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Abstract: Molecular imaging holds considerable promise for
elucidating biological processes in normal physiology as well
as disease states, but requires noninvasive methods for
identifying analytes at sub-micromolar concentrations. Partic-
ularly useful are genetically encoded, single-protein reporters
that harness the power of molecular biology to visualize
specific molecular processes, but such reporters have been
conspicuously lacking for in vivo magnetic resonance imaging
(MRI). Herein, we report TEM-1 b-lactamase (bla) as a single-
protein reporter for hyperpolarized (HP) 129Xe NMR, with
significant saturation contrast at 0.1 mm. Xenon chemical
exchange saturation transfer (CEST) interactions with the
primary allosteric site in bla give rise to a unique saturation
peak at 255 ppm, well removed (� 60 ppm downfield) from
the 129Xe-H2O peak. Useful saturation contrast was also
observed for bla expressed in bacterial cells and mammalian
cells.

Genetically encoded optical reporters such as green fluo-
rescent protein (GFP) have enabled biomolecular imaging,
making it possible to connect cellular processes with quanti-
tative, real-time measurements of localized gene expression.[1]

However, owing to the strong scattering of light by living
tissues, optical reporters are mostly limited to studies of single
cells and transparent, model organisms. Alternate non-
invasive imaging methods such as magnetic resonance imag-
ing (MRI) are thus needed for monitoring gene expression
and tracking cell migration in larger organisms.[2] MRI offers
excellent spatiotemporal resolution, however 1H MRI
reporter genes are limited by low detection sensitivity and
also by high background 1H signals from water and fat. This
has motivated investigation of hyperpolarized (HP) 129Xe (I =
1=2), which can provide Xe-specific molecular information
within the context of 1H NMR signals.

HP 129Xe with long T1 gives rise to 104–105 signal
enhancement over the room-temperature Boltzmann popu-

lation of nuclear spins and is readily obtained by a process of
spin-exchange optical pumping.[3] HP 129Xe is non-toxic, can
be delivered to living organisms by inhalation or Xe-solution
injection, and has been employed for imaging the lungs and
brain of living mammals, including human.[4] Xenon has high
affinity for hydrophobic void spaces, including host molecules
such as water-soluble cryptophane and cucurbituril,[5] and the
highly polarizable electron cloud affords xenon high sensi-
tivity to its local environment. The interactions between
xenon and small molecules have led to many biosensing
applications.[6] Using a NMR technique known as HP 129Xe
chemical exchange saturation transfer (Hyper-CEST),[7]

structures with low-affinity Xe-binding sites can be identified
that are otherwise invisible by direct detection of HP 129Xe
NMR peaks. By Hyper-CEST, host-encapsulated HP 129Xe is
selectively depolarized by radiofrequency (RF) saturation
pulses, and the depolarized 129Xe rapidly exchanges with HP
129Xe in aqueous solvent, where Xe is soluble (~ 5 mm atm¢1 at
rt) and loss of signal is readily observed. Recently, Shapiro
et al. reported the use of genetically encoded bacterial gas
vesicles (GVs) as ultrasensitive Hyper-CEST contrast
agents.[8] While providing a pioneering example, GVs are
very large (0.1–2 mm long) multimeric protein assemblies
from complex gene clusters, and difficult to reconstitute in
many eukaryotic systems. Herein, we show that the 29 kDa
TEM-1 b-lactamase from E. coli can function as a genetically
encoded single-protein contrast agent for Hyper-CEST, and
gives useful contrast in both bacterial and mammalian cells
(Scheme 1).

The small size (D = 4.3 è) and hydrophobicity of xenon
allow it to interact with proteins through both non-specific

Scheme 1. Ultrasensitive detection of bla by HP 129Xe chemical
exchange saturation transfer. HP 129Xe (green) exchanges into bla,
where the unique resonance frequency can be saturated by shaped RF
pulses. Saturated xenon (maroon) returns to the bulk, leading to
a decrease in Xe-aq signal.
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and specific binding events.[9] Previous 129Xe NMR studies
have probed hydrophobic cavities within globular proteins.[10]

The promiscuous interactions of xenon with many proteins
have also been investigated by the X-ray diffraction of protein
crystals under high Xe pressure, where xenon can occupy
hydrophobic cavities, substrate-binding sites, and also channel
pores.[11] Notably, these are weak interactions, with hemoglo-
bin and myoglobin exhibiting the highest reported xenon-
association constants of around 200m¢1 at rt.[12] In our search
for a versatile genetically encoded reporter for Hyper-CEST
NMR, we targeted a candidate protein TEM-1 b-lactamase
(bla) based on its well-established allosteric site whose size
and hydrophobicity suggest it to be a good target for Xe
exchange. In 2004, the allosteric site was discovered seren-
dipitously by X-ray crystallography,[13] and additional cryptic
allosteric sites were recently identified in molecular dynamics
(MD) simulations analyzed using Markov State Models.[14]

Bla is a small, monomeric bacterial enzyme that hydrolyzes b-
lactam antibiotics and confers antibiotic resistance to its host.
Importantly, bla is not normally found in eukaryotic cells and
is nontoxic when overexpressed in eukaryotic cells.[15] The
activity that bla confers initially motivated the development
of fluorogenic substrates for studies of gene expression in
mammalian cell culture.[16] Bla has since been widely applied
in biotechnology, for example, in protein fragment comple-
mentation assays for studying protein–protein interactions
in vitro and in vivo,[17] with constructs engineered to be
minimally immunogenic, and in transgenic bla-mouse report-
ers.[18]

To explore whether bla is able to accommodate Xe atoms,
we performed “flooding” MD simulations. In this procedure,
the protein is simulated in the presence of a large number of
solute moieties to increase the rate of collisions between the
solute and protein and thus enhance the sampling of binding
events. In particular, we simulated bla in presence of Xe
atoms (0.15m) dissolved in water. Characterization of the
protein regions visited by Xe atoms during the simulation
gives information about the putative binding sites, pathways,
and relative binding kinetics.

The analysis of a 1 ms trajectory reveals a complex land-
scape with numerous bla regions characterized by a large
value of Xe occupancy (Figure 1 a). The most prominent
binding region is located between the two terminal a-helices
(one at the N-terminus and the other at the C-terminus:
residues 26 to 41 and 272 to 290, respectively) and the flanking
b sheet, where Xe atoms are observed to form a cluster of up
to 4 atoms (Figure 1 and 2a). Strikingly, this is the same
allosteric site that had been characterized crystallographically
(Supporting Information, Figure S1).[13] Five other regions
with comparable occupancy but smaller size are detected
throughout the protein, all of them in proximity of helix 2
(residues 67 to 87).

The location and extension of these high-Xe-occupancy
regions (Figure S2) bear striking resemblance to the cryptic
allosteric sites detected by Geissler[14a] on a large sample of
protein conformations collected by Markov State Models,
which included the experimentally validated allosteric bind-
ing site.[13] In this relatively large, hydrophobic cavity, Xe
atoms establish van der Waals interactions with the sidechains

of several residues (V33, V44, R244, I246, V261, I263, T265,
I279, L286). R244 and T265 are the only polar residues in this
pocket (Figure 2a). As previously noted,[14a] the side chains
that form this primary cavity also interact with allosteric bla
inhibitors.[13]

Our simulations provide insight into the relative binding
kinetics of Xe to this allosteric site. Indeed, we found that
binding to the innermost section of this cavity (located
between helix 1 and 12) occurs after ~ 0.6 ms and only after the
most solvent accessible part of the cavity (lined by helix 11
and 12) is fully occupied by two Xe atoms (Figure 1 b). Thus,
in spite of the high concentration of Xe atoms, binding to the
allosteric pocket is a relatively slow process, slower than
binding to any other pocket present in bla (Figure S3).

For in vitro studies, recombinant bla was expressed in
BL21(DE3) E. coli and purified by column chromatography.
Bla (80 mm) was used to obtain a Hyper-CEST z-spectrum,
where multiple selective Dsnob-shaped saturation pulses
were scanned over the chemical shift range of 143–293 ppm
in 5 ppm steps, and aqueous 129Xe signal was measured as
a function of saturation pulse offset (Figure 2 b and Fig-
ure S4). Two saturation responses were observed: one for free

Figure 1. a) Cartoon representation of bla showing secondary structure
elements. Color highlights the position of each residue along the
primary structure, from red (N-terminus) to blue (C-terminus). The
purple volumes indicate regions of high Xe occupancy. b) Selected
snapshots from the molecular dynamics trajectory after 0.6 ms (top
panel) and 1 ms (bottom panel), highlighting Xe atoms (blue spheres)
occupying only the main allosteric site. The sidechains of the residues
lining the pocket are represented as sticks.

Figure 2. a) Close-up of the main Xe-binding site. Secondary structure
elements (helices 1 and 12 and the flanking beta sheet) are colored
red (N-terminus) to blue (C-terminus). Xe atoms (blue spheres)
establish van der Waals interactions with many sidechains (gray
sticks). b) Hyper-CEST z-spectra for wt-bla and I263A, 80 mm in pH 7.2
PBS.

Angewandte
ChemieCommunications

8985Angew. Chem. Int. Ed. 2016, 55, 8984 –8987 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


129Xe in solution peak centered at 195 ppm, and a second peak
centered at 255 ppm that was attributed to the xenon–bla
interaction. Both peaks in the Hyper-CEST z-spectrum
appeared broad, indicating that xenon undergoes fast
exchange between the aqueous state and transient protein-
binding state. Importantly, the unique 129Xe-bla peak cannot
be directly observed by HP 129Xe NMR spectroscopy even
with high-concentration (�mm) bla, owing to the low xenon-
bound population and high rate of xenon exchange between
different sites. This scenario was observed previously with
spores[19] and also CB[6].[20]

We then carried out Hyper-CEST measurements by
varying saturation time to determine the molecular sensitivity
of bla. Shaped saturation pulses were applied at the chemical
shift of 129Xe-bla, and the residual aqueous 129Xe signal after
saturation transfer was measured as on-resonance CEST
response (Figure S4 and S5). Off-resonance pulses were
applied at 135 ppm, to mirror the 60-ppm frequency interval
observed for Xe-bla and Xe-aq signals. The observed
depolarization response in Hyper-CEST experiments arose
from both self-relaxation of HP 129Xe and bla-mediated
saturation transfer. The normalized difference between on-
resonance and off-resonance signals was represented by the
saturation contrast. Using this method, 0.1 mm (2.9 mgmL¢1)
bla was able to produce 0.23� 0.02 saturation contrast
(Equation S1). The in vitro detection limit of single protein
bla is comparable to previously reported GVs in terms of
protein mass concentration,[8] and represents a roughly 100-
fold improvement compared to 1H-CEST reporter genes.[21]

We hypothesized that the 255 ppm peak observed in the
Hyper-CEST spectrum may originate from the allosteric
cavity (Figure 1b) identified by MD simulations. Ile-263 is
positioned at the entrance of this Xe-binding site and lies in
close proximity to the bound Xe (Figure 2a). Thus, Ile-263
was mutated to alanine, and the I263A mutant was expressed
and purified following the same procedure used for wild-type
(wt) bla. The Hyper-CEST z-spectrum for I263A showed
almost complete loss of the Xe-bla signal (Figure 2b).
Following Hyper-CEST, an activity assay confirmed that the
I263A enzyme was not denatured by Xe bubbling during the
Hyper-CEST experiments. Additionally, circular dichroism
(CD) spectroscopy confirmed that the secondary structure of
the I263A mutant was maintained (Figure S6). The loss of
Hyper-CEST signal at 255 ppm is attributed to faster Xe
exchange and/or lower Xe affinity for the larger I263A cavity.
This highlights that the architecture of the wt-bla allosteric
site is crucial for producing Hyper-CEST signal.

We then investigated the possibility of using bla as
a genetically encoded 129Xe NMR reporter in cells. BL21-
(DE3) E. coli cells expressing recombinant wt-bla were
cultured in LB media and induced with 2 mm isopropyl-b-
thiogalactopyranoside (IPTG). Cells were then pelleted,
washed, resuspended in phosphate-buffered saline (PBS),
and used in Hyper-CEST experiments. E. coli cells trans-
formed with the same plasmid but not induced by IPTG were
prepared following the same procedure as a negative control.
Saturation time-dependent Hyper-CESTexperiments showed
that bla-expressing E. coli grown to OD600 of 9.2 (7.4 billion
cells/ml) produced a saturation contrast of 0.72� 0.03 (Fig-

ure 3a). After 6.7 s of nearly continuous irradiation of 129Xe-
bla with saturating RF pulses, the 129Xe-aq peak was almost
completely saturated. By contrast, the on-resonance and off-
resonance curves were almost identical for the control E. coli
sample at the same OD600. The same result was observed in
the z-spectra of induced and non-induced E. coli cells (Fig-
ure S7). In these E. coli experiments, bla was readily detected
at the equivalent of 6.5 mm concentration in the cell suspen-
sion, as confirmed by gel and colorimetric assay (Figure S8).

Having established that bla can be used as a genetically
encoded reporter in a bacterial system, we set out to test
whether it can also function in mammalian cells. HEK293T/17
cells were transfected with a transient-expression plasmid
incorporating SV40 enhancer, harvested, and resuspended in
PBS for Hyper-CEST experiments. Control cells were sub-
cultured from the same flask but not transfected. At
4.4 million cells per mL concentration, without optimization
for bla expression, both transfected and non-transfected cells
produced obvious saturation contrast, and both z-spectra had
a slight shoulder appearing in the downfield region of the
129Xe-aq peak (Figure S9). We hypothesize this background
signal arises from the interaction of xenon with membranes
enclosing the organelles in eukaryotic cells,[22] which are
absent in prokaryotic cells. To minimize background contrast,
we compared the Hyper-CEST signal of samples at lower cell
density while increasing the bla expression level. As illus-
trated by Figure 3c, 0.2 million/ml transfected HEK cells
producing the equivalent of 0.7 mm bla in the cell suspension
(Figure S10) was sufficient to produce a saturation contrast of
0.13� 0.01, compared to minimal contrast observed for
control HEK cells.

Lower detection sensitivity was observed for bla
expressed in cellular environments compared to pure bla in

Figure 3. Top: Time-dependent saturation transfer data for induced
(left) and non-induced (right) E. coli. Bottom: Time-dependent satu-
ration transfer data for transfected (left) and control (right) HEK293T/
17 cells. Saturation frequencies of Dsnob-shaped pulses were posi-
tioned +60 ppm and ¢60 ppm referenced to Xe-aq peak, for on- and
off-resonance. Pulse length, tpulse =1.0496 ms; field strength,
B1,max = 279 mT. The number of pulses linearly increased from 0 to
6000, 12000 or 14 000.
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buffer. For example, the saturation contrast produced by
approximately 6.5 mm bla expressed in E. coli was consider-
ably less than that produced by 0.5 mm pure bla in buffer
under the same saturation pulse conditions (Figure S5). This
decrease in saturation contrast can be attributed to the
diffusion barriers imposed by cells, which can result in tens-of-
millisecond xenon penetration time.[23] Nevertheless, 0.7 mm
bla expressed by 0.2 million/ml transfected HEK cells was
readily detected using Hyper-CEST. Use of isotopically
enriched 129Xe and new 129Xe hyperpolarization technologies
should increase detection sensitivity more than 10-fold.[24] We
also aim to improve bla as a Hyper-CEST reporter for
biomolecular imaging: the introduction of site-specific muta-
tions, for example, can increase bla affinity for Xe and/or shift
its Hyper-CEST response peak to achieve multiplexing or
discriminate against 129Xe–mammalian cell background sig-
nals.
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