Coevolutionary landscapes of interaction
specificity in two-component
signaling

Faruck Morcos

faruckm@utdallas.edu

morcoslab.org
Department of Biological Sciences

Center for Systems Biology
University of Texas at Dallas

Coevolution in proteins and RNA, theory and experiments

Cargese, France. April, 2016
@DALLAS 8 P



Coevolutionary landscapes from
Direct Coupling Analysis (DCA)
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Coevolutionary landscapes from
Direct Coupling Analysis (DCA)
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Coevolutionary analysis research has a broad scope
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Organisms use multiple TCS to respond to signals

102-103 TCS partners in bacteria
How does a TCS protein stay
faithful to its signaling partner?

Source: David Goodsell (PDB.org)



Building a coevolutionary model of TCS signaling

Histidine Kinase Response Regulator
(HK) (RR)
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Key assumption: Chromosomal
A pea (Sequence _2 Ji (AL A;) — 2 h,(A;) adjacency is used as a proxy for
i<j TCS signaling partners
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An early complex estimate for TCS

Histidine kinase

— - ———
_-_—l -—_---
- -

- F
| i
H \ D
| |
Signal Phospho- |  ATP Rocohes DNA
detection transferase | binding binding
Histidine kinases
Histidine Kinase (HK) Response Regulator (RR)

. P?dir) S,R
DIScore = Z Pi;d'r)( S,,R)In i (SiHR))
icHK ,jeRR J[(SHf(R)

Predicted —
KinA-Spo0F | Sequence = (S,,....Sy Ry ,,...Ry .y )
complex TMO853 SpoOF (Bacillus Subtilis) Schug et al. PNAS 2009

RMSD 2.5A  (Thermotoga maritima) Cheng et al. PNAS 2014



D IS(SWCl'ﬁC) —

Determinants of interaction
specificity amongst cognate pairs

No cognate assumption (i.e.,

scramble)
DIS — DIS"™"
Cognate
assumption

Contains generic,
conserved features of HK/
RR pairs
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DCA-based metric discerns regular from hybrid TCS systems

Cartoon depiction of a hybrid TCS protein

Analysis on ~17,000 Hybrid TCS

Experimental work for 10 hybrid TCS (Townsend et al/, PNAS 2013) suggests that

Hybrid TCS proteins do not need to have a highly co-evolved recognition interface since
tethering greatly increases their rate of encounter



Inferred couplings are highly correlated with mutational changes in
protein stability
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The evolutionary landscape of a TCS interface



PROTEIN EVOLUTION

Pervasive degeneracy and epistasis
in a protein-protein interface

Anna 1. Podgornaia®?* and Michael T. Laub>3}

Mapping protein sequence space is a difficult problem that necessitates the analysis of
20" combinations for sequences of length N. We systematically mapped the sequence
space of four key residues in the Escherichia coli protein kinase PhoQ that drive
recognition of its substrate PhoP. We generated a library containing all 160,000 variants
of PhoQ at these positions and used a two-step selection coupled to next-generation
sequencing to identify 1659 functional variants. Our results reveal extensive degeneracy
in the PhoQ-PhoP interface and epistasis, with the effect of individual substitutions often
highly dependent on context. Together, epistasis and the genetic code create a pattern
of connectivity of functional variants in sequence space that likely constrains PhoQ
evolution. Consequently, the diversity of PhoQ orthologs is substantially lower than that
of functional PhoQ variants.
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Building a statistical model of the PhoQ-PhoP mutational

landscape
Histidine Kinase Response Regulator
(DHP) (REC)
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Histidine Kinase Response regulator

sequence sequence
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Tail of distribution
mostly true positive
mutational variants

Cheng et al. (submitted)
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Top ranked mutational variants are a good
predictors of functional mutants
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Multiple coevolution in HK-RR pairs

G

- The comprehensive experiment by
Podgornalia & Laub was perfomed
in vivo

- Multiple Histidine Kinases and
response regulators are active in
E. coli

: A functional phenotype increased
must be achieved not only by HK-RR specificity
pairs that coevolve for specificity but
also should evolve to avoid cross-talk
on the other potential partners

decreased
specificity
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TCS

Specificity preservation is key for accurate
functional predictions
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I Summary of PhoQ-PhoP analysis I

A model based on coevolutionary couplings can
predict the effects of mutations at a HK-RR
interface

* For the top mutational variants, we were able to
predict to a high degree of accuracy if a given
mutated interface is functional or not

* We propose the effects of those mutations on

cross talk and its role in the proper function of
PhoQ-PhoP
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