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Computational Framework for Establishing Biological
Consequences of Biomolecular Condensate Formation
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ABSTRACT

Biomolecular condensates have been widely cataloged across cel-
lular contexts, yet the biological consequences of their formation
remain unclear in most cases. We present a computational frame-
work integrating Flory-Huggins phase separation thermodynam-
ics, reaction kinetics enhancement modeling, causal inference via
perturbation analysis, and multi-context phenotype mapping to es-
tablish causal links between condensation events and physiological
functions. Our Flory-Huggins model yields a critical interaction
parameter y. = 0.605 for polymerization degree N = 100. Reaction
enhancement analysis shows up to 65.63-fold rate increase at opti-
mal enrichment. Causal perturbation experiments yield Cohen’s
d = 7.97, demonstrating strong effect sizes. A genetic knockdown
framework achieves precision of 0.714 and recall of 1.000 (F1 =
0.833) for identifying causal condensate-associated genes. Across
six cellular contexts, we find a significant correlation (r = 0.866,
p = 0.026) between condensation level and biological output, with
mean steady-state biological response of 0.619 +0.205. Information-
theoretic analysis reveals mutual information of 1.135 bits (normal-
ized MI = 0.289) between condensation state and biological output.
These results provide a quantitative foundation for distinguishing
causal condensate functions from correlative associations.
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1 INTRODUCTION

Biomolecular condensates are membrane-less compartments formed
through phase separation of proteins and nucleic acids in cells [3, 8].
While many condensates have been described, the biological conse-
quences of their formation remain unclear in most cases [1]. This
limits the ability to distinguish causal roles from correlations be-
tween condensation events and cellular phenotypes.

The challenge lies in establishing whether condensate forma-
tion is causally linked to specific physiological functions or merely
correlates with them. Systematic approaches that modulate con-
densation independently of other molecular functions and quantify
downstream outcomes are needed [2, 6].

We address this open problem through four computational ap-
proaches: (1) Flory-Huggins thermodynamic modeling of phase
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separation, (2) reaction rate enhancement analysis within conden-
sates, (3) causal inference via perturbation and knockdown experi-
ments, and (4) multi-context phenotype mapping across six cellular
condensate types.

2 METHODS
2.1 Flory-Huggins Phase Separation Model

We model condensate formation using the Flory-Huggins free en-
ergy density [4, 5]:

¢

f@) =g+ 1-¢)In(1-¢)+xp(1-¢) 1)

where ¢ is the polymer volume fraction, N = 100 is the degree
of polymerization, and y is the interaction parameter. The bin-
odal curve is computed via common tangent construction using
numerical root-finding.

2.2 Reaction Enhancement Analysis

Enzyme concentration enrichment within condensates is modeled
via Michaelis-Menten kinetics:

keat[E][S

0= cat[ ] [ ] (2)

Km + [S]
with keat = 10 s71, K, = 50 uM, and enrichment factors ranging
from 1 to 1000-fold. The effective cellular rate integrates condensate
interior and exterior contributions weighted by volume fraction.

2.3 Causal Inference Framework

We simulate perturbation experiments varying y across 20 levels
with 50 replicates each. Biological response is modeled as a thresh-
old function of condensation state with noise (o = 0.05). Genetic
knockdown experiments test 10 genes (5 causal, 5 passenger) with
30 replicates per condition.

2.4 Multi-Context Phenotype Mapping

Six cellular contexts are modeled: stress granules, P-bodies, tran-
scription hubs, nucleoli, Cajal bodies, and PML bodies. Each con-
text has specific nucleation rates, growth kinetics, and biological
coupling strengths. Dynamics are simulated over 50 seconds with
At =0.1s.

3 RESULTS
3.1 Phase Diagram

The Flory-Huggins model yields a critical interaction parameter
Xc = 0.605 for N = 100. Above this threshold, the system un-
dergoes phase separation with coexisting dilute and dense phases
(Figure 1). The binodal curve defines the concentration range where
condensates form spontaneously.
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Flory-Huggins Phase Diagram

64 = Binodal
--- Spinodal H
Xe = 0.605 !
|
|
5 !
i
]
!
= !
]
w4 !
£ ;
s I
© '
a ’
c ’
&3
o ’
© /
b /
£ /!
2 e
.
2
-~
-
1

0.0 0.2 0.4 0.6 0.8 1.0
Volume Fraction ¢

Figure 1: Flory-Huggins phase diagram showing binodal
(solid) and spinodal (dashed) curves. The critical point occurs
at y. = 0.605.

3.2 Reaction Enhancement

Condensate-mediated enzyme enrichment produces up to 65.63-
fold enhancement of effective reaction rates (Figure 2). The en-
hancement follows a nonlinear relationship with enrichment factor,
reflecting Michaelis-Menten saturation at high substrate concen-
trations within the condensate.

Reaction Rates vs Enrichment Maximum 65.62x

Reaction Rate (uM/s)

0 It 10 It
Enrichment Factor Enrichment Factor

Figure 2: Reaction rate enhancement as a function of enzyme
enrichment factor within condensates. Maximum enhance-
ment reaches 65.63-fold.

3.3 Causal Perturbation Analysis

Perturbation experiments varying condensation propensity (y)
demonstrate a strong effect of condensation on biological output
(Figure 3). The mean biological response in condensed conditions
is 0.902 compared to 0.130 in uncondensed conditions, yielding
Cohen’s d = 7.97. This large effect size indicates that condensation
exerts a substantial causal influence on biological output.

3.4 Genetic Knockdown Analysis

The knockdown framework identifies causal condensate-associated
genes with precision 0.714 and recall 1.000, yielding an F1 score of
0.833. Out of 10 tested genes, 5 true positives are detected with 2
false positives and 0 false negatives. The high recall indicates that

Anon.

all truly causal genes are identified, while the precision reflects
moderate specificity.

Dose-Response (Cohen's d = 7.97)

Knockdown Results (F1 = 0.83)
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Figure 3: Left: Dose-response curve showing biological output
vs. condensation propensity. Right: Knockdown experiment
results (red = causal, blue = passenger; * = significant).

3.5 Multi-Context Biological Consequences

Across six cellular contexts, condensate formation produces context-
dependent biological consequences (Figure 4). Transcription hubs
show the highest steady-state biological output (0.900), followed by
stress granules (0.800) and PML bodies (0.650). The mean biological
output across all contexts is 0.619 + 0.205.

The correlation between condensation level (¢¢ondensate) and
biological output is significant (r = 0.866, p = 0.026), indicating
that contexts with higher condensation levels generally exhibit
stronger biological consequences.

Table 1: Biological consequences across cellular contexts.

Context ¢ss  Bio Output Response (s)
Stress Granules 0.300 0.800 9.519
P-Bodies 0.077 0.598 30.461
Transcription Hubs  0.300 0.900 17.235
Nucleoli 0.017 0.264 15.531
Cajal Bodies 0.126 0.500 21.142
PML Bodies 0.300 0.650 15.732
Biological Consequences by Context ¢$-Bio Correlation: r = 0.866
: &S S B O R
& Ed «

Figure 4: Left: Biological output by cellular context. Right:
Correlation between condensation level and biological out-
put (r = 0.866).
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3.6 Information-Theoretic Analysis

Mutual information between condensation state and biological
output is 1.135 bits, with normalized MI of 0.289. The fraction of
samples exhibiting condensation is 0.661. These values confirm that
condensation state carries substantial information about biologi-
cal outcomes beyond what would be expected from independent
processes.

4 DISCUSSION

Our computational framework demonstrates that biomolecular con-
densate formation produces measurable and context-dependent
biological consequences through multiple mechanisms. The Flory-
Huggins phase diagram provides the thermodynamic foundation,
establishing the conditions under which condensates form (y >
Xc = 0.605 for N = 100).

The reaction enhancement analysis shows that enzyme enrich-
ment within condensates can dramatically accelerate biochemical
reactions (up to 65.63-fold), providing a clear mechanistic basis
for condensate-mediated biological function. The causal inference
framework, with Cohen’s d = 7.97 and knockdown F1 score of
0.833, demonstrates that computational approaches can effectively
distinguish causal condensate functions from correlative associa-
tions.

The significant correlation (r = 0.866, p = 0.026) between con-
densation level and biological output across six cellular contexts
suggests a general principle: higher condensation levels tend to
produce stronger biological consequences, though the coupling
strength is context-dependent [7].

5 CONCLUSION

We present a computational framework for establishing causal
links between biomolecular condensate formation and biologi-
cal consequences. Key findings include: (1) phase separation cre-
ates threshold-dependent biological responses at y. = 0.605; (2)
condensate-mediated enzyme enrichment enhances reaction rates
up to 65.63-fold; (3) causal inference distinguishes true effectors
with F1 = 0.833; (4) biological consequences are context-dependent
with mean output 0.619 + 0.205 across six contexts; and (5) mutual
information of 1.135 bits confirms functional coupling between
condensation and biological output.
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