Natively Unstructured Proteins: How does binding induce folding?
Macro Proposal

General Background

It is well known that protein structure and function are intertwined; and, it is generally
thought that the native structures of functional proteins are folded and highly ordered.
However, it has become increasingly clear that a large fraction — perhaps as many as 30% - of
eukaryotic proteins are either partially or completely unfolded natively [1]. Moreover, there
is a substantial amount of evidence suggesting that these disordered proteins or disordered
domains of these proteins have specific functions, and that a certain degree of disorder may
have considerable functional advantages. Furthermore, disordered proteins have been and
continue to be implicated in a wide assortment of functions, including the regulation of
transcription and translation, the phosphorylation of proteins, and the chaperoning of RNA
molecules [3,4,5,6,7].

By definition, natively unstructured proteins contain large regions (>50 residues) which lack
secondary structure and therefore sample many conformational states in solution. On
average, these proteins have a distinct amino acid composition which is enriched in disorder-
promoting amino acids (A, R, G, Q, S, P, E and K) and depleted in order-promoting amino
acids (W, C,F, L Y, V, L and N) [8]. Consequently, natively disordered proteins are
characterized by an overall high net charge and low mean hydrophobicity [9].

In recent years it has become increasingly clear that intrinsically disordered proteins bind
their targets with very high specificity and often fold upon binding, allowing for a much
larger surface area of interaction. Consequently, intrinsically disordered proteins can bind
their targets with high specificity and low affinity. This type of interaction is especially
advantageous for proteins involved in signal transduction, which must bind specifically to
start a signaling process, but must dissociate rapidly when that signaling is complete [2].
Coupled binding and folding events are not well understood and it is this issue that is central
to this proposal.

Specific Background

Using sequence data and gene-based functional analyses, approximately 100 proteins and
their partners have been identified as natively unfolded and functionally characterized [10].
One of these systems involves the intracellular mediator protein Smad2. Smad proteins carry
signals, which are initiated by the TGF-f cytokines, into the nucleus where they regulate
gene transcription [11]. In this process the conserved Mad homology (MH) domain of the
Smad proteins interacts with a variety of different partners which do not share any common
structural or sequence similarity. One studied and characterized interaction is between the
MH domain of Smad2 (MH2) and the Smad binding domain (SBD) of the Smad anchor
protein for receptor activation (SARA). The SBD of SARA is found to have little to no
secondary structure in the absence of MH2, but adopts alpha helix, beta sheet, and rigid coil
structures upon binding to MH2. Of particular interest is that SARA binds with the MH
domain of Smad2 and —3 but not to Smadl, -4, -6, or —7 [12]. The disordered structure of the
SBD has been confirmed using NMR while the bound and ordered structure has been solved
using x-ray crystallography [13]. In essence, we have a “before picture” of the structure
(NMR) and an “after picture” (crystallography) but no understanding of the path the protein
takes to get from one to the other. How is folding coupled to binding? What are the



thermodynamics and kinetics of this interaction? These questions are central in
understanding how signaling proteins communicate and to this end several objectives are
proposed.

Objectives

(1) Whatis thedriving force for the SARA-Smadihteraction D enthalpyor entropy?

When natively unstructured proteins bind and fold they lose a significant amount of entropy:
rotational and translation entropy is lost upon binding and conformational entropy is lost
upon folding. This is compensated for by the enthalpy of binding in the form of electrostatic
interactions and the entropic gain due to burying hydrophobic residues. These properties are
poorly understood in coupled folding and binding events because it is inherently difficult to
measure each event separately. However, in order to understand the driving force of this
reaction these two events must be decoupled.

Specific aim 1a: In order to decouple the two events —binding and folding — the
ligand must be induced to fold without its partner. In recent studies, natively unfolded
proteins have been made to fold to their bound structure in the absence of their partner using
solvents like TMAO [15]. TMAO is a solute found in organisms that are exposed to
denaturing environments and has been shown to stabilize the folded state of proteins in the
presence of urea. This is because TMAO and other osmolytes provide an additional
thermodynamic force in protein folding; that is, the unfavorable interaction between the
peptide backbone and the osmolyte. This effect has been termed the osmophobic effect. In
this experiment, I will fold the protein using TMAQO, monitoring the folding process using
CD. This can be compared the CD spectra of the bound structure. Assuming that the two
structures are the same, the driving force of the folding event can be dissected using DSC.

Specific aim 1b: Next, we can understand the binding pathway if we measure the
free engergy from unfolded protein to folded protein plus receptor protein using ITC. A
thermodynamic cycle can be constructed, allowing us to calculate the free energy of binding.

(2) Whatare thekineticsof this interaction?
The kinetics of these two events are important in understanding how binding and folding
relate.

Specific aim 2a: Using time-resolved CD I will measure the folding kinetics of
SARA in TMAO in the absence of Smad2.

Specific aim 2b: Using SPR I can measure the on and off rates of the unfolded
protein SARA in the presence of Smad2. I hypothesize that I will see a biphasic on rate -
a rate due to folding and a rate due to binding. Aim 2a will allow me to characterize
which rate is due to which event.

(3) What is the overall mechanism?
Having the bound crystal structure allows me to cut off domains in SARA and assay the
resulting interaction. This type of analysis will allow an overall characterization of the
mechanism.

Specific aim 3: Delete ordered regions of SARA (alpha helix, beta sheet, or rigid
coil) one at a time. Characterize the kinetics of the resulting interaction using SPR as
above. Repeat for each region.
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