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Detection of protein—protein interactions (PPls) is limited by current
bioanalytical methods. A protein complementation assay (PCA), split
TEM-1 g-lactamase, interacts with xenon at the interface of the TEM-1
fragments. Reconstitution of TEM-1—promoted here by cFos/cJun
leucine zipper interaction—gives rise to sensitive 12°Xe NMR signal in
bacterial cells.

The analysis of protein-protein interactions (PPIs) is crucial for
understanding protein functions and cell physiology. The pro-
tein complementation assay (PCA) is widely used for in vivo
detection and validation of PPIs, whereby two catalytically or
spectroscopically inactive halves of a reporter protein, e.g.,
B-lactamase, green fluorescent protein (GFP), or luciferase,
are fused to a pair of potentially interacting proteins.'™ The
PPI reconstitutes the functional reporter, which gives a detect-
able readout such as enzymatic activity, fluorescence, or
bioluminescence.>>°*? While enzymatic activity can be read-
ily monitored by cell resistance to addition of antibiotics or
deprivation of nutrient, and is thus useful for high-throughput
screening, it is less suitable for obtaining spatiotemporal
information. Previous studies mostly relied on fluorescence
and luminescence to probe dynamic PPIs."*° These imaging
techniques are successfully applied to biochemical studies in
cell lines and small, transparent model organisms.>*'**" How-
ever, optical approaches have limitations introduced by non-
specific protein binding, endogenous fluorescence quenchers,
and varying intracellular environments, such as pH and oxygen-
ation, which can affect quantum yield and rates of photo-
bleaching. New analytical methods for studying PPIs are
needed, particularly to enable in vivo studies.

Nuclear magnetic resonance (NMR) spectroscopic techni-
ques have evolved as useful tools to monitor PPIs that are
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difficult to study by other methods, and provide structural
details of the protein interfaces.>*° However, NMR experi-
ments using 'H, *C and '°N nuclei often suffer from low
sensitivity, especially for medium to large protein systems, poor
selectivity due to complicated biological environments, and
usually require isotopic labelling. '>*Xe NMR can provide good
selectivity due to low intrinsic background signal and excellent
detection sensitivity owing to hyperpolarized (hp) '*°Xe
chemical exchange saturation transfer (hyper-CEST).>" This
NMR technique applies selective saturation pulses at the
129Xe-host chemical shift and monitors depolarization of
129%e nuclear spins in aqueous solution. Hyper-CEST enables
nM-to-fM detection of molecules capable of transiently encap-
sulating xenon.*>"*! Herein, we report TEM-1 B-lactamase as a
29%e NMR-based PCA reporter, which gives “turn-on” hyper-
CEST signal upon assembly of the TEM-1 fragments, T1Fa and
T1Fw. TEM-1 assembly was driven by the well-characterized
cFos/cJun leucine zipper PPL** which was determined to be
readily detectable in bacterial cells.

TEM-1 PB-lactamase has been one of the most used PCA
reporters since the identification of its « and o fragments.>?
The enzymatic activity of TEM-1 can be used as a proxy to
monitor the interaction of the two fusion proteins.>** In some
studies, enzymatic activity can be monitored by the conversion
of substrate into colorimetric or fluorescent products.'®**
Moreover, our laboratory previously found that TEM-1 can
function as a genetically encoded reporter for *°Xe hyper-CEST
NMR.** Notably, *?Xe exchanging between TEM-1 and aqueous
solvent gives rise to a hyper-CEST signal at +60 ppm, referenced
to the '*’Xe@aq signal. X-ray crystallography, molecular
dynamics (MD) simulations, and protein mutagenesis estab-
lished the Xe binding site responsible for generating CEST
contrast from wild-type TEM-1, which coincidentally resides at
the interface between the « and o fragments of split TEM-1
(Fig. 1).*>*® We therefore ventured that CEST contrast could be
used to monitor PPIs in a turn-on manner using TEM-1 frag-
ment complementation. To investigate this method, we used
the « and o TEM-1 fragments employed by Wehrman et al.® and
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Fig. 1 T1Fa (blue; residues 26-197) and T1Fw fragments (green; residues
198-290) indicated for the crystal structure of TEM-1 derivatized with Xe
(PDB ID 5HW1). For simplicity, only the primary xenon site is shown (red
atom). Hydrogen bonds between the backbones of the two B-strands at
the interface are shown as purple dashed lines.
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T1Fa-cFos —| TEM1 (26-197) | NGR | (GGas), |

cJun-TIFw — cun | (GGGS); | TEM1 (198-290) |—

Scheme 1 TEM-1 B-lactamase fragment constructs used in this study.

fused them to complementary cFos and cJun sequences, respec-
tively (T1Fa-cFos and cJun-T1F®; Scheme 1). Purity and secondary
structures of TEM-1 fragments were confirmed by gel electrophor-
esis and circular dichroism spectroscopy, respectively (Fig. S1 and
S2, ESIt). All protein samples remained well-dispersed (non-
aggregated) before and after hyper-CEST experiments, as con-
firmed by dynamic light scattering (Fig. S3, ESIT).

Hyper-CEST z-spectra of 80 pM purified recombinant T1Fo-
cFos and cJun-T1F®w were obtained using multiple selective
d-SNOB saturation pulses (Fig. 2). In the presence of only one
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Fig. 2 Hyper-CEST z-spectra of 80 pM T1Fa-cFos, 80 pM cJun-T1Fw and
80 uM both fragments in 50 mM Tris (pH 7.4), 500 mM NaCl at 300 K.
Saturation time, t.o = 2.29 s; field strength, By max = 77 uT. The solid circles
show the experimental data, and the lines show the Lorentzian fits. Each
spectrum is the average of three measurements.
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protein fragment, no >’Xe@protein signal was observable,
indicating lack of a site compatible with Xe exchange. In
contrast, a sample containing both fragments at equimolar
concentration showed a saturation peak at +56 ppm, very
close to the chemical shift of "**Xe@wtTEM-1. This suggested
that hetero-dimerization of T1Fa-cFos/cJun-T1F® resembled the
protein structure and Xe binding site of wild-type TEM-1. The
small difference in chemical shift is likely modulated by slight
changes to the protein dynamics and by the presence of cFos/
cJun. Notably, the **Xe@T1Fa-cFos/cJun-T1Fw signal arose from
assembly of the two fragments, thereby excluding non-specific
protein binding that sometimes can give false signal in enzymatic
activity or spectrophotometric assays. The magnitude of the
CEST effect (1 — M,/M, = 0.22) was attenuated compared to
wild-type TEM-1 (1 — M,/M, = 0.62),*> which is likely due to
faster Xe exchange and weaker Xe binding affinity as a result of
greater protein dynamics and altered topology of split TEM-1.
Homo-dimerization of cFos and cJun proteins may also play a
role at high micromolar concentrations.*”*®

To evaluate the detection sensitivity, time-dependent satura-
tion transfer experiments were performed by measuring the
129%e(aq) signal against varying saturation time using saturation
pulses centered at frequency offsets of +56 ppm and —56 ppm,
for on- and off-resonance, respectively. T1Fa-cFos/cJun-T1Fm
complex (1 uM) gave rise to 0.06 £ 0.01 saturation contrast
(Fig. S4, ESIT). To verify that the observed contrast was dependent
on the interaction of cFos and cJun, the T1Fo fragment was
prepared without the C-terminal cFos and mixed with equimolar
cJun-T1Fw fragment. As expected, 1 pM T1Fao/cJun-T1Fo
showed minimal background signal with saturation contrast
of 0.01 + 0.01 (Fig. S4, ESIt). This indicated that the limit of
detection (LOD) for cFos/cJun PPI was roughly 1 uM. Given that
the binding affinity between cFos and cJun is at high nanomo-
lar level,”® the signal-to-noise ratio and LOD should improve
somewhat for stronger protein—protein interactions. The result
also indicates that this TEM-1-based approach is useful to
probe PPIs with medium to strong affinity (dissociation constant,
K4 < 1 uM). For weak PPIs (K > 10 uM), reporter concentration
higher than Kj is required for detection.

To investigate the possibility that weak interaction between
T1Fo and T1F® may contribute to background signal at high
concentrations, we carried out hyper-CEST experiments with
the cFos deletion construct at a concentration of 80 uM. A
z-spectrum of 80 uM T1Fa/cJun-T1Fo using 77 uT saturation
pulses showed a saturation response at +48 ppm somewhat
similar to that of T1Fu-cFos/cJun-T1Fw, indicating reconsti-
tution of TEM-1 (Fig. S5, ESIt). This probably results from
increased thermostability due to several hydrogen bonds
between fB-strands at the interface of the two fragments and a
reduction of hydrophobic surface area (Fig. 1). Meanwhile, cFos
deletion caused a broader peak width of the '**Xe NMR signal,
implying faster '*°Xe exchange and greater protein dynamics.
Time-dependent saturation transfer experiments using 279 pT
saturation pulses confirmed that 80 pM T1Fo/cJun-T1F®
gave rise to the same saturation contrast as T1Fa-cFos/cJun-
T1Fo (0.44 £ 0.02 and 0.42 + 0.02, respectively; Fig. S6, ESIt).
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Table1l Hyper-CEST data for E. coli samples expressing TEM-1 fragments

Saturation
E. coli sample T1,0n/S T1,0/S contrast
T1Fa-cFos/cJun-T1F®, non- 16.0 = 0.6 19.0 £ 0.7 0.10 * 0.02
induced
T1Fa-cFos/cJun-T1Fw, induced 16.0 + 0.6 21.7 + 0.7 0.18 + 0.02
T1Fo/cJun-T1F®, non-induced  14.1 +£ 0.6 16.8 + 0.3 0.12 £ 0.02
T1Fo/cJun-T1Fw, induced 171 £ 0.5 21.3 +0.6 0.12 + 0.02

As non-specific Xe-protein interactions sometimes contribute
to saturation contrast, especially at a high pulse power setting,
z-spectra of 80 uM protein samples using 279 uT saturation pulses
were acquired and confirmed that the observed saturation con-
trast at this high pulse power is indeed due to interaction of the
two fragments (Fig. S7, ESIT). Thus, regardless of fusion protein
interactions, split TEM-1 has the potential to give background
signal. This background was recognized in previous studies but
thought to be negligible considering the high signal-to-noise
ratio.>* Our results provide a cautionary note, showing that under
conditions with high protein concentration (80 pM), the back-
ground signal resulting from spontaneous complementation
makes split TEM-1 unsuitable for monitoring PPIs. This opens
possibilities for engineering the split protein complementation
reporter for studying weak PPIs.®

The hyper-CEST saturation contrast was then assessed in a
cellular environment. E. coli strain BL21(DE3) cells co-expressing
o and o fragments were cultured in LB media, induced with
isopropyl B-p-1-thiogalactopyranoside (IPTG), resuspended in PBS
to an ODg, of 1, and tested by time-dependent saturation transfer
experiments (Table 1 and Fig. S8, ESIt). Serving as negative
controls, cells co-expressing the T1Fa/cJun-T1Fo pair with and
without IPTG induction both reported saturation contrast of
0.12 + 0.02 at +56 ppm. Similar background contrast was
observed previously to originate from the nonspecific interaction
of Xe with intracellular biomacromolecules.*>**™* E. coli cells
co-expressing the interacting pair T1Fa-cFos/cJun-T1F®» showed
saturation contrast of 0.18 + 0.02 and 0.10 £+ 0.02, with and
without IPTG induction, respectively. The cFos/cJun interaction in
E. coli cells reported saturation contrast of 0.08 after subtracting
the non-induced background signal, and cFos deletion samples
showed no change in saturation contrast, highlighting that '*°Xe
NMR can readily detect PPIs in bacterial cells.

TEM-1 B-lactamase is non-toxic to prokaryotic and eukaryotic
cells, and no orthologs of TEM-1 exist in eukaryotes. Therefore,
the TEM-1-based complementation assay could be universally
used in eukaryotic cells and many prokaryotes without intrinsic
background activity. The ability of reconstituted (split) TEM-1 to
bind xenon and report PPIs in vitro and in vivo using sensitive and
selective hyper-CEST '*°Xe NMR spectroscopy can expand the
range of applications of PCAs in various biological systems.
However, modest affinity between T1Fa and T1Fo fragments
can result in background signal at high micromolar protein
concentrations. It should be possible to reduce the intrinsic
T1Fo/T1F® interaction by disrupting several hydrogen bonds
and salt bridges between T1Fa and T1Fw, which also has the
potential to modulate Xe affinity. In enzymatic activity assays,
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the signal-to-noise ratio was improved by up to 10*-fold via
optimization of side chain contacts with the active site of
TEM-1.% Likewise, we envision that mutating Xe binding site
residues can give enhancement to saturation contrast, as was
previously demonstrated for maltose binding protein.*® Significant
signal enhancement can also be achieved by use of isotopically
enriched '*Xe and/or higher **Xe hyperpolarization levels.*?
Finally, the TEM-1 fragment complementation assay also
holds promise for molecular recognition and selective turn-on
sensing using '*’Xe NMR/MRI, which has been a challenging
task‘49,54757
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