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Proteins are inherently plastic molecules, whose function often
critically depends on excursions between different molecular con-
formations (conformers)'>. However, a rigorous understanding
of the relation between a protein’s structure, dynamics and func-
tion remains elusive. This is because many of the conformers on its
energy landscape are only transiently formed and marginally
populated (less than a few per cent of the total number of mol-
ecules), so that they cannot be individually characterized by most
biophysical tools. Here we study a lysozyme mutant from phage T4
that binds hydrophobic molecules* and populates an excited state
transiently (about 1 ms) to about 3% at 25 °C (ref. 5). We show that
such binding occurs only via the ground state, and present the
atomic-level model of the ‘invisible’, excited state obtained using
a combined strategy of relaxation-dispersion NMR (ref. 6) and CS-
Rosetta’” model building that rationalizes this observation. The
model was tested using structure-based design calculations iden-
tifying point mutants predicted to stabilize the excited state rela-
tive to the ground state. In this way a pair of mutations were
introduced, inverting the relative populations of the ground and
excited states and altering function. Our results suggest a mech-
anism for the evolution of a protein’s function by changing the
delicate balance between the states on its energy landscape. More
generally, they show that our approach can generate and validate
models of excited protein states.

A detailed characterization of the conformers along a protein’s
energy landscape is important for understanding the structure-
function relationship and also because such an analysis provides
insight into fundamental aspects of protein structure and dynamics.
In this vein, numerous detailed studies of mutant lysozymes and lyso-
zyme complexes from phage T4 have greatly increased our under-
standing of the inter-relation between structure, stability, folding
and motion in proteins®. Among the approximately 700 mutant lyso-
zymes and lysozyme complexes that have been characterized is a
family where each member contains an engineered cavity in its hydro-
phobic core, generated by replacing larger amino acids with alanine
(ref. 9). The point mutant causing the most pronounced stability
change involved the replacement of a leucine at position 99 (referred
to in what follows as L99A T4L), creating a cavity of ~150 A* in the
carboxy terminus of the enzyme that is able to bind hydrophobic
ligands®. Interestingly, X-ray studies showed that the L99A mutant
undergoes the least rearrangement at the site of mutation, with the
structure essentially unchanged”.

Despite the fact that the wild-type and L99A T4L structures are
virtually identical in the crystalline state, solution NMR studies of
the L99A mutant indicated that many of the peaks were significantly
broadened relative to the corresponding resonances in data sets
recorded of the wild-type protein®. Spectral broadening is indicative
of dynamics on the microsecond-millisecond timescale®, and in this

case provides a clear indication that cavity creation introduces one or
more dynamic processes that are not observed in the wild-type enzyme.
Such dynamics can be studied by NMR transverse spin-relaxation
experiments, in which the relaxation rates of probe nuclei are measured
as a function of the strength of applied radio-frequency fields*'. These
experiments provide a powerful approach to quantify structural transi-
tions in proteins because they are sensitive to microsecond-millisecond
exchange processes in which a highly populated ground state (G) inter-
converts with conformers that can have much lower populations
(>0.5%), referred to in what follows as excited states (E).

Initial '>N Carr-Purcell-Meiboom-Gill (CPMG) relaxation disper-
sion NMR experiments indicated that LO9A T4L undergoes a dynamic
process involving residues that are proximal to the cavity. The relaxa-
tion data were well fitted to a model in which a highly populated ground
state (97%, 25 °C) interconverts with a second state that because of its
low population (3%) and short lifetime (~1 ms) is ‘invisible’ in NMR
spectra’. Using recently developed CPMG dispersion experiments'', we
have obtained nearly all of the backbone 'H, '*N and "*C chemical
shifts—as well as side-chain methyl '°C chemical shifts—of the invisible
excited state with a high level of accuracy (Supplementary Fig. 1,
Supplementary Tables 1-5). Such chemical shifts are powerful con-
straints in structure calculations; when combined with computational
protocols”"* they can be used to calculate accurate folds of small
proteins, even in the absence of additional information, such as inter-
nuclear distances'>".

A comparison of the chemical shifts of the ground and excited states
shows that conformational rearrangements occur in the vicinity of the
cavity involving the C-terminal region of helix E and helices F, G, H and
I (Fig. 1a, b). These regions do not become disordered in the excited
state, as calculated squared order parameters reporting on the ampli-
tudes of backbone motion from chemical shifts'®, S>rcp, change little
between states (Fig. 1c). However, a decrease in helix propensity is
noted for the C-terminal region of helix E, with a very significant
concomitant increase in the helix content for the loop connecting
helices F and G (Fig. 1d).

The "N, 'HY, 'H”, C” and ">C’ chemical shifts of the excited state
were used to guide Rosetta ‘loop’ building and refinement'® to generate
structural models of the excited state (described in Supplementary
Information, Supplementary Fig. 2). Only regions with significant
chemical shift changes (residues 100-120, 132-146; Fig. la) were
allowed to deviate from the X-ray structure of the L99A cavity mutant.
The CS-Rosetta-based excited state conformers so produced are well
converged, with pair-wise backbone root-mean-squared deviations
(rm.s.d.) for ten representative, low energy structures of 0.7 = 0.2 A
over the region that was allowed to vary in the calculations (Sup-
plementary Table 6). As a control, an identical protocol was used to
generate the structure of the ground state in the vicinity of the cavity
mutant, based on the same number of chemical shifts as for the excited
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Figure 1 | L99A T4L exchanges between ground (visible) and excited
(invisible) states, each with distinct conformations. a, Plot of
2

1 Z ( Ami ) as a function of residue, where A@; is the shift

N &= \Aw;stp
difference in p.p.m. between states, A®;syp is a nucleus specific value that
corresponds to the range of shift values (1 s.d.) that are observed in a database of
protein chemical shifts (http://www.bmrb.wisc.edu) for the nucleus in question
(*HN, N, ¥C* '"H* and '°>C’) and N is the number of nuclei <5 that are
included in the average. Significant A&y differences are localized to a pair of
regions (100-120, 132-146) that are highlighted in grey. The secondary
structure of the ground state of L99A T4L is illustrated. b, Values of A@rys
colour-coded onto the X-ray structure of L99A T4L (PDB: 3DMV?®), ranging
from blue (A@rps = 0) to red (A@ys > 0.7). The mesh surface indicates the
position of the cavity formed by the Leu to Ala substitution at position 99. ¢, S*
values for the backbone amide groups in the ground (blue) and excited (red) states
of L99A T4L as predicted by the RCI approach®. d, Helix propensity values,
predicted using TALOS+ (ref. 29), highlighting important changes in secondary
structure between ground (blue) and excited (red) L99A T4L conformers.
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state conformer. The lowest energy structures so obtained are in excel-
lent agreement with the L99A crystal structure (r.m.s.d. of 0.6 = 0.2 A,
Supplementary Table 6). Figure 2 shows an overlay of ten low energy
representative excited state structures (Fig. 2a), along with the X-ray
structure of the ground state (Fig. 2b) for comparison. As predicted on
the basis of the input chemical shift data (Fig. 1a), there are clear
structural differences between ground and excited states. These occur
in a region immediately surrounding the cavity, involving rearrange-
ment of the pair of short helices F and G that are orthogonal in the
wild-type structure and that form a single, continuous and nearly
straight helix in the excited state. This conformational rearrangement
also includes a significant change in the backbone dihedral angle ()
of Phe 114 to a helical value in the excited state (+49° to —36°) and a
reorientation of its side chain caused by a change in the torsion angle
(;1) from a gauche— to a trans conformation (see below). The change
in y; projects the Phe 114 benzyl moiety into the cavity of L99A T4L,
significantly decreasing its volume (Fig. 2¢).

To cross-validate the excited state structures, we used Rosetta struc-
ture based design calculations to identify substitutions predicted to
stabilize the excited state relative to the ground state (Supplementary
Table 7). One such substitution is G113A, which replaces one of the
most helix destabilizing residues (Gly) with the most favourable (Ala)"”
in a region of the structure that is predicted to become more helical in
the excited state. 'H-'°N and 'H-'3C spectra of L99A,G113A T4L
(recorded at low temperature (1 °C) to slow down the exchange and
hence improve spectral quality) show two sets of cross-peaks that can
be connected by magnetization exchange'®'” (Fig. 3a, Supplementary
Fig. 3). The first set corresponds to those observed for the L99A ground
state, with a second set occurring at the positions predicted for the
excited state on the basis of the chemical shifts obtained from CPMG
relaxation dispersion experiments recorded on L99A T4L (Fig. 3b).
Intensities of peaks from magnetization exchange experiments can be
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Figure 2 | The structure of the invisible, excited state of L99A T4L.

a, Superposition of the 10 lowest energy structures of the L99A T4L excited
state. The locations of helices E, F and G are indicated, along with the side chain
of Phe 114 (see ¢). Only residues 100-120 and 132-146 were allowed to deviate
from the L99A T4L ground state X-ray structure in calculations of the excited
conformer (Methods). b, Ground state structure of L99A T4L, showing helices
E, F and G and the position of Phe 114 (PDB: 3DMV?*) or of benzene (green;
PDB: 3DMX**) when it is bound inside the cavity (see d). ¢, d, Expanded regions
of the excited state (c) and ground state (d) structures, focusing on the
differences between helices F and G and the position of Phe 114.

fitted to extract the population of the excited state, pg, and an exchange
rate, kex = kge + kgg (k;; is the exchange rate from state i to j); values of
PE=34*2%and ke, =48+ 1 s~ 1, at1°C, are obtained (Supplemen-
tary Fig. 4, Supplementary Table 8). Thus, the G113A mutation shifts
the G = E equilibrium, as expected from the excited state structure,
from pr < 0.5% to 34% at 1°C.

In a previous set of studies based on analysis of '°N and methyl >C
CPMG relaxation dispersion profiles, we speculated that the excited
state of LO9A T4L is an open conformation where ligands can access the
cavity®. The solution structure of the low populated L99A T4L con-
former, however, predicts that hydrophobic ligands would not bind the
excited state because the cavity is occupied by the side chain of Phe 114
(Fig. 2c). As a second cross-validation of the structure, we measured the
binding of benzene to the ground and excited conformers indepen-
dently using a sample of L99A,G113A T4L, where separate peaks can be
observed for each state (Fig. 3a). A previous study has established that
benzene binds to L99A T4L with a millimolar Ky and a dissociation rate
of close to 1,000 s~ at 20 °C (ref. 20). Lowering the temperature to 1 °C
decreases both the rate of benzene binding and the rate of exchange
between ground and excited states; these rates are reduced to the point
where separate peaks are observed for the methyl group of Met 102 in
"H-">C HSQC spectra of the ground, excited and benzene-bound states
of L99A, G113A T4L to which one molar equivalent of benzene was
added (Fig. 3c). Rates of exchange between the three states can be
quantified by analysis of magnetization exchange experiments'®'**".
From fits of the time-dependencies of the auto-peaks (labelled ‘G’,
‘E’, ‘B’ in Fig. 3¢, diagonal panels of Fig. 3d) and cross-peaks (cross
panels) to a model of three-site exchange (Fig. 3e and Supplementary
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Figure 3 | Hydrophobic ligands do not bind the excited state of L99A T4L.
a, Selected region of the "H-""N correlation map from a magnetization
exchange experiment recorded on L99A,G113A T4L at 1 °C, showing separate
peaks for the ground (G) and excited (E) states. A pair of data sets are obtained,
with the mixing time (Tyx = 50 ms) recorded before or after the 5N chemical
shift evolution period, and the data sets subtracted so that diagonal- (cross-)
peaks are positive (negative)*’. b, Correlation between A@y values measured
directly from the spectrum in a (y axis) and corresponding values from CPMG

Table 8), the six relevant rates, k;;, are extracted. Best fit values for kgp,
kgg are <0.1s~ ' (Supplementary Fig. 5), and F-test analyses establish
that there is no difference in the quality of the fits when these rates are
set to zero, indicating that binding to the excited state does not occur. By
contrast, kg = 11.6 = 0.3s ' and kgg = 17.4 + 0.4s~ ', so that ligand
binding proceeds via the ground state. The mechanism by which this
occurs is not at present known, but it must involve excursions of the
ground state to additional conformations, presumably on a timescale
faster than those that are accessible to the dispersion experiments
described here.

Whereas the G113A mutation shifts the fractional population of the
excited state from approximately 3% to 34%, we were interested in
perturbing the equilibrium still further. The R119P substitution is
predicted by Rosetta to further favour the excited state because the
X-ray structure of the L99A ground state” is incompatible with a Pro at
position 119 due to steric clashes involving an H® proton and the C' of
Thr 115. Consistent with this prediction, the 'H-""N HSQC spectrum
of G113A,R119P,L99A T4L contains a single set of peaks (Supplemen-
tary Fig. 6) at resonance positions identical to those of the invisible,
excited state of L99A that were determined by relaxation dispersion
measurements (Supplementary Fig. 7). Further relaxation dispersion
experiments recorded on the triple mutant established that the dom-
inant conformer in solution, corresponding to the ligand inaccessible
state (Supplementary Table 6), interconverts with a minor state con-
former whose structure is that of the L99A ground state (Sup-
plementary Fig. 8) (population of 3.8 = 0.1%, ke, =806 = 28 s
1°C). Thus, the pair of mutations G113A,R119P inverts the popula-
tions of ground and excited states relative to LO9A T4L.

This population inversion, rendering the ligand-inaccessible state
the major conformer, allows an additional test of the structure of the
invisible L99A T4L excited state. Quantitative J-based scalar coupling
experiments® recorded on L99A,G113A,R119P T4L confirm that the
%1 rotamer state for Phe 114 is trans, as observed in the CS-Rosetta
based structure of the excited state (Supplementary Fig. 9, Sup-
plementary Table 9, see above). By contrast, similar experiments
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relaxation dispersion measurements of L99A T4L (25 °C; x axis).

¢, Magnetization exchange spectrum (Tyx = 40 ms) recorded on an
L99A,G113A T4L sample with a 1:1 molar equivalent of benzene, focusing on
Met 102 that shows well resolved correlations from ground, excited and
benzene-bound (B) states. d, Intensity of auto- and cross-peaks for residue
Met 102 from magnetization exchange experiments recorded as a function of
T (red circles), along with the best fit of the data (solid lines) to the exchange
model of e. Values of rates of exchange, k;;, are indicated.

recorded on the ground state of LO9A T4L are consistent only with a
gauche— conformation, as expected from the X-ray structure’. The
trans y, rotameric state for Phe 114 is a novel feature of the L99A T4L
excited state and L99A,G113A,R119P T4L. In a G113A variant T4L, as
examined here but where Leu is retained at position 99, a gauche—
conformation is observed™ for Phe 114; a trans y; angle would lead to
steric clashes with Leu 99 (Supplementary Fig. 10).

The L99A mutation in T4L creates an energy landscape in which a
low-lying excited state is transiently populated. We have shown that
this invisible, excited state has different functional properties from the

a L99A T4L b L99A,G113A T4L c L99A,G113A,R119P T4L
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Figure 4 | The delicate balance between states on the energy landscape can
be readily manipulated through mutation, providing a path for protein
evolvability. a-c, Selected regions from "H-">C HSQC spectra (recorded at
1°C) of L99A T4L (a), L99A,G113A T4L (b) and L99A,G113A,R119P T4L
(c), with the peaks from the ground and excited states coloured in blue and red,
respectively. d—-f, Corresponding energy landscapes, showing the structures of
the ground and excited states and their fractional populations.
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ground state—it does not bind hydrophobic ligands. This divergence
in function can be controlled through mutation, with the G113 A single
mutation and the G113A,R119P double mutation changing the ratio of
binding-competent to binding-incompetent states from 97% to 66%
(G113A) and to less than 5% (G113A,R119P) (Fig. 4). The picture of
evolving protein function suggested by our studies of L99A T4L is
consistent with an emerging view of protein plasticity’***, with each
molecule sampling a range of structures. Each unique conformer can,
in turn, potentially carry out a different function*****’. A small number
of mutations can then shift the relative populations of the conformers,
thereby changing the activity of the protein, as has been observed in
directed evolution experiments involving the introduction of muta-
tions into flexible loop regions of enzymes®. Insight into the relation
between protein dynamics, structure and evolvability is greatly facili-
tated through the powerful combination of relaxation dispersion NMR
and Rosetta enabling individual protein states that populate the energy
landscape to be investigated, even in cases where these conformers are
invisible to other biophysical techniques. As applications of this meth-
odology continue to grow, so too will our understanding of how pro-
tein dynamics control function, increasing the scope for the rational
design of proteins with specific properties.

METHODS SUMMARY

Protein expression and purification. All NMR samples were prepared following
previously published protocols, as described in detail in Methods.

NMR experiments and structure calculations. NMR experiments were recorded
and analysed as described in Methods. Structure calculations of the L99A T4L
excited state were based on experimental backbone '°N, '*C and 'H chemical shifts
obtained from CPMG dispersion experiments. The structures of regions in the
excited state with significant variations in chemical shift values relative to those in
the ground state were computed using the loop modelling application of Rosetta'®.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Protein expression and purification. The gene for expression of L99A T4L was
optimized for protein production (Genscript) and placed in a pET-29b plasmid.
Additional plasmids for the expression of the mutants used in this study
(L99A,G113A T4L; L99A,G113A,R119P T4L) were constructed from the L99A
T4L plasmid. T4L proteins were expressed in Escherichia coli BL21(DE3) cells
grown in M9 minimal media with glucose (3-4 g1, typically) and ammonium
chloride (NH,CI, 1g17") as the sole carbon and nitrogen sources, respectively.
Proteins with specific labelling patterns (see below) were obtained by expression in
M9 media containing the appropriately labelled glucose, '>’NH,Cl and solvent
(H,0 or D,0)*'. The labelling patterns (carbon source/solvent) used in this study
are: uniform (U) N (glucose/H,0), U-C/'N ([13C5]—glucose/ H,0),
U-"H/PC/'N ([*Co,"H;]-glucose/100% D,0), U-H/**N ([*H;]-glucose/100%
D,0), *C*/*N ([2-*C]-glucose/100% H,0), U-"C/U-""N/50%H ([**Cq,°H,]-
glucose/50% D,0), *CH;-Met/"*N (glucose/H,O, supplemented with 100 mg1~"
of *CH;-Met added to the media 30 min before induction of protein overexpres-
sion). E. coli BL21(DE3) cells transformed with the appropriate plasmid were
grown in one or two litres of media at 37 °C until an ODggg of ~1. The temperature
was then reduced to 16 °C and protein expression was induced with 1 mM IPTG
for 14-18 h. The cells were harvested by centrifugation and frozen. The protein
was purified from the cells as described™.

Samples. NMR samples (~1.5 mM in protein) were prepared in a buffer consist-
ing of 50 mM sodium phosphate, 25 mM NaCl, 2mM EDTA, 2 mM NaN;, pH 5.5
in either 10% or 100% D,O. The experiments were performed on Varian Inova
spectrometers operating at frequencies ("H) of 500, 600 and 800 MHz, at a tem-
perature of 25 °C, unless stated otherwise.

Assignments. Complete assignments for L99A T4L have been reported previ-
ously®. The major (ground) state peaks in the L99A,G113A T4L mutant were
assigned by comparison with assigned spectra of L99A T4L. Minor (excited-) state
"H-""N resonance assignments were obtained using an "N magnetization
exchange experiment" recorded at 800 MHz, 1 °C, with a mixing time (Tyx) of
50 ms. At 1°C the excited state is populated to ~34%, ke, =~ 505~ ', so that very
clear exchange peaks correlate ground and excited state resonances. Backbone
'"H/"*C/*N and *CP assignments for the L99A,G113A,R119P T4L mutant were
obtained using standard triple resonance experiments® recorded at 34 °C either at
500 or 800 MHz. Assignments were very close to complete. The elevated temper-
ature (34 °C) and lower field (500 MHz) were used to minimize signal loss due to
chemical exchange.

CPMG experiments. 'H/'°N/">C constant-time (CT) CPMG relaxation disper-
sion experiments were (usually) performed at two static magnetic fields. Typically,
dispersion curves were composed of a large number (~15) of vepmg values with
errors estimated based on two or three repeat values®. Here vepyg = 1/(47cpmig),
where 27cpyG is the spacing between the refocusing m pulses applied during the
CT delay of length Tgejy. Details of the experiments®*>* used to characterize the
excited state of L99A T4L are summarized in Supplementary Table 1.

Sign experiments. Single-quantum CPMG relaxation dispersion experiments
provide only the magnitude of the change in chemical shift |Awgg| = |ooE — wg|
between the two exchanging states. Signs were obtained by comparing the posi-
tions of the ground state peaks in HSQC spectra recorded at different static mag-
netic fields and/or between peak positions in HSQC/HMQC spectra recorded at
the same field*”**. Once the signs of amide nitrogen A@values were obtained, the
corresponding signs of the amide protons were generated from zero-quantum
(ZQ) and double-quantum (DQ) CPMG experiments®. Experiments used to
obtain this information are listed in Supplementary Table 2.

Quantitative J-modulated experiments. y; angles of aromatic residues in both
L99A T4L (ground state) and L99A,G113A,R119P T4L (ground state that is a
mimic of the LO9A T4L excited state structure, see Supplementary Fig. 7 and text)
were determined by measurement of three-bond Joc, and Jnc, scalar couplings
using quantitative J-based experiments’**’ recorded with dephasing delays of
100 ms (Jocy) and 120 ms (Jnc,), respectively. All experiments were obtained at
35°C on a 600 MHz spectrometer, using uniformly 15N, 13C enriched samples.
Difference spectra for both experiments and both proteins are shown in
Supplementary Fig. 9. Measured scalar coupling values are summarized in
Supplementary Table 9 along with the ; angles for the aromatic residues of the
ground and excited state structures.

Magnetization-exchange experiments. '’N magnetization exchange experi-
ments, recorded at 1°C, 800 MHz, were used for assignment of excited state
correlations of L99A,G113A T4L, as described above. A pair of experiments were
recorded in which the exchange mixing period, Tyx (50 ms), was placed (1)
before and (2) after indirect detection of '°N magnetization. Subtraction of the
two data sets so obtained generates a two-dimensional spectrum where correla-
tions from ground and excited states (positive) are connected by cross-peaks
(negative), forming a ‘rectangular’ structure® (Fig. 3a). Quantitative methyl 3¢
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kGE
magnetization exchange experiments to quantify exchange, G == E (see below

keG
or text), in L99A,G113A T4L were performed at 600 MHz, 1 °C, utsbing asample in
which only Met-C® was '*C enriched. A second similarly labelled sample to which
a small amount of benzene was added (approximately 1:1 molar equivalents of
benzene and protein) was used to study exchange between the ground, excited and
benzene-bound states of L99A,G113A T4L. Experiments were recorded with Tyx
values ranging between 0 and 85ms (100 ms in the presence of benzene) with
errors estimated based on repeat measurements.
Data processing. The NMRpipe software package*' was used to processes all of the
NMR data. Subsequent visualization and peak picking was achieved using the pro-
gram Sparky*. The intensities of peaks (I) were obtained using the program FuDA
(http://pound.med.utoronto.ca/software.html), while the CcpNmr set of programs**
was used to analyse some of the triple resonance assignment experiments.
Analysis of CPMG data. Relaxation dispersion (RD) profiles, R, c{(Vcpmc), were
generated from peak intensities, I(vopmg), measured in a series of 2D correlation
maps recorded at various CPMG frequencies, vcpmg. The effective relaxation
rates, Ry oif(Vepma), were computed via the relation:

1 I(v,
Ry i (Vepmag) = — Tos In (@)
Relax o

where I, is the peak intensity extracted from a reference spectrum recorded with-
out the CPMG block. RD profiles were analysed assuming a two-site exchanging
system, G == E, where the major state, G, interconverts with the minor state, E,
as described previously in the context of the L99A system>**. The model para-
meters defining the chemical exchange process, that is the exchange rate, k., the
population of the minor state, pg, and the absolute difference in chemical shifts
between the two states, |[Awgg| = |wg — wg|, were determined by minimizing the

target function:
2
72 (C) _ i (Rggf B R2caelfcf (C))
) i=1 ARy Gy
where Rff;f and ARE’S& are the experimental effective transverse relaxation rates
and their associated uncertainties, Rg‘;lf‘:f(C ) are back-calculated relaxation rates
obtained by numerical integration of the Bloch-McConnell equations* using
the program CATIA (http://pound.med.utoronto.ca/software.html), { represents
the set of adjustable model parameters and the sum is over all the experimental
data points.
Analysis of quantitative magnetization exchange data. As described above and
in the text, methyl ">C magnetization exchange experiments were recorded on
L99A,G113A T4L (1 °C) without and with added benzene using a pulse scheme
described previously*"*’. Data from Met 102 were analysed because separate, well-
resolved correlations are obtained for the ground, excited and benzene-bound
states that could be accurately quantified. At the low temperature used (1 °C),
the interconversion between ground and excited states as well as benzene binding
are in the slow exchange regime, a requirement for the magnetization exchange
experiment. The intensity I of auto- (cross-) peaks corresponding to magnetiza-
tion that is not (is) transferred between states during a mixing time, Tyrx, has been
analysed by numerically solving the Bloch-McConnell equations for the evolution
of magnetization in the presence of chemical exchange®. The time dependence of
magnetization during the entire pulse sequence was simulated (details are avail-
able from the authors on request). The resonance frequencies of the peaks and
their transverse relaxation rates were obtained from the positions and linewidths
of the peaks in spectra, respectively. The fitted parameters include the total mag-
netization, longitudinal relaxation rates (R;) for each state, the fractional popula-
tions of each state, p; (subject to the constraint that Z pi=1), and the rates of

i
exchange between states i and j, key;; = k;; + kji. The fitting parameters were opti-
mized using a simplex procedure to minimize the function:

I?“VXP _ ICalC) 2

N

2 1

X _2 : Exp
i=1 gi

Here the summation is over all the experimental data points, I**P is the experi-
mental intensity, I° is the calculated intensity and ¢™ is the error in the
intensity. In the case of two-state exchange (no benzene), 48 data points from
four peaks associated with Met 102 (two auto- and two cross- peaks X 12 Tyx
values) were fitted using five fitting parameters. For the three-state exchange
(approximately 1:1 molar equivalent protein:benzene), 117 data points from nine
Met 102 peaks (three auto- and six cross-peaks X 13 Tyyx; Fig. 3d) were fitted
using nine fitting parameters. The minimum error in the intensities was assumed
to be 3%. Errors in the fitted parameters were estimated using a Monte Carlo
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procedure®’. Here 50 synthetic data sets were generated using the best-fit para-
meters in which random error was added to magnetization intensities and *C/'H
R, values (based on the experimental errors) and each of the data sets fitted as per
the experimental data. Errors are calculated as 1 s.d. in the extracted values.

These experiments clearly indicate that only the ground state binds benzene. As
shown in Fig. 3d, fits of the time dependencies of diagonal- and cross-peaks from
magnetization exchange spectra establish that kpg, kg < 0.1s~ . To further sup-
port the result that benzene does not bind the excited state, Supplementary Fig. 5
plots the reduced # obtained from the fit of the magnetization exchange data as a
function of keypg = kg + kgg. A clear minimum occurs for kepr = 0 (Xfed =1.1).
Of note, when keypy, is fixed to the relatively small value of 0.5s ", YL.q increases by
fivefold (to 5.4), clearly indicating that k.,pg is very small. From the principle of
detailed balance for the equilibrium denoted in Fig. 3e, it is predicted that the ratios

pe kee
PE+pG " ke
to within experimental error (Supplementary Table 8). As expected, binding of
benzene shifts the equilibrium from the excited (binding incompetent) to the
ground/bound states. These results are in complete agreement with the structure
of the excited state of L99A T4L, showing clearly that Phe 114 is inserted into the
cavity, hence obstructing the binding of hydrophobic ligands.

L99A excited state chemical shifts. Excited state amide nitrogen, amide proton
and carbonyl chemical shifts are available for nearly all the (164) L99A T4L
residues (Supplementary Tables 3-5). In cases where the sign of A@gy, is obtained,
the chemical shift of the excited state is readily calculated, @ = @ + A@gg. In
cases where the sign is not available, the excited state chemical shift is ambiguous
but restricted to two values, @ = @G + Algg or Oy = B — ADge. The mag-
nitude of the change in chemical shift, |Awwgg|, also provides useful information
(see section on Rosetta calculations below).

Calculation of L99A T4L excited state structures. The structure of the excited
state of L99A T4L was obtained by using the CS-Rosetta approach developed for the
determination of ground state protein structures’, with a number of important
differences relative to the standard protocol. Based on the A&y values (see text),
we assumed that only the regions encompassing residues 100-120 and 132-146
adopt different conformations in the ground and excited states. The structure of
the rest of the molecule was fixed to the ground state crystal structure of L99A T4L
(3DMV?®). The structures of these two regions in the excited state were computed
using the loop modelling application of Rosetta'®. As a control, identical CS-Rosetta
computations of the ground state structure were also performed using the same
limited set of ground state shifts (that is, that are available for the excited state). To
avoid any bias, T4 lysozyme structures were removed from the fragment databases in
all the computations described here. Two hundred starting 3mer and 9mer fragments
were selected for each position using the CS-Rossetta approach’, modified to include
ambiguous excited state shifts in cases where the sign of A@gg could not be deter-
mined. Fragments were scored against ambiguous shifts by selecting the shift which
agreed best with the one predicted for the fragment. Ambiguous chemical shifts were
similarly taken into account during the scoring of the final structures. The selected
fragments were then used in a standard Rosetta loop modelling protocol'® to generate
9,600 structures (the target secondary structure propensities input into Rosetta are
those predicted by TALOS+°). Supplementary Fig. 2a and b plots the energies of the
resultant ground state structures, generated with ground state chemical shifts
(Supplementary Fig. 2a, CS-Rosetta energy; Supplementary Fig. 2b, chemical shift
component of the CS-Rosetta energy term) versus r.m.s.d. to the L99A ground state
X-ray structure. The characteristic funnel shape energy profile so obtained is an
excellent indicator of convergence and indeed the lowest energy 10 (50) structures
have pair-wise backbone r.m.s.d. values of 0.6 = 0.15 (0.55 = 0.15) A relative to the
ground state crystal structure, including only those residues that were allowed to
move in the calculations. The corresponding plots for the excited state structures are
shown in Supplementary Fig. 2c and d.

Some of the low energy CS-Rosetta structures produced with the excited state
chemical shifts are very similar to the ground state structure (Supplementary Fig.
2¢). This is not surprising, given the experimental finding that the ground state is
more stable than the excited state by ~2 kcal mol~". However, the chemical shift
score by itself clearly indicates that the ground state structure is not a ‘good’
solution (Supplementary Fig. 2d). Hence a two-step selection procedure was used.
Out of the 9,600 structures that were generated initially, 960 structures with the
best CS-Rosetta score were selected for further analysis. As a second selection step,
96 of these structures with the best chemical shift score were retained. In this way,
structures with both low energy CS-Rosetta and low energy chemical shift scores
are selected. It is noteworthy that the structures so generated were essentially
identical irrespective of whether selection was first performed on the basis of
the Rosetta score followed by selection according to chemical shifts (as described
here) or whether the opposite order of scoring was used. We find that there is a
major cluster of structures with an r.m.s.d. of ~1.4 A to the ground state crystal

will be independent of ligand (benzene) concentration, as observed

structure and a much smaller cluster with an r.m.s.d. of ~1 A to the ground state
conformer; the final 96 structures selected are indicated in green in Supplementary
Fig. 2c and d. Only one out of the forty lowest energy structures after the second
round of filtering is part of the second cluster (10% of the 96 structures). A major
difference between the two sets of structures is the y; angle of Phe 114, with this
dihedral angle assuming a trans (gauche—) conformation in the major (minor)
cluster. Quantitative-J experiments®**’ recorded on the L99A,G113A,R119P T4L
mutant that is an excellent mimic of the excited state (Supplementary Fig. 7,
Supplementary Table 6, see text) clearly show that the trans conformation is the
only one populated (Supplementary Fig. 9, Supplementary Table 9). Notably, CS-
Rosetta computations performed with the full set of chemical shifts for this mutant
(L99A,G113A,R119P T4L) produced structures that have a conformation that is
essentially identical to that obtained for the excited state of L99A T4L
(Supplementary Table 6). All structure calculations were performed on the
University of Toronto SciNeT super-computer cluster®®. Each set of 9,600 struc-
tures required 10 h of computational time using 256 processor cores. Pymol* and
Chimera® were used to visualize and analyse the resultant structures.
Mutations shifting ground and excited state populations. Predictions of free
energy differences (AAG) were performed as described”'. Briefly, single point
mutants of the 19 amino acids (except cysteine) were made in silico in the region
corresponding to residues 105-120 and AAG values were computed for repres-
entative structures of both ground and excited states. The crystal structure of LO9A
T4L (3DMV?) was used as the ground state, with a representative low energy
structure obtained from CS-Rosetta simulations performed with excited state
chemical shifts used for the excited state. The free energy difference between
corresponding point mutants in the excited and ground states was computed
(AAGE — AAGg; negative values indicate relative stabilization of the excited state).
We screened for single point mutants that energetically favoured the excited state
conformation and simultaneously disfavoured the ground state conformation
(Supplementary Table 7). Mutations for experimental characterization were
selected according to two criteria: secondary structure propensity of the excited
state and Rosetta AAG predictions.
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