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Abstract

Creatine (Cr), phosphocreatine (PCr) and adenosine-5-triphosphate (ATP) are the major
metabolites of the enzyme creatine kinase (CK). The exchange rate of amine protons of CK
metabolites at physiological conditions has been limited so far. In the current study, the exchange
rate and logarithmic dissociation constant (pKa) of amine protons of CK metabolites were
calculated. Further, the chemical exchange saturation transfer effect (CEST) of amine protons of
CK metabolites with bulk water was explored. At physiological temperature and pH, the exchange
rate of amine protons in Cr was found to be 7-8 times higher than PCr and ATP. Higher exchange
rate in Cr is associated with lower pKa value suggesting the faster dissociation of its amine
protons when compared to PCr and ATP. CEST MR imaging of these metabolites in vitro in
phantoms displayed predominant CEST contrast from Cr and negligible contribution from PCr
and ATP with the saturation pulse parameters used in the current study. These results provide a
new method to perform high resolution proton imaging of Cr without any contamination from
PCr. Potential applications of these finding in biomedical imaging are discussed.
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Introduction

Creatine kinase (CK) is an important enzyme in the biological system and catalyses the
reversible conversion of creatine (Cr) into phosphocreatine (PCr) by utilizing adenosine-5’-
triphosphate (ATP) (1).

CK
Cr+ATP = PCr+ADP

Non-invasive measurements of these CK metabolites 7n vivo both in normal and
pathological conditions were performed previously using magnetic resonance spectroscopy
(MRS). While 'H MRS has been widely used to quantify the total Cr (Cr + PCr)
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concentration,(2—4) 3'P MRS has been used to study kinetics of CK by measuring the PCr
and ATP (5-9). Even though MRS is able to provide accurate concentration of these
metabolites 7n vivo, it suffers from low resolution and long acquisition times. Furthermore,
there is no MR method available at present to quantify free Cr separately from PCr at high
resolution. Earlier, Gruetter and coworkers had described the differentiation of N-methylene
protons of Cr and PCr using a 9.4T MRI scanner (10,11). However, at lower field strengths
(<9.47T) it is not possible to resolve these two resonances.

Here, we explore chemical exchange saturation transfer (CEST) magnetic resonance (MR)
to image these CK metabolites in phantoms based on their exchangeable amine (-NH,)
protons. In the CEST experiment, saturation of the exchangeable amine protons by
radiofrequency pulse and simultaneous exchange transfer of their magnetization to bulk
water results in proportionate decrease in bulk water signal (12—14). The CEST technique
has been widely used to map different metabolites and macromolecules in vivo. Briefly,
chemical exchange between bulk water and amide/amine/hydroxyl protons from different
amino acids, proteins and other molecules have been exploited to measure pH, hepatic
glycogen, cartilage glycosaminglycans, gene expression, myoinositol and glutamate in vivo
(15-19).

To image and differentiate these CK metabolites from each other in a CEST experiment, not
only should their amine proton exchange rates (k) be lower than their chemical shift
difference ( [Jj between water ( L/[/> k) but also should differ significantly. However, the
information on exchange rates of the amine protons from the CK metabolites at
physiological temperature and pH is limited. Therefore, in the current study, using high
resolution NMR (nuclear magnetic resonance) spectroscopy we have first defined the
exchangeable amine resonances from Cr, PCr and ATP phantoms. Exchange rate of amine
protons for each of the CK metabolite was then measured. We demonstrate that, by
appropriate choice of saturation pulse parameters, it is feasible to image free Cr without
appreciable contamination from other CK metabolites under physiological conditions.

Materials and Methods

Theory

In CEST experiments, frequency selective saturation of solute spins that are in exchange
with solvent spins (e.g., water) leads to the transfer of saturated magnetization to the solvent
thus decreasing the signal intensity of the solvent spins. Subsequently, longitudinal
relaxation returns each nuclear spin system to its equilibrium values and eventually the
system reaches a steady state. The steady state magnetization is given as:

Moo 1
Mo~ 1+k T

(1]

where M, 7 is the steady-state amplitude of the water proton magnetization during the
irradiation of exchangeable solute spins; M is the amplitude of the water proton
magnetization in the absence of saturation, &; is the pseudo first order exchange rate
constant, and 77y, is the longitudinal relaxation time of water protons (13,14,20). This
magnetization is then imaged to detect the CEST effect from solute nuclear spins. In order
for the CEST effect to be efficiently observed, the slow to intermediate exchange condition
(0> k) must be fulfilled where 0//is the chemical shift (or offset frequency) of the
exchanging spins and kis the exchange rate. In general the CEST effect of the solute spins is
computed using following equation:
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) o Mg (—Aw)— M (Aw
CEST gy A)= sat nl{ﬂ sat(Aw) 2]

where, M) is the water equilibrium magnetization, M, (+ 0/j are the water magnetizations
obtained with saturation at a ‘+” or ‘=" [0//offset of the water resonance. In interpreting the
CEST effect, other factors that play role are the amplitude and duration of the saturation
pulse. These effects can be incorporated into a general solution obtainable from a theoretical
analysis of a two-site exchange model in the presence of solute saturation. An analytical
expression for the CEST effect can be derived (16,21-23) as:

kaf

CEST sy (B} =5 —5

[176 {-Rlul | kfjts.‘a.’.: [3]

where kis exchange rate (s~! or Hz), [is an efficiency factor with //= 1 describing
complete saturation (obtained with a sufficiently high amplitude saturation pulse), fis the
fraction of exchangeable protons with respect to the total number of protons including water,
Ry, (=1/T},) is the longitudinal relaxation rate of water protons and #,is the length of the
saturation pulse.

Phantom Experiments

Phantom experiment at 9.4T—To identify the amine protons resonances, 100 mM of
each CK metabolite was prepared in PBS buffer (pH 7.0) and 99.9% D,0. One
dimensional 'H NMR spectra were recorded at different temperatures (10, 25 and 37 °C)
using a 9.4T vertical bore magnet with Smm 'H probe (Varian, Palo Alto, CA). The
exchange rate for CK metabolites at physiological temperature was determined using the
method described elsewhere (22,24). We have also measured the pKa (=—log Ka, where Ka
is dissociation constant) values of exchangeable amine proton from each metabolite at 37
°C. To measure the pKa value, 100mM solution of each metabolite was prepared at different
pH and 1D '"H MRS was performed. The area of the amine exchangeable peaks were
calculated and plotted as a function of pH. The resulting sigmoid curves were fitted using s-
curve function and the point of maximum derivative was identified as pKa value.

Phantom experiment at 3T—For CEST imaging, Cr (10, 20 and 30 mM), PCr (10mM)
and ATP and ADP (5mM) solutions were prepared in PBS at pH 7.0. These samples were
added to small test tubes (10mm diameter), and immersed inside a large PBS phantom.
During the course of experiment temperature was maintained at 37+1 °C using a custom
designed stryrofoam chamber. CEST imaging was performed on a 3T Siemens whole body
MRI scanner (Siemens Medical Systems, Erlangen, Germany) with a specially optimized
saturation pulse train that had 20 Hanning windowed rectangular pulses of 49 ms duration
each with a 1 ms delay between them. The saturation pulse excitation bandwidth was 5 Hz
for 1 s pulse with 1% bandwidth of 20 Hz. The sequence parameters used were: slice
thickness = 10 mm, GRE flip angle=10°, GRE readout TR=5.6 ms, TE =2.7 ms, field of
view =100x100 mm?Z, matrix size =192x192, with one saturation pulse and an acquisition of
64 segments for every 10 s. CEST images were collected using different combinations of
saturation pulse amplitude (B,ys) and saturation duration of 1 s. By and B maps were also
acquired to correct for any inhomogeneity. CEST maps were computed using the equation
[2]. Where My, (- 0[) and M, (0/) are the B corrected MR signals acquired while
saturating at —1.8 ppm, +1.8 ppm from water resonance. For the normalization we used M,
(- 0/) instead of Myto account the direct saturation effect (25). The CEST contrast map was
further corrected for any B inhomogeneity (17).
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In order to determine sensitivity of Cr CEST over 'H MRS, single voxel point resolved
spectroscopy (PRESS), water suppressed spectrum (TR=10s, TE=16ms, 16averages) was
acquired for 10 mM Cr phantom. The water 'H resonance spectra for the same voxel were
obtained by saturating at £1.8ppm using the same saturation parameters as described above
in the case of phantom CEST imaging.

All image processing and data analysis was performed using in-house programs written in
MATLAB (version 7.5, R2007b).

Results and Discussion

At 9.4T well-resolved amine proton resonances from Cr (1.8 ppm), PCr (2.5 ppm and ~1.8
ppm), and ATP (2.0ppm) are visible in the "H NMR spectra at temperatures < 25 °C (Fig. 1,
Water peak was referenced to 0 ppm). The ionic form of Cr contains two groups of amine
protons (NH2+ and NH2) which show single resonance at 1.8 ppm where as ionic form of
PCr contains one amide (resonates at 2.5 ppm) and one amine group (resonates at 1.8 ppm)
(Fig. 1). These peaks were broadened with the increase in temperature. At 37 °C, while
amine protons from Cr exhibit a broad resonance, those from PCr and ATP still show the
presence of sharp peaks but with reduced intensity. Exchangeable amine protons from the
CK metabolites were further confirmed from complete line broadening of these resonances
in the Hydrogen-Deuterium exchange experiments (Fig. 1). The line broadening of the
amine exchangeable protons for Cr at 37 °C clearly suggests a higher exchange rate when
compared to PCr and ATP. The exchange rates determined for amine protons from Cr, PCr,
and ATP were (950+100 s~1), (140460 s~! for 2.5 ppm peak, and 120+50 s~! for 1.8 ppm
peak) and (12050 s~1), respectively. In PCr, the pKa for the exchangeable amine peak at
~2.5 ppm was 7.96 while for the peak at ~1.8 ppm it was 8.14. The pKa values for the ATP
(~2.0 ppm) and Cr (~1.8 ppm) amine exchangeable peaks were 8.17 and 6.6 respectively
(Fig. 2). Lower pKa (-log Ka) value for the amine proton suggests its faster dissociation and
hence faster exchange with bulk water spins. The higher dissociation constant (lower pKa)
in Cr denotes its faster exchange rate when compared to PCr and ATP. Compared to the
chemical shift difference at 3T [Cr; 0= 1300 rad s‘l] the exchange rate of Cr amine
protons is in slow to intermediate exchange regime while it is in slow exchange regime for
PCr and ATP (PCr; 00= 1900 rad s~! and ATP; 00=1500 rad s~!). Exchange rate and pKa
value of amine protons of ADP is similar to that of ATP (data not shown).

Z-spectra and Z-spectra asymmetry curves gathered at 3T showed a broad resonance from
Cr centered at ~1.8ppm (Fig. 3). The broadening in the Cr could be due to the higher
exchange rate of Cr -NH, protons. Figure 4A shows the CEST map from Cr, PCr, and ATP
at 1.8ppm obtained at 3T. Predominant CEST contrast was observed from Cr. The graph
(Fig.4B) shows a linear relationship between Cr CEST and Cr concentration with a slope of
0.6% per mM. The optimal B ,s for Cr CEST mapping with negligible contribution from
PCr, ATP and ADP was 155 Hz (Fig.4C). The slow exchange rate of amine protons in PCr,
and ATP potentially preclude their CEST detection with these saturation pulse parameters.

With the experimental parameters used, the actual sensitivity of Cr CEST is ~1500 times
higher than THMRS at 3T (Fig. 5). This amplification in sensitivity should be good enough
to detect relatively small changes in Cr levels at high resolution (voxel size of 0.02 cc).

In summary, the faster amine protons exchange rate in Cr is due to its higher dissociation
constant compared to PCr and ATP. The high resolution proton imaging of Cr is possible
using CEST technique without any contamination, especially from PCr. Results from this
preliminary study potentially provide a new method to measure the changes in [Cr] as well
as monitor the kinetics of CK in-vivo in various pathological conditions.
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Abbreviations

ADP Adenosine-5- diphosphate

ATP Adenosine-5- triphosphate

CEST Chemical Exchange Saturation Transfer

CK Creatine Kinase

Cr Creatine

DoO Deuterium oxide

MRI Magnetic Resonance Imaging

MRS Magnetic Resonance Spectroscopy

NMR Nuclear Magnetic Resonance

PCr Phosphocreatine

PBS Phosphate Buffer Saline
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High resolution 'H NMR spectra obtained at 9.4T showing sharp amine proton resonances
of Cr (1.8ppm), PCr (2.5ppm and ~1.8ppm) and ATP (2.0ppm) at lower temperatures while
broadening was observed at higher temperature due to exchange with bulk water. Complete
line broadening of these peaks in Hydrogen-Deuterium exchange experiment confirms that
these resonances are from exchangeable protons. The chemical structure of Cr, PCr and ATP

is shown in figure.

NMR Biomed. Author manuscript; available in PMC 2013 November 22.



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Haris et al.

Page 8
A 1E+D6 B A4E+05 C 16406
LEWDB 4R 1.E406
1EH0S
1E+06 N Ka=8.17
36405 B.E405 p
: BEWDS
= 2.6+05 | 6.E+05
@ 6.E05
i 2E405 g
4.E405 i
2E405 Ty 2405
0.E400 O.E400 0.E+00
5
2E+05 Sao$ 7 8 9 1 — 4 5 6 7 & 9 10 11 12
pH pH
Figure 2.

The fitted curves show the plotted integration value of amine exchangeable peak from Cr
(A), PCr (B) and ATP (C) as a function of varying pH. The calculated pKa values for each
metabolite are shown in figure. The experiment was performed at 9.4T.
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The Z spectra and Z-spectra asymmetry curve gathered on a 3T show a broad resonance
from creatine amine protons centered at ~1.8 ppm.
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Figure4.

CEST mapping on a 3T MRI scanner. CEST map obtained at 1.8 ppm from different
concentration of creatine, phosphocreatine, adenosine-5-triphosphate and adenosine-5-
diphosphate overlaid on the anatomical proton image shows the predominant CEST contrast
from Cr (A). Negligible CEST contrast was observed from PCr (<0.5%). Figure B shows the
linear relationship between Cr CEST and [Cr] with a slope of 0.6%. Graph in figure C
shows the By dependent CEST contrast from Cr (30 mM). The optimal B, for Cr
CEST imaging was 155Hz.
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Figureb5.

Sensitivity of Cr CEST over '"H MRS at 3T MRI scanner. A. Image showing the single
voxel localization from a phantom of 30 mM creatine. B. 'H MRS PRESS water suppressed
spectrum from the single voxel shown in the image A. The measured amplitude of Cr peak
at 3.02 ppm is 1.5 x 107 units. C. Water 'H resonance spectra obtained when a saturation
pulse is applied at +1.8ppm. The subtracted spectrum is shown in D. The amplitude of the
difference spectrum is 2.3 x 10% units. With experimental parameters used, the actual
sensitivity of Cr CEST is ~ 1500 times higher than 'H MRS.
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