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Ordered Self-Assembly of Polypeptide Fragments to
Form Nativelike Dimeric trp Repressor

MAR1A Luisa TAsAYco AND JANNETTE CAREY*

Subdomain-size proteolytic fragments of Escherichia coli trp repressor have been
produced that assemble in defined order to regenerate fully native dimers. By
characterization of the secondary and tertiary structures of isolated and recombined
fragments, the structure of assembly intermediates can be correlated with the kinetic
folding pathway of the intact repressor deduced from spectroscopic measurement of
folding rates. The nativelike structure of these intermediates provides further evidence
that protein folding pathways reflect the stabilities of secondary structural units and
assemblies found in the native state. The proteolytic method should be generally useful
in adding structural detail to spectroscopically determined folding mechanisms.

MAJOR GOAL OF STUDYING PRO-
tein folding mechanisms is to de-
scribe the structures of intermedi-
ates along the folding pathway [for review,
see (1)]. Only one method has the required
temporal and structural resolution to follow
the folding process: nuclear magnetic reso-
nance (NMR) analysis of hydrogen ex-
change rates for individual protons (2). Al-
though this method is powerful, its
application is limited to the rather small set
of proteins under ~20 kD for which com-
plete resonance assignments are available.
More widely applicable kinetic studies that
use global spectroscopic probes, such as
near-ultraviolet (UV) extinction coefficient,
far-UV ellipticity, or fluorescence intensity,
yield only formal mechanistic intermediates
that lack structural definition. It would be
generally useful if such abstract mechanisms
could be fleshed out in structural detail. We
report (i) an approach that uses biochemical
dissection of a complex protein into subdo-
main-size fragments and (ii) structural char-
acterization of the ordered assembly process
that these fragments undergo (3).
The trp aporepressor of Escherichia coli
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(TrpR) has an unusually complex subunit
architecture (4). The dimer is built from two

Fig. 1. Structure of the trp repres-
sor dimer. The polypeptide back-
bone is represented by a string from
residues 8 to 108. Residues 8 to 71
(N-fragment) of subunit A are
shown in green, and those from
subunit B are in purple; residues 72
to 108 (C-fragment) from each
subunit are shown in blue. Helices
are labeled A to F in subunit A and
A’ to F' in subunit B. Natvelike
packing of certain hydrophobic res-
idues is detectable by NMR. The
side chains of these residues are
shown in skeletal form and idend-
fied by three-letter code, residue
number, and subunit (A or B);
symmetry-related residues from the
two subunits are indicated only
once. The model was constructed
with coordinates from file 3WRP
[TrpR holorepressor (4, 6)] from
the Brookhaven Protein Data Bank

with deletion of the exogenous Trp W

ligand.

highly intertwined chains (Fig. 1), each of
which has an overall dumbbell-shaped fold
similar to that of calmodulin or troponin
(5). Helices A, B, and part of C, together
with A’, B', and part of C’, constitute most
of the subunit interface. These six helices
contain many of the hydrophobic residues
of the protein, are tightly packed, and show
little flexibility (6-8). The amphipathic
COOH-terminal helix, F, from one subunit
packs against helices A’ and B’ from the
other subunit to complete the dimer inter-
face, creating a complex topology. Togeth-
er, helices A, B, F, and part of C from each
subunit form a rigid core domain (4, 6),
whereas helices D and E are involved in
DNA binding (9). The intertwined nature
of the TrpR dimer implies that association
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of the two polypeptide chains must be a fairly
carly step on the folding pathway. Consistent
with this topological constraint are spectro-
scopic studies (10) of refolding, which reveal
complex multiphase kinetics including bimo-
lecular folding steps, intramolecular folding
steps, and nonfolding isomerization steps.
Despite the complexity of both structure and
kinetics, equilibrium folding (10) of TrpR is
two-state, precluding detailed structural stud-
ies of intermediates.

We generated proteolytic fragments (11)
of the repressor that illuminate folding of
the intact protein. Chymotrypsin cleaves the
repressor after Tyr” in the NH,-terminal
“arm” and after Leu”! in the first turn of
helix D (11, 12). The NMR (7, 8, 12) and
x-ray (4, 6, 9) structures of various forms of
the repressor show that the NH,, terminus
and the DNA-binding helices are the most
flexible parts of the protein. These dynamic
features of the protein structure are reflected
in the proteolytic pattern: under native con-
ditions, only 2 of the more than 50 potential
chymotrypsin cleavage sites in each subunit
are attacked in 6 hours (11). The two cleav-
age events are kinetically distinct and can be
followed by circular dichroism (CD) spec-
tropolarimetry (11) for preparative isolation
of NMR quantities of fragments. Because of
the architecture of TrpR, cleavage of the
dimer at position 71 of each monomer
separates the rigid core domain (4, 6) into
two pairs of subdomain fragments, N (resi-
dues 8 to 71) and C (residues 72 to 108).
These fragments were readily purified from
one another by molecular-sieve chromatog-
raphy in presence of urea and were rena-
tured by dilution or dialysis or both.

The 500-MHz NMR spectrum of TrpR
that lacks the seven NH,-terminal residues
[“armless” TrpR, residues 8 to 108 (12)] is
shown in Fig. 2A. Although broad and
severely overlapping NMR lines are charac-
teristic for a protein of this molecular weight
(~25 kD), complete sequence-specific reso-
nance assignments have been achieved by
Arrowsmith and co-workers (7, 8, 12). Fea-
tures in the armless TrpR spectrum diagnos-
tic for the folded native state (7, 12) include
resonances from five methyl groups shifted
upfield as a result of packing against aromat-
ic residues in the hydrophobic interior (see
Fig. 1) and characteristic resonance frequen-
cies in the aromatic region, which also re-
flect packing (7).

Many of the features expected for nativelike
protein are present in the NMR spectrum of
the renatured N-fragment (Fig. 2B). This
fragment contains five of the six aromatic
residues of armless TrpR. Despite the tenden-
cy of this fragment to aggregate at NMR
concentrations, with concomitant broaden-
ing of peaks, most of the resonances in the
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aromatic region of the N-fragment spectrum
coincide with resonances from the native pro-
tein (13). These results suggest that packing
of most aromatic groups in this fragment is
nativelike, implying that at least helix A,
which contains most of these residues, is

Fig. 2. Structure of isolated
and reconsttuted frag-
ments. Protein concentra-
tions were determined by
absorption spectroscopy in
6 M guanidine hydrochlo-
ride (23) and are reported in
terms of monomer. (A
through D) NMR spectra.
Spectra were acquired on a
500-MHz JEOL spectrome-
ter at 38°C with a 1.5-s
pulse delay and presatura-
tion of the water peak be-
fore data acquisition. Final
conditions were approxi-
mately 1 mM protein, 10 A
mM sodium phosphate, pD |
7.6 (uncorrected), 0.5 M
NaCl, and 99.9% D,O con-
taining a trace of sodium
trimethylsilylpropionate as a
reference standard. Abbrevi-
ations for the amino acid
residues are A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G,
Gly; H, His; I, Ile; K, Lys;
L, Leu; M, Met; N, Asn; P,
Pro; Q, Gln; R, Arg; S, Ser;
T, Thr; V, Val; W, Trp; and
Y, Tyr. (A) Armless repres-
sor (intact protein contain-
ing residues 8 to 108). As-
signments are from (7). The
large peak at ~3.6 ppm is
due to polyethyleneglycol

H35

formed in the N-fragment. The high helix
content found by CD [(14); see Fig. 2E],
combined with the NMR spectrum, suggests
that the folded portion of N-fragment in-
cludes most of helices A, B, and C. The
overall similarity of the N-fragment spectrum

F22 V103
H16 L1261
30
| i
H3s L

contamination. (B) N-frag-
ment. Conditions were as
for armless protein, except
that 19% acetonitrile was E

added to the N-fragment
sample to reduce aggrega- 0.0
tion. This amount of cosol-
vent had no effect on helicity
of the sample, as assessed
from the CD spectrum tak-
en at a protein concentra-
tion of ~0.7 mM with a cell
(13-pm path length) at the
synchrotron light source,
Brookhaven National Labo-
ratory. (C) C-fragment.
Conditions were as for arm-
less protein. (D) Reconsti-

5,000

—-10,000}

—15,0001

[6] (deg cm2 dmol~Y)

T

—20,000

—25,000

T

N-fragment

tuted mixture. Equimolar
amounts of N- and C-frag-
ments were combined to
give a final protein concen-

205

215 5
Wavelength (nm)

tration of ~1 mM each. Other conditions were as for armless protein; that is, no acetonitrile was added.
(E) Circular dichroism spectra of N-fragment and helix F peptide. We obtained spectra on an Aviv
62DS spectropolarimeter at 25°C using a tandem cell (2-cm by 0.4375-cm path length) with a
bandwidth of 1.5 nm and step size of 0.25 nm. Buffer was 10 mM sodium phosphate, pH 7.6, and 50
mM NaCl. Helix F peptide (residues 94 to 106 of intact TrpR; sequence CH;COValGluLeu-
ArgGInTrpLeuGluGluValLeuLeuLysNH,) was synthesized by an automated method and was purified
on a 3 cm by 25 cm column containing C, flash-chromatography resin with a shallow gradient of
acetonitrile in 0.1% trifluoroacetic acid (21). Spectra of individual fragments were taken at protein
concentrations of 7.8 pM. “Sum” spectrum was acquired by having one fragment on each side of the
tandem cell at equal concentrations (7.8 M) and volumes. “Mix” spectrum was taken after thorough

mixing by repeated inversion of the tandem cell.
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to that of intact protein, as well as several kinds
of biochemical evidence (15), strongly suggest
that this fragment is dimeric. Thus, many of the
residues of the N-fragment participate in form-
ing a nativelike dimeric structure.

The NMR spectrum of the C-fragment is
shown in Fig. 2C. The only aromatic residue
in this fragment, Trp®®, gives rise to five
resonances in positions intermediate be-
tween those found for Trp in a random-coil
conformation (16) and in the intact repres-
sor (7). Trp®® is in the center of helix F (Fig.
1), one of the most highly ordered regions
in the native protein (4, 6-9, 12). In the intact
protein, folding of helix F causes a strong
upfield shift of the Val'®® methyl group due
to proximity of Trp®® and strong i,i+1
NH-NH nuclear Overhauser effects (NOEs)
(7), both of which are absent from the C-frag-
ment spectrum (Fig. 2C). The NMR spec-
trum suggests that secondary and tertiary
structure are weak or absent in the isolated
C-fragment; this conclusion is also supported
by the CD spectrum, which shows ~0% of
the residues in helical conformation.

An equimolar mixture of the N- and C-
fragments gave an NMR spectrum (Fig.
2D) that is essentially indistinguishable
from that of the intact protein. All of the
diagnostic features of the intact protein are
present in the spectrum of the reconstituted
mixture; there are only minor differences in
a small number of chemical shifts, mostly in
the CB region. Thus, it appears that upon
binding to the N-fragment dimer, the
C-fragment adopts a folded conformation
similar to that in native aporepressor (17).
The binding energy of the N- and C-frag-
ments therefore must be sufficient to drive
the folding of C-fragment into a nativelike
structure.

To begin probing the structural basis for
the reconstitution of the N- and C-frag-
ments and to further confirm the nativelike
structure of the reconstituted mixture, we
used CD to analyze the ability of a synthetic
helix-F peptide to bind to the N-fragment
(Fig. 2E). Though the helix F peptide by
itself shows no clear helical structure, there
is a net increase in helix content upon mix-
ing relative to the sum of the two spectra
(18). Thus, it appears that reconstitution of
C-fragment with the N-fragment dimer is
mediated primarily by helix F, as inspection
of the crystal structure (4, 6) suggests. Tak-
en together, our results suggest an ordered
assembly process in which two N-fragments
first associate to form an autonomous di-
meric subdomain that provides a surface for
the folding of helix F.

The ordered assembly of TrpR fragments
suggests a tentative and testable mechanism
for some steps in the folding of the intact
repressor. The NH,-terminal segment of
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each monomer first adopts a nascent struc-
ture. An early step of this kind is formally
required to provide a recognition surface for
dimerization. Association of two polypep-
tide chains follows, forming a dimeric inter-
face comprising most of helices A, A’, B, B,
C, and C'. At this stage of the folding
process, helices D, E, and F from both
chains are incorrectly packed and may be
disordered. In a subsequent step these distal
portions of each chain cross the subunit
interface, allowing helix F to pack correctly
against helices A, B, and C of the opposite
subunit (19, 20). This model for the folding
pathway is consistent with the kinetic mech-
anism deduced (10) from spectroscopic
studies. In particular, our results support
folding through dimeric but not fully native
intermediates [D* in (10)]. Tests of the
model would require kinetic measurements
of folding for the isolated and reconstituted
fragments. Comparison with rate constants
for folding of intact repressor (10) may
allow these putative intermediates to be
placed on the folding pathway.

The approach presented here has the po-
tential to go beyond reconstitution systems
(3) that have aimed to equate protein frag-
ments with structural intermediates on the
folding pathway. This success appears to
arise from dissection into fragments suffi-
ciently small that they are capable of folding
only upon recombination in defined order.
In this sense, our approach is similar and
complementary to that of Kim and co-
workers (21), who have used medium-size
synthetic peptides to mimic structured inter-
mediates in the folding pathway of bovine
pancreatic trypsin inhibitor (BPTI). An ad-
vantage of the proteolytic approach is that
the structure and dynamics of the protein
direct cleavage to sites potentially relevant
for folding, with no requirement for prior
knowledge of intermediate structures, such
as is available in the case of only a few
proteins like BPTI. This approach may
therefore provide a useful early step in char-
acterizing intermediate structures, even for
proteins or domains with folding pathways
that are quite complex.

Our results provide additional support for
a model in which the pathway of protein
folding is populated by intermediates assem-
bled from nativelike secondary structural
elements (1, 2, 21). A key feature of this
model is the stability of secondary structure
units and assemblies: though marginal, the
stability of isolated structural elements may
influence the choice of pathway and is en-
hanced by mutual interaction during the
folding process. If such a model can be
generalized, protein folding may be illumi-
nated by understanding the subdomain hi-
erarchies (22) of native proteins.
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Toward a Dynamical Structure of DNA: Comparison
of Theoretical and Experimental NOE Intensities

JANE M. WITHKA, S. SWAMINATHAN,* JAYASHREE SRINIVASAN,
Davip L. BEVERIDGE, PHILIP H. BoLTON

Comparisons of experimental and calculated interproton nuclear Overhauser effect
(NOE) buildup curves for duplex d(CGCGAATTCGCG), have been made. The
calculated NOE:s are based on molecular dynamics simulations including counterions
and water and on the single-structure canonical A, B, and crystal forms. The calculated
NOE effects include consideration of the motions of individual interproton vectors and
the anisotropic tumbling of the DNA. The effects due to inclusion of anisotropic
tumbling are much larger than those due to the local motion, and both improve the
agreement between calculated and experimental results. The predictions based on the
dynamical models agree significantly better with experiment than those based on either
of the canonical forms or the crystal structure.

HE FIRST DETERMINATION OF THE
structure of DNA was based on dif-
fraction data on fibers (1); subse-
quently, higher resolution structural infor-
mation was obtained by crystallography on
oligonucleotides (2). A number of crystal
structures in the A, B, and Z families have
been reported (2-5). The analysis of these
structures has revealed further evidence for
sequence-dependent fine structure and
bending. However, the applicability of these
observations to the structure of DNA in
solution has not been determined, because
the solution structure per se is not accurately
known.
Studies of DNA in solution based on
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extensive molecular dynamics (MD) simula-
tions including counterions and water (6)
have recently been reported from this labo-
ratory. A theoretical prediction on the struc-
ture of duplex d(CGCGAATTCGCG), in
solution (Fig. 1) exhibits qualitatively, if not
quantitatively, the propeller twist in the base
pairs and local axis deformations at or near
the GC/AT interface seen in the crystal
structure of Dickerson and Drew (2). How-
ever, the calculations involve approxima-
tions at the level of the intermolecular force
field and assumptions in the simulation pro-
tocol (7-9), and the accuracy of the predic-
tions based on MD simulation of DNA
structure in solution has not yet been fully
validated. A detailed comparison of theoret-
ical and experimental results for DNA in
solution is required to determine the quality
of the MD results that are obtained in the
absence of any artificial energy constraints.

NOE data provide, in principle, extensive
information on interproton distances in
molecules (10-12). However, structures
cannot be determined directly from the
NOE data because of a number of factors,
which include information on the short-
range interproton distance (<5 A), spin
diffusion effects, and the internal motion
and anisotropic tumbling of the DNA mol-
ecules (13-16). We have recently described a
procedure for obtaining the NOE intensities
directly from the trajectories of MD simula-
tion (15). This method includes consideration
of anisotropic tumbling of the duplex and the
orientation of the 'H-'H vectors to the
symmetry axis of the duplex and the extent of
local motion of the *H-'H vectors. These
features along with the interproton distances
can be used to determine the experimentally
observable 'H-"H NOEs (13-15).

The orientation of the 'H-'H vectors to
the helical symmetry axis is important be-
cause a duplex dodecamer DNA, an asym-
metric molecule with a length about twice
that of the diameter, undergoes anisotropic
tumbling in solution (13-16). Therefore, a
'H-'H vector pointing along the symmetry
axis will have an effective correlation time
longer than one perpendicular to the helical
axis because the tumbling of the DNA helix
in solution will be faster about the symmetry
axis than about the axis perpendicular to the
symmetry axis. The local motion of a 'H-
'H vector, of extent 6, is about the average
orientation, B, of the YH-'H vector to the
helical axis (Fig. 2).

Kaptein and co-workers recently included
some aspects of internal motion in conjunc-
tion with internuclear distance constraints in
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