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Previously, we reported hyperpolarizZ&iXe chemical exchange saturation transfer (Hyper-QBESIR
techniques for the ultrasensitive (i.e., 1 picomjodeetection of xenon host molecules known as
cryptophane. Here, we demonstrate a more gendealaroHyper-CEST NMR as a spectroscopic method
for probing nanoporous structures, without the nement for cryptophane or engineered xenon-binding

10 sites. Hyper-CES12°Xe NMR spectroscopy was employed to deRaxillus anthracisandBacillus
subtilisspores in solution, and interrogate the layersabmprise their structure¥Xe-spore samples
were selectively irradiated with radiofrequencysasi; the depolarizéd®e returned to aqueous solution
and depleted th¥*Xe-water signal, providing measurable contrast. Rethof the outermost spore
layers inB. anthracisandB. subtilis(the exosporium and coat, respectively) enhaft¥e exchange

1s with the spore interior. Notably, the spores wengsible by hyperpolarizetf®>e NMR direct detection
methods, highlighting the lack of high-affinity >ambinding sites, and the potential for extendirypét-
CEST NMR structural analysis to other biological agdthetic nanoporous structures.

45 dissolved-phase signal, with xenon polarizatiomgfar contrast

Introduction (XTC) providing useful information on lung-tissue ndity 23
More recently, the analogous technique, Hyper-CE®Mlving
HP '?°Xe host-guest chemistry in solution was develop@tis
technique has been applied ¥Xe exchange between bulk
so aqueous solution and high-Xe-affinity, water-soubtganic host

molecules (i.e., cryptopharied™?9, organic solvent$’ and gas-

filled protein structures known as gas vesiéfedere, we further

generalize this approach, by performing Hyper-CESVIRN

analysis of spore samples in the absence of crijptop or other
ss high-affinity xenon-binding sites.

A subset of bacteria produce a highly resistamtindot cell type,

called the spore, which is produced in responsesgecific

. ) . . L stresses, most notably starvatfdn.Although essentially
w have explored blosensmg. and bioimaging appllcatlmh the metabolically dormant the spore can break dormancy (a process
noble gas nucleuS®Xe, which has one-half nu.clea}r spin numbesro called germination) very soon after the spore dstsignals that
( :_1/2)’ and cgn be hyperpolarized to ngar unltysmm-exche_mge indicate conditions for resuming growth are presextsmall
optical pumping® To make the technique more sensitive for

d di licati hemical h dmsth fraction of spore-forming species are pathogenitluiding
emanding app_lcatlons, g_emlca exchange proviaesther  c),qprigium difficile one of the most important healthcare-
35 source of NMR signal amplification.

h hanai ) : e associated infectious agetttsas well asBacillus anthracis a
When exchanging magnetic species are present, c mi, major biothreat agerit. The threat posed by these and other

exchg.nge. saturation transfe_r (CEST)_ cqn achieve alsign pathogenic species has intensified efforts to betteerstand the
amplification based on cumulative magnetizationgfer through roles of spore structures in resistance, as weltoaimprove

selectwe; satura.tlio?P. This gives the po;smmty of d(illeS}gnlng methods of spore detection. The spore's unusual—and
«wextremely sensitive contrast agents that responavanous incompletely understood—structural integrity in thiace of

exchange _I;alventz, for exam_lgzle, with tﬁchnlques kpcmsn 70 extreme temperatures, mechanical stress, cheméirataration
PARACEST" and LIPOCEST. For exchange experiments and other stresses is essential to maintaininglitiabs well as

. . 12 . . .
'nVOlV'hng HP F?z(gf(' |tV\{as olrlglnally demonstrateﬁ tha:]the string resisting host defense and decontaminatio®s molecular
gas-phase H e signal can serve to amplify the weaker understanding of the protective structures encasiagspore has

Here, we demonstrate*®Xe nuclear magnetic resonance (NMR)
20 spectroscopic method that allows both sensitivelyaisa and
detection of intact bacterial spores in aqueoustisol, without
further sample preparation. NMR spectroscopy has hesed
previously to analyze spore contéfitbut typically offers limited
detection sensitivity, due to small polarizationtted nuclear spin
2s reservoir, where the difference in spin populaticaliggned
parallel or anti-parallel to an external magnetaidf at thermal
equilibrium is typically just ~10 in a million nugl Thus,
significantly enhanced NMR signals can be obtaineith w
hyperpolarized (HP) samples. Our laborat8énand others™®
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been a goal of basic research for many decHdes.
Spores have a distinctive architecture, composed séries of
concentric layers, each of which contributes tastaace and
other spore properties (Figures 1a, ¥o¥* In some species,
sincluding B. anthracis the outermost spore layer is the
exosporium, a pleomorphic shell composed of preteamd
glycoproteins (Figure 1a). The exosporium is presém
pathogenic and nonpathogenic species (for exarapteTraag et
al®). Beneath the exosporium, and separated by a gaihei
1 coat, which is present in all bacterial spores \{Fég1b)**
Although these two layers play key roles in spesstance, their
chemical properties and molecular organization fema
incompletely understood. This lack of informatianders efforts
to improve anti-spore therapeutics, decontaminatiod spore
15 detection. In particular, sensitive methods forrspaetection that
do not require major sample preparation and disodte
between pathogenic and nonpathogenic spore-forspegies are
needed. No existing method achieves all these gaatsl
distinguishing among even highly divergent specwthout
20 DNA sequencing has been especially challenging.eample, Spore
fluorescence-based assays have been developedrethdily fD:;::ize 52
detect bacterial sporé$® but cannot discriminate between
species, because the target analyte, dipicolinid é@PA), is Figure 1. *Xe Hyper-CEST experiment with spores. (B) anthracis
present in bacterial spores of all species. Ramastsscopy  Strains:A, Stermne 34F2 (wild typeB, Sterne-JAB-13HclA), C, RG56

. : - : ; ; 41 oo (cotE). (B) B. subtilisstrains:D, PY79 (wild type),E, AD28 (cotE), F,
25 similarly identifies spores from dominant calciurP® signals: AD142 (cotE gerB. While some coat likely remains in AD142 spofes,

Methods that identify subcellular structures in rgsothat vary .o have not indicated this in the figure, for simipf. (C) Scheme
among species (and, in particular, between cepainogenic and  showing Hyper-CEST NMR experiment with spores.
non-pathogenic species) could be very helpful foprioving
Rattenty) Hetestmn showed the ability to monitoe germination Al strains are in either the attenuated Sternairstg4F2 (forB.
wand proliferation of bacteria usir-CEST MRI, where labile ® anthracig or PY79" (for B. subtiliy backgrounds. TheB.
protons inside the cytoplasm or on the cell surfaesved as ~ anthracis strain RG56 lacks the exosporium and has a minor
endogenous contrast agent; however, bacterial sporere ~ defect in the coat (due to a mutationcotE) and strain Sterne-
invisible by this technique, due to limited watescessibility ~ JAB-13 possesses the innermost layer of the exaspofthe
within spores? basal layer) but lacks the hair-like projections (@p) that
« Here, we present Hyper-CES#Xe NMR analysis of wild-type 7 Project from the basal layer-outer surfte*® The B. subtilis
and mutanB. anthracisand B. subtilis spores, where detection Strains AD28 and AD142 lack the outer layers of duat, or
limits of 10°-10° spores per milliliter were achieved in aqueous @lmost the entire coat, due to mutationsatE, or cotE andgerk,
solution. Xe gas irradiated by radiofrequency pulses in therespectively’” “*We note that while the genes nanvedE in B.
spore interior efficiently transfers loss of magzation to the anthracis and B. subtilis are indeed orthologous, their mutant
w0 bulk solution, which provides contrast between ediéht spore 7s Phenotypes have important differences between  these
structural components. We analyzed strain®ofinthracisthat ~ SPecies, as described.
vary in exosporium, or exosporium and coat strectnd strains  Hyper-CEST experiment with spores.
of B. subtilis that vary in coat structure. These strains show
readily distinguishable Hyper-CEST behaviors, in anmer
4s consistent with the hypothesis that spore layeutseaariations
in the rate of xenon diffusion between aqueoustsritand the
spore interior. By determining the Xe accessibibfythe spore
interior to the outer environment, Hyper-CEST NMR \ides a
rapid, nondestructive measure of molecular porobitportantly,
s0 this methodology distinguishes between spores aith without
exosporia. As a result, in combination with otheshinologies, it %
provides a novel method for distinguishing betwebfierent
bacterial spores, and assigning structural-funatiaignificance
to different spore components.

b)

B. anthracis

B. subtilis

Before starting the Hyper-CEST experiment, fresh'HRe was
delivered via bubbling through a 3-mL liquid sampéntained in
soa 10-mm diameter NMR tube. Immediately before théseu
sequence (Figure S1) started, HP Xe bubbling wagpsd by
solenoid valves to stabilize the liquid sample fOiIMR
acquisition. The NMR tube was airtight during thepdyCEST
experiment, which was achieved with a homebuilttiooous-
flow HP Xe delivery setup.
Figure 1c illustrates the Hyper-CEST experiment vy
spores. As a starting point for all sets of HypelSTE
experiments, a consistent amount of fresh HP Xeledsin the
sample suspension. As the first step of the Hype®TRBulse
9 sequence, DSnob-shaped 180-degree selective pulses
looped numerous times continuously, at frequenofemterest.
Bacterial strains. Pulse power was calibrated to give maximum satmati
performance. Xenon resonances within the RF putsséscted

ss Experimental section
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Figure 2. Hyper-CEST NMR profile and depolarization curvevafd-
typeB. anthracisspores at 1.2 x £@fu/mL. (A) NMR profile acquired at
0.5 ppm resolution, at 278 K, with 600 pulse cycfes saturation
5 exchange (11.6 s saturation time). Two peaks (196n2 and 193.4 ppm)
are shown for the spores and water, respectiveB). $aturation
frequencies for depolarization curve were 197.893(2 + 4.5) ppm and

Saturation Time (s)

188.9 = (193.2 - 4.5) ppm, for ‘on’ and ‘off’ resamce, respectively.

frequency range (corresponding to the Xe-sporednt®on) were
10 depolarized. The ensuing chemical
depolarization of xenon in the whole sample, assuestl by loss
of Xe(aq) signal. After the overall polarization sveeduced by
saturation pulses and chemical exchange, the samjple
irradiated with a 90-degree hard pulse to obsehe final

1s magnetization state 6f°Xe in solution.

Results and Discussion

Hyper-CEST profile for spores.

Multiple (100-600) selective 180-degree radio-fregey (RF)
pulses were delivered to spore samples at theusresonance
20 frequencies, of duration between 1.0 s and 9.5 sdapning the
saturation frequencies, different Xe(aq) signakmsities were
acquired and plotted as the exchange profile. &gudencies of
observable Xe depolarization, HP Xe and depolariXedwere
dynamically exchanging among distinguishable

chamic

25 environments related to spores.
Figure 2 shows the profile of wild-typ®. anthracisat 1.2x16
cfu/mL, in the 188-203 ppm frequency range and .&t gpm
resolution. A Xe(spore) signal was observed to bévely
exchanging with the Xe(aq) signal. After the pmfikas fit by
30 Voigt line shape, two signals were identified (Fgwa). The
secondary peak at 196.3 ppm (7.6 ppm wide) wagradito
Xe(spore); while the main peak at 193.4 ppm (4.5 pyde) was
assigned to Xe(aq). Similar profiles were also okesd for all
spore samples listed above (Figures S2-S6), at nawedr spore
ss density of 1.2x10cfu/mL. The linewidth of the Xe(spore) peak
appeared quite broad for all strains. We hypotteetiiat due to
lack of high-affinity binding sites, the exchangates between
xenon and multiple exchange sites that reside ahear the
dehydrated spore interior are fairly rapid, leadioghe merged
40 broad peak. The Xe(spore) peak chemical shiftssanemarized
in Table 1, which identify a similar Xe-spore irgetion (196-199
ppm) across the different spore samples.

Depolarization rate measurement for spores.

To compare the Hyper-CEST performances across sp@ias,

s and to make the CEST effect more observable, theXdP
depolarization background needed to be removed. Tw~
frequencies, 197.5 ppm and 188.9 ppm, were seldoteadyper-
CEST ‘on’ and ‘off’ resonance, and kept the samehia two
series of data points. The number of saturatiorsqaulin the

s0o sequence was increased from 0 to 2000 in step®®@f(Rigure
2b), corresponding to saturation times between @&hd 38 s.
Meanwhile, the Xe(aq) signal decreased exponepntasdl more
pulse power was applied to the sample. The exp@iatecay
time (T of HP Xe, for the two selected frequencies, was

ss extracted by fitting the decay curves. In Figure thle decay time
constants ;) were fitted to be 16.5 s (on) and 29.6 s (off)eT
existence of chemical exchange with the ‘on resoeagroup
greatly accelerated the decay rate.

Saturation transfer efficiency (Hyper-CEST contrast).

so We quantified the contrast generated by the Hype®TE
experiment by computing the saturation transfecieficy ST),
which is directly proportional to the MR image casir

exchange actetera kaf _ Ik' Lk:
UI

ST =
%: Ly 2 L¥
| | k! )

In equation 1] represents the integral of Xe(aq) signal acquirec

esin @ Hyper-CEST experiment with set saturation fesguy,
duration, and power. represents the duration of Hyper-CEST
pulse sequences, which is the sum of time spenshiaped
saturation pulses and delays. The summing indiexicates the
experiment number in Figure 2b, akdis the total number of

70 experiments. Thus$Tis normalized to give values less than 1,
and to give greater weight to the signals (indigatioss of
polarization) obtained in the later experimentsisTieighted
sum, corresponding t8T, provides the proportion of saturation-
transferred magnetization, over the initial valU®erefore,ST

75 quantifies the efficiency of the Hyper-CEST expetiti@r each

This journal is © The Royal Society of Chemistry [year]
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Figure 3. Comparison of saturation transf&T] efficiencies across six
spore strains measured at 1.2%afdi/mL.

sample.
Enhanced Hyper-CEST due to altered exosporium.

We analyzed oneB. anthracis strain (RG56) lacking the

exosporium due to inactivation o6tE and one missing the major

exosporium protein BclA (Sterne-JAB-18. subtilisspores lack
an exosporium. In Table BTis listed for all strains at 1.2x10

cfu/mL. Both B. anthracis spore variants gave dramatically

enhanced Hyper-CEST contrast compared to wild-typE23
Strain Sterne-JAB-13 had strongly increased seityito Hyper-
CEST, with complete removal of the exosporium (in BG5S
showing only a small additional enhancement. Thisdnsistent
with the interpretation that the hair-like projects on the
exosporium surface create a significant barrier xenon
exchange. Significantly, wild-typ®. anthracis (Sterne 34F2)
was almost undetectable by Hyper-CEST at conceoirati 10
cfu/mL (Figure S7), which gave rise td&5d value of nearly zero.
In fact, 100-fold higher concentration E1€fu/mL) was required
for this strain to be readily detected (Figure 2).

Enhanced Hyper-CEST from B. subtilis spores with coat
defects.

To determine whether Hyper-CEST can be used alsootator
the molecular features of the spore coat, we agdlyvld-typeB.
subtilis and strains lacking the outer layers or almostehtire
coat (strains PY79, AD28, and AD142, respectiveyg found
that in the absence of the outer layers of the, dbat Hyper-
CEST contrast was enhanced by more than 2-fold (adnmgp
PY79 and AD28, Figure 3). Strain AD142 (lacking ebnthe
entire coat) gave an additional 2-fold increaseHyper-CEST
contrast. We conclude that spores lacking coatréagee more
sensitively detected by Hyper-CEST. We infer tts increase
is due to the spore interior being more accesdibl@enon in
solution. To measure the limit of detection of thmst Xe-
accessible strain, we performed Hyper-CEST on s#fit42 at
concentrations from f0to 1F cfu/mL. Clear Hyper-CEST
contrast was observable at tlu/mL (Figure S8).

Possible origin of xenon exchange in spores.

With a ~4.3-angstrom diameter, and very polarizaéetron

Table 1. Saturation transfe8T) efficiency and exchange signal NMR
chemical shift for six spore strains.

129 e(spore)
Spore Strain STEfficiency NMR chemical
shift (ppm)
Sterne 001001 196+ 8
34F2 e -
B. anthracis | Som® 0.12+ 001 199+ 2
: JAB-13 e -
RG56 0.14+0.01 198+ 1
PY79 0.11+0.01 198+ 1
B. subtilis AD28 0.21+0.03 199+ 2
AD142 0.42+ 0.06 197+ 1

cloud, Xe is known to exhibit affinity for sub-nameter-sized
void spaces in materials, proteins, and organiesHg’ Xe is
45 also very sensitive to its environment, as refiédig the ~4 ppm
chemical shift difference between the Xe(ag) andspiere)
NMR peaks. Our data are consistent with xenon odogpy
hydrophobic sites in the largely dehydrated spoterior? where
the chemical shift will differ from xenon in bulkater and result
soin a reservoir for exchange behavior. As highlightagbove,
spores with fewer outer layers presented stronggreHCEST
contrast. The best contrast was observed withnstédd142,
which largely lacks the co&t.This argues that the cortex, inner
membrane and core are sites of Xe exchange.

ss New approach for xenon biosensing.

Besides finding naturally existing xenon bindingesit(i.e,
hemoglobif?), many efforts in xenon biosensing have focused on
developing small molecul&sor proteing®*® with singular high-
affinity xenon binding sites, but this remains arnfaable
0 Challenge. Noteworthy are water-soluble cryptopsanghich
bind a single xenon atom with modest affiniky(= 25-200uM
at rt); however, challenges in cryptophane syntheand
functionalization limit broad use for HB%e NMR. The spore
experiments suggest an alternate approach, to iexpdémon
es interactions with nanoporous structures in solutioAs
demonstrated here, Hyper-CEST NMR can reveal xenon
interactions that are otherwise invisible usingdirdetection HP
12%e NMR methods. No “bound®®Xe NMR signal was directly
observed for any of the spore samples at concanmigatof
70 1.2x10 cfu/mL, which is consistent with the lack of higffinity
xenon-binding sites in the spore samples. By produe Xe-
bound resonance frequency that is detectable byeH@EST
NMR (via accumulated cycles of magnetization transin
solution), the spores most likely possess a siganfi number of
75 low-affinity Xe binding sites, withK, =~ 10-100 M*; single Xe
binding sites have been seen for many prot&inéAdditionally,
the exchange rates must be fast compared to tlesdate of the
HP 2°Xe longitudinal relaxation timeT{ ~ 75 s) in order to
produce the observed enhancement in sensitivid§ivel to direct
so detection schemes. Many biological and synthetiactires
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should have the necessary size and porosity toeeehiseful — 1.2x10 cfu/mL for all samples, and 1.2x%0.2x1d cfu/mL for
chemical exchange. strain AD142). To prevent germination, all sporesavstored at
Importantly, the variation iI8T efficiency observed for the three 278 K prior to experiments, and kept at 278 K dgrin
B. anthracisstrains and the threé®. subtilisstrains cannot easily experiments.
be attributed to differences in gross morphologpnél of the
mutant strains differs sufficiently from wild typén their
dimensions to account for the effects we detééfHyper-CEST  All NMR spectra were acquired with a Bruker BioDRX 5061z
NMR provides a noninvasive method for probing itespore ~ NMR spectrometer. RF pulse frequency f4iXe was 138.12
structures that are otherwise difficult to assdstha molecular ~ MHz. Spore suspension samples were observed usii@ram
10 level. The current findings argue that the bactesgmre interior ~ PABBO NMR probe. HP?*Xe was generated using a home-built
is accessible to small hydrophobic molecules ofdize of Xe. s 12%¢e hyperpolarizer, based on the commercial model
Small molecules, such as methane, which differ sdme from  1G1.Xe.2000 by GE. A gas mixture of 10% nitroge@%Bhelium,
Xe in size, hydrophobicity, and diffusion rate, nago be able to  and 1% natural abundance xenon (Linde Group, N3)usad as
penetrate through the spore protection layers,ngiviurther  the hyperpolarizer input:**Xe was hyperpolarized to 10-15%

3

s0 Hyperpolarized *e NMR setup.

15 Opportunity to analyze the spore structure. after optical pumping of Rb vapor with 795 nm cienly
70 polarized laser.
Conclusion Sample temperature was controlled by VT unit on NMéR

spectrometer to 278 + 1 K, to ensure spore stgbAill acquired
NMR spectra using the Hyper-CEST pulse sequence wer~
processed with 10 Hz Lorentz line broadening. Xg(signal

We have successfully analyzed various bacteriatespasing a
sensitive Hyper-CEST NMR technique. The ability of @

diffuse readily within the spore layers and intéragth the . jyiensities under different saturation frequencigsl/or times
2 interior to give rise to Hyper-CEST sigralithout cryptophane  \\qre integrated and relative values were used ftothdr
or other engineered binding sitesiggests many nNew  yarivations.

applications for Hyper-CEST NMR in studying nanoparou
structures commonly found in biological systems amaterials
science. In this example, the most Xe-accessibteespample
25 (strain AD142) was detected at a concentration ust j16 The authors thank George Furst and Jun Gu for rgelpiith
cfu/mL, which is ~7 orders of magnitude more séwsithan = NMR instrument setup, Joel Bozue for the kind giftstrain
previous efforts at spore detection using NMR spsctopy* 2 Sterne-JAB-13, and Daniel Coerper for expert tedinic
Moreover, this result did not require specializedmple assistance. This work was supported by NIH R0O1 GM@8 7o
preparation and was achieved without spore degtnyahereby  1JD.
allowing downstream analysis of the sample.
The finding that Hyper-CEST contrast increased orsp where ~ Notes and references
outer. struc’Fures were absent strongly S“ggestmm aqueous . Department of Chemistry, University of PennsylaaRiiladelphia,
solution gains ready access to the spore intesibere the rate of  pgnngyivania 19104, USA, E-mail: ivandmo@sas.upeion.
the exchange process depends on the thickness rand/®Department of Biology, University of Pennsylvamiaijladelphia,
3s composition of the outer layers present. The figdthat the = Pennsylvania 19104, USA
exosporium effectively limits Xe entry into the spds notable  Department of Microbiology and Immunology, Loyolaitrsity

- . . . . 90 Chicago, Maywood, lllinois 60153, USA.
and is consistent with the view that the exosporiacts as a f These authors contributed equally.

molecular sieve. Specifically, the hairy nap on &@sporium 1 Electronic Supplementary Information (ESI) avaliéa Hyper-CEST
outer surface provided a remarkably effective learto xenon  NMR pulse sequence, xenon exchange profiles fosmlre strains, and
w0 entry. Taken as a whole, our results show that HGEST NMR depolarization rate measurements are included plesuentary figures

provides a novel method for noninvasive spore dietecand a ° S1-S7- See DOI: 10.1039/b000000x/
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