293 

and 950M on CLV3 expression pattern. If 𝑎𝑖(𝑡) = 𝑘𝑜𝑛𝑊𝑈𝑆 is the propensity function for binding 1294 
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of a TF to a cis-element when there is no interaction, the binding propensity becomes 𝑎𝑖(𝑡) =1295 𝑘𝑜𝑛𝑊𝑈𝑆(𝛱𝑗=1𝑛−1𝑓(𝑑𝑗)) where 𝑑𝑗 is the distance between any two cis-elements and 𝑛 is the number 1296 

of functional cis-elements that are bound with WUS monomers (or dimers). We chose this 1297 

function in order to reproduce the experimental observations for simplicity. The function 𝑓 1298 

constructed in this way satisfies that: if the distance between two cis-elements is less than a 1299 

threshold value, then 𝑓 takes some value much greater than 1, representing the cooperativity is 1300 

strong; if the distance between two cis-elements is greater than another threshold value, then 𝑓(𝑑) 1301 

becomes close or equal to 1, which means a decreased or zero cooperativity; if the distance is 1302 

between these two threshold values, then 𝑓(𝑑) decreases as the distance increases. Similarly, the 1303 

unbinding propensity of a TF molecule is 𝑎𝑖(𝑡) = 𝑘𝑜𝑓𝑓 when there is no interaction between 1304 

bound molecules and it becomes 𝑎𝑖(𝑡) = 𝑘𝑜𝑓𝑓/(𝛱𝑗=1𝑛−1𝑓(𝑑𝑗)) when there is some interaction. In 1305 

summary, the cooperativity between cis-elements increases binding probability and also decreases 1306 

unbinding probability of WUS molecules. The parameters for the cooperativity was determined 1307 

by comparing the CLV3 expression obtained in simulations to the experimentally observed CLV3 1308 

expression patterns of various cis-element mutants. The model description of cooperativity used 1309 

to generate results presented in Fig. 6 is provided below.  1310 

 1311 

Fig. 6A: No cooperativity between cis-elements is considered. Unbinding propensity 𝑎𝑖(𝑡) =1312 𝑘𝑜𝑓𝑓 stays the same.  1313 

 1314 

Fig. 6B, C: WUS dimer cooperativity is included, which is equal between every cis-element 1315 

independent of the intervening distance. Unbinding propensity becomes 𝑎𝑖(𝑡) = 𝑘𝑜𝑓𝑓/(𝑎𝑑 +1316 1)𝑛−1 where 𝑛 is the number of functional cis-elements that are bound with dimers and 𝑎𝑑 is a 1317 

constant. 𝑎𝑑 = 2,4,6,8,10 are tested for the simulation results presented in the Fig 6B. 1318 

 1319 

Fig. 6D: Distance dependent WUS dimer cooperativity is considered. Unbinding propensity 1320 

becomes 𝑎𝑖(𝑡) = 𝑘𝑜𝑓𝑓/(𝛱𝑗=1𝑛−1𝑓(𝑑𝑗)). 𝑎𝑑 = 40 and 𝑏𝑑 = 40 in these simulations. 1321 

 1322 

Fig. 6E: Distance dependent WUS monomer and dimer cooperativity is considered. Binding 1323 

propensity becomes 𝑎𝑖(𝑡) = 𝑘𝑜𝑛𝑊𝑈𝑆(𝛱𝑗=1𝑛−1𝑓(𝑑𝑗)) and unbinding propensity becomes 𝑎𝑖(𝑡) =1324 𝑘𝑜𝑓𝑓/(𝛱𝑗=1𝑛−1𝑓(𝑑𝑗)). The parameters for these simulations are given in Table S2. 1325 

 1326 

Description of 3D cell-based model 1327 

We model the SAM by a half dome shape consisting of more than 1000 unit spheres 1328 

representing individual cells (23). The simulated SAM is divided into multiple layers. The first 1329 

layer of cells represents Layer 1 (L1) and it includes all cells with centers higher than 8.5 units 1330 

above the center of the base of the SAM. The next layer of cells represents Layer 2 (L2) and 1331 

includes all cells with centers between 8-8.5 units above the base center of the SAM. Below this 1332 

the layers are defined as follows: L3: 8-6.5 units, L4: 7 and 6 units, L5: 6 and 5 units, L6: 5 and 4 1333 

units, and L7: 4 and 3 units. Production of CLV3 mRNA is limited to a cylinder shaped spatial 1334 

domain and the radius of the cylinder is given in Table S3. Since in each cell there exists two 1335 

copies of CRMs, we consider two independent identical groups of 5 cis-elements in the model. 1336 

Each simulation is run sufficiently long to achieve the steady-state behavior. The 3D cell-based 1337 

model follows the same approach as the stochastic single-cell model for individual cells, except 1338 

the following modeling assumptions: 1339 

 1340 

1. WUS gradient at the tissue level. A gradient of nuclear WUS proteins is chosen to be 1341 

consistent with the experimental quantifications across different layers and is fixed throughout 1342 

simulations under different mutant cis-elements conditions. The local concentration of WUS is 1343 
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then used in the stochastic binding model inside each cell to obtain the CLV3 expression pattern 1344 

in the tissue. 1345 

 1346 

2. Stochastic binding dynamics in individual cells. The stochastic single-cell model is 1347 

applied for each CRM inside individual cells with some minor modifications described as below: 1348 

i. For all binding events, the propensity of binding becomes 𝑘𝑜𝑛 𝑊𝑢𝑠𝐶𝑜𝑛𝑐/𝑊𝑢𝑠𝑆𝑎𝑡 instead 1349 

of 𝑘𝑜𝑛 𝑊𝑢𝑠𝐶𝑜𝑛𝑐 used in the stochastic single-cell model. This is because WUS concentrations 1350 

used in the cell-based model have a different scale from the one in the single-cell model.   1351 

ii. For the monomer cooperativity, it is assumed that 970 plays a dominant role due to its 1352 

higher affinity. In particular, the propensity function for monomer unbinding events associated 1353 

with 970 is 𝑘𝑜𝑛𝐾𝑑𝑐𝑐𝑜𝑜𝑝𝑛+𝑛970 , where 𝑛 is the number of WUS monomers bound to all other cis-1354 

elements and 𝑛970 is a constant calibrated in the model (Table S3). For all other cis-elements, the 1355 

propensity function for monomer unbinding events becomes 𝑘𝑜𝑛𝐾𝑑𝑐𝑐𝑜𝑜𝑝𝑛 , where 𝑛 is the number 1356 

of WUS monomers bound to 970 and 𝑐𝑐𝑜𝑜𝑝 = 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝐶𝑜𝑜𝑝𝑡 is a parameter calibrated in the 1357 

model (Table S3, Fig. 9-10).  1358 

Regarding the dimer cooperativity, for all five cis-element, the propensity function for dimer 1359 

unbinding events is 𝑘𝑜𝑛𝐾𝑑𝑐𝑐𝑜𝑜𝑝𝑛 , where 𝑛 is the number of WUS dimers bound to neighboring 1360 

nonempty cis-elements. For 970M4, due to its enhanced affinity, the propensity function for 1361 

dimer unbinding event is 𝑘𝑜𝑛𝐾𝑑𝑐𝑐𝑜𝑜𝑝𝑛+𝑛970 , where 𝑛 is the number of WUS dimers bound to all other 1362 

cis-elements and 𝑐𝑐𝑜𝑜𝑝 = 𝑑𝑖𝑚𝑒𝑟𝐶𝑜𝑜𝑝𝑡 is a parameter calibrated in the model (Table S3, Fig. 9-1363 

10). 1364 

The cooperativity modeled in this way is similar to the one used in the single-cell model 1365 

which has a threshold such that the cooperativity associated with the closest (or adjacent) 1366 

unoccupied neighbors is much stronger.  1367 

 1368 

3. Parameters. This 3D cell-based model involves multiple parameters which can’t be estimated 1369 

directly from experimental data. In particular, those involved in the stochastic binding dynamics 1370 

in each cell are calibrated using the stochastic single-cell model and the same values are adopted. 1371 

Parameters that are involved in the 3D cell-based model only are provided in Table S3. 1372 

 1373 

 Bioinformatic analysis of Cis-element clusters in WUSCHEL regulated genes 1374 

To search for the occurrence of cis-element clusters in WUS regulated genes, a list of 1375 

genes that were upregulated and downregulated by WUS (27) in the presence of protein synthesis 1376 

inhibitor Cyclohexamide were considered. The search begins with the main function 1377 

Arabmotifsearch(). A target file containing the WUS regulated genes, a GFF file containing 1378 

annotation information, and the TAIR10 sequence are input along with the desired names of the 1379 

output files. The annotation file is broken into several pieces including chromosome, gene names, 1380 

and start and end positions.  1381 

  1382 

For each gene target, the function targetScanner() is run, associating the target gene with a 1383 

chromosome and sequence. The function MotifPrelimScanner() scans the sequence defined from 1384 

3000 bp before the gene start (Transcription start site) to 3000 bp after the gene end 1385 

(Transcription stop site) for TAAT/ATTA cis-elements. The cis-elements list is fed into 1386 

ClusterScanner() to detect cis-element clusters/CRMs which are defined as strings of at least 4 1387 

cis-elements which are within 50 bp of the previous one. 1388 

 1389 

Each CRM is then scanned for complex cis-elements in Complexcorescanner() which is defined 1390 

as a string of cis-elements where each cis-element is 4bp or less from the previous one. Then 1391 

complexcore score; which is the length of complex cis-elements of the CRMs are summed up for 1392 
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each cis-element cluster. Motifscorer() elements calculates phasing score which is defined by how 1393 

well consecutive cis-elements adhere to a 10.5x bp spacing relationship that allows binding of 1394 

WUS molecules on the same side of the DNA. To normalize the phasing score, the phasing per 1395 

base was calculated; where the phasing score is divided by the number of bp of the CRM. 1396 

 1397 

These results are arranged by gene and by cluster into columns and printed out by 1398 

Motifwriter(). This data is provided in Tables S6 and S7 as an excel and BED format. The data 1399 

and viewing instructions are provided in the specified link. 1400 

[https://github.com/Ado012/BasicCisElementAnalyzer]  1401 

https://github.com/Ado012/BasicCisElementAnalyzer
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 1402 

Fig. S1. Quantification of pCLV3::H2B-mYFP fluorescence levels in wild-type and various 1403 

cis-element mutants. 1404 

Average fluorescence levels (mean ±S.E.) of H2B-mYFP in different cell layers of wild-type and 1405 

various pCLV3::H2b-mYFP promoter variants indicated below each group. Mutation in single 1406 

cis-elements (950M, 970M, 997M, 1007M, 1060M and 970M4), mutations in four of the five cis-1407 

element mutants [quadruple mutants-950i, 970i, 997i, 1007i, 1060i and 970M4i], and variant with 1408 

doubled intervening distance between 970-997 and 997-1007 (DS-997). The error bars represent 1409 

the standard error (n=4 biological replicates in all cases). * p<0.05, ** p<0.01, *** p<0.001 1410 
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 1411 

Fig. S2. Number and affinity of CLV3 cis-elements determine the SAM and floral meristem 1412 

complementation of clv3 null mutants. (A) Average SAM height (mean ±S.D.) of wild-type, 1413 

clv3-2 mutants and various cis-element mutants of pCLV3::CLV3 genomic constructs rescuing 1414 

clv3-2 mutants. (n=20, 2 plants from each of the ten independent transformed lines were 1415 

considered). (B) Average number of carpels (mean ±S.D.) of the same genotypes described in 1416 

(A). (n=10, 2 plants from each of a minimum of 5 independent transformed lines were 1417 

considered). The different letter indicate the statistical difference between lines (P<0.05) as 1418 

determined by Tukey’s Honest Significant Difference (HSD) tests.   1419 
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 1420 

Fig. S3. Quantified WUS protein levels in different cell layers. 1421 

For the WUS levels in simulations, the ten cells with the highest WUS levels were selected for 1422 

each cell layer. WUS levels for each cell were normalized to the cell with the highest WUS 1423 

nuclear level (mean ±S.D.). For experimental quantification (orange), the average nuclear 1424 

fluorescence levels for ten cells per layer of pWUS::eGFP-WUS were quantified from five 1425 

independent SAMs (mean ±S.D.).  WUS concentration in each cell layer was normalized by the 1426 

mean of the layer with the highest WUS level.  1427 
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 1428 

Fig. S4. Simulated WUS monomers and dimers at increasing WUS concentrations for 1429 

various CLV3 promoter variants. 1430 

(A) WUS monomers compared to the experimentally quantified data from EMSA. Solid lines 1431 

represent simulation results and dashed lines represent values from EMSA data. (B) Simulated 1432 

ratios of WUS monomers and dimers with increasing WUS concentrations. Solid lines represent 1433 

WUS monomer species and dashed lines represent WUS dimers. The colored lines represent 1434 

different CLV3 cis-element mutants.  1435 
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 1436 

Fig. S5. The effect of WUS residence time limit on CLV3 expression. 1437 

Scaled simulated values of CLV3 mRNA production with increasing WUS concentrations is 1438 

shown for the highest (970M4i [Solid red lines]) and the lowest (1060i [Solid yellow lines]) 1439 

affinity cis-elements. The simulated data is compared to the pCLV3::H2b-mYFP levels in 1440 

different cell layers shown as 3 dots (L1, L2 and L3) connected with dashed lines for 1060i 1441 

(yellow) and 970M4i (red). Increasing the WUS residence time limit increases CLV3 mRNA 1442 

production and shifts the peak production to a lower WUS concentration range, especially in the 1443 

case of higher affinity cis-element.  1444 
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 1445 

Fig. S6. The effect of RNA Pol II, WUS binding dynamics and WUS residence time limit on 1446 

WUS concentration-dependent CLV3 expression. 1447 

Increasing the affinity or cooperativity of WUS monomer leads to an increase in CLV3 expression 1448 

and shifts expression to a lower range of WUS concentration. Increasing the affinity or 1449 

cooperativity of WUS dimer leads to CLV3 repression, which decreases CLV3 expression at high 1450 

WUS concentration. Increasing the WUS residence time limit increases CLV3 activation and 1451 

shifts the activation to a lower range of WUS concentration.  1452 
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 1453 

Fig. S7. In planta WUS protein homodimerization. The three rows represent the Z slices 1454 

showing the Layer 1, Layer 2 and Layer 3 of SAM. (A-E) The WUS promoter was used to 1455 

express all the BIFC construct in the wild-type background. (A) Plant expressing N’ terminal 1456 

fragment of eGFP translationally fused to WUS and C’ terminal fragment of eGFP. (B) Plant 1457 

expressing N’ terminal fragment of eGFP and C’ terminal fragment of eGFP translationally fused 1458 

to WUS. (C) Plant expressing N’ terminal fragment of eGFP and C’ terminal fragment of eGFP. 1459 

(D and E) Two independent lines expressing BiFC constructs of N’ terminal fragment of eGFP 1460 

translationally fused to WUS and C’ terminal fragment of eGFP translationally fused to WUS. 1461 

Arrows point to eGFP fluorescence (green) and FM4-64 staining is shown in red. (F) Images of 1462 

Layer 3 shown in row 3, with the red channel turned off.   1463 
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 1473 

Fig. S9. Sensitivity analysis showing the effect of different 𝒌𝒐𝒏, 𝒌𝒑 values on the behavior of 1474 

highest and lowest affinity single cis-elements.  1475 
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 1476 

Fig. S10. Reactivation of mutant CLV3 promoter (970i) in clv3 complemented background. 1477 

(A) clv3-2 mutants complemented with the wild-type CLV3 promoter expressing CLV3 genomic 1478 

sequence [pCLV3(WT)::CLV3 genomic]and showing the wild-type CLV3 reporter 1479 

[pCLV3(WT)::H2B-mYFP] expression. (B) clv3-2 mutants complemented with the 970i CLV3 1480 

promoter expressing CLV3 genomic [pCLV3(970i)::CLV3 genomic] sequence and showing the 1481 

970i CLV3 reporter [pCLV3(970i)::H2B-mYFP]. Scale bar = 20 μm.  1482 
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 1483 
 1484 

Fig. S11. Single cell simulation results of WUS mediated activation of CLV3 by using fast 1485 

dynamics (kon=10  and kp=10). (A) Single cis-element behavior for 970M4i and 1060i. (B) 1486 

Multiple cis-element behaviors with low cooperativity between neighboring cis-elements only. 1487 

(C) Multiple cis-element behaviors with distance dependent cooperativity. (D) Multiple cis-1488 

element behaviors with high cooperativity between neighboring cis-elements only.  1489 
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Table S1. Experimentally derived KD values from EMSA. 1490 

Kd Values for the DNA binding domain of WUS to cis-elements probes were obtained from (24). 1491 

 1492 

Parameter Value  Definition Unit  𝐾𝑑  0.05830 Dissociation constant of 970M4i 𝜇𝑀 𝐾𝑑  0.9571 Dissociation constant of 950i 𝜇𝑀 𝐾𝑑  0.1855 Dissociation constant of 970i 𝜇𝑀 𝐾𝑑  0.3663 Dissociation constant of 997i 𝜇𝑀 𝐾𝑑  0.5652 Dissociation constant of 1007i 𝜇𝑀 𝐾𝑑  1.249 Dissociation constant of 1060i 𝜇𝑀 

  1493 
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Table S2. Parameter Values Used in Single Cell Model. 1494 

All values in this table were calibrated in this model. 1495 

 1496 

Parameter Value Definition Unit 𝑘𝑝 0.2-100 Pol II binding rate  𝜇𝑀−1𝑠−1 𝑘𝑜𝑛 0.1-10 Monomer, dimer binding rate 𝜇𝑀−1𝑠−1 𝑡𝑑𝑒𝑙𝑎𝑦  4 Time delay for the recruitment of successive Pol II 𝑠 𝑎𝑚 1.1 Parameter determining the level of monomer cooperativity  - 𝑏𝑚 50 Parameter determining the distance threshold of monomer 

cooperativity  

2𝑏𝑝 

𝑎𝑑  1.1 Parameter determining the level of dimer cooperativity - 𝑏𝑑  50 Parameter determining the distance threshold of dimer cooperativity 2𝑏𝑝 𝑅𝑇𝐿 10 Residence time limit  𝑠 𝑡𝑓𝑖𝑛𝑎𝑙  1.6 × 106 Final time of a simulation  𝑠 𝑎𝑐  0.3 Parameter determining the nonlinearity of the distance function for 

the cooperativity 

- 

  1497 
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Table S3.  CLV3 mRNA Production Parameters used in the 3D cell-based model.  1498 

Parameter Value Definition  Unit Reference 

clv3CLV3P 3.0 Rate of CLV3 mRNA production  𝑠−1 Calibrated in 

model 

clv3SourceWidth 3 Radius of CLV3 activation domain in x-y plane a.u. Experimentally 

determined 

clv3WusSatPoint 425 Maximum effective WUS concentration - Calibrated in 

model 

clv3CooptMonEffect 0.01 Parameter determining the level of monomer 

cooperativity  

- Calibrated in 

model 

clv3CooptDimEffect 0.20 Parameter determining the level of dimer 

cooperativity  

- Calibrated in 

model 

polTimeLimit 5 Time delay for Pol II firing 𝑠 Experimentally 

determined 𝑛970 3 The minimal exponent in the cooperativity 

associated with 970  

- Calibrated in 

model 𝑘𝑝 0.1 Pol II binding parameter 

(clv3polBaseBindAffinity) 

𝑠−1 Calibrated in 

model 

  1499 
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Table S4. Primers used in this study.  1500 

 1501 

Construct Primer Name Sequence 

CLAVATA3 mutant promoter 

pCLV3 950M Fwd CGTACCCCCAAATTTTCCCAACGGTACATTGC 

pCLV3 950M Rev TTTTCAATTGTCAATGCAAATACCCCATGG 

pCLV3 970M Fwd GGTATTTGCATTGACAATTGAAAACGTAC 

pCLV3 970M Rev CCATGGATGTGATAGTCACAATTAAAC 

pCLV3 997M Fwd GTGACTATCACATCCATTAATTATTTGC 

pCLV3 997M Rev AATGGAACATACAATAATAAAAATGATGATG 

pCLV3 1007M Fwd GATTCGATGATGTGGTGGGAAGG 

pCLV3 1007M Rev ATCATCATCATTTTTGGGGTTGTATGTT 

pCLV3 1060M Fwd GTCGGTTCCCCTTATCCTTCCCACCACATCATC 

pCLV3 1060M Rev TTTGGGGCAGTGACAGGCAGTGTCAGTG 

 

 

Double Space Around 997 primers 

pCLV3 DS-C Rev TTATTATTGTATGTTTTGTATGTTTAATTGTGACTATCAC

ATCCTGTGACTATCACATCC 

pCLV3 RB Fwd ATAAAAAAATGATGATGATGATTCGATGATGTGGTGGG

AAG 

 

EMSA probes 

Cis-element Orientation Sequence 

970 Fwd CAATTGTCAATGCAAATAATTAATGGATGTG 

970 Rev CACATCCATTAATTATTTGCATTGACAATTG 

997 Fwd TTATTGTATGTTTAATTGTGACTAT 

997 Rev ATAGTCACAATTAAACATACAATAA 

970+997 Fwd CAATTGTCAATGCAAATAATTAATGGATGTGATAGTCAC

AATTAAACATACAATA 

970+997 Rev TATTGTATGTTTAATTGTGACTATCACATCCATTAATTAT

TTGCATTGACAATTG 
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970m+997 Fwd CAATTGTCAATGCAAAGGGGGGGGGGATGTGATAGTCA

CAATTAAACATACAATA 

970m+997 Rev TATTGTATGTTTAATTGTGACTATCACATCCCCCCCCCCT

TTGCATTGACAATTG 

970+997m Fwd CAATTGTCAATGCAAATAATTAATGGATGTGATAGTCAC

AGGGGAACATACAATA 

970+997m Rev TATTGTATGTTCCCCTGTGACTATCACATCCATTAATTAT

TTGCATTGACAATTG 

970M4+997 Fwd CAATTGTCAATGCAAATAACTAATGGATGTGATAGTCAC

AATTAAACATACAATA 

970M4+997 Rev TATTGTATGTTTAATTGTGACTATCACATCCATTAGTTAT

TTGCATTGACAATTG 

970M4+997m Fwd CAATTGTCAATGCAAATAACTAATGGATGTGATAGTCAC

AGGGGAACATACAATA 

970M4+997m Rev TATTGTATGTTCCCCTGTGACTATCACATCCATTAGTTAT

TTGCATTGACAATTG 

Double Space 

970+997 

Fwd CAATTGTCAATGCAAATAATTAATGGATGTGATAGTCAC

AGGATGTGATAGTCACAATTAAACATACAATA 

Double Space 

970+997 

Rev TATTGTATGTTTAATTGTGACTATCACATCCTGTGACTAT

CACATCCATTAATTATTTGCATTGACAATTG 

 

BiFC Cloning 

ΔCeGFP NeGFP -Fw GGATCCATGGAGCCGCCACAGCATCAG 

NeGFP-Rev GGCCATGATATAGACGTTGTGGCTGTTG 

ΔNeGFP CeGFP-Fw GACAAGCAGAAGAACGGCATCAAGGTG 

CeGFP-Rev CATGGCGCGCCATGGTGAAGGAGCCCTG 

ΔWUS ΔWUS-Fw TGAACTAGGCCTGCAAGGGCG 

ΔWUS-Rev GGATCCCTTGTACAGCTCGTC 

  1502 
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Table S5. Cis-element mutant sequence library. 1503 

CLV3 

Promoter 

name  

 Sequence  

WT 5’tttATTAgtacgttttcaattgtcaatgcaaaTAATTAATggatgtgatagtcacaATTAaa
catacaaTAATaaaaatgatgatgatgattcgatgatgtggtgggaaggataaATTAaa-3’ 

950M 5’tttGGGGgtacgttttcaattgtcaatgcaaaTAATTAATggatgtgatagtcacaATTAaa
catacaaTAATaaaaatgatgatgatgattcgatgatgtggtgggaaggataaATTAaa-3’ 

970M 5’tttATTAgtacgttttcaattgtcaatgcaaaTACCCCATggatgtgatagtcacaATTAaa
catacaaTAATaaaaatgatgatgatgattcgatgatgtggtgggaaggataaATTAaa-3’ 

997M 5’tttATTAgtacgttttcaattgtcaatgcaaaTAATTAATggatgtgatagtcacaATGGaa
catacaaTAATaaaaatgatgatgatgattcgatgatgtggtgggaaggataaATTAaa-3’ 

1007M 5’tttATTAgtacgttttcaattgtcaatgcaaaTAATTAATggatgtgatagtcacaATTAaa
catacaaCCCCaaaaatgatgatgatgattcgatgatgtggtgggaaggataaATTAaa-3’ 

1060M 5’tttATTAgtacgttttcaattgtcaatgcaaaTAATTAATggatgtgatagtcacaATTAaa
catacaaTAATaaaaatgatgatgatgattcgatgatgtggtgggaaggataaGGGGaa-3’ 

970M4 5’tttATTAgtacgttttcaattgtcaatgcaaaTAACTAATggatgtgatagtcacaATTAaa
catacaaTAATaaaaatgatgatgatgattcgatgatgtggtgggaaggataaATTAaa-3’ 

950i 5’tttATTAgtacgttttcaattgtcaatgcaaaTACCCCATggatgtgatagtcacaATGGaa
catacaaCCCCaaaaatgatgatgatgattcgatgatgtggtgggaaggataaGGGGaa-3’ 

970i 5’tttGGGGgtacgttttcaattgtcaatgcaaaTAATTAATggatgtgatagtcacaATGGaa
catacaaCCCCaaaaatgatgatgatgattcgatgatgtggtgggaaggataaGGGGaa-3’ 

997i 5’tttGGGGgtacgttttcaattgtcaatgcaaaTACCCCATggatgtgatagtcacaATTAaa
catacaaCCCCaaaaatgatgatgatgattcgatgatgtggtgggaaggataaGGGGaa-3’ 

1007i 5’tttGGGGgtacgttttcaattgtcaatgcaaaTACCCCATggatgtgatagtcacaATGGaa
catacaaTAATaaaaatgatgatgatgattcgatgatgtggtgggaaggataaGGGGaa-3’ 

1060i 5’tttGGGGgtacgttttcaattgtcaatgcaaaTACCCCATggatgtgatagtcacaATGGaa
catacaaCCCCaaaaatgatgatgatgattcgatgatgtggtgggaaggataaATTAaa-3’ 

970M4i 5’tttGGGGgtacgttttcaattgtcaatgcaaaTAACTAATggatgtgatagtcacaATGGaa
catacaaCCCCaaaaatgatgatgatgattcgatgatgtggtgggaaggataaGGGGaa-3’ 

  1504 



 

Science Advances                                               Manuscript Template                                                                           Page 55 of 55 

 

Data S1. (separate file) 1505 

Individual data points, means, N and P values are arranged by figure and panel.  1506 

 1507 


