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ABSTRACT: The protamines are a low-molecular-weight, arginine-
rich family of nuclear proteins that protect chromosomal DNA in germ
cells by packing it densely using electrostatic interactions. Human
protamine-1 (hPRM1) has been developed as a magnetic resonance
imaging (MRI) chemical exchange saturation transfer (CEST)
reporter gene, based on a sequence that is approximately 50%
arginine, which has a side chain with rapidly exchanging protons. In
this study, we have synthesized hPRM1 and determined how its CEST
MRI contrast varies as a function of pH, phosphorylation state, and
upon noncovalent interaction with nucleic acids and heparin (as
antagonist). CEST contrast was found to be highly sensitive to
phosphorylation on serine residues, intra- and intermolecular disulfide
bridge formation, and the binding of negatively charged nucleotides
and heparin. In addition, the nucleotide binding constants (Keq) for
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the protamines were determined through plotting the molar concentration of heparin versus CEST contrast and compared
between hPRM1 and salmon protamine. Taken together, these findings are important for explaining the CEST contrast of
existing arginine-rich probes as well as serving as a guideline for designing new genetic or synthetic probes.

hemical synthesis of new imaging probes has been critical

for obtaining a better understanding of many biological
phenomena. Among the different imaging modalities, magnetic
resonance imaging (MRI) is unique in that it allows high-
resolution anatomical imaging of deep tissue and can provide
functional information." MRI has also been shown to be a
powerful tool for tracking cells after transplantation, both
throug7h nanoparticle approaches® ™ and through reporter
genes.”~” This capability can be improved even further through
the use of “smart probes”.'”'" The MRI contrast produced by
these probes can be enhanced in response to specific cellular
changes.

Among the MRI contrast mechanisms, chemical exchange
saturation transfer (CEST) stands out, since these probes, often
referred to as “contrast agents”, can be made of bioorganic
molecules. They can be tuned directly, in terms of sensitivity
and specificity, by chemical modifications that will modulate the
exchange rate of certain protons with water. To detect these
chemical modifications, exchangeable protons, which resonate
at different resonance frequencies can be selectively “tagged”
with a specific radiofrequency pulse, which saturates their
magnetization at different resonance frequencies, and read out
through the resulting change in water signal. Consequently, this
fast growing CEST approach has been utilized to detect
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pH,lZ’13 enzyme activity, metal ions,'®
reporter genes,'>'? glycogen and glucose,
responses,> glycosaminoglycan,** and even temper-
ature changes.”® A significant effort has been geared toward
designing CEST probes based on polypeptides and proteins,
either synthetic***” or genetically encoded.'®***

When designing a polypeptide or protein-based CEST agent,
it is important to take into account interactions of the agent
with its environment, which can affect the exchange rate of the
probe’s protons and, consequently, its MRI contrast. These
include the effects of (i) pH, (ii) post-translational
modifications such as phosphorylation and disulfide bonds,
which change the molecular structure and interaction with
other molecules, (iii) protein truncation and degradation, and
(iv) interactions with metabolites and other biomolecules of an
opposite charge. The protamines are a family of small
polypeptides (35—110 amino acids) with between 35 and
70% of their sequence composed of arginine. Naturally
occurring protamines can be found in the sperm of different
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Table 1. Amino Acid Sequence of the Investigated Polypeptides®

name
human protamine-1 (hPRM1)
salmon protamine sulfate (PS)
hPRM1, monophosphate (1p-hPRM1)
hPRM1, diphosphate (2p-hPRM1)

MARYRCCRSQSRSRYYRQRQRSRRRRRRSCQTRRRAMRCCRPRYRPRCRRH-NH,
PRRRRSSSRPVRRRRRPRVSRRRRRRGGRRRR-OH
MARYRCCRSQSRSRYYRQRQRSRRRRRRSCQTRRRAMRCCRPRYRPRCRRH-NH,

sequence MW (Da) Arg content (%)
6822 47
4250 65
6902 47
6982 47

MARYRCCRSQSRSRYYRQRQRSRRRRRRSCQTRRRAMRCCRPRYRPRCRRH-NH,

“Phosphorylated serines in the sequence are highlighted in large, bold font.
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Figure 1. MTR,,, of different protamine solutions at various conditions: (A) Comparison of CEST contrast of protamine sulfate and synthetic

hPRM1 at the same concentration 0.733 mM in PBS (B, =

3.6 uT, Ty = 4 s); (B) Comparison of CEST contrast for mono-, di-, and

nonphosphorylated forms of synthetic hPRM1 (B, = 3.6 yT, Ty, = 4 s); (C) hPRMI CEST contrast in the presence of negatively charged single
nucleotides and polymeric heparin molecules using saturation pulse with B; = 3.6 4T, T, = 4 s; (D) pH dependence of hPRM1 CEST contrast done

at By = 3.6 uT, Ty = 4 s.

species, where they condense the spermatid genome into a
genetically inactive state through electrostatic interactions to
allow delivery to the nucleus of eggs after fertilization.”® Here,
we investigate the CEST contrast of the 51 amino acid long
human protamine-1 (hPRM1) protein and its phosphorylated
forms (Table 1) after de novo synthesis and purification. These
compounds, which are comparable with the shorter, naturally
occurring salmon protamine (appears as protamine sulfate, PS),
were tested under a variety of conditions and for their ability to
interact with several negatively charged biomolecules. In
particular, we have used synthetic protamine and its derivatives
that were synthesized using microwave-assisted peptide syn-
thesis and investigated its MRI contrast properties.

To date, a majority of the data for polypeptide-based CEST
agents have been obtained using either synthetic lysine and
arginine-rich peptides®™*' or PS.*® Therefore, we first
compared the CEST contrast between synthetic hPRM-1 and
PS. As can be seen in Figure 1A, both peptides generate CEST
contrast with a maximum intensity at a chemical shift 1.8 ppm,
where the CEST contrast is associated with the drop in the
signal intensity (AS) of surrounding water after selective
saturation of the exchangeable —NH;" protons in the guanidyl
side chain of L-arginine at 1.8 ppm. Synthetic hPRM1 produces
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35—40% contrast (MTR,,; at 5 mg/mL, 0.733 mM) using a
3.6 uT saturation pulse, which is comparable with PS at the
same 0.733 mM concentration (3.11 mg/mL). These findings
are in good agreement with previously published data.*

For hPRM1, in nature there are multiple sites that are
phosphorylated/dephosphorylated during the different stages
of spermiogenesis,”” including serine-9 and serine-13, with this
phosphorylation expected to play an important role in the
function of the peptide.**** As seen in Figure 1B, mono- (1p-
hPRM1) and diphosphorylated (2p-hPRM1) synthetic hPRM1
peptides display at least a 30% drop in CEST contrast, most
likely due to interactions between the negatively charge
phosphate group and nearby positively charged guanidyl side
chain of arginine that reduce the exchange rate. This finding is
in accord with previous observations for shorter arginine
peptides.”® The shape of the MTR,,, dependence with
saturation power (Supporting Information, Figure S9) suggests
that the exchange rate is lower for the monophosphorylated
peptide; however, due to the poor spectral resolution (the
guanidyl protons of the 24 arginine’s in the sequence were not
resolved), exchange rates were not determined. As expected,
the CEST contrast of synthetic hPRM1 is also pH-dependent,
with the CEST contrast dropping as the pH decreases below
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pH 7.2 (Figure 1C). This decrease in contrast was also
attributed to a reduction in the exchange rate of the guanidyl
protons.

In order to further investigate these observations, we
measured the size and secondary structures of the protamine
complexes. The hydrodynamic size of the molecule was
measured using Dynamic Light Scattering (DLS). DLS
measurements of synthetic hPRM1 and PS (6.8 and 4.3 kDa
monomers, respectively) indicate that the peptides possess
hydrodynamic radii of 4 and 3 nm, respectively (Supporting
Information, Table S1), suggesting a molecular weight of about
50 kDa and the presence of tertiary and quaternary structure
with at least seven protamine molecules.”® The data also
indicates that hPRMI1 in PBS formed larger and more
polydisperse particles than PS in PBS. Cysteine-rich domains
and inter- and intramolecular noncovalent binding determine
the structure of protamines. The formation of bridges between
the multiple cysteine residues directs the folding of larger
protamines along with hydrogen bonding,36 with this formation
demonstrated by observing a negative result in Ellman’s
quantitative assay for free sulthydryl groups. Since PS contains
no cysteine at all, the differences between hPRM1 and PS DLS
measurements is probably due to the presence of multiple
cysteine moieties in the hPRM1 sequence, which form intra-
and intermolecular bonds, resulting in larger structures than PS.
These features ensure effective protamine binding to nucleic
acids®” forming different sized globular and torroid-like
structures.>® The model proposed by Vilfan®® for bull
protamine consisted of four cysteines forming intramolecular
disulfide bonds and the other cysteines participating in
intermolecular bonding. Based on the hPRMI sequence,
which contains six cysteine moieties, and our DLS data, we
propose a similar model for the potential hAPRM1 conformation
for isolated protamine molecule or condensed with any
negatively charged biomolecule (Figure 2).
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Figure 2. Proposed conformation model of hPRM1 displaying the
multiple cysteines involved in intramolecular disulfide bonding
(yellow) and intermolecular bonding (red) based on the Vilfan et
al,, 2004* model for bull protamine.

We then acquired a Circular Dichroism (CD) spectrum to
study the secondary structure of freshly prepared hPRMI1
peptide solution, which displays a clear minimum at 220 nm,
indicating that synthetic hPRM1 adopts a structure rich in
random coil*® (Supporting Information, Figure S3A). Since
previous studies demonstrated that naturally occurring human
protamine could condense with nucleotides and nucleic acids,**
we investigated the effect of nucleotides on the CEST contrast
obtained from hPRM1. DLS studies showed that after addition
of 5'-AMP nucleotide at a final concentration of 2.5 mM,
synthetic hRPM1 forms nanoparticles with the hydrodynamic
size protamine/nucleotide nanocomplex of up to 77 nm, which
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is comparable with PS/nucleotide nanocomplex sizes. In
addition, CD spectra showed that the peptide underwent
folding after addition of 5'-AMP nucleotide, which resulted in
the secondary structure changing to primarily pS-sheet
(Supporting Information, Figure S3 and Table S2). This
correlates with a modeling study performed by Biegeleisen in
2006 and can explain the changes in CEST contrast due to
strong interaction of positively charged exchangeable protons of
hPRM1 with phosphate group of 5’-adenosine monophosphate
(5’-AMP; Figures 1A,D and 3), which also depends on the
amount of phosphates in bound nucleotide. The hPRMI1
peptide condensed with S’ adenosine triphosphate (5’-ATP)
resulting in more than 3X the reduction in CEST contrast
shown by the §’-AMP:hPRM1 complex (Supporting Informa-
tion, Figure S6). PS did not display as strong of a binding with
5’-AMP as hPRM1, but was comparable in the case of 5'-ADP
and 5'-ATP binding (Supporting Information, Figure S7).

DLS showed that the hPRM1 strongly interacts with a 4000
base pair negatively charged DNA resulting in the formation of
large size polydisperse and dense particles. These protamine/
DNA nanocomplexes display a drop in CEST contrast to 0% at
1.8 and 3.6 ppm due to protamine’s capability of interacting
with the phosphates on DNA molecules with high efficiency
(Supporting Information, Figure S8) through the exchangeable
protons of arginine residues. In addition, it was observed that,
upon mixing protamine and DNA together, the mixture turned
cloudy, indicating some precipitation. The loss in contrast is
much more significant than with the individual nucleic acids
AMP and ATP, presumably because all 24 guanidyl groups on
protamine could bond to any of the 4000 negative phosphate
groups in the DNA strand for these protamine/DNA
nanocomplexes.

PS is widely used as an FDA-approved drug to reverse the
anticoagulant activity of heparin. In order to check the ability of
synthetic protamine to bind the heparin, hPRM1 was mixed
with a tiny amount of heparin (0.005—0.1 mg), resulting in a
cloudy solution formation, which proves the condensation of
heparin into the stable nanoparticles. As a result, the
exchangeable protons of arginine interacted with negatively
charged sulfates of heparin molecules followed by reduction in
CEST contrast at 1.8 ppm (Supporting Information, Figure
S4). This hypothesis was also proved by DLS measurement, in
which the synthetic hPRM1 showed the capability to interact
with heparin molecules resulted in formation of smaller
structure nanocomplexes compared to PS/heparin noncova-
lently bound complexes (Supporting Information, Table S1).
This finding suggests that hPRM1 condenses the heparin in
another way than PS resulting in the formation of smaller sized
nanoparticles with lower polydisperse index probably due to
the smaller content of arginines per molecule in the hPRM1
secondary structure, longer primary structure of hPRMI and
the multiple cysteines that form more dense particles compared
to PS/heparin particles.

Beyond studying the MRI and binding properties of
protamines with heparin, it was also possible to evaluate
binding constants (K,,) of heparin—protamine noncovalent
complex formation using CEST contrast data of protamines
with different amounts of heparin. The heparin-binding
constant (K,j) was calculated by recasting the data in the
Scatchard plot format and plotting the molar concentration of
heparin versus CEST data at 1.8 ppm, which is the normalized
value of bounded/unbounded heparin ratio (Supporting
Information, Figure SS). The constants obtained from these
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Figure 3. Cartoon of CEST contrast of hPRMI alone (upper) and complexed with $’-ATP (lower), which resulted in a decrease of CEST contrast

in MTRygym. By = 3.6 uT, Ty, = 4 s.

plots are outlined in Supporting Information (Table S1) and in
the same range (uM). This data showed that hPRM1 has a
better binding affinity for all nucleosides than salmon
protamine.

A previous study showed that recombinant hPRM-1 could be
expressed in prokaryotic cells after codon optimization as well
as in eukaryotic, mammalian cells. Furthermore, the protein
synthesized by the cells, which is identical to the protein used in
the current study, was detected using CEST MRI in three-
dimensional, tissue-like cellular structures.”® However, inside
the cell, many interactions occur, as described in the current
study (such as phosphorylation), that reduce the exchange rate
and consequently reduce the contrast. The findings from the
current study will be useful for engineering mutated isoforms of
the hPRM-1 gene that could overcome these obstacles. For
example, replacement of the serines which can be phosphory-
lated or the cysteines involved in disulfide bridges would
increase the CEST contrast over the recombinant protein and
improve its detection in vivo. It is important to note that CEST
MRI has the required sensitivity to detect similar proteins in
vivo, in live mouse brain with resolution of approximately 200
X 200 pm. 51943

In conclusion, hPRM1 was synthesized with a high yield
using a microwave synthesizer. This synthetic protein, which
generates a CEST contrast comparable to PS, has been used to
study the biophysical factors that affect the CEST contrast.
Most importantly, it is demonstrated that phosphorylation and
interaction with negatively charged metabolites (e.g., ATP,
ADP, and AMP) can reduce the CEST contrast via changes in
the proton exchange rate and structure. These effects should be
taken into consideration when designing new protein-based
CEST probes.
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Additional experimental details and analytical data. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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