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A limitation of two-state analysis for transitions between 
disordered and weakly ordered states 
Dudley H Williams, Ben Bardsley, Wakako Tsuzuki* and Alison J Maguire+ 

Background: The stability of the secondary structure of particular peptide 
regions is often used to investigate the involvement of the region in protein 
folding. When analysing the relatively small populations of associated states 
that are formed by weak interactions (i.e. those interactions that are comparable 
to thermal energies), it is common practice to characterise the associated state 
by a parameter that is measured when this state is highly occupied. The 
accuracy of this method, however, has not yet been determined. 

Results: Using as a model the vancomycin group of antibiotics, either forming 
dimers or binding to cell wall precursors, we have investigated the dependence 
of the limiting (i.e. fully associated) chemical shifts of two protons on the 
equilibrium constants for the formation of the.fully associated states. The 
chemical shift shows a large variation with the equilibrium constant for the 
formation of the fully associated state. 

Conclusions: The results demonstrate, in two systems, that a parameter 
representing a fully associated state (chemical shift) varies greatly with the 
equilibrium constant for the formation of that associated state. The results have 
implications for two-state analyses of populations of protein fragments in which 
a parameter representing the fully associated state is taken to be independent 
of the equilibrium constant for its formation. Using two-state analysis to 
determine the population of associated states of protein fragments could result 
in an underestimation of the population of these associated states. 
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Introduction 
In the analysis of a reaction: 

A+B+A.B (1) 

in which A and B are joined by a bond that is strong com- 
pared to thermal energies, the relative populations of the 
species involved can be reliably derived by a two-state 
(reactant/product) analysis. Similarly, for a unimolecular 
change: 

A+A’ (2) 

in which the reorganisation of the bonding on passing from 
A to A’ involves bonds that are strong compared co thermal 
energies, a two-state analysis can also be applied. In these 
cases, if a parameter can be measured, that is characteristic 
of 100% population of the species on the righr hand side 
(RHS) of the equation (xprod), (whereas this parameter has 
a value of x,,,,, for the species on rhe left hand side), and if, 
under conditions where both species are populated, an 
experimental value of the parameter is x,,~, then: 

Fractional population _ xcxp-xrcacr 
of species on the RHS - xprod - x,,,,~ (3) 

A dilemma arises, however, when the bonds made or 
broken have strengths that are comparable to thermal ener- 
gies. As conditions are altered so as to vary the populations 
of the species involved, there is no guarantee that xprod is a 
constant. Nevertheless, it is still common practice to apply 
Equation 3 and the analysis then becomes known as a two- 
state analysis. The reason that Equation 3 may be inapplic- 
able in these cases can be seen by comparing a potential 
energy well (using a diatomic analogy) for a strongly bound 
species (Figure la) with chat of a weakly bound species 
(Figure lb) [1,2]. In the former case, as a variable is 
changed to decrease the population of a bound state (e.g. 
the temperature is increased), the structure of the bound 
state is not changed significantly because higher vibrational 
levels of this state do not become sufficiently occupied to 
change the internuclear distance chat is used to describe it. 
In the case of a shallow well (Figure lb), however, higher 
vibrational (and rotational) levels are accessible at the 
higher temperatures because these levels are very closely 
spaced near the mouth of the well. It is therefore expected 
that the average bond length in this state may in&ease sig- 
nificantly; the structure is not constant. The postulated 
effect is analogous co the expression of heat capacity in a 
solid in which molecules are induced, by an increase in 
temperature, co increase their motions within their local 
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(a) 09 

’ The potential energy wells for the dissociation, or disordering, of a 
bound state in which the energy required is (a) large compared to 
thermal energies and (b) small compared to thermal energies. AH”, 
change in enthalpy; R, the gas constant; T, temperature. 

Figure 2 

energy wells and thereby induced to undergo a decrease in 
their local bonding (requiring heat uptake). By analogous 
reasoning, if, in the case of Figure 1 b, the well is made even 
more shallow relative to vibrational and rotational energies 
(e.g. by changing the solvent for a peptide with limited 
propensity to form an a helix from trifluoroethanol (TFE) 
to water), then the average bond lengths of the weak bonds 
in the helix might reasonably be expected to increase. So, 
as the free energy for helix formation is made less negative, 
the structure of the helix should change and become looser. 

The parameter (xprod) describing such a looser state might 
thereby reasonably be expected to become smaller (relative 

to x,,,,) than for the tighter structure. 

As far as we are aware, clear experimental evidence for 

the above proposed effect, in which the free energy 

changes for systems involving weak interactions can be 

systematically changed and measured, has not been 

described for complex systems of biological interest. 

Indeed, in the case of a unimolecular change (Equation 2) 
and where the parameters of interest are time-averaged, 
there seems to be no way to test the hypothesis. The very 
act of modifying the experiment to bring the ordered 

+kN 

NW+ 

/OH 

‘NHCOCH, 

An exploded view of the complex of the 
antibiotic eremomycin with di-N-Ac-Lys- 
o-Ala-o-Ala. The monitored protons wp, in the 
carboxylate binding pocket of the antibiotic, 
and x.,, which lies in the dimer interface, are 
indicated. 
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Determination of the limiting chemical shift for the antibiotic proton We 
A plot of the chemical shift of wa of eremomycin against the 
concentration of added acetate. 

state nearer to the mouth of the potential well (Figure lb) 
will simultaneously increase the population of the disor- 
dered state and so obscure the effect being investigated. 
In the case of a bimolecular association (Equation l), 
however, a parameter that describes the fully bound state 
(x prod) as it is brought nearer to the mouth of the potential 
well (where it might now be best described as an ensem- 
ble of canonical bound states) can still be obtained. This 
is because the concentration of one of the associating 
components can be increased such that, despite the 
smaller equilibrium constant for association, the second 
component becomes fully bound. Using this method 
(with a proton chemical shift of the fully bound state as 
the x prod parameter), we have been able to show that xprod 
does indeed undergo large variations as a function of the 
equilibrium constant K for Equation 1, in which the 
strengths of the bonds formed between A and B are com- 
parable to thermal energies. 

Results and discussion 
In the formation of complexes of bacterial cell-wall pre- 
cursor analogues (ligands) with glycopeptide antibiotics, 
the difference in chemical shift of an antibiotic proton 
(w,, the amide proton of residue 2, which is involved in 
binding the carboxylate anion of the cell-wall peptide 
analogues, Figure 2) between the free and fully bound 
states can be measured [3,4]. This limiting chemical shift 
can be obtained by extrapolating the plot of chemical 
shift against concentration of ligand to infinite concentra- 
tion of ligand (Figure 3). If the limiting chemical shifts of 
w2 are plotted against the equilibrium constant for the 
antibiotic-ligand association, then a curve is obtained 
[3,4]. To illustrate this point, we show data for one antibi- 
otic of the vancomycin group, eremomycin (Figure 4). A 
curve of this general shape is to be expected because, as 
the equilibrium constant for association of the ligand 

Figure 4 
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A plot of ligand-binding energy (AG) against the limiting chemical shift 
of the antibiotic proton wa for eremomycin, in complexes formed with 
various truncated bacterial cell-wall precursor analogues. In order of 
increasing magnitude of AG, the points represent the binding of the 
following ligands: none, acetate, di-N-Ac-Lys-D-Ala-o-lactate, 
N-AC-Gly-Gly, N-Ac-o-Ala-Gly, N-AC-o-Ala, N-Ac-Gly-o-Ala, 
N-Ac-o-Ala-o-Ala and di-N-Ac-Lys-o-Ala-o-Ala. 

increases, the carboxylate/wt hydrogen bond will 
approach a limiting strength. The addition of further 
residues to the ligand, although providing extra binding 
energy, will therefore have a reduced effect on the chem- 
ical shift of w2. In the present context, the point of impor- 
tance is that the limiting downfield shift of w2 increases 
dramatically with an increase in the equilibrium constant 
for the association [3,4]. For example, when binding to 

‘eremomycin, acetate has an association constant of 
-lOM-i compared to almost 105M-r for di-N-Ac- 
Lys-D-Ala-D-Ala; furthermore, the change in chemical 
shift of w2 between the free and bound states for acetate 
is only -65% of the shift change found for di-N-Ac- 
Lys-D-Ala-D-Ala. The much reduced downfield chemi- 
cal shifts found for the fully bound states formed with 
smaller equilibrium constants are observed, despite the 
fact that the structural changes in the cell-wall analogues 
that lead to the reduced equilibrium constants are rela- 
tively remote from the monitored proton [3,4]. These 
observations are interpreted to mean that the complexes 
formed with small equilibrium constants are looser than 
those formed with large equilibrium constants, because 
the equilibrium length of the common weak bond formed 
at the carboxylate-antibiotic interface increases in the 
series di-N-Ac-Lys-D-Ala-D-Ala < N-AC-D-Ala-D-Ala <N- 
AC-D-Ala < acetate. We also infer that the extra interac- 
tions between the larger ligands (relative to acetpte) and 
the antibiotic are instrumental in restricting the motion of 
the carboxylate anion in its binding site, thereby increas- 
ing its bonding affinity for the w2 amide [1,3]. Clearly, 
xprod decreases markedly as the equilibrium constant for 
the association decreases. 



510 Chemistry & Biology 1997, Vol4 No 7 

% 

H 

‘32 

0 

.J 
H’ I “3 

k, ” _ H H’N 

t 
-75 

R2 

N-H 

The hydrogen bonding network of the dimer 
formed between two molecules of 
eremomycin. The proton xq has a chemical 
shift that varies as a function of the 
dimerisation constant. The hydrogen bonds 
are indicated by the white arrows. 

In order to investigate the generality of this phenomenon, 
we have also examined the dimerisation of a series of gly- 
copeptide antibiotics (occurring through the formation of 
a number of amide-amide hydrogen bonds, Figure 5) [S]. 

Figure 6 
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A plot of free energy of dimensation against the change in chemical 
&ii of the proton x, upon dimerisation for some glycopeptide 
antibiotics. In order of increasing magnitude of AG,,, the points 
represent the dimerfsation of the following antibiotics: ristocetin Y, 
monodechlorovancomycin, vancomycin, chloroeremomycin, 
eremomyoin, biphenylchloroeremomycin and decaplanin. 

In the present context, the advantages of this system are 
that upon dimerisation, a proton (x4) located near the 
centre of the dimer interface undergoes a relatively large 
downfield shift [S], and that the limiting downfield shift 
of this proton can be determined for a series of antibiotics 
as the dimerisation constant varies from -lOM-i to 
>105M-l. It is emphasised that the structural variables 
that cause this variation in dimerisation constant (e.g. the 
presence of certain sugars attached to amino acids 4 or 6 
of the antibiotics) are all relatively remote from x4 [6,7]. 
We observed that the downfield shift of x4 upon dimerisa- 
tion is, in the fully dimerised state, much smaller in those 
cases in which the equilibrium constant (K) for dimerisa- 
tion is small (Figure 6). The chemical shift of xq upon 
dimerisation is likely to be significantly influenced by 
two factors. Firstly, it will be influenced by a reduction in 
the torsional motions of the dipoles of the amides that 
bond to each other at the dimer interface relative to their 
motions in the monomer [8,9]. This means that x4 should, 
on average, be held nearer to the plane of the carbonyl 
group of residue 3 in the same half of the dimer, resulting 
in a downfield shift. Secondly, the chemical shift will be 
influenced by the proximity of xq to the carbonyl of 
residue 5 in the other half of the dimer, again resulting in 
a downfield shift [8,9]. We interpret the smaller limiting 
shift of x,, at smaller equilibrium constants to mean that 
there is a reduced influence on its chemical shift from the 
carbonyl in the opposite half of the dimer and a reduced 
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Figure 7 
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A schema&z representation of (a) the association of an entity A with its 
receptor and (b) the association of the same entity A when attached via 
a strain-free linker to a second entity B that binds to a separate site on 
the same receptor. In (b), the association constant of the ligand with 
the receptor is high due to the cooperative enhancement to the binding 
of A provided by B. In this case, the complex formed is relatively tight 
and relatively few bound states are accessible to the ligand. As a result, 
the distance d2, the average distance between wz of a glycopeptide 
and the carboxyl group of the bound ligand, for example, (or. equally, 
between x4 and the carbonyl group of the opposite half of a 
glycopeptide dimer) is relatively short. In (a), the association constant of 
the ligand with the receptor is low and a greater number of canonical 
bound states are accessible to the ligand as a result of the looser 
nature of the complex. The resultant average distance dl, which 
reflects the greater number of weakly bound states occupied by the 
complex, is therefore longer than d2. The distance d correlates directly 
with the parameter smd (e.g. a greater w,lcarboxyl hydrogen bond 
distance results in a smaller downfield chemical shift of wJ. At lower 
association constants, the larger number of occupied bound states 
therefore results in a lower value of smd. 

rigidity of the peptide backbone as a result of longer 
equilibrium bond lengths across the dimer interface. The 
chemical shift changes parallel those observed for the 
system shown in Figure 2; xprod decreases as the equilib- 
rium constant for association decreases (Figure 6 com- 
pared to Figure 4). A schematic representation of this 
effect is shown in Figure 7. 

It is clear from the above two sets of data (reflecting gly- 
copeptide antibiotics binding to ligands and dimerisation 
of glycopeptide antibiotics) that unique bound states do 
not exist. By analogy, two-state analyses of P-sheet or 
a-helix formation from disordered states, via a number of 
conformationally averaged parameters (circular dichroism: 
molar ellipticity at 222nm [lO-161; ‘H nuclear magnetic 
resonance (NMR) spectroscopy: PH chemical shifts 
[13,14,1~191, 3JN, coupling constants [20], d&i, i+l) vs. 
d&i, i+l) nuclear Overhauser effect (NOE) cross peak 
intensities [20,21]) may be subject to an error of similar 
origins. In such two-state analyses, it appears, by analogy 
to our results, that as K for the formation of the ordered 
state becomes smaller (e.g. K= 1 for unimolecular associa- 
tion), then xprod for these conditions will be different from 
xprod for the state as ic exists in a protein from which the 
helical or hairpin fragment may have been derived. The 
reference values of xprod used to calculate the populations 

of ordered structures of protein fragments at these low 
values of K may be inappropriate, having been measured 
under conditions of significantly higher K, such as in the 
native protein [13,17,19], at low temperature [10,22], at 
high concentration of TFE [11,12,22] or from idealised 
values taken from rhe literature [14-16,18,20,23,24]. Our 
data thus have implications regarding the quantitative 
aspects of such analyses, although not necessarily for the 
qualitative conclusions. Loose structures are probably best 
described as ensembles of states, in which the tighr struc- 
ture (formed with a numerically larger free energy change 
than loose structures) will not be highly populated. 

Significance 
Determination of the stability of secondary structure 
formation of protein fragments has been used to investi- 
gate the probability of the corresponding region of native 
protein being involved in the initiation of folding. Such 
experiments have often relied upon knowledge of a mea- 
surable parameter relating to the fragment in both its 
fully folded state and in its fully dissociated state 
(random coil). This parameter has then been measured 
for the partially associated system and the population of 
the associated state has been deduced via a two-state 
analysis. Our results, which show a significant depen- 
dence of the fully associated parameter upon K (the 
equilibrium constant of the association), imply that such 
two-state analyses will therefore incorporate an intrinsic 
error leading to an underestimate of the population of 
associated states. 

Materials and methods 
l H NMR spectroscopy 

All samples were prepared at pD3.7 by adjusting the pD of a solution 
of KD,PO, (50mM) to approximately pD3.0 using NaOD and 
CD,CO,D; following addition of the antibiotic (which had been 
lyophilised twice from D,O), the pD was adjusted to pD3.7. All pD 
measurements were made using a Coming pH meter equipped with a 
combination glass electrode and no corrections were made for isotope 
effects. Spectra were recorded at 300K on a Bruker DRX500 spec- 
trometer and calibrated with internal sodium trimethylsilylpropionate 
@=Oppm). One-dimensional (1D) spectra were recorded with 16K 
data points and two-dimensional (20) spectra were recorded with 2K 
points in f, and 512 increments in f,. Suppression of solvent was 
achieved by pre-saturation and time-proportional phase incrementation 
was used to achieve quadrature detection in the indirect dimension. 
Data were processed with XWIN-NMR software, with 2D processing 
employing a sine-squared window function and zero-filling in f, up to 
1 K points. 

Determination of monomer and dimer chemical shifts 
When monomer and dimer forms of the antibiotic were in fast 
exchange on the NMR timescale, the chemical shii (6) of x, was typi- 
cally measured from 1 D spectra obtained at a range of concentrations 
(between 3 mM and 25 or 100 mM, depending on the particular antibi- 
otic). Monomer and dimer chemical shifts were obtained from a plot of 
6x, against antibiotic concentration. Fitting of the curve using a leaat- 
squares procedure [25] in Kaleidagraph (Abelbeck Sofhvare) and 
extrapolation to infinitely dilute and infinitely high antibiotic concentra- 
tions yielded the required monomer and dimer shiis, respectively. 
Where peak overlap precluded the observation of x4 in 1 D spectra, it 
was assigned from 2D NOESY spectra, typically employing a mixing 
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time of 1 OOms. In cases when monomer and dimer were in slow 
exchange on the NMR timescale, the x, signals due to monomer and 
dimer were correlated by pre-irradiation of the dimer signal, which led 
to a reduction in the intensity of the monomer signal. For these antibi- 
otics, appearance of the monomer signal could be followed in the 
10 pM to 5 mM concentration range. 

Determination of dimerisation constants 
For antibiotics where the monomer and dimer species were in fast 
exchange on the NMR timescale, 6x, was measured as a function of 
antibiotic concentration 181. A graph of 6x, against antibiotic concen- 
tration was plotted and the dimerisation constant calculated using a 
least-squares curve-fitting program [25] in Kaleidagraph. For antibi- 
otics where the monomer and dimer species were in slow exchange 
on the NMR timescale, at sufficiently low concentrations of antibiotic 
(1 O-l OOpM), both monomer and dimer states were populated. lnte 
gration of corresponding monomer and dimer peaks allowed direct 
calculation of the dimerisation constant. 
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