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To determine the structure(s) of the transition
state ensemble (TSE), we have applied our metal
binding  analysis to a variety of small kinetically
two-state proteins.

 analysis directly identifies residue-residue
contacts in the TSE through the utilization of bi-
Histidine metal binding sites.

Because one can extrapolate to zero metal ion
concentration,  analysis identifies the degree of
structure formation prior to the perturbation.

The TSEs so determined have much more
structure than those derived from traditional
mutational  analysis, in part due to the latter’s
reliance of inferring structure directly from
energy perturbations, which can be challenging
especially as the more flexible TSE can relax to
accommodate a mutation relative to the native
state.
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 values of several small proteins

What is  analysis?
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How much heterogeneity is there?

We do not observe significant structural heterogeneity in the 
TSE at the level of secondary structural elements (4), in 
accord with other studies which similarly point to a robust 
TSE. 
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But every protein we have studied has at least 1 unity 
value – at least one region is present in all TSEs.
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The TSEs of Ub, ctAcP, BdpA, 
prot G/L, NuG2b, and YA are 
extensively structured and 
adopt a common high degree of 
the native state topology, i.e. 
~70% of the native states’ 
contact order (RCO). 

Introduce individual bi-Histidine (biHis) metal 
binding sites on the surface of the protein. 

Metal ions stabilize 
binding competent 
confirmations.

Rationalizing the ln kf - RCOnative correlation.
Adapted from Ref 3

TSEs are much more structured than what is deduced from 
traditional  analysis.  Further, every protein has at least 1 
unity  value – limits extent of structurally disjoint TSEs.

Combine  with other methods to probe heterogeneity, e.g. 
(de)stabilize one region using mutation or crosslinking
and re-measure  at another region.

What have we learned from ?

Me2+

0 = fraction of 
TSE with site 
formed

Varying [Me2+] generates 
continuous Leffler plot

Ideal chevrons and equilibrium curves for 0 = 0.4

0

0 reflects how 
binding affinity in 
TSE compares to 
N (and U)

Fairly robust TSEs

Rich dataset for simulations
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BUT there may be 
pathway diversity on 
the way up to the 
TSE.

Vast amount of experimental data provide opportunity for 
computational comparisons.

Our results are consistent with other “pump-probe” 
approaches which provided no evidence of TSE heterogeneity.
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But what is 0? 
Reflects intrinsic degree of 
structure formation in zero 
perturbation – i.e. [Me2+] = 0

Produces changes 
in kf (Gf) and 
stability, Geq. 

Heterogeneous TSE Singular TSE



Can use  with 
other methods to 
distinguish 
between different 
levels of 
heterogeneity.
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(cp. Serrano et al., Fersht et al., Baker et al.)

Protein G/L

Based on these data and the high RCOTSE/RCON

values, we believe that the major pathways have 
converged by the TS – i.e. minimal macro-
heterogeneity.
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In a macro-heterogeneous model, destabilizing H2-H3 via 
mutation would increase the flux along the H1-H2 route, and 
hence lead to a higher  in H1. In a single TS model, no 
change in  in H1 is predicted.
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