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Abstract: Despite their roles in controlling many cellular
processes, weak and transient interactions between large
structured macromolecules and disordered protein segments
cannot currently be characterized at atomic resolution by X-
ray crystallography or solution NMR. Solid-state NMR does
not suffer from the molecular size limitations affecting solution
NMR, and it can be applied to molecules in different
aggregation states, including non-crystalline precipitates and
sediments. A solid-state NMR approach based on high
magnetic fields, fast magic-angle sample spinning, and deuter-
ation provides chemical-shift and relaxation mapping that
enabled the characterization of the structure and dynamics of
the transient association between two regions in an 80 kDa
protein assembly. This led to direct verification of a mechanism
of regulation of E. coli DNA metabolism.

Transient and/or weak interactions involving protein seg-
ments that are intrinsically poorly structured are significant in
the formation and stabilization of protein complexes.[1]

Structural details of interactions of this type are difficult to
elucidate. There is an inherent challenge in crystallizing such
complexes,[2] and solution nuclear magnetic resonance
(NMR) methods are restricted by molecular size, a particular
problem for large multiprotein assemblies.[3]

High-resolution solid-state (ss) NMR under magic-angle
spinning (MAS) is applicable to molecules that tumble slowly
or are fully immobilized, and the spectral resolution is not
affected by size.[4] Fast non-denaturing precipitation or
sedimentation by centrifugation overcomes the need for
protein crystals,[5] providing hydrated solids that retain the
functional interactions from solution. ssNMR has a unique
ability to complement the determination of protein structures
with data on dynamics,[6] spanning wide timescales (10¢11 to
10¢3 s).

A leap forward in ssNMR has been the advent of probes
suitable for fast MAS (60 kHz and above).[7] Combined with
perdeuteration and high magnetic fields, fast spinning allows
the measurement of 2D ssNMR amide fingerprints of
proteins with minimal signal overlap.[8] These developments
speed up the backbone resonance assignment,[9] structure
determination,[10] and dynamic description[10b, 11] of micro-
crystalline proteins, and vastly increase the scope of ssNMR
as a method for accessing more complex biological systems.[12]

Herein, we show that these approaches provide a powerful
platform to extend the techniques commonly used in solution
NMR[2] to the study of weak and transient interactions in
large, non-crystalline, or poorly soluble macromolecular
complexes. In this study, we target the bacterial replisome,
a widely studied dynamic multiprotein complex,[13] focusing
on transient complexes involved in assembly at single-
stranded DNA (ssDNA). These processes involve an intrinsi-
cally unstructured binding site in each subunit of the
homotetrameric ssDNA-binding protein (SSB).[13c,14]

Bacterial SSBs bind to ssDNA in a sequence-independent
manner,[15] protecting it from degradation or annealing to
complementary sequences, whilst recruiting many other
proteins to the ssDNA.[14] Each 177 amino acid subunit of
the E. coli SSB (Figure S1) is comprised of a structured N-
terminal ssDNA-binding (oligonucleotide binding, OB)
domain (residues 1–115), followed by an unstructured[16] and
generally poorly conserved C-domain. At the extreme
C terminus (SSB-Ct, residues 170–177) is a highly conserved
acidic motif (DFDDDIPF)[17] that is the site for the inter-
action of SSB with most of its partner proteins, including
those in the replisome.[13c,14,17, 18]

Crystal structures of the SSB OB domains have been
determined with and without bound ssDNA, thereby allowing
modeling of the complex in its two major DNA binding
modes.[19] Information concerning the C-terminal domain,
however, is at lower resolution, and no electron density has
been reliably observed beyond residue Gly114.[16, 20]

Nevertheless, the Ct motif and the OB domain interact in
an autoinhibitory manner. The affinity of SSB for ssDNA is
increased in an SSBDCt mutant,[14, 21] and binding of the Ct to
accessory proteins is inhibited by the OB domain. An isolated
Ct peptide has higher affinity for the PriA helicase and the c

subunit of DNA polymerase III than the complete SSB
molecule, and high affinity is restored when SSB is bound to
ssDNA.[14, 20,22] Mass spectrometry studies have shown that the
rate of subunit exchange in SSB is increased by removing the
Ct, which is consistent with an interaction in trans between
the Ct of one subunit and a region in a neighboring OB
domain,[23] and solution NMR on monomeric SSB under low-
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pH conditions identified intramolecular NOEs between
Asp173 and Val29 and between Phe171 and Val58, thus
providing structural evidence that the Ct binds back into the
ssDNA-binding site.[16]

Together, these observations led to the hypothesis that the
SSB-Ct motif binds the OB domain in the DNA binding
groove, thereby competing with binding to ssDNA and
reducing its ability to bind partner proteins in the absence
of ssDNA. In this study, we used high magnetic field strengths,
fast sample spinning, and proton-detected ssNMR experi-
ments to characterize the structure and dynamics of the
transient complex between the SSB-Ct and OB domains at
physiological pH values on functional SSB tetramers.

We first observed by simple dialysis experiments in Tris-
HCl buffers at various concentrations that E. coli SSB shows
minimal solubility (ca. 0.2 mgmL¢1) in approximately 70 mm
Tris, pH 8.0 in the absence of DNA; the protein precipitate
can be recovered by centrifugation as a clear gel-like solid.
These buffer conditions apparently favor interactions
between ordered and disordered regions of neighboring
tetramer units, thereby leading to multimerization of the
tetramers to produce insoluble aggregates.

Figure 1a,b shows 2D spectra of the SSB hydrogel,
uniformly labeled with 2H, 13C, and 15N, and reprotonated at
all amide sites. The spectra correlate the chemical shifts of 1H-
15N spin pairs in backbone amides and sidechains, in a manner
similar to HSQC in solution NMR. Two types of correlations
can be acquired on a solid sample, those using dipolar-
coupling-based cross-polarization (CP) magnetization-trans-
fer schemes (“CP-HSQC”, Figure 2a) and those using scalar-
based magnetization-transfer steps (J-HSQC, Figure 2b).

Assignment of the SSB signals can be readily transferred
from those of protonated SSB[24] (Figure S2) with the help of
a 3D experiment[8a] correlating the chemical shifts of 1H, 15N,
and 13CA nuclei (“CP-HNCA”). This yielded assignments of
amide resonances of 63 residues in the OB domain (Table S1

in the Supporting Information), with none beyond Q110
being visible.[24] Three other regions were not detected,
corresponding to loops with high B-factors in the X-ray
structures (residues 22–27, 40–49, and 86–90).

CP-HSQC spectra show only peaks from rigid, ordered
regions, since disorder leads either to inhomogeneous broad-
ening of resonances or to motional averaging of dipolar
couplings and reduced 1H-15N magnetization transfer in
backbone amides. J-HSQC is complementary to CP-HSQC,
since it detects correlations between spins with long coher-
ence lifetimes, corresponding to rigid residues or to portions
of the molecule undergoing fast isotropic motion.

Very few new resonances appeared in the J-HSQC
spectrum (Figure 1b), with most of those observed belonging
to residues from the OB domain that are also visible in the
CP-HSQC spectrum. The absence of most of the C-domain
resonances, and notably all of those of the SSB Ct, from both
of these spectra demonstrates that although the C-domain is
indeed unstructured, it is not freely mobile in the SSB
hydrogel. This supports the notion that interaction between
the OB and C-domains gives rise to a disordered, “fuzzy”
complex.[1]

Changes in the behavior of the C-domain in the complex
with ssDNA were probed using SSB bound to Pf1 phage
ssDNA; the large size of this complex allowed use of
sedimentation to obtain a ssNMR sample.[25] Remarkably,
the J-HSQC spectrum of the ssDNA complex (Figure 1c)
contains many of the expected signals that were missing from
the spectra of SSB (Figure 1b). These could be assigned on
the basis of solution NMR assignments[16] and amongst them
are resonances from residues in the Ct. By contrast, owing to
SSB binding natural ssDNA with different DNA sequences
bound to the OB domains, the CP-HSQC spectrum of the
ssDNA complex is poorly resolved (Figure S3 in the Support-
ing Information). These spectra demonstrate that the C-
domain is only freely flexible upon binding of ssDNA by the

OB domain. Not all C-domain
non-proline resonances are
visible in the J-HSQC spec-
trum, which may indicate that
some of the C-domain
remains less mobile even in
the presence of ssDNA.

To further probe the inter-
action between the C-termi-
nal and OB domains, we used
a mutant (SSBDC8) that lacks
the Ct, and observed changes
in the OB-domain resonances
compared to those of wild-
type (wt) SSB. The CP-HSQC
spectra of both samples con-
tained similar, although not
identical signals, thus con-
firming that the overall struc-
ture of the OB domain is not
altered by C-terminal trunca-
tion (Figure 2a). Since the
chemical-shift differences

Figure 1. 1H-15N HSQC spectra of 1HN,2H,13C,15N-labeled wt E. coli SSB recorded at 1000 MHz with 60 kHz MAS.
A CP-HSQC spectrum of the apoprotein (a), a J-HSQC spectrum of the apoprotein (b), and a J-HSQC spectrum
of the SSB:ssDNA complex (c) are shown. In panel (b), the signals also present in the CP-HSQC spectrum (rigid
regions) are shown in black, while new signals (mobile regions) are shown in blue.
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were small, the CP-HNCA spectra of both samples allowed
the assignment of backbone resonances from the wt sample to
be transferred to the DC8 spectra (Table S2, Figure S4,S5). In
addition, triple-resonance experiments allowed the chemical-
shift perturbations (CSPs) resulting from deletion of the
SSB Ct to be followed across C, H, and N backbone nuclei.[26]

Although the CSP values (Table S3) are relatively small
(< 0.31 ppm), residues with larger CSPs clustered in the DNA
binding groove of the OB domain (Figure 2c–d). This directly
indicates that there is an interaction between the conserved
Ct motif and the OB domain, and that this interaction occurs
directly at the DNA binding groove.

ssNMR also allows comment on the nature of the
interaction between the SSB-Ct and the DNA binding
groove. Since nuclear relaxation is strongly affected by
molecular motion, site-specific 15N relaxation rates comple-

ment the CSP measurements[12b,g]

by identifying differences in
dynamics between SSB and
SSBDC8, in particular when
exploiting recently developed 1H-
detected ssNMR experiments at
fast MAS.[10b, 11a,c] Although the dif-
ferences in chemical shifts between
the samples caused different groups
of signals to overlap between the
two sets of spectra, we were able to
extract 15N R11 relaxation rates for
37 signals that were present in both
the wt and DC8 spectra (Table S4).
Although most residues gave rates
that were identical within error (in
the range of 10–20 s¢1 at an applied
RF field strength of 20 kHz), there
were large differences for a subset
of them (examples in Figure 2b). In
each case, it was the wt sample that
gave the higher 15N R11 values, and
mirroring the CSP measurements,
these residues are associated with
the DNA binding groove (Fig-
ure 2e). We did not see any signifi-
cant deviation in rates between
spin-lock frequencies of 2–20 kHz,
or any difference in bulk 15N R1

relaxation rates between the sam-
ples. The R11 relaxation enhance-
ment of the DNA binding groove
residues in the presence of the Ct
motif indicate chemical exchange
in the ms–ms range as a result of
weak (i.e., with intermolecular KD

in the mm range)[27] associations of
the Ct motif with the DNA binding
groove that are suppressed in
SSBDC8. These transient interac-
tions explain the small CSPs
between wt SSB and DC8 as
a weighted average of the free and

bound chemical shifts in the residues of the DNA binding
groove, with the chemical shift of the free species making
a significant contribution. In the case of the Ct, dynamic
disorder and reversibility of transient association with the
DNA binding groove cause an absence of visible signals. It
remains possible that other parts of the Ct domain are
statically disordered; many residues still give no observable
signals even in the presence of DNA.

In summary, we have shown that contemporary solid-state
NMR techniques allow the site-specific identification of
transient interactions in a non-crystalline multimeric assem-
bly that controls aspects of DNA metabolism in E. coli.
Specifically, we have provided structural evidence at the
atomic level for a model proposed to explain the auto-
inhibition of SSB,[16,21, 22, 27] in which the presence of SSB-
bound ssDNA in the cell is signaled to the binding partners of

Figure 2. a) An overlay of the 1H-15N CP-HSQC spectra from the wild-type SSB (black) and SSBDC8
(red) samples recorded at 1000 MHz with 60 kHz MAS. b) 15N R11 relaxation-decay curves for wt SSB
(black) and the SSBDC8 mutant (red). The top row shows examples of three residues that gave 15N
R11 relaxation rates within error, whilst the bottom row gives examples of residues with significantly
different rates between the samples. c) Crystal structure of the SSB tetramer (PDB ID: 1EYG[19b]), with
the protein backbone shown as a white ribbon model and the ssDNA strands shown as pink ribbon
models. Key residues involved in forming electrostatic (blue) and hydrophobic base-stacking (black)
interactions are shown as stick models. d) An SSB backbone ribbon model colored to indicate the
location and magnitude of chemical-shift perturbations between full-length SSB and SSBDC8, with
the largest differences shown in red. e) An SSB backbone ribbon model colored to show the relative
increase in R11 values from DC8 to wt SSB.
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SSB to enable their involvement in processes involved in
DNA replication, recombination, and repair.[14] In contrast to
previous studies,[16] this was accomplished by using functional
tetramers at physiological pH values.

We highlight the utility of advanced methodological
developments in ssNMR for addressing biological problems
on samples for which other structural biology methods are not
readily applicable. The combination of chemical-shift pertur-
bation and site-specific relaxation measurements presented
herein is likely to allow the characterization at atomic
resolution of transient/disordered contacts of high biological
significance throughout the interactome.
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