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ABSTRACT: L75F-TrpR is a temperature-sensitive mutant of the tryptophan repressor protein ofEscherichia
coli in which surface-exposed residue leucine 75 in the DNA binding domain is replaced with phenylalanine.
Biochemical and biophysical studies had suggested global alterations in dynamics for L75F-TrpR, although
the structure was apparently similar to that of wild-type TrpR. Herein, we report the three-dimensional
solution structure of apo-L75F-TrpR determined by multidimensional (1H, 15N, and13C) solution NMR
spectroscopy. An ensemble of structures was generated from 769 unique NOE-based distance restraints,
68 dihedral angle restraints, and 62 hydrogen bond distance restraints. Apo-L75F-TrpR exhibits a three-
dimensional (3D) fold very similar to that of apo-WT-TrpR, with a dimeric core of fourR-helices (A-C
and F) from each subunit, and less well-defined D and E helical regions of the DNA binding domains.
Despite their many similarities, wild-type and mutant proteins display significant chemical shift differences,
one cluster of which is in the B-C turn, too distant to be ascribed solely to ring current effects from
Phe75. Differences in NOE patterns and amide proton exchange rates are also observed in the B-C turn
region. The data provide evidence that this point mutation exerts local effects on structure and stability
in the DNA binding domain, and propagates long-range effects through the tertiary structure.

The tryptophan repressor protein (TrpR)1 of Escherichia
coli has been the focus of extensive structural and biological
study. Much of this effort has been devoted to elucidating
the mechanism(s) by which changes in the protein’s three-
dimensional (3D) structure and/or its conformational flex-
ibility modulate the biological activity of the repressor. The
TrpR protein is comprised of two identical 108-residue
polypeptide chains and forms a symmetric 25 kDa dimer
(1). The apo form of TrpR (apo-WT-TrpR) binds two
molecules ofL-tryptophan (L-Trp) to form a holorepressor,
which in turn binds to specific DNA operator sequences.
Extensive structural studies by both X-ray (2, 3) and NMR
(4-6) have shown that this protein is comprised of six
R-helices per monomer (A-F). Helices A-C and F of two
monomers together form the hydrophobic core of the TrpR
dimer, while helices D and E form the helix-turn-helix
DNA binding domain. TrpR’s primary function is to regulate
genes whose expression controls intracellular levels of

tryptophan (for a review, see ref7). In the presence of high
concentrations ofL-Trp in the cell, the holo-TrpR protein
inhibits expression of several genes that are responsible for
the uptake and biosynthesis of tryptophan.

In solution, both apo- and holo-TrpR have tertiary folds
similar to those found in the corresponding crystal structures
(2-6). The NMR solution structures reveal, however, that
the DNA binding domain is more flexible and disordered
than in the crystal structures (5, 8-10). In particular,
Jardetzky, Arrowsmith, and co-workers have shown that
helices D and E are highly dynamic in apo-TrpR, and that
binding of the corepressorL-Trp is correlated with the
presence of additional intrahelical1H-1H NOE connectivities
within the helix E region of the holorepressor that are not
observed in apo-TrpR (5), and by the observations of slower
backbone amide proton1H-2H exchange rates and changes
in NMR relaxation time constants (8-11). Similar effects
are observed for helix D when holo-trpR binds to the DNA
operator (6).

Mutational studies with TrpR reveal that the flexibility
and structural ordering of the DNA binding domain can be
perturbed by modest changes in the amino acid sequence,
and lead to altered function. For example, the mutant in
which alanine 77 is replaced with valine displays reduced
dynamics (12, 13) and increased helical order in the
apoprotein DNA binding region (14), and leads to differential
binding of holo-TrpR to closely related DNA operator
sequences (15). Temperature-sensitive (ts) mutants have the
potential to yield additional insights about the relationship
between TrpR structure, stability, and dynamics. Extensive
biophysical and biochemical characterization of the TrpR ts
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mutant L75F in which leucine 75 is replaced with phenyl-
alanine (16) has revealed that the apoprotein displays an
increase inR-helicity as measured by CD, a more buried
environment for one or both intrinsic tryptophan residues
(Trp19 and Trp99), and slower proton-deuterium exchange
rates for their spectrally resolved indole ring protons, but
displays little apparent difference in either overall tertiary
structure or stability compared to WT-TrpR. These data
suggested that this conservative mutation of a surface-
exposed residue generates nonlocal effects throughout the
protein (16). To understand this effect, we have undertaken
structural and dynamic studies of L75F-TrpR in solution.

Here, we report the three-dimensional solution structure
of dimeric apo-L75F-TrpR. The protein structure was
determined using heteronuclear (1H, 15N, and 13C) multi-
dimensional solution NMR methods. Structural calculations
were performed using both Crystallography and NMR (CNS)
(17) and X-PLOR 3.1 (18) software. Determination of the
3D structure of the L75F dimer was based on the following
set of uniquely determined restraints: 769 NOE-derived
distance restraints, 68 dihedral angle restraints, and 62
hydrogen bond distance restraints. The structural calculations
resulted in an ensemble of 20 lowest-energy conformers, with
an average root-mean-square deviation (rmsd) of 1.0 Å for
backbone atoms in the core helices A-C and an average
rmsd value of 2.8 Å for backbone atoms in the D-E chain
segment, residues 67-92. The NMR results support the
earlier finding that this mutation indeed propagates long-
range effects throughout the protein. Our solution structure
suggests that sections of helices D and E are more structured
in apo-L75F-TrpR than in apo-WT-TrpR (4, 5). We also
report significant 1H and 15N chemical shift changes,
compared to apo-WT-TrpR, for backbone amides distant
from the site of mutation in apo-L75F. Our analyses suggest
that ring current shifts originating from the new phenyl-
alanine side chain cannot account solely for some chemical
shift changes. These chemical shift differences and other
differences detected by NMR, together with inspection of
the ensemble of apo-L75F-TrpR structures, point to a
reordering of the protein structure near theL-Trp binding
pocket.

MATERIALS AND METHODS

Sample Preparation. E. colistrains CY15071 and CY15075
and the plasmid pJPR2.L75F are as described by Jin et al.
(16). Uniformly 15N- or 15N- and 13C-enriched L75F-TrpR
protein was isolated from CY15071 or CY15075 transformed
with the overproducing plasmid pJPR2.L75F. The strains
were grown in M9 minimal medium enriched with [15N]NH4Cl
(99% 15N-enriched, CIL, Cambridge, MA) or [15N]NH4Cl/
[13C6]-D-glucose (99%13C-enriched, CIL) as the sole nitrogen
and carbon sources, respectively. Protein purification pro-
cedures were carried out as described by Jin et al. (16). The
CY15071 cell cultures were supplemented with 20 mL of a
0.2 M unlabeled threonine stock solution per liter because
this strain ofE. coli cannot synthesize threonine de novo.
Protein samples made from CY15071 bacterial cell growths
lacked15N- or 15N- and13C-labeled threonine residues, and
as a result, the threonines from these protein samples were
unobservable in the heteronuclear multidimensional NMR
experiments. Uniformly labeled protein, containing15N- or

15N- and 13C-labeled threonines, was produced by over-
expressing the L75F-TrpR protein in strain CY15075 grown
in M9 minimal medium supplemented with [15N]ammonium
chloride and13C6-labeled glucose. This strain also produces
a low level of WT-TrpR from the chromosome. The15N-
labeled wild-type aporepressor protein, used for comparison,
was graciously donated by E. Hyde and R. Parslow. Protein
samples were concentrated to 1-2 mM protein dimer in
NMR buffer (500 mM NaCl, 50 mM NaH2PO4, and 90%
H2O/10% D2O) at pH 5.7.

NMR Spectroscopy.All NMR spectra were acquired at
45°C on a four-channel Bruker DRX-600 spectrometer, with
a triple 15N, 13C, 1H inverse resonance probe equipped with
triple-axis gradients. Quadrature detection for all multi-
dimensional NMR experiments was achieved by recording
the data in States-TPPI mode in the indirect dimensions
(19). 1H and13C dimensions were referenced to DSS, while
the 15N dimension was referenced to15NH4Cl. A detailed
description of all experimental NMR parameters is provided
in Table S1 of the Supporting Information. All data were
processed and analyzed using NMRPipe (20), PIPP (21), and
Xwinnmr (Bruker Inc.) software packages. Strip plots of the
3D 15N-edited1H-1H NOESY spectrum were made using
theplot_sequencesoftware generously provided to us by D.
Garrett of the National Institutes of Health (Bethesda, MD).

Two-dimensional1H-15N HSQC (22) spectra were ac-
quired with spectral widths of 12.0 ppm int2 and 30.0 ppm
in t1, with the proton carrier frequency set at 4.7 ppm and
the nitrogen carrier set at 115.5 ppm. Data were collected
with 1024 complex points int2 and 128 complex points in
t1, using Waltz-16 (23) for 15N decoupling during data
acquisition. Apodization was performed using a sine bell
squared function shifted by 0.35π radians int2, and a sine
bell function shifted by 0.40π radians int1.

Sequential1H and13C backbone and side chain chemical
shift assignments were extracted from a series of hetero-
nuclear three-dimensional NMR experiments [HNCACB,
CBCA(CO)NH, C(CO)NH, HBHA(CO)NH, and HC(CO)-
NH] (24-27), acquired with spectral widths of 12.0 (int3),
67.0 (int2), and 30.0 ppm (int1) for the proton, carbon, and
nitrogen spectral dimensions, respectively. Proton and ni-
trogen carrier frequencies were set to the same values
described for the two-dimensional (2D)1H-15N HSQC
experiment, with the additional carbon carrier frequency set
to 46.0 ppm in the 3D experiments. Data were collected with
512, 58, and 24 complex points int3, t2, andt1, respectively,
using the DIPSI scheme (28) for 1H decoupling during carbon
evolution, and the Waltz-16 scheme for15N decoupling
during data acquisition. Similar apodization functions were
used in all spectral dimensions, using shifted sine bell
functions.

Structure Calculations.A large portion of the NOE-based
distance restraints for the structure calculations were derived
from 3D 15N-edited1H-1H NOESY (29, 30) experiments
recorded with NOE mixing periods of 50, 90, and 120 ms.
Additional NOE connectivities to aliphatic protons were
identified from a 3D13C-edited1H-1H NOESY experiment
(31) recorded with a NOE mixing time period of 120 ms. A
total number of 730 NOE cross-peaks were assigned per
monomer, and along with 39 intermonomer assignments
served as the basis for the calculations of the three-
dimensional structure of apo-L75F-TrpR in solution. NOE
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cross-peaks were classified into four categories, and restraints
were given the following ranges based on the qualitative
analyses of the NOE cross-peak intensities: strong (1.8-
3.0 Å), medium (1.8-3.5 Å), weak (1.8-4.5 Å), and very
weak (1.8-5.0 Å). Hydrogen bonding distance restraints
were identified through1H-2H amide exchange experiments,
and were given boundaries of 1.5-2.3 (H-O) and 2.5-3.3
Å (N-O). Due to the extensiveR-helical content of the TrpR
protein and significant overlap of spectral resonances, three
bond HN-HR scalar couplings could not be measured
reliably. However, following the seminal work of Zhao et
al. (5), 1HR and 13CR chemical shift indexing and NOE
patterns characteristic of secondary structural elements were
used to conservatively restrictφ torsion angles to-65 (
45° for the hydrophobic core helices (A-C and F) and to
-65 ( 60° for the helix-turn-helix region (D and E).

Simulated annealing was performed on two identical
monomeric extended structures, spanning residues 3-108,
using the program Crystallography and NMR systems,
version 1.0 (CNS) (16). Forty structures were calculated
using the standard input fileanneal.inpmodified to include
4000 steps for both the high-temperature and the first slow-
cooling annealing stage in torsion angle space. The molecular
dynamic scheme used in CNS followed standard protocols
(17, 32), and consisted of the following stages: (a) heating
in torsion angle space at 50 000 K for 60 ps with the energy
constant for the van der Waals parameters scaled by 0.1, (b)
cooling in torsion angle space to 2000 K for 60 ps with

ramping of the van der Waals parameters to full scale, (c)
cooling in Cartesian space to 300 K for 15 ps using
conventional molecular dynamics, and (d) 2000 steps of
conjugate-gradient Powell minimization. The weights for the
NOE restraints were set to 150 kcal/mol for stages a-c and
75 kcal/mol for stage d. The functional form of the NOE
distance restraints was a flat-bottomed parabolic function
with a soft asymptote. A sum averaging function was used
for both NOE and H-bond restraints. The weights of the
dihedral angle restraints were set to 100 kcal/mol for stage
a, 200 kcal/mol for stages b and c, and 400 kcal/mol for the
final stage (d).

The 40 calculated structures were further refined against
noncrystallographic symmetry (NCS) restraints using the
X-PLOR program, version 3.1 (18). This computational step
was undertaken to ensure 2-fold symmetry of the final L75F-
TrpR dimer structures, which is reflected in the unique set
of 1H-15N resonances observed in the 2D1H-15N HSQC
spectrum of apo-L75F-TrpR. NCS weighting factors were
set to 25 kcal mol-1 Å-2 for all backbone atoms and 5 kcal
mol-1 Å-2 for all other non-hydrogen atoms. The 20 lowest-
energy structures were then selected and analyzed using the
programs Quanta (Molecular Simulations Inc.), Procheck
NMR (33), MOLMOL (34), and DisCal (A. Hinck, unpub-
lished). Calculations of average and pairwise rmsds were
performed in X-PLOR using the program’s standardaVer-
age.inpand rms_pairwise.inpscripts (18).

FIGURE 1: 2D 1H-15N HSQC spectra. Spectra of uniformly15N-labeled apo-L75F-TrpR and apo-WT-TrpR were recorded at 45°C in 500
mM NaCl, 50 mM Na2HPO4, and 90% H2O/10% D2O at pH 5.7. Some residue labels are omitted for clarity. The cluster of unlabeled
cross-peaks at 7.0-8.0/110-114 ppm arises from side chain NH2 resonances. Resonances for Thr44, Arg84, Gly85, and Ser88 are not
observed in the spectrum of apo-WT-TrpR under these solution conditions.
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RESULTS AND DISCUSSION

Resonance assignments for apo-L75F-TrpR were deter-
mined using standard methods applied previously to WT-
TrpR, and several backbone amide assignments for apo-WT-
TrpR were also confirmed independently in this work. The
2D 1H-15N HSQC correlation spectra of the two proteins
recorded under identical temperature, pH, and buffer condi-
tions are shown in Figure 1. Consistent with the spectra that
are shown, the subunit assembly state of apo-L75F-TrpR in
solution is primarily dimeric, with only very minor higher-
order aggregation similar to that of apo-WT-TrpR under
equivalent conditions (R. Fairman, personal communication,
2001). Thus, as reported previously (16), the two proteins
have very similar overall structures, although differences in
cross-peak number and resonance frequency (Table 1) are
evident in the spectra of Figure 1.

Using a combination of 2D and 3D heteronuclear NMR
experiments (complete list available as Table S1 of the
Supporting Information), the backbone and side chain
resonances of apo-L75F-TrpR were assigned. Of the 107
peptide groups, and excluding the four prolines of each apo-
L75F-TrpR monomer, 102 of their15N-NH resonances and
105 of their13CR resonances could be assigned unambigu-
ously, as well as HR protons of 105 residues, and a majority
of side chain13C and 1H resonances. A complete list of
chemical shift assignments is available in the Supporting
Information (Table S2). NOE cross-peaks were assigned to
intermonomer connectivities only after all other possible
identifications were ruled out, as described below.

Regions of secondary structure within apo-L75F-TrpR
were evaluated using a combination of the chemical shift
index (CSI) for1HR and 13CR (35-37), NOE-based short-
and medium-distance estimates, and1H-2H exchange in-
formation. The results are summarized in Figure 2. As
expected for an all-helical protein, and as found previously
for WT-TrpR (4, 5), the patterns that are shown reflect the
presence of well-defined helices encompassing chain seg-
ments corresponding to helices A-C and F. Chain segments
corresponding to helices D and E show some, though less
strong or complete, indications of helical character. However,
compared to previously published NOE assignments of apo-
WT-TrpR (see Figure 1 of ref5), the chain segment of
residues 67-92 of apo-L75F-TrpR exhibits more pronounced
helical chemical shift indices, and displays a larger number
of NOE connectivities, although this D-E region still lacks
many of the longer-range NOEs characteristic of well-formed
helices, such as thedNR(i, i + 3) NOEs. Figure 3 displays
a portion of the15N-edited1H-1H NOESY spectrum of apo-
L75F-TrpR reconstructed to present sequential backbone
amide NOE strips for residues 71-82. The data include a
number of strong, well-developed sequential and intraresidue
cross-peaks for residues in this chain segment. Many of the
NOE cross-peaks are unique to the L75F mutant due to the
Phe75 side chain. A direct comparison with the15N-edited
spectral region of apo-WT-TrpR proved to be inconclusive
due to extensive resonance overlaps of corresponding
residues in the 3D15N-edited1H-1H NOESY spectrum of
apo-WT-TrpR recorded under identical conditions (data not
shown).

A total of 769 uniquely identified NOE restraints (1538
for the symmetric dimer) were used to calculate the three-

dimensional structure of apo-L75F-TrpR in solution. Poten-
tial intermonomer contacts were identified with the aid of
previously published WT-TrpR NMR structures (4, 5), and
the corresponding NOEs in our data were evaluated first in
preliminary calculated structures of apo-L75F-TrpR and then
iteratively in progressively refined structures. Twenty-five
of the 39 intermonomer NOEs used in the structure calcula-
tions were derived from very well-resolved regions of the

Table 1: 1H and15N Amide Chemical Shift Changes between
L75F- and WT-TrpR Apoproteinsa

residue
∆1HN

(ppm)
∆15N
(ppm) residue

∆1HN

(ppm)
∆15N
(ppm)

Met1 na na Val55 -0.15 -0.69
Ala2 na na Arg56 -0.18 -0.68
Gln3 na na Ile57 -0.25 1.14
Gln4 na na Val58 -0.01 na
Ser5 na na Glu59 0.00 -0.04
Pro6 na na Glu60 0.05 0.08
Tyr7 na na Leu61 0.01 0.24
Ser8 na na Leu62 -0.02 -0.42
Ala9 na na Arg63 0.15 na
Ala10 na na Gly64 -0.08 -0.78
Met11 na na Glu65 0.04 na
Ala12 na na Met66 0.22 0.38
Glu13 na na Ser67 0.03 0.95
Gln14 na na Gln68 1.03 0.86
Arg15 na na Arg69 -0.02 0.22
His16 0.03 0.21 Glu70 -0.22 -0.08
Gln17 0.00 -0.09 Leu71 -0.34 na
Glu18 0.01 -0.07 Lys72 na na
Trp19 0.03 -0.95 Asn73 0.13 -1.32
Leu20 0.07 -0.15 Glu74 -0.49 -0.91
Arg21 na na Phe75 - -
Phe22 -0.04 -0.21 Gly76 0.32 1.75
Val23 0.07 -1.67 Ala77 1.01 1.44
Asp24 0.06 -0.36 Gly78 0.23 -0.17
Leu25 0.03 0.11 Ile79 na na
Leu26 0.00 -1.56 Ala80 na na
Lys27 0.07 0.04 Thr81 0.10 -2.03
Asn28 0.05 -0.08 Ile82 -0.36 -3.90
Ala29 0.03 0.00 Thr83 -0.47 -4.42
Tyr30 0.03 -1.92 Arg84 na na
Gln31 0.03 -0.03 Gly85 na na
Asn32 0.01 -0.26 Ser86 na na
Asp33 0.05 -0.06 Asn87 0.57 na
Leu34 0.03 0.10 Ser88 na na
His35 0.00 -0.16 Leu89 0.11 -1.30
Leu36 -0.04 -0.25 Lys90 0.13 0.00
Pro37 - - Ala91 0.31 0.36
Leu38 -0.15 -0.26 Ala92 0.16 -0.28
Leu39 -0.03 -0.62 Pro93 - -
Asn40 -0.08 -0.69 Val94 0.01 0.14
Leu41 -0.08 -0.68 Glu95 0.03 -0.01
Met42 0.02 -1.17 Leu96 -0.01 -0.05
Leu43 -0.15 -1.03 Arg97 0.09 -0.12
Thr44 0.05 -1.21 Gln98 0.00 0.01
Pro45 - - Trp99 0.00 -0.18
Asp46 0.02 0.10 Leu100 -0.01 -0.13
Glu47 -0.02 0.26 Glu101 0.03 -0.17
Arg48 0.10 -0.46 Glu102 0.01 -0.03
Glu49 0.06 0.15 Val103 -0.01 -0.29
Ala50 -0.01 0.10 Leu104 -0.01 -0.25
Leu51 0.00 -0.22 Leu105 -0.04 -0.23
Gly52 0.05 -0.49 Lys106 0.01 -0.05
Thr53 0.07 na Ser107 na na
Arg54 0.04 -0.49 Asp108 0.03 0.00
a Chemical shift changes are defined as∆ (ppm)) apo-L75F-TrpR

- apo-WT-TrpR. Chemical shift values for apo-WT-TrpR are taken
from refs8 and11, corrected when necessary for differences in chemical
shift referencing, except for Gly78 (taken from Figure 1 of this work).
na means that chemical shifts for apo-WT-TrpR are not available for
comparison with apo-L75F-TrpR.
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spectrum, for example, cross-peaks with aromatic or upfield-
shifted methyl protons (Figure S1 of the Supporting Informa-
tion).

An ensemble of 40 structures was calculated using the
program CNS (17), and further refined against NCS restraints
with X-PLOR, version 3.1 (18). Table 2 summarizes the
experimental restraints used in the 3D structure calculations
and the statistics for the final set of structures. The 20
structures of lowest conformational energy were selected
from this ensemble for use in the structural analysis. The
structural statistics for an ensemble of 100 structures were
not detectably different from those calculated for the smaller
set, indicating that the structure calculations have reached
convergence using the available NMR restraints. The average
rmsd for backbone atoms of residues 13-108 in the set of
20 apo-L75F-TrpR dimer structures relative to the mean
structure is 2.0 Å, and the mean pairwise rmsd for the set is
2.9 ( 0.6 Å. The overall spatial dimensions of the final
structures are very similar to those of previously reported
TrpR NMR structures (5). The distance between the Leu62
CR atom and the Leu62′ CR atom, which lie at the C-termini
of the C-helices, provides a measure of the size of the dimer
core perpendicular to the dimer axis (5) and equals 44.2(
1.5 Å in apo-L75F-TrpR, compared to the value of 40.5(
1.5 Å reported for apo-WT-TrpR (5). The distance between
the D46 CR atom and the S86′ CR atom, which provides an
indication of the size of theL-Trp binding pocket, was
measured to be 16.9( 1.1 Å for apo-L75F-TrpR, within
experimental error of the value of 15.4( 2.8 Å reported for
apo-WT-TrpR. The polypeptide backbone traces of the 15
lowest-energy members of the family of 20 accepted
structures superimposed onto the average structure are
displayed in Figure 4.

Helical regions in the final 20 structures of apo-L75F-
TrpR were defined by Procheck NMR analysis (33) and
include residues 16-32 (helix A), 37-42 (helix B), 45-63
(helix C), and 93-103 (helix F). Helical trends were
observed in the D and E regions of the protein for residues

68-74 and 81-90 as assessed by CSI and the limited set of
NOE patterns, although these segments are not defined as
helices by Procheck due to the incompleteness of charac-
teristic NOE patterns and the lack of slowly exchanging
amides in these regions. Because of this distribution of more
versus less well-defined helices in apo-L75F-TrpR, backbone
atom rmsds were computed separately for residues 67-92
and for core helices A-C. The average rmsd for backbone
atoms was found to be∼1.0 Å in the dimer core and∼2.8
Å for residues 67-92 (Table 2). The corresponding values
reported for apo-WT-TrpR are 0.9 Å for the A-C dimer
core and 3.2 Å for the helix-turn-helix region (5). The
slightly lower rmsd for residues 67-92 of apo-L75F-TrpR
compared to that of apo-WT-TrpR is consistent with the
evidence from CSI and NOEs of a less disordered helix-
turn-helix domain in the ts mutant than in the wild-type
protein. However, both the average and the pairwise rmsd
values for residues 67-92 (Table 2) indicate that this part
of the apo-L75F-TrpR structure is quite poorly defined
relative to the dimer core, as is also true for the apo-WT-
TrpR structure (5); thus, small differences in average rmsd
values may not be significant. Furthermore, for structural
calculations that have reached convergence as for apo-L75F-
TrpR, the variability within the set of structures reflects the
number of NOE restraints, and cannot by itself be taken as
an indication of the mobility of residues 67-92. Direct
analysis of dynamics is in progress to clarify the origins of
the apparent segmental differences within apo-L75F-TrpR.

Given the overall very close similarity between the apo-
WT and apo-L75F-TrpR structures, the large number of
substantial1H-15N chemical shift differences between the
1H-15N HSQC spectra of the two proteins (Figure 1 and
Table 1) and the unique sets of long-range NOEs observed
in the 3D15N-edited1H-1H NOESY spectrum of apo-L75F-
TrpR are unexpected. Many of the residues with the largest
backbone amide chemical shift differences are near in
sequence to residue 75, the site of mutation, suggesting that
the ring current expected for the Leu-to-Phe replacement may

FIGURE 2: Summary of amide exchange data, patterns of sequential and short-range NOEs, and secondary chemical shifts for apo-L75F-
TrpR. The protein sequence is indicated on the top row, using the one-letter amino acid code. Filled stars denote residues for which the
amide proton exchange time constant is>20 min. NOE connectivities are diagrammed on the next eight rows. The height of the box
reflects the intensity of the cross-peak classified as strong (tallest), medium, weak, and very weak (shortest): sequentialdNN(i, i + 1), dRN(i,
i + 1), anddRN(i, i + 1); short-rangedNN(i, i + 2), dRN(i, i + 2), dRN(i, i + 3), dRR(i, i + 3), anddRN(i, i + 4) are depicted from the first
residue involved to the appropriate downstream residue. Differences in parts per million in1HR and13CR chemical shifts relative to random
coil values (35-37) are shown in the rows labeled∆HR and ∆CR, respectively. The thinnest line corresponds to zero chemical shift
difference; residues for which no line is given have not been assigned1HR or 13CR chemical shifts. Regions of the protein identified as
R-helices by PROCHECK analysis (33) are schematically depicted in the last row.
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influence their chemical shift. The ring current effect displays
a 1/r3 distance dependence, and has been reported to be
negligible at distances greater than 5.5 Å (38). Thus, ring
current effects generated by the Leu-to-Phe mutation at
position 75 are expected to significantly influence only sites
that lie within a relatively short distance. Indeed, some
protons of Glu74, Gly76, and Ile79 display weak NOEs to
Phe75 ring protons (Figure S2 of the Supporting Informa-
tion), indicating that their large chemical shift differences
can be rationalized by the proximity of the Phe75 ring.

To evaluate local versus long-range origins of the other
large chemical shift differences, CR distances between Phe75
and the affected sites were estimated by inspection of the
family of 20 accepted apo-L75F-TrpR structures. Allowing
for ring flipping and the uncertainties in side chain positions,
we estimated the sphere of influence of the ring current effect
to extend up to 10.0 Å from Phe75 CR. This sphere of
influence isnot meant to imply that ring current effects are
isotropic, but rather to provide us with a conservative

estimate of the number of residues lying beyond the influence
of the F75 ring current effect.

Several of the distances from Phe75 to affected residues
are 2-4 times the expected limit of ring current influence
(Figure 5), indicating the likelihood that long-range structural
perturbations by Phe75 account for the large chemical shift
differences in the vicinity of residues Leu43′, Arg56, and
Leu89. Interestingly, four of the distantly affected residues
(Met42′, Leu43′, Thr44′, and Ala91) lie within a sphere with
an approximate radius of 5.0 Å, as determined by examining
the family of 20 accepted structures. The center of this sphere
is positioned approximately 26.0 Å from Phe75 CR, sug-
gesting that all four may experience a common, but nonlocal,
effect of the mutation. For residues Met66, Ser67, Gln68,
Thr81, Ile82, and Thr83, the substantial1H-15N chemical
shift changes observed may stem from a combination of local
and long-range factors.

The prominent1H-1H cross-peak observed in the un-
assigned spectrum of apo-L75F-TrpR by Jin et al. (16), and

FIGURE 3: Sequential strips extracted from a 3D15N-edited1H-1H NOESY spectrum of apo-L75F-TrpR. NOE cross-peaks originating
from the amides of residues 71-82 are displayed. The plot is a reconstruction, using theplot_sequenceprogram (D. Garrett, National
Institutes of Health), of15N planes extracted from the15N-edited1H-1H NOESY spectrum of apo-L75F-TrpR recorded at 42°C with an
NOE mixing period of 120 ms. Cross-peak partners for each amide and the water signal at 4.58 ppm are marked.
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attributed to slowly exchanging amide protons unique to the
mutant protein, is here verified to arise from thedNN(i, i +
1) connectivity between the amides of residues Met42 and
Leu43. Residues 42 and 43 are among those that display
significant chemical shift differences from apo-WT-TrpR
(Table 1), but lie well outside the sphere of influence of the
F75 ring current (Figure 5). The strong interaction between

the Met42 and Leu43 amide protons, and/or the structural
changes that it reflects, could provide an explanation for the
large chemical shift changes observed for residues in this
region of the mutant protein relative to wild type (Table 1).
The chemical shift perturbations observed in apo-L75F-
TrpR for Leu43, whose methyl protons show NOEs to ring
protons of Trp19 in both wild-type and mutant proteins,

Table 2: Structural Statistics for the Final 20 Accepted NMR Structures of Apo-L75F-TrpR

(A) experimental restraintsa

total no. of NOE restraints 769
no. of sequential restraints (|i - j| ) 1) 356
no. of short-range restraints (1< |i - j| < 4) 350
no. of long-range restraints (|i - j| > 4) 24
no. of intersubunit restraints 39

no. of hydrogen bond distance restraintsb 62
no. of experimental dihedral angleφ restraints 68
no. of restraint violationsc

distances> 0.3 Å 0
dihedrals> 3° 0

(B) statistics for the calculated structures ({SA}c)
deviation from idealized geometry

bonds (Å) 0.0023( 0.0001
angles (deg) 0.54( 0.01
impropers (deg) 0.42( 0.01

final energies (kcal/mol)
distance restraints 69.4( 6.4
dihedral angles 0.03( 0.06
nonbonded (REPEL)d 14.6( 5.0

root-mean-square deviations
average atomic rmsd (Å) (dimer)e

backbone atomsf

chain segment of Glu13-Asp108 and Glu13′-Asp108′ 2.01
dimer core (helices A-C and A′-C′)g 1.04
DNA binding domain (helices D and E, and D′ and E′)h 2.64
chain segment of Ser67-Ala92 and Ser67′-Ala92′ 2.76

pairwise rmsds (Å) (dimer)i

backbone atomsf

chain segment of Glu13-Asp108 and Glu13′-Asp108′ 2.9( 0.6
dimer core (helices A-C and A′-C′)g 1.5( 0.3
DNA binding domain (helices D and E, and D′ and E′)h 3.8( 1.0
chain segment of Ser67-Ala92 and Ser67′-Ala92′ 4.0( 1.1

a Reported are the total number of unique restraints per monomer.b Two distance restraints per hydrogen bond were used.c Values are for the
ensemble of 20 accepted structures obtained from simulated annealing,{SA}, using CNS (17) and further refined with XPLOR (18). d van der
Waals energy function used in the XPLOR algorithm.e The average rmsd is the average overall rms difference between the family of structures and
the mean structure.f N, CR, C, and O atoms were used for the superposition of backbone coordinates in the rmsd calculations.g Dimer core defined
as helix A (residues 16-32), helix B (residues 37-42), and helix C (residues 45-63). h Helix D (residues 68-74) and helix E (residues 81-90).
i The pairwise rmsd is the average pairwise rms difference for the family of structures(1 standard deviation, as defined in ref18.

FIGURE 4: Family of accepted apo-L75F-TrpR NMR structures. The stereoview is shown for the overlay of backbone heavy atoms (N, CR,
and C′) of residues 13-108 for 15 of the 20 lowest-energy structures relative to the mean structure, and was generated with MOLMOL
software (34). Residues in helix A (16-32) are colored red, thpse in helix B (37-42) orange, those in helix C (45-63) yellow, those in
helix D (68-74) green, those in helix E (81-90) blue, and those in helix F (93-103) indigo. Other chain segments are white. Disordered
residues (1-12) of the N-terminus are omitted for clarity.
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suggest that the fluorescence differences noted by Jin et al.
(16) are likely due to an altered environment for Trp19.
Consistent with this interpretation, large chemical shift
differences are noted for Trp19 and for residues Val23,
Leu26, and Tyr30, which all lie on one “face” of helix A.

In addition, a prominent 9.15 ppm-114.2 ppm cross-peak
in the 1H-15N HSQC spectrum of apo-L75F-TrpR is not
observed in the spectrum of apo-WT-TrpR (Figure 1). This
cross-peak is here assigned unambiguously to the amide of
Thr44, located just before the N-terminal end of helix C.
The T44 resonance is one of four that are observed in the
HSQC spectrum of apo-L75F-TrpR but not in the corre-
sponding spectrum of apo-WT-TrpR at pH 5.7 (Figure 1).
In the HSQC spectrum of apo-WT-TrpR at pH 6.05,
Finucane and Jardetzky (11) observed the NH resonance of
T44 at ∼9.15 (1H) and ∼115 ppm (15N). The other three
resonances (Arg84, Gly85, and Ser88) missing from the WT
spectrum under our solution conditions are not reported in
the literature for apo-WT-TrpR (8, 11). The disappearance
of the Thr44 signal may reflect a chemical exchange process
present in apo-WT-TrpR at pH 5.7 but not occurring on the
same time scale at pH 6.05 or in apo-L75F-TrpR at pH 5.7.

The structural alteration in the B-C turn region may
likewise be reflected in the larger Leu62-Leu62′ distance
in apo-L75F-TrpR compared to that in apo-WT-TrpR, as the
turn could act as a fulcrum governing the distance between
the carboxyl ends of the C-helices. Furthermore, the B-C
turn region forms part of the binding pocket forL-Trp. In
apo-WT-TrpR, the carbonyl oxygens of Asn40, Leu41, and
Leu43 accept hydrogen bonds from the guanidino group of
Arg84 (3). In holo-WT-TrpR, theR-amino group ofL-Trp
displaces the guanidino group of Arg84 (2). The structural
changes detected in the B-C turn may thus be related to
the alteredL-Trp binding of the mutant protein (16).

Such significant structural changes so far distant from the
site of mutation directly indicate the long-range nature of
the effects of the Leu75-to-Phe substitution within the context
of an otherwise very similar fold. The present case is
especially intriguing because of the conservative nature of
the replacement and the solvent-exposed location of the
residue position. These results serve as important reminders
of the inherent cooperativity of protein systems and the
consequent inability to directly interpret changes in properties
that result from changes in sequence. The effects of the L75F
mutation (16) on protein stability,L-Trp binding, and DNA
binding in vitro, and on temperature sensitivity in vivo,
cannot be ascribed directly to the new side chain identity,
or to other local changes. Furthermore, despite the available
structural detail on both mutant and wild-type proteins, the
mechanisms responsible for the distant structural changes
are not clear. However, Arg84 of the ligand binding pocket
follows helix E residues 81-83, which are strongly affected
by the mutation, suggesting its involvement in the long-range
propagation of the observed effects.

TrpR is an unusual protein in many respects, not the least
of which are its structure and dynamics. Its fold depends on
the complete interdependence of secondary, tertiary, and
quaternary levels of structural organization, as inferred from
the two-state unfolding transition of folded dimers to
unstructured monomers (39). The dimer is extraordinarily
stable with a thermal denaturation midpoint of>90 °C (40),
but exhibits extensive dynamic disorder at room temperature
in its DNA binding site, the helix-turn-helix domain (8-
10, 12). The dynamics of this domain of the protein are
thermodynamically coupled to binding of theL-Trp and DNA
ligands (41), with consequences for both the affinity and
specificity of ligand recognition (15, 41-43). Given the
important role of dynamics in both the function and structure
of TrpR, it would come as no surprise if the effects of the
L75F mutation can be further understood through analysis
of protein dynamics.
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FIGURE 5: Backbone trace of the energy-minimized average
structure of apo-L75F-TrpR. Positions of residues Met42, Leu43,
and Thr44 (orange), Arg56 (yellow), Thr81, Ile82, and Thr83 (blue),
Ala91 (indigo), and Phe75 (pink) are indicated. Selected CR
distances from Phe75 were estimated on the family of 20 accepted
apo-L75F-TrpR structures to be 21.9( 2.2 Å for Met42′, 24.1(
2.3 Å for Leu43′, 22.8( 2.3 Å for Thr44′, 18.0( 1.8 Å for Arg56,
5.6 ( 0.6 Å for Ala77, and 26.3( 2.4 Å for Ala91.
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