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Article
Modeling of Hidden Structures Using Sparse
Chemical Shift Data from NMR Relaxation
Dispersion
R. Bryn Fenwick,1,* David Oyen,1 Henry van den Bedem,2 H. Jane Dyson,1 and Peter E. Wright1,*
1Department of Integrative Structural and Computational Biology and Skaggs Institute of Chemical Biology, The Scripps Research Institute, La
Jolla, California and 2SLAC National Accelerator Laboratory, Stanford University, Menlo Park, California, and Department of Bioengineering
and Therapeutic Sciences, University of California, San Francisco, San Francisco, California
ABSTRACT NMR relaxation dispersion measurements report on conformational changes occurring on the ms-ms timescale.
Chemical shift information derived from relaxation dispersion can be used to generate structural models of weakly populated
alternative conformational states. Current methods to obtain such models rely on determining the signs of chemical shift
changes between the conformational states, which are difficult to obtain in many situations. Here, we use a ‘‘sample and select’’
method to generate relevant structural models of alternative conformations of the C-terminal-associated region of Escherichia
coli dihydrofolate reductase (DHFR), using only unsigned chemical shift changes for backbone amides and carbonyls (1H, 15N,
and 13C0). We find that CS-Rosetta sampling with unsigned chemical shift changes generates a diversity of structures that are
sufficient to characterize a minor conformational state of the C-terminal region of DHFR. The excited state differs from the
ground state by a change in secondary structure, consistent with previous predictions from chemical shift hypersurfaces and
validated by the x-ray structure of a partially humanized mutant of E. coli DHFR (N23PP/G51PEKN). The results demonstrate
that the combination of fragment modeling with sparse chemical shift data can determine the structure of an alternative confor-
mation of DHFR sampled on the ms-ms timescale. Such methods will be useful for characterizing alternative states, which can
potentially be used for in silico drug screening, as well as contributing to understanding the role of minor states in biology and
molecular evolution.
SIGNIFICANCE Molecular motions on the ms-ms timescale are frequently employed by enzymes to accelerate progress
through their catalytic cycles. These motions can be detected by NMR relaxation dispersion experiments and analyzed to
give information on the rates of exchange between the ground state and various excited-state conformations, as well as on
the populations of these excited states and the chemical shift differences between ground and excited states. This
chemical shift information can be used to give direct insights into the structure of the excited state. In this study, we use
sparse chemical shift data obtained from relaxation dispersion experiments to model the structure of an excited state of the
enzyme dihydrofolate reductase.
INTRODUCTION

NMR relaxation dispersion measurements are a powerful
method for identifying the regions of biomolecules that un-
dergo conformational exchange on the ms-ms timescale be-
tween the ground state and an alternative minor state (1,2).
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These experiments yield insight into the rates of intercon-
version between the different states as well as the popula-
tions of the states involved. X-ray crystallography and
NMR spectroscopy can determine the ground-state struc-
ture, but it is often difficult to obtain a structural model
for the minor state because of its inherently low population
(3). Methods to obtain information on minor states using
chemical shift change information obtained from the anal-
ysis of relaxation dispersion data have been pioneered by
the group of Lewis Kay (4–6). These methods, which incor-
porate the sign of the chemical shift change (þ, downfield;
�, upfield), often use molecular dynamics or Monte Carlo
fragment replacement methods to sample conformational
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Hidden Structures from Sparse Data
space, followed by chemical shift selection to choose the
most representative structural model, are often referred to
as ‘‘sample and select’’ methods (7–9). The structures of
only a fewminor states have been characterized using chem-
ical shift changes (5,6,10,11), and many of these have taken
advantage of the CS-Rosetta platform (12,13).

Structure determination of excited states is vital for un-
derstanding protein function, but the characterization of
structural heterogeneity may also find application in drug
discovery and protein engineering (14–16). Indeed, the abil-
ity to characterize the alternative states of proteins may
enable the rational design of inhibitors to interrupt the
cycling of the target between ground and alternative confor-
mational states (17). Moreover, the ability to model the
alternative states of proteins that display allosteric mecha-
nisms may enable the rational design of allosteric modula-
tors that bind to cryptic sites revealed in the alternative state.

Here, we have determined the most probable structure of
an alternative conformational state adopted by the C-termi-
nal-associated region of Escherichia coli dihydrofolate
reductase (DHFR). DHFR catalyzes the NADPH-dependent
reduction of dihydrofolate to tetrahydrofolate and is a model
system for understanding the role of protein motions in
biological function. Studies combining structural, dynamic,
kinetics, and simulation data have already identified confor-
mational changes in the active site loops and their relation-
ship to function (18). Extensive relaxation dispersion studies
of all complexes and mutant proteins of DHFR studied to
date reveal the presence of a ms-ms timescale process,
unrelated to the catalytic mechanism of the enzyme, in a
loop that packs against the C-terminal region (18–21). In
this work, we use a well-behaved mutant, N23PP/S148A,
originally designed to mimic the active site sequence of hu-
man DHFR (21), to probe the structural changes associated
with fluctuations in the C-terminal-associated loop. The re-
gion showing dispersion includes the loop residues 128–134
as well as the C-terminal region (residues 156–158).

Previous structure determinations of low-population
excited states have relied on determination of the signs of
the chemical shift changes between the ground and excited
states, which can be challenging because of the need to
quantify extremely small changes in cross-peak positions
(22,23). The experiments required to determine the signs
fall into three categories: HSQC, HSQC methods at
different fields; HSQC, HMQC methods at the same field,
and R1r measurements (22–24). To determine the chemical
shift signs of backbone chemical shifts, even in model sys-
tems, multiple methods have been used to cross-validate the
signs obtained. However, determination of the signs of
chemical shift changes in larger proteins is difficult because
the above methods rely on well-resolved peaks and excel-
lent signal to noise, which are challenges for larger systems.
Here, we avoid the problem of determining the signs of the
chemical shift differences by using the absolute chemical
shift changes (of ambiguous sign) to generate structures in
CS-Rosetta. To assess the utility of unsigned chemical shift
differences for structure calculation we have used the Ro-
setta protocol developed by the Kay laboratory for a mutant
of T4 lysozyme (5), except that in our case no information
on the sign of the chemical shift changes was used during
the Rosetta calculations. The resulting ensemble contains
a set of conformations that are in excellent agreement
with the experimentally determined chemical shifts.
MATERIALS AND METHODS

Sample and data collection

Uniformly 15N- and 13C-labeled and randomly deuterated (�68%) samples

of the N23PP/S148A mutant of E. coli DHFR were expressed and purified

as previously described, and the complex with NADPþ and folate

(E:folate:NADPþ) was prepared for NMR (20,25). Briefly, a His6-

SUMO-DHFR fusion protein was expressed in M9 media and nickel puri-

fied before cleavage of the affinity tag with recombinant His6-ULP1. Size

exclusion chromatography was used to further purify the protein. Spectra

were recorded for samples in NMR buffer (50 mM phosphate (pH 6.8), con-

taining 100 mM KCL, 1 mM EDTA, 1 mM DTT, and 0.02% NaN3). NMR

samples were �1.5-mM protein concentration and contained 20 mM

NADPþ, 12 mM folic acid, and 10% D2O. Acquisition of relaxation disper-

sion data for the backbone amides and tryptophan side-chain indoles has

been reported elsewhere (20). Experiments were recorded at a temperature

of 301 K at 1H spectrometer frequencies of 500 and 800MHz using Poisson

gap nonuniform sampling. Carbonyl relaxation dispersion was recorded on

the same sample, using previously described pulse sequences (26,27). The

CPMG relaxation dispersion profiles for the C-terminal-associated region

were fitted with the program GLOVE using a single global population

(pB) and rate (kex) (28).
Structure calculations and analysis

The chemical shift differences d6N, d6H, and d6C0(i�1) (where 6 indi-

cates that the value is in parts per million (ppm)) between ground and

excited states derived for the residues that undergo relaxation dispersion

were included in CS-Rosetta calculations using the default method avail-

able in Rosetta (5,29). Structure calculations removed and remodeled resi-

dues 126–135 and 155–159 from the structure PDB: 4KJL (30). CS-Rosetta

was used in the standard configuration, except for the parameters used for

fragment selection based on the agreement with experimental chemical

shifts, which were modified to mirror the parameters shown previously to

give improved results (31). For all calculations, DHFR and homologous

structures were excluded from the fragment selection process. CS-Rosetta

results were analyzed using the Rosetta energy to select 4000 structures

from the total 20,000 structures generated. The structures were then

clustered using dihedral angle principal component analysis (PCA) within

the program GROMACS to determine the projections of the structures on

the two first principal components (32,33). For the cluster of structures

in the excited state, a set of 174 high-energy structures that had poor pack-

ing of the Y128 and W133 side chains, where the rings were exposed to the

solvent and eliminated from further analysis based on energy were used

(see Results). Chemical shifts for the residues in the C-terminal region

were calculated for each structure in the cluster using SPARTAþ (34);

the chemical shift differences (D6) were calculated from the structures

as follows:

D6 ¼ dexcited -- dground

where dexcited is the chemical shift of the excited state calculated from a Ro-

setta-derived protein structure using SPARTAþ and dground is the
Biophysical Journal 120, 296–305, January 19, 2021 297
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experimentally determined chemical shift of the ground state. The compar-

isons in this work are to the absolute values, jD6j and jd6j, which do not

have signs and have units of ppm.
Chemical shift difference weighting

To be concise when discussing the fit of chemical shift differences from

three different nuclei (1H, 13C, and 15N), we combined the three chemical

shift differences into a single value (normalized root mean-square errors

(nRMSE), see below). To accomplish this, scale factors (wx) were used

to ensure that nitrogen shifts do not bias the perceived fit because of their

larger magnitudes. We used the change in chemical shift dispersion be-

tween folded and unfolded states in a set of well-characterized proteins

to determine the scale factors. The chemical shift differences were normal-

ized by the relative change in chemical shift dispersion observed in repre-

sentative protein structures upon unfolding (35). The chemical shift

dispersions (ppm) for folded proteins are as follows: HN, 4.13; N, 30.9;

and C0, 9.37 ppm; and for unfolded proteins HN, 1.04; N, 20.1; and C0,
5.12 ppm. The chemical shift normalization weights were determined as

follows:

wX ¼ sfoldedN � sunfoldedN

sfoldedX � sunfoldedX

where sfoldedX and sunfoldedX are the chemical shift dispersions for the nucleus X

of interest (e.g., N, C, H), and sfoldedN and sunfoldedN are the chemical shift dis-

persions of amide nitrogen. The final weights were 1.0 for amide nitrogen,

3.5 for amide proton, and 2.5 for carbonyl carbon chemical shifts. We use

two nRMSEs here. The first is nRMSEexcited, which is the RMS of jd6j �
jD6j, the second is nRMSEground, which is the RMS of jD6j. The RMSE

values were only calculated using residues and nuclei that displayed chem-

ical shift changes.
Selection of ensembles with csFit

Ensembles of structures were selected to improve agreement with the chem-

ical shifts. The optimization was set up with a threshold constraint, which

resulted in a mixed-integer quadratic program (MIQP) (36). The approach

followed that of similar work to select a parsimonious, population-weighted

set of structural representations that are consistent with experimental data

using a quadratic program (37,38),

minimize j jEw� u j j 2
2

subject to ti�w%0; w� i%0;
X

w ¼ 1;
X

i%n

TABLE 1 Chemical Shift Differences (ppm) for the C-Terminal

Region of N23PP/S148A DHFR

Residue d6N* d6H* d6C0 (i�1)a

Gln 108 0.3 0.1 0.1

Tyr 128 4.7 0.5 0.4

Glu 129 2.4 0.7 2.1

Asp 131 2.4 1.4 1.3

Trp 133 1.9 0.3 0.4

Glu 134 1.3 0.0 2.1

Leu 156 0.4 0.1 0.3

Glu 157 0.9 0.0 0.3

Arg 158 2.2 0.1 0.2

aAbsolute values of the chemical shift differences (jd6j) derived from

fitting the relaxation dispersion profiles (20). The signs are unknown.
where E is the normalized chemical shift differences (D6) calculated from

each structure in the ensemble, w is the weight of each structure in the pop-

ulation of states, and u are the normalized chemical shift differences derived

from the relaxation dispersion experiments (d6). Subject to the constraints

of a minimal population weight t and a maximal number of population

members n (cardinality constraint), the indicator array i facilitates the re-

straints. The cardinality constraint comes into play only when the popula-

tion threshold t < 1/n. For reasons of computational efficiency, the set of

402 conformations (excluding packing outliers) from the excited-state clus-

ter was selected for optimization with the signs of 23 ambiguous chemical

shift differences. In our hands, the full enumeration of 223 sign combina-

tions took �3 days. Calculations were performed using the CVXPY

modeling language combined with the community edition of the CPLEX

optimization library version 12.10 (39).
298 Biophysical Journal 120, 296–305, January 19, 2021
RESULTS

To determine the structure of the hidden excited state of the
C-terminal region of DHFR observed by NMR relaxation
dispersion, we used CS-Rosetta (12,13). For fragment
selection before structure calculation, we used the
chemical shift differences (d6N, d6H, d6C0) obtained
from CPMG experiments on the E:folate:NADPþ complex
of the N23PP/S148A mutant of E. coli DHFR to charac-
terize the structure of the excited state sampled by the C-ter-
minal region (Table 1). The alternative C-terminal
conformational state is present at a population of 3.3%
and exchanges with the ground state at a rate (kex) of 630
s�1 (20). The N23PP mutation introduces a pair of prolines
that change the residue numbering for this mutant compared
with the wild-type sequence; to aid in comparison with pre-
vious work on DHFR, we have used the wild-type residue
numbering throughout this work.
CS-Rosetta structure calculations

The potential difficulty of structure calculations using
sparse and ambiguous chemical shift data is that it can be
difficult to obtain correct structures. However, we show
here that, in cases in which the difference in conformation
between the ground and excited states is relatively small,
it may be possible to determine the excited-state structure
using ambiguous chemical shift restraints with the program
Rosetta. The calculations were performed following the pro-
tocol of the Kay group for the mutant of T4 lysozyme,
except that ambiguous (unsigned) chemical shifts were
used to make the initial fragment selections (5). For the
structure calculations performed here, all DHFR structures
were removed from the fragment sets to avoid bias. To
test the method, three synthetic control calculations were
performed to generate the ground-state structure of the
C-terminal-associated region of E. coli DHFR. In the first
control, the structure was modeled with fragments selected
purely based on the amino acid sequence, with no guidance
from chemical shift information. The second control used
the ground-state (native) chemical shifts of the N23PP/
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S148A mutant DHFR in the E:folate:NADPþ complex. The
third control targeted the ground-state structure by using the
unsigned excited-state chemical shift differences from Table
1 randomly assigned above and below the ground-state
chemical shift. For example, if the ground-state proton
chemical shift is 8.3 ppm and the unsigned excited-state
chemical shift difference is 0.4 ppm, then the native-like
chemical shift was randomly assigned to either 7.9 or 8.7
ppm with a D of 0.4 ppm. Finally, the fourth structure gen-
eration used the ground-state chemical shifts of the
E:folate:NADPþ complex of N23PP/S148A DHFR together
with experimentally determined changes in the chemical
shift derived from the relaxation dispersion experiments
(Table 1) to calculate the structure of the alternative state
sampled by the C-terminal-associated region. For each of
the control simulations and structure generation of the
excited state from experimental data, 20,000 structures
were calculated, analyzed, and compared with the known
structures of E. coli DHFR.
Characterization of the Rosetta simulations

The results of the structure calculations and controls are
shown in Fig. 1. Fig. 1 A shows the projections of 108 pub-
lished x-ray structures of DHFR on the primary dihedral
angle PCA components of the residues of the C-terminal re-
gion. The majority (106 of 107) of the ground-state struc-
tures are in the same position, at �1.5 dPC 1 and �0.4
dPC 2, on the conformational coordinates. The other struc-
ture belongs to chain B in the x-ray structure of the N23PP/
G51PEKN mutant of E. coli DHFR (4GH8) (40), at 2.0 dPC
1 and �1.2 dPC 2 (Fig. 1 A). The results of the three control
simulations are shown in Fig. 1, B–D. For structures gener-
ated without chemical shifts (Fig. 1 B), where fragment se-
lection was purely sequence based, we observe that there is
a single major conformational state consistent with the
ground state and a small, �1% population in the region of
FIGURE 1 Conformational space of Rosetta structures and x-ray structures f

structures of E. coli DHFR is shown. (B) Rosetta structures generated without c

shifts for the ground state are shown. (D) Rosetta structures generated using the

Materials andMethods and Results, are shown. (E) Rosetta structures generated u

the relaxation dispersion experiments are shown. The position of the ground stat

alternative minor state is located at 2.0 (dPC 1) and �1.2 (dPC 2). The axes re

combined. The colors represent the binned counts for the dihedral space, with da

regions of conformational space. Circles indicate the positions of the major (bl
2.0 and �1.2. When the ground-state chemical shifts of
E. coli DHFR are used in the Rosetta calculation to select
fragments, we observe that the conformational landscape
changes (Fig. 1 C) and that the second state becomes
increasingly populated in the region of 2.0 and�1.2; this re-
gion is very similar to the region occupied by 4GH8:B (see
Fig. 1 A). It is important to reiterate that DHFR homologs
were not present in the fragment libraries used. In the third
control calculation, in which the ground-state chemical
shifts are ambiguous, we again observe that the ground state
is the major populated state, whereas the minor state is also
populated (Fig. 1 D). Finally, when the structures are gener-
ated with fragments selected using ambiguous signs of the
minor state chemical shifts derived from the CPMG relaxa-
tion dispersion measurements given in Table 1, we see that
once again, both a ground state and the minor alternative
state are observed. For the excited state cluster, 31 structures
were higher in energy and had poor packing of the Y128
side chain and 143 structures with poor packing of W133
(see Fig. S1). These high-energy structures were eliminated
from further analysis.
Excited-state conformational clusters

Details of the two most highly populated regions in the dihe-
dral conformational space for the C-terminal-associated re-
gion are shown in Table 2. In all of the structure
calculations, the position of the ground state is conserved
at �1.36 dPC 1 and �0.35 dPC 2. The inclusion of the
chemical shifts in the Rosetta calculations slightly changes
the conformation of the alternative state, as indicated by a
slight change in the coordinates of the center of the alterna-
tive conformational cluster (Fig. 1; Table 2). Also, we
observe that the number of structures associated with the
ground state and alternative states changes as the chemical
shift information is varied between the different synthetic
data sets. For example, when chemical shifts are not
or the residues of the C-terminal region. (A) Projection of published x-ray

hemical shifts are shown. (C) Rosetta structures generated using chemical

ground-state chemical shift differences made ambiguous, as detailed in the

sing the unsigned (ambiguous) excited-state chemical shift differences from

e on the dihedral PCA coordinates is at �1.4 (dPC 1) and �0.4 (dPC 2); the

present the two primary dihedral PCA components of the four simulations

rk blue indicating >100 structures and yellow indicating the low populated

ue) and minor (green) clusters. To see this figure in color, go online.
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TABLE 2 Details of the Two Largest Clusters from Each of the Rosetta Calculations

Native Position

(dPC1/dPC2)

Alternative Position

(dPC1/dPC2)

Number of Native

Conformationsa
Number of Alternative

Conformationsa

No shift �1.36/�0.35 1.84/�1.13 3820 44

Ground-state chemical shifts �1.36/�0.35 2.00/�1.19 2080 365

Unsigned ground-state chemical shift differences �1.36/�0.35 2.00/�1.19 2238 482

Unsigned excited state chemical shift differences �1.36/�0.35 2.00/�1.19 2059 586

aThe total number of structures used for clustering was 4000, representing the lowest-energy 20% of the 20 thousand structures generated.

Fenwick et al.
included in the Rosetta calculations, the majority of config-
urations (96%) are in the ground-state cluster, whereas only
1% are in the alternative conformation. When the ground-
state chemical shifts are used, we observe a substantial
increase in the occupancy of the alternative state, which in-
creases to 9% of the total configurations, whereas the
ground-state population decreases to 52%. In the calcula-
tions for which unsigned chemical shift differences were
used, we still observe a large proportion of ground-state
structures (56%) as well as 12% of the alternative conforma-
tional state. Finally, when structures are generated using the
ambiguous d6-values from the CPMG relaxation dispersion
measurements (corresponding to the excited state), we
observe the ground state at 51% population and the alterna-
tive state at 15%.
Agreement with chemical shifts

To validate the structure of the alternative state, predicted
chemical shifts for the Rosetta structures were calculated us-
ing SPARTAþ (34) and compared with the experimental
chemical shift differences derived from the relaxation
dispersion data. In Table 3, the RMSEexcited between exper-
imental and calculated chemical shift differences are given
for the top five structures of each cluster.

We have also calculated an nRMSE that weights
the different nuclei by their chemical shift dispersion
change observed between folded and unfolded protein
structures (35). This enables the chemical shift agreement
to be combined for multiple nuclei and summarized as a
single value for a given structure. A comparison of the
TABLE 3 Details of the Five Best Ranked Conformations by the RM

Clusters

Cluster Rank Structure Rosetta Energy 1H RMSE (ppm) 15N

Native 1 10651 �241 0.29

Native 2 14425 �243 0.30

Native 3 08919 �228 0.28

Native 4 10282 �242 0.31

Native 5 00617 �239 0.32

Alternative 1 03164 �242 0.27

Alternative 2 11874 �238 0.20

Alternative 3 10756 �242 0.21

Alternative 4 05293 �223 0.30

Alternative 5 03718 �239 0.24

anRMSE is the normalized RMSE that combines multiple nuclei (see Materials

300 Biophysical Journal 120, 296–305, January 19, 2021
normalized chemical shift RMSEground-values for the
two clusters (Fig. 2) shows that the ground-state structure
has a significantly worse agreement with the experimental
jd6j-values and that the alternative-state structures are
in better agreement with the experimental data for the
excited state.

The results in Fig. 2, A and B also illustrate the better
agreement of the alternative state with the experimental
chemical shifts compared with the native state. At the
same time, Fig. 2 C shows agreement between the x-ray
structure 4GH8 chain B and the experimental chemical shift
differences. The major chemical shift difference outliers are
the nitrogen chemical shifts for residues 131 and 128. For
the amide of Y128, a hydrogen bond to water is observed
in the 4GH8:B structure, whereas the amide of 131 is
hydrogen-bonded to the carbonyl of Y128. The data in
Fig. 2 validate the minor cluster as the correct backbone
configuration for the alternative conformational state of
DHFR. RMSEground is the RMSE to the ground-state chem-
ical shifts for each of the structures (Table 3). It is important
to note that in Table 3, we have selected the structures that
have the lowest nRMSEexcited for both the ground- and
excited-state clusters. Therefore, it is not surprising that
the nRMSEground is larger than the nRMSEexcited for all
the structures in this table. We observe that the nRMSEground

for the excited-state cluster is larger than for the structures in
the native-state cluster. That we observe both the lower
nRMSEexcited for the excited-state compared with the
ground-state cluster and a lower nRMSEground for the
ground-state cluster compared with the excited-state cluster
indicates that this excited-state cluster is the excited state.
SE of Normalized Chemical Shifts for the Native and Alternative

RMSE (ppm) 13C RMSE (ppm) nRMSE excited
a nRMSE ground

a

1.20 0.30 1.00 2.22

0.86 0.44 1.01 2.05

1.00 0.42 1.02 2.04

0.94 0.40 1.02 2.05

1.32 0.19 1.03 2.18

0.84 0.37 0.91 2.35

1.26 0.30 0.93 2.62

1.13 0.37 0.94 2.43

1.17 0.19 0.96 2.40

0.94 0.43 0.96 2.34

and Methods).



FIGURE 2 Correlation of the normalized exper-

imental jd6j from the CPMG relaxation dispersion

experiments and the normalized jD6j calculated
from the structures using SPARTAþ. The data are

shown for (A) the lowest nRMSE structure from

the ground-state cluster, (B) the excited-state clus-

ter, and (C) for chain B of the x-ray crystal structure

4GH8 that is closest to the alternative state. Repre-

sentative points are labeled with colors. To see this

figure in color, go online.

Hidden Structures from Sparse Data
This observation is also consistent with visual comparison
of the protein structures in Fig. 3.

Fig. 3 A shows a comparison of the backbone conforma-
tion of the ground state in several structures from the Ro-
setta ensemble of Fig. 1 E with a large number of DHFR
x-ray structures. The comparison shows that the ground
state (�1.5 dPC 1 and �0.4 dPC 2 in Fig. 1 E) is consistent
with the structure of the C-terminal-associated region
observed in 106 of the 107 x-ray structures. Fig. 3 B shows
the top five structures of the excited-state cluster, and Fig. 3
C shows a comparison of the best individual structures from
the ground- and excited-state clusters.
Structural ensembles of the excited state

‘‘Sample and select’’ methods have been used to select
representative structural ensembles of proteins from struc-
ture-generation protocols (29,41). The ‘‘sample and select’’
methods were further developed to select ensembles of
structures from MD simulations that agreed with NMR or-
der parameters (7), and have subsequently been used with
MD simulations and RDCs (42). In our case, we have
used the Rosetta excited-state cluster of structures from
which we extract a small ensemble of the excited state. To
select an ensemble of structures that further improve the
agreement with the excited state experimental chemical
shift differences, we designed the csFit algorithm to itera-
tively explore the signs of the d6-values to determine a
parsimonious, population-weighted ensemble of 10 or fewer
weighted members that have weights R10% that optimally
and collectively fit the chemical shift data (14,37). The de-
tails of the approach are given in the Materials and Methods.
In Table 4, we provide the details of the ensemble that best
agreed with the chemical shift differences.

In Table 5, we compare the best ensemble selected from
the full 402 structures in the excited-state cluster with the
ensembles of equally weighted structures generated from
the top five native cluster structures, the top five excited-
state structures, and an optimized ensemble of the top five
excited-state structures. We observed better agreement
with the chemical shifts for the csFit ensembles generated
from the top five excited-state cluster structures and all
402 structures in the excited-state cluster compared with
the equally weighted ensembles generated from the
excited-state and native-state clusters.

The individual structures in Fig. 3 B are akin to the
average structures from NMR or x-ray crystallography. In
contrast, a csFit ensemble captures a group of representative
states similar to what is obtained from molecular dynamics
or multiconformer modeling of x-ray crystallographic data.
The csFit approach selects a group of structures that
together fit the experimental jd6j-values better than does
any individual structure. The csFit structural ensemble of
five structures is shown in Fig. 4 A, and the correlation of
the ensemble-averaged chemical shift differences jD6j-
and experimental jd6j-values are shown in Fig. 4 B. The
FIGURE 3 (A) Ground-state structures of the

C-terminal region of DHFR are pictured, showing

a superposition of 106 E. coli DHFR x-ray struc-

tures (gray), together with the 4GH8:B structure

(magenta) and the five lowest-energy Rosetta struc-

tures obtained for the ground state (orange).

Ensemble models that describe structure and dy-

namics have been removed (4PTJ and 4PTH). (B)

The best five individual structures (by nRMSE)

from the excited-state cluster (blue), together with

the 4GH8:B structure (magenta) are shown. To

see this figure in color, go online.
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TABLE 4 Summary of the csFit Ensemble Fitted to the Experimental Data

Structure Percentage Rosetta Energy 1H RMSE (ppm) 15N RMSE (ppm) 13C RMSE (ppm) nRMSEexcited
a nRMSEground

a

04084 10.0 �240 0.31 0.93 0.37 0.97 2.37

02434 10.0 �239 0.25 1.98 0.26 1.31 2.66

03718 36.2 �239 0.24 0.94 0.43 0.96 2.34

08606 22.1 �237 0.30 1.29 0.32 1.07 2.65

00456 21.6 �235 0.19 1.63 0.46 1.21 2.76

anRMSE is the normalized RMSE that combines multiple nuclei (see Materials and Methods).

Fenwick et al.
backbone conformations of the individual members of the
csFit ensemble are very similar to the x-ray structure
4GH8 chain B (see Fig. 4 A) and the best individual struc-
tures in Fig. 3 B. The structure 03718 (labeled in Fig. 4 A)
is the only structure that is in both the csFit ensemble and
in the top five individual structures. It is surprising that
the same conformation is present in both ensembles; this
indicates that structural features of this conformation are
important for agreement with the average experimental
jd6j-values. Chemical shifts are very sensitive to the local
structural environment, and small differences in the struc-
tures selected by csFit lead to the improvement in agreement
with the experimental jD6j when chemical shifts are line-
arly averaged over the ensemble. Fig. 4 B shows the
improved agreement for the conformational ensemble,
which has an nRMSEexcited of 0.63, an improvement of
almost 30% over nRMSEexcited of 0.91 for the best single
structure (03164). The structural heterogeneity in the
ensemble shown in Fig. 4 A may indicate that the excited
state is relatively flexible, consistent with RMSDs of 1.7
and 2.3 Å, respectively, for the backbone and heavy atoms
of the remodeled residues (126–135). The structure 03718,
which accounts for 36.3% of the csFit ensemble, indicates
that, in the excited state, the structure of the C-terminal-
associated region of E. coli DHFR samples configurations
are similar to the state found in structure 03718 and the
x-ray crystal structure 4GH8 chain B.

Given that the crystal structure 4GH8 contains both the
ground-state (chain A) and excited-state (chain B) structures
in the asymmetric unit, we looked for interactions that might
stabilize the excited state in the x-ray model. Residues in the
127–134 loops of chains A and B undergo different crystal
lattice contacts. In chain A, in which the loop adopts the
usual ground-state conformation, a calcium ion is bound
to the loop. The calcium ion does not appear to influence
the loop conformation because x-ray structures that lack
TABLE 5 Summary of the Various Ensembles Fitted to the Experim

Ensemble 1H RMSE (ppm) 15

Top five from native clusterb 0.31

Top five from excited clusterb 0.22

csFit 2 structures (top five excited cluster structures)c 0.20

csFit 5 structures (top 402) 0.22

anRMSE is the normalized RMSE that combines multiple nuclei (see Materials
bEnsemble generated using 20% weight for each member.
cEnsemble fitted with csFit (65% 11874, 35% 03718).
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ions bound in this region (e.g., 4NX6) have essentially iden-
tical backbone structures. In contrast, the side chain of E129
and backbone carbonyl of P130 in chain B form intermolec-
ular hydrogen bonds to side chains in a neighboring
molecule that could potentially stabilize the excited-state
conformation in the crystal lattice.
DISCUSSION

The Rosetta calculations indicate that the C-terminal-associ-
ated region of DHFR populates two possible conformational
states and that these two states are well defined by the com-
bination of the ground-state chemical shifts and the chemical
shift differences from CPMG relaxation dispersion experi-
ments. Our calculations, based on the relaxation dispersion
data, suggest that this region is rearranged in the excited-
state structure into a different conformation that resembles
that seen in one particular x-ray structure. Rosetta is a struc-
ture prediction program that searches structure space by re-
placing structural fragments in the current model with new
fragments in a predefined fragment library derived from
known structures. The structural propensities of the peptide
fragments may already include information on the alterna-
tive state, and unsigned chemical shift differences may be
sufficient to extract the correct alternative-state structure us-
ing a ‘‘sample and select’’ approach.

Computational screening for molecular inhibitors could
improve if convenient methods to determine alternative con-
figurations of biomolecules become available. Here, we
have described the study of a ‘‘sample and select’’ method
to yield structural ensembles of alternative states enriched
using information from relaxation dispersion experiments.
The position of the alternative conformational state is
conserved in all simulations, except those performed
without chemical shift restraints. Comparing the top five
structures with the lowest nRMSE for the excited state,
ental Data

N RMSE (ppm) 13C RMSE (ppm) nRMSEexcited
a nRMSEground

a

1.49 0.28 1.13 1.92

1.47 0.26 1.03 2.27

0.96 0.26 0.79 2.43

0.50 0.24 0.63 2.32

and Methods).



FIGURE 4 The ensemble of the excited state. (A) The csFit ensemble of

structures selected from the top 402 structures in the excited-state cluster

(green), with the structure 03718 indicated with a star, together with the

4GH8:B structure (magenta) are shown for comparison with Fig. 3. (B)

The agreement with the ensemble generated using csFit for is shown com-

parison with Fig. 2 (see Materials and Methods). The ensemble captures the

chemical shifts of the excited state as compared with the individual struc-

tures (Fig. 2 B). Colors represent the same representative points as in

Fig. 2. To see this figure in color, go online.

Hidden Structures from Sparse Data
we observe that the structures show remarkable agreement
with the structure of 4HG8 model B, even though we have
only included ambiguous backbone chemical shift informa-
tion. We note that the side chains of the 4GH8 model B
structure also have similar packing to our selected models,
further suggesting that this conformation is representative
of the excited state. The backbone structure of the alterna-
tive conformational-state ensemble from csFit determined
from the relaxation dispersion restraints (Fig. 4 A, green)
closely resembles that of chain B in the x-ray structure
4GH8 (Fig. 4 A, magenta). Residues 130–132 in the major-
ity of x-ray structures, exemplified by 1RX2 (43) form a
310-helix, as identified by the secondary structure assign-
ment program STRIDE (44) and 3QL3 (21), where the
region is helical between residues 129 and 131. There
was, however, poorer agreement between the SPARTAþ-
calculated chemical shifts for the structure of 4GH8:B and
the experimental shift differences derived from the CPMG
experiments (Fig. 2 C). Both of these interactions could
be perturbed by experimental conditions, such as cryo-cool-
ing of the crystals and variations in buffer conditions, or the
differences could be due to the difficulty in accurately pre-
dicting nitrogen chemical shifts from a single conformation
(34,45).

NMR chemical shifts are sensitive to small structural
changes, and the careful selection of a set of native-state
structures can enhance the agreement of calculated excited-
state structures with the experimental data (46–51). For this
reason, we selected an ensemble of structures that maximize
the agreement with the chemical shift differences derived
from the relaxation dispersion measurements. In Table 4,
we present the parameters for the ensemble that best fit the
chemical shift differences; it can be seen that the combined
ensemble gives superior agreement with the experimental
chemical shift differences than do the individual structures
from the cluster. Given that chemical shifts calculated from
molecular dynamics trajectories are highly variable and aver-
aging can cause dramatic improvements in agreement with
experimental data (52), it is maybe not surprising that the
csFit ensemble shows better agreement. The cluster of struc-
tures that have lost the helical character of residues 129–132
is consistent with the excited state. Indeed a high degree of
structural heterogeneity was observed in the multiple
conformer ensemble generated using crystallographic data
collected at room temperature (53,54).

Conformational fluctuations in the C-terminal-associated
region have been identified in all E. coli DHFR complexes
studied to date and appear to be linked to the intrinsic dy-
namics of the enzyme (55). These studies show that the
128–134 loop samples two distinct backbone conformations
in solution and exchanges between them on a ms timescale.
Although the biological function of these conformational
fluctuations remains unknown, this region is connected allo-
sterically to the active site (56), and interactions with other
proteins could potentially modulate DHFR activity.
Code availability

The code for the algorithm csFit has been uploaded to the
website of the Wright lab and to the GitHub server
(https://www.scripps.edu/wright and https://github.com/
ExcitedStates/csFit).
CONCLUSION

Here, we have demonstrated the use of a simplified ‘‘sam-
ple and select’’ method to generate configurations of the
excited state of the C-terminal-associated region of
E. coli DHFR that is populated through conformational
fluctuations on the ms-ms timescale. Using unsigned
d6-values from relaxation dispersion measurements with
ground-state chemical shifts and a structural model, it is
possible to model the local hidden structures and heteroge-
neity of the excited state. This work offers a streamlined
approach to the use of dispersion experiments, even in
cases where signs of d6 cannot be determined experimen-
tally, to generate alternative conformational states of mac-
romolecules to provide new insights into molecular
mechanisms or for in silico drug discovery.
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Supporting Material can be found online at https://doi.org/10.1016/j.bpj.

2020.11.2267.
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