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High resolution two- and three-dimensional heteronuclear correlation spectroscopy ('H-'*C, 'H-
I5N, and '"H-13C-13C HETCOR) has provided a detailed characterization of the internal and external
hydration water of the Pfl virion. This long and slender virion (2000 nm x 7 nm) contains highly
stretched DNA within a capsid of small protein subunits, each only 46 amino acid residues. HETCOR
cross-peaks have been unambiguously assigned to 25 amino acids, including most external residues
1-21 as well as residues 39—40 and 43-46 deep inside the virion. In addition, the deoxyribose rings
of the DNA near the virion axis are in contact with water. The sets of cross-peaks to the DNA and to
all 25 amino acid residues were from the same hydration water 'H resonance; some of the assigned
residues do not have exchangeable side-chain protons. A mapping of the contacts onto structural
models indicates the presence of water “tunnels” through a highly hydrophobic region of the capsid.
The present results significantly extend and modify results from a lower resolution study, and yield
a comprehensive hydration surface map of Pf1. In addition, the internal water could be distinguished
from external hydration water by means of paramagnetic relaxation enhancement. The internal wa-
ter population may serve as a conveniently localized magnetization reservoir for structural studies.
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INTRODUCTION

Understanding the hydration of proteins and nucleic
acids is an important part of understanding their structures and
functions. The inherent differences between hydration water
and liquid water are widely recognized. In liquid or bulk wa-
ter, the first shell around a central water molecule has between
four and five water molecules, as shown by oxygen-oxygen
pair correlation functions at short distances. By contrast, wa-
ter on the surface of a macromolecule will have fewer wa-
ter neighbors, different dynamics, and different H-bonding
options, all dependent on the context.":? These effects lead
to notable depressions in freezing points, or even an inabil-
ity to freeze.>> NMR studies of hydration have the added
complexity that the chemical shift of a given hydration wa-
ter proton is averaged with the chemical shift of bulk wa-
ter protons. This averaging arises because the binding and
release of the surface water molecules is normally fast (ns—
us) compared to NMR measurement timescales (ms).!-0-10
Nevertheless, surface water has been effectively studied by
NMR. Relaxation measurements have been made of pro-
tein hydration sites that exhibit hindered water rotation." ¢ !!
Correlation of water to protein NMR peaks via the nuclear
Overhauser effect (NOE) has also been used in both so-
lution and solid state NMR (SSNMR).!*!? Partially dehy-
drated samples having increased fractions of hydration wa-
ter, and frozen samples having only the hydration water, give
rise to liquid-like NMR spectra for the hydration shell.” !3-14
Another approach has been to confine macromolecules in
smaller pools of water, including inverted micelles,'>'® or-
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ganic solvents, ice encapsulation, and model sys-
tems such as capillaries.’>>* The primary NMR relaxation
mechanism of confined and/or bound water is clearly differ-
ent from that of bulk water;2*2° the correlation times of wa-
ter molecules bound in the interior of a protein tend to be on
the microsecond timescale at room temperature.®’>2” The dy-
namics of surface hydration waters are highly heterogeneous
and differ in temperature dependence. Often, a few secluded
sites are dominant in the overall NMR data. On average, at
room temperature, the hydration water can be considered hin-
dered with respect to rotation and translation. In contrast, at
lower temperatures, the surface water appears to be relatively
mobile as compared with ice (or even supercooled water).>

Pf1 bacteriophage, discovered a half century ago,”® has
become one of the paradigms of filamentous phage structure.
Its long thin virion (2100 nm x 7 nm) has a loop of single-
stranded circular DNA of 7349 nucleotides within a shell
of ~7300 major coat protein subunits, each only 46 amino
acids. At the ends are reverse turns of the circular ssDNA and
a few copies of proteins that are important to virus function
but that are not directly related to the present study. The
subject here is the hydration of the major coat protein and the
DNA, which together constitute 99% of the 36 MDa virion
dry mass (93% major coat protein, 6% DNA). Extensive
results from previous studies have established many aspects
of Pfl structure.’*3 The protein subunits are largely a-
helical and their close packing presents a negatively charged
grooved outer surface at 30-35 A radius, a hydrophobic
region centered at 20 A radius, and a positively charged inner
protein surface at about 10 A radius from the central axis.
The Pf1 DNA structure is proposed to have the antiparallel
sugar-phosphate backbones in contact at the axis, with the
phosphorous atoms at 2.5 A radius and the bases directed

© 2014 AIP Publishing LLC
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outward. This model was based on a matching of DNA and
capsid helical symmetries to account for the 1:1 chemical
ratio of nucleotides to coat protein subunits as well as
spectroscopic data,”®3* analyses of electrostatic repulsion,
and electron density.’® It is supported and augmented by
Raman vibrational spectroscopy of oriented samples,*® and
by DNA chemical shift data obtained via dynamic nuclear
polarization (DNP) enhanced solid state NMR.?’ Other work
has established that Pf1 is very stable across broad ranges of
temperature, pH, and ionic strength,®3%:3% yet undergoes a
cooperative phase transition at 10°C between high- (Pf1H)
and low-temperature (Pf1) forms having slightly different
overall helical symmetries.***> This structural plasticity
must involve hydration water. Further, fiber diffraction and
NMR data are profoundly affected by hydration levels,
motivating the desire to better understand the structure and
role of hydration water in Pf1.%-37-43

The hydration level of Pfl is high due to its extensive
a-helical surfaces and its extended DNA conformation. For
example, in the absence of the protein shell, it was estimated
that 14 waters can contact each nucleotide.** Comparison val-
ues for dsDNA range from 4 to 10 waters per nucleotide, ac-
cording to classic studies by gravimetric methods, by self-
diffusion of water, and by X-ray crystallography.*>*” With
respect to the protein, which contributes 93% of the virion’s
dry mass, one might expect approximately one hydration wa-
ter molecule per amino acid residue, as observed for average
proteins.®> 4850 Estimates presented herein for the Pf1 capsid
indicate significantly higher levels overall, and ratios of exter-
nal to internal hydration water of about 3 (Table S1 and Figure
S1 in the supplementary material'®’). Thus, both internal and
external hydration waters were expected to be readily observ-
able, though not necessarily distinguishable, by SSNMR. The
possibility of an internal hydration pool in narrow spaces be-
tween the protein coat and the DNA might provide an exper-
imentally convenient system to investigate biologically rele-
vant encapsulated/confined water. However, it is important to
consider the degree and timescale of confinement. The dy-
namics of the coat protein might be expected to allow for wa-
ter exchange from the outside to the inside, and clear evidence
for diffusion of ions from the outside to the inside of the virus
has been reported.’:3% At the outset of our experiments, the
timescale of such exchange was an open question. In the fast
limit, any NMR signal from the internal water would not be
directly observable; in the slow limit, we would expect the
properties of the internal hydration water NMR line to be dif-
ferent from those of bulk water. Differences in environment as
well as the density and numbers of hydrogen bonds would be
expected to broaden and possibly shift the line substantially.>3

Magic-angle spinning (MAS)-SSNMR has emerged
as a principal technique for the study of structure and
dynamics in complex biomolecular systems (reviewed in
Refs. 54 and 55), and the roles of water in these systems have
been increasingly studied by this method. Pioneering solution
NMR work on hydration dynamics and localization via NOE
measurements %57 gave rise to a handful of SSNMR studies
of hydration and water dynamics in biological polymers,>$-6>
which in turn have led to a growing body of recent SSNMR
water studies in systems as diverse as bone, silica, and
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amyloid fibrils.>!363-% In such studies, SSNMR is often
able to give site-specific information regarding solvent acces-
sibility, chemical exchange, and dynamics.'*%%6"-72 SSNMR
methods for the study of water have focused around two basic
approaches: T2’ or multiple quantum filtering and dephasing
of 3C/"N-bound protons via rotational echo double reso-
nance (REDOR) or similar experiments.("%’67'63*72’73 These
approaches are conceptually similar in that, upon creating 'H
polarization and allowing it to diffuse, filtering or dephasing
elements serve to remove unwanted magnetization. In the case
of filtering, signals with fast relaxation properties are edited
out (water proton signals generally relax slowly); in the case
of dephasing, magnetization from protons directly bonded
to *C or "N is dephased by the recoupling of their dipolar
interactions. The net effect in both cases is to isolate magne-
tization arising from water, which can be detected directly in
"H-detected experiments, or transferred to nearby '3C or PN
nuclei, which provide superior site-resolution for detec-
tion. Additional resolution can also be gained by adding
dimensions, for instance, by adding BC_13C homonuclear
recoupling elements to provide additional information on '3C
connectivity.

An initial SSNMR study of Pf1 water accessibility was
carried out by Purusottam and co-workers,”* who used 'H—
SN heteronuclear correlation (HETCOR) spectroscopy to
identify hydrated residues. The chemical shift dispersion of
5N, however, is inherently lower than that of *C, largely
precluding reliable assignments in congested regions of the
spectrum based on N chemical shift alone. In the present
study, we applied two- and three-dimensional '*C-based SS-
NMR techniques, with the addition of efficient '"H homonu-
clear decoupling, to rigorously assign water populations, to
map water-exposed residues in the major coat protein, and to
probe whether the DNA is water-exposed in Pf1%. We also in-
troduce a strategy based on paramagnetic relaxation enhance-
ment (PRE) to differentiate internal hydration water from ex-
ternal hydration water.

MATERIALS AND METHODS

Uniformly isotopically enriched U-'*C, N-Pfl was
prepared as previously described.” Several different samples
were used for this work, however, the preparation was the
same in all cases. This included recovery of purified Pfl
bands from cesium chloride density gradient centrifugation
runs. To fill the MAS rotors for NMR experiments, 12 mg
of purified U-'*C, "N-Pf1 were precipitated from 200 mM
TRIS buffer (pH 8.4) by the addition of 8% w/v PEG-8000
and 5 mM MgCl,. Precipitation was allowed to complete over
several hours at 4°C, and the precipitate was collected by
centrifugation at 6200 g for 20 min. Precipitate was kept in an
Eppendorf tube and placed into a custom-built constant flow
hydration chamber, where the humidity of air passing over the
sample was kept constant at 90% relative humidity (RH) at
room temperature. A given sample was allowed to equilibrate
with the air over 7-8 h, during which time the equilibration
was monitored by sample mass loss (data points taken every
half hour). When no mass change had been observed for 3
subsequent data points, the sample was considered to have
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equilibrated to 90% RH. The sample was then transferred to a
3.2 mm Bruker solid-state NMR rotor by slow centrifugation
(4 m at 2000 g). For the Pfl sample used in paramagnetic
relaxation enhancement experiments, 3 wul of 200 mM
TmDOTP stock solution was added to a sample volume of
approximately 45 ul; the volume was reduced to 30 ul after
hydration control, for an effective relaxant concentration of
20 mM.

Spectra were acquired on Bruker AVANCE III 400 MHz
and 600 MHz spectrometers, as well as Bruker AVANCE 11
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750 MHz and 900 MHz spectrometers, using 3.2 mm triple-
channel MAS probes in all cases. The MAS rates used varied
from 8.0 to 18.5 kHz, and were selected to optimize spin-
ning sideband positions. Spectra were acquired at a variety
of temperatures from —20 °C to 25 °C. 90-100 kHz SPINAL-
647% proton decoupling was used during '*C acquisition in
all cases. The pulse sequences used for acquisition are shown
in Figure 1. Many of these are elaborations on the basic HET-
COR experiment, which, in the solid state, simply uses a cross
polarization (CP) element to transfer magnetization from 'H

(a) (b) On %m0, 51-6,
1 H 1
BC/PN |_| ) 2 EYGEIN
— —
optional SD optional SD

HHH
L]

nt,

T

ra’l-

T, nT, ’
Sby” cp DARR
B cP t2 e cp tl I 2
W e i e
|_| |_| |_| |_| CcP t2 I 13C/15N
T may be
5N optlonal optlonal optional reversed
Ht1 BCt2
rotor

FIG. 1. Schematic representation of pulse sequences used in this work. Filled black bars represent /2 pulses, while empty bars represent 7 pulses unless
otherwise denoted above; all other elements are labeled accordingly. “SD” indicates a 'H spin diffusion (or 'H mixing) element, and “zf” a z-filter (z-filters can
also be gradient-enhanced, not shown). H,O denotes a water-selective shaped pulse (EBURP shapes were used in this work). HHdec denotes 'H homonuclear
decoupling; in this work, the eDUMBO-1,, phase program’” with 0.5 s phase switch time was found to be most efficient and is used for all homonuclear
decoupling. All pulse programs were coded for and used with Bruker TopSpin 2.1-3.2. (a) '"H-!3C/!SN heteronuclear correlation (HETCOR) with optional SD;
(b) "H-'3C/"SN heteronuclear correlation (HETCOR) with homonuclear decoupling, LGCP, and optional SD; (c) 'H-'3C heteronuclear correlation with T2'-
filter (T2 -filtered HETCORY); (d) 'H-'3C transferred echo double resonance (TEDORY); (e) 'H REDOR-'3C/!>N-dephased 1D; (f) ' H-'3C REDOR-dephased
HETCOR; (g) H,O-selective T2'-filtered 'H-13C HETCOR; (h) H, O-selective T2'-filtered homonuclear 13C_13C dipolar assisted rotational resonance (DARR);
(i) "H-13C/'>N medium-to-long distance (MELODI) heteronuclear correlation experiment (MELODI-HETCOR),”® with homonuclear decoupling, LGCP, and
optional SD period. When the 'H t1 period is employed in the absence of t2/DARR, this is the MELODI-HETCOR experiment; when t2 and DARR are enabled,
and the 'H t1 period disabled, this is the MELODI-DARR experiment; when all evolution periods are employed, this schematic represents the MELODI-!H—
13C-13C 3D experiment.
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to a second nucleus ('*C/"N in this work). The transferred
echo double resonance (TEDOR) technique was also used for
magnetization transfer; though this transfer is through-space
and not through-bond, it will nonetheless be most efficient
between nuclei that maintain a fixed orientation and distance
on the NMR timescale — in other words, for directly bonded
nuclei.

The Pf1 samples used were fully protonated, in contrast
to the extensively deuterated samples used to increase resolu-
tion in the proton dimension in some previous studies.%* ¢’ For
some of the HETCOR experiments in this work, no homonu-
clear decoupling was used during tl, in effect filtering for
protons with long T2, such as those of water. Other experi-
ments included eDUMBO-1,, homonuclear decoupling’’ for
improved 'H resolution. Finally, moderate MAS frequencies
(12-18 kHz) were used, comparable to previous studies of
water by SSNMR.3:67-69 At these MAS rates, the observed
'H resolution is considerably better than expected. Fully pro-
tonated samples are expected to have broad linewidths and
poor resolution at baseline in the absence of fast spinning
and/or deuteration. Key proton peaks in our Pf1 data have full
widths at half-height (FWHH) as low as 120 Hz/0.16 ppm.

RESULTS AND DISCUSSION

Preliminary assignment of 'H spectrum and 'H-3C
correlation spectroscopy

Figure 2(a) shows the 'H spectrum, acquired at 400 MHz
and with 18 kHz MAS, for U-13C, >N Pfl that was equili-
brated with air at 90% relative humidity before being rapidly
sealed in the rotor. Assignments for supernatant water and hy-
dration water are shown. These assignments were made ini-
tially based on chemical shift as well as linewidth, and sub-
sequently confirmed by other methods that mirror reports by
Lesage and co-workers’? and Bockmann and co-workers®’ in
studies of the dimeric protein Crh. Supernatant water refers
to non-interacting water in the center of the rotor that has
been squeezed out of the virus pellet by the high centrifugal
fields of MAS-SSNMR experiments. It should be noted that
the virus remains structurally intact and infectious under these
conditions. In this report, we use the term “hydration water”
to refer to any water in the pellet that is in close contact with
the Pf1 virion, regardless of its residence time or position.
Hydration water can be characterized by its chemical shift,
downfield from that of bulk water, and its inherently broad
linewidth, which is attributable to a variety of interactions
with Pfl. An upfield shoulder is present on the supernatant
water peak in some spectra — this is potentially an artifact due
to magnetic field inhomogeneity.” A PEG-8000 peak (3.6
ppm) is also observed. To confirm these putative assignments,
a series of 1-dimensional '3C REDOR-dephasing experiments
was used, similar to those used by Chevelkov and co-workers
to dephase magnetization from protons directly bonded to ’'N
while preserving magnetization arising from water.%®> The RE-
DOR dephasing data (Figure 2(b); dephasing curves provided
in Figure S2 in the supplementary material'®’) indicate that
the resonances corresponding to supernatant water and PEG-
8000 are not directly bonded to '3C, as these peaks do not
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FIG. 2. (a) 'H spectrum of U-'3C, SN—Pf1 at 0 °C and 90% relative humid-
ity, with inset of the downfield region around 4.8 ppm. Peaks at 3.6 ppm and
1.1 ppm are assigned as PEG-8000 and coat protein methyl groups, respec-
tively. Peaks at 4.8 and 5.0 ppm are assigned to supernatant and hydration
water, respectively. The relative positions of these different water pools in a
SSNMR rotor are depicted at right. (b) One-dimensional REDOR-dephasing
spectra (pulse sequence shown in Figure 1(e)), with 64 rotor periods of de-
phasing show rapid dephasing of the signal originating from '3C-attached
methyl protons and partial dephasing of the hydration water peak, while other
signals remain phased. A full dephasing buildup curve is shown in Figure S2
in the supplementary material.'%

appreciably dephase. The broader hydration water peak does
dephase on the ~10 ms timescale, which is indicative of it be-
ing in contact or in chemical exchange with the Pf1 coat pro-
tein, consistent with previous assignments. The signals from
the protein methyl region, which can be assigned to a variety
of directly '3*C-bonded coat protein H§/Hy protons, dephases
on the 1 ms timescale. This is slower than predicted for a 1-
bond 'H-'3C dipolar coupling, but simulations on an isolated
spin system do not take into account complex behavior such
as the 'H spin bath. Further experiments to confirm these as-
signments were carried out, including supernatant removal,
sample freezing, and exchange spectroscopy — these data are
presented in the supplementary material.'%

'H-13C HETCOR experiments, as shown in Figure 3(a),
provide information on all possible 'H-'3C magnetization
transfer pathways in the sample. As no discrete filtering was
performed, magnetization arising from water is only a small
component of the overall spectrum. The addition of T2'-
filtering (Figure 3(b)), with an echo delay chosen such as to
filter for long T2’ (2.0 ms), retains primarily water magneti-
zation and greatly simplifies the spectrum, though a few nar-
row peaks arising from directly bonded 'H-'*C pairs (e.g.,
methyl groups) remain in the 0—2 ppm range. These 'H peaks
are unusually sharp for a fully protonated sample, and can
largely be assigned to N-terminal residues, suggesting that the
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FIG. 3. (a) 2D HETCOR spectrum (pulse sequence shown in Figure 1(a):

1 ms CP contact time) of Pfl, with intrinsic resolution of 75 Hz/0.1 ppm and

187 Hz/0.8 ppm in the 'H and '3C dimensions, respectively. The position of the 4.93 ppm hydration water 'H resonance is marked with green arrows to high-
light water-protein cross-peaks. The horizontal projection is the sum of the '3C slices that make up the FWHH of the water resonance in the indirect dimension;

the vertical projection represents the sum of all 'H slices. The supernatant water resonance has an irregular lineshape, consistent with previous observations.

67

For non-water 'H resonances, dashed rectangles show generic assignment groups. (b) The T2'-filtered HETCOR spectrum (pulse sequence shown in
Figure 1(c)) of Pfl restricts cross-peaks to primarily those arising from hydration water, resulting in a much sparser spectrum. Assignments were made based
on existing chemical shift tables for the Pfl major coat protein. Unsurprisingly however, the filtered version does not reveal any new cross-peaks not present
in the conventional HETCOR. (c) Overlay of 'H spectrum of U-!3C, 15N Pfl shown in Figure 2(a) (blue) upon the 'H projection from T2'-filtered HETCOR
(red), showing the greatly increased prevalence of hydration water signal relative to supernatant water in T2’-filtered spectra. All spectra were taken at 0 °C.

N-terminus of the coat protein exhibits a high degree of mo-
bility. The latter is consistent with hydrodynamic measure-
ments on similar phages, which reveal hydrodynamic radii
considerably larger than the corresponding fiber diffraction
radii,”” presumably due to N-terminal plasticity of the coat
and interactions with water in wet samples. The position of
the hydration water resonance is indicated with green arrows
to highlight hydration water-protein cross-peaks. The major-
ity of these water cross-peaks have 'H linewidths in excess of
100 Hz (Figure 3(c)), closely matching the linewidth of hy-
dration water in 1-dimensional spectra (~120 Hz/0.16 ppm).
It is noteworthy that the CP contact times used in Figure 3
were long (900 us), allowing for chemical exchange from wa-
ter. With more selective short CP contact times (200-350 us)
as used in the bulk of this work, water contacts are not ob-
served unless a 'H mixing (or spin diffusion) period is added.
The significance of this will be discussed in subsequent
sections.

Analysis of the '3C cross-peaks to the hydration water
resonance in Figures 3(a) and 3(b) reveals peaks at 159.9 ppm,
which, in the context of Pfl, can only be assigned as Arg44-
C¢ of the coat protein. Tyr40-C¢ and Tyr40-C’ cross-peaks at
158.1 and 180.0 ppm, respectively, are also observed. Arg44
and Tyr40 are both located close to the C-terminal end of the
46-residue major coat protein, with their sidechains pointing

inward toward the central cavity of the virion and the DNA,
indicating that magnetization originating at hydration water
is able to sample the virion’s central cavity. The rest of the
13C signals detected in the HETCOR spectra are largely at-
tributable to externally positioned (N-terminal) residues with
exchangeable sidechain protons, including Asp4, ThrS, Glu9,
Serl0, Thr13, and Lys20. These residues generally exhibit in-
tensities comparable to those of other coat protein peaks in
previously published Pfl spectra,” but are greatly enhanced
here. The important role of chemical exchange processes in
magnetization transfer under these conditions is thus consis-
tent with conclusions from other systems.”?

The mechanisms of water-to-protein magnetization trans-
fer deserve mention; these have been extensively investi-
gated in the contexts of biomolecular NMR, magnetic relax-
ation dispersion, and MRL.7-3:12.16.63.72.73.80 There are three
main mechanisms by which water 'H polarization can be
transferred to a biomolecule: chemical exchange-mediated
transfer, NOE transfer, and intermolecular dipolar contact.
Of the three, dipolar transfer mechanisms are unlikely in
Pf1 samples,’? as liquid (or non-crystalline) hydration wa-
ter on the surface of biomacromolecules has short residence
times'*®! and low correlation times due to fast tumbling.®
Because it does not depend on chemical kinetics, NOE trans-
fer is generally rapid, yielding observable effects on the
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low-millisecond timescale.'>%3 In solution NMR, the analy-
sis of water-protein NOEs, especially with regard to water
residence times, is greatly complicated by long-range cou-
pling to bulk water.'-3* This effect is less evident in the solid
state, as there is simply less bulk-like water, and much of this
is physically separated into the center of the rotor (“super-
natant water”) by the high centrifugal forces of even moder-
ate MAS rates. Transfer by chemical exchange is on par with
NOE mechanisms, with exchangeable amino acid sidechains
having exchange times in the low millisecond range,*%> and
backbone amides having exchange times on the order of
5-85 ms.30-88 Because of the extreme amide pK, amide chem-
ical exchange must typically be catalyzed by hydronium or
hydroxide species, while sidechain exchange events can be
catalyzed directly by water, and are therefore considerably
faster at close-to-neutral pH.%° On the timescale of an av-
erage NMR experiment (10-20 ms), it is therefore expected
that chemical exchange to exchangeable sidechains and NOE
transfers will be the dominant mechanisms.'>’* While dis-
tinguishing between and/or quantifying these two mecha-
nisms is beyond the scope of this work, it is important to
note that the presence of one or both mechanisms, as indi-
cated by the presence of a protein-water NMR cross-peak to
a particular residue, is evidence of that residue being water-
accessible. Chemical exchange-based transfer implies that a
water molecule was sufficiently close to the residue to par-
ticipate in proton exchange, while cross-peaks due to NOE
transfer indicate that the water molecule was within the NOE
detection limit (<4—5 A) of the indicated residue.'®% Map-
ping such water accessibility is the chief focus of this study.
While longer-range (i.e., inter-residue) relayed magnetization
transfers cannot be strictly ruled out, spin diffusion and con-
tact times have been kept as short as possible in this work
to minimize such transfers, and we see no evidence of long-
range non-specific cross-peaks from water, for instance, to the
hydrophobic region of the coat protein.

In order to independently establish that key peaks such
as Arg44-C¢ indeed represent water contacts, REDOR de-
phasing was used to dephase magnetization originating from
protons directly bonded to '3C and N, leaving only mag-
netization originating from water. Conversely, the TEDOR
technique, which transfers magnetization via a train of refo-
cusing pulses, was used to transfer only magnetization from
bonded "H—'3C pairs; water molecules are too mobile for any
'H-13C dipolar couplings to be effectively refocused. As a
result, the TEDOR experiment represents a control for mag-
netization originating from '*C-bound protons, clearly high-
lighting signals not attributable to water. As shown in Figure
4, one-dimensional '*C-REDOR dephased HETCOR spectra
(pulse sequence shown in Figure 1(f)) show intense peaks at
159.9 ppm and 158.3 ppm (Arg44-C¢ and Tyr25/40-C¢),
similar to those observed at the hydration water resonance
in 2D HETCOR spectra. TEDOR spectra notably lack this
peak. The presence of the Arg44-C¢ cross-peak in the wa-
ter (4.84 ppm) slice of 2D HETCOR spectra, along with the
absence of any Arg44 He/Hn—C¢ cross-peaks in these spec-
tra, suggests that the peak at 159.9 ppm represents a hydra-
tion water—Arg44C¢ contact (relayed transfer through Arg44-
He/Hn is discussed later). This observation provides addi-
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tional evidence for direct water-protein magnetization transfer
at the C-terminus of the major coat protein and in the interior
cavity of the Pf1 virion.

Water-selective and water-filtered spectroscopy

In the interests of further improving resolution and iso-
lating strictly the water contacts, HETCOR experiments were
made water-selective by the addition of an initial shaped
pulse and T2'-filter as shown in Figure 1(g).°"%* To aid
in assignment, a water-selective variant of the homonuclear
3C-13C pulse sequence DARR was also utilized (pulse se-
quence shown in Figure 1(h), data in Figure 5(b)), which al-
lowed sequential “backbone walks” between the HETCOR
and DARR. While DARR permits '*C—'3C dipolar mixing,
the indirect '>C dimension represents magnetization encoded
before such mixing, therefore maintaining selectivity for wa-
ter contacts. These experiments also make use of a short CP
for selectivity, and therefore require a 'H spin diffusion el-
ement to transfer water magnetization to the coat protein.
The resulting HETCOR spectra show a number of clearly
assignable water-protein cross-peaks; assignments of these
peaks reveal a large number of N-terminal residues with ex-
changeable 'H sites including Gly1, Asp4, Thr5, Glu9, Ser10,
Thr13, GInl6, and Lys20. Like standard HETCOR experi-
ments, they also reveal cross-peaks to sites not expected to
be exposed to external water, such as Tyr40, Arg44, and the
DNA. Use of a DARR *C-'3C spin diffusion element in
the pulse sequence expands the list of observed residues to
a number of residues neighboring the aforementioned ex-
changeable sites. Comparison of these spectra to standard
Pfl DARR spectra reveals that N-terminal (externally fac-
ing) sites are significantly enhanced in water-selective exper-
iments, while the vast majority of resonances from the central
and C-terminal (internally facing) portions of the coat pro-
tein are almost completely suppressed. This is consistent with
the water accessibility of these sites predicted from existing
structural models.

Water-selective experiments, in utilizing a T2'-filter to
isolate the sharper water 'H signal, can however suppress
some fainter cross-peaks. As a result, it is useful to com-
pare results from water-selective spectra to those from a sec-
ond and complementary class of experiments for assessing
water accessibility —- MELODI (MEdium-to-LOng DIstance)-
HETCOR.”®% The MELODI-HETCOR pulse sequence (Fig-
ure 1(i)) begins by dephasing initial 'H magnetization using
a REDOR train of 7 pulses on both the '*C and >N chan-
nels. In so doing, it filters out all magnetization from '3C-'H
and '>N-'H spin pairs, while preserving 'H magnetization
on water. Some methyls cannot be effectively dephased by
this scheme due to their dynamics, and therefore also retain
magnetization. Once magnetization has been filtered in this
manner, some chemical/dipolar exchange is permitted during
a short mixing period in order to allow 'H magnetization to
return to water-exposed '*C-/'3N-adjacent sites, followed by
a selective magnetization transfer to the neighboring '*C or
5N using Lee-Goldburg cross-polarization (LGCP)** for op-
timal selectivity. When used in conjunction with 'H homonu-
clear decoupling, LGCP slows or prevents dipolar 'H spin
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FIG. 4. (a) 1D '*C-REDOR dephasing HETCOR (47, REDOR blocks with 7 = 55.55 u1s) and (b) 'H-13C TEDOR spectra of Pf1 at 90% RH at 400 MHz and
18 kHz MAS. These spectra are compared with water and non-water slices from a 'H-'3C HETCOR ((c) and (d), respectively). The pulse sequences are shown
in Figures 1(f), 1(d), and 1(a), respectively. HETCOR and REDOR spectra were acquired without a 'H spin diffusion period and with 900 ys CP contact times.
The water (4.84 ppm) slice of a 2D HETCOR spectrum (c) looks very similar to the dephasing HETCOR spectrum (a), while a projection representing the sum
of all slices from 0.0 to 4.5 ppm and 5.5 to 7.0 ppm (“non-water”) from the same HETCOR spectrum (d) closely resembles the TEDOR spectrum (b), indicating
that the pulse sequences work as designed to isolate (REDOR) or remove (TEDOR) magnetization that originates from water. The 159.9 ppm Arg44-C¢ peak
is clearly visible in the dephased HETCOR spectrum but absent from the TEDOR spectrum, suggesting a water contact; conversely, the Tyr25-C§,Ce peaks
are present only in the TEDOR spectra, indicating that the signal originates on a directly bonded 'H—'3C pair and not water. Finally, (¢) shows an overlay of
2-dimensional 'H-'>C TEDOR (red) and HETCOR (blue) spectra; HETCOR peaks that are not reproduced in the TEDOR spectrum are attributable to water

contacts and/or chemical exchange. All spectra were taken at 0 °C.

diffusion during cross polarization, further helping to elimi-
nate long-range contacts (Figures 1(b) and 1(i)). Addition of
a further DARR homonuclear recoupling element to this pulse
sequence permits 'H-'"*C-!3C 3-dimensional spectroscopy,
which enables direct assignment of water-exposed residues
using a single spectrum. The results, as seen in Figure 6, are
similar but not identical to those of the water-selective HET-
COR experiment described above. All exchangeable residues
observed in water-selective experiments are also seen in
MELODI-HETCOR spectra. In addition, a number of non-
exchangeable residues (including alanine, valine, isoleucine,
and leucine) at the N- and C-termini are observed to be hy-
drated. Importantly, the cross-peak from hydration water to
Arg44-C¢ observed in water-selective HETCOR is faint in
'"H-'3C MELODI-HETCOR spectra. However, 'H-'"'N HET-
COR spectra (Figure S6 in the supplementary material'®”)

clearly show a hydration water cross-peak to both the Arg44
and Lys45 sidechains, each with distinctive >N chemical
shifts. The presence of Lys45 signals is especially notable,
as Lys45 is located at the C-terminus of the coat protein and
points inward toward the DNA nucleobases in current struc-
tural models. As a result, it is expected to be highly hydrated.
Its unusually upfield SN chemical shift of 27.3 ppm is com-
pletely outside the range (29.5—43.7 ppm) found in the Bio-
logical Magnetic Resonance Data Bank (BMRB),” indicative
of possible interactions with the DNA (e.g., cation-pi interac-
tion with nucleobases®®).

Mapping the water-accessible surface

Depiction of the contacts from water-selective and water-
filtered experiments on the molecular structure of a Pfl
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FIG. 5. (a) Water-selective HETCOR and (b) DARR spectra with 100 ms mixing time (pulse sequences shown in Figures 1(g) and 1(h), respectively) of U-
13¢, 1SN Pf1 (90% RH, 5 °C), showing assignments of 'H-13C and '3C-13C cross-peaks by sequential walk and utilizing previously assigned chemical shifts.
1 ms of 'H spin diffusion and 300 s CP contact times were used. While most water-exposed residues are those with exchangeable protons at the N-terminus,
a number of internally facing residues such as Tyr40 and Arg44 also receive magnetization from water.

subunit yields a water-accessibility map as shown in Figure 7,
where sites colored in purple are observed in both sets of
spectra. In addition to showing the extensive hydration of the
coat protein N- and C-termini, maps of the water-accessible
surface also reveal the presence of hydrophilic grooves pen-
etrating all the way through the virion’s protein coat, large
enough to accommodate several water molecules at a time in
a chain-like configuration (Figures 7(c) and 7(d)). Similar wa-
ter chains have recently been proposed for external-internal
water exchange in other biomolecular systems, such as myo-
globin and BPTL!%3! These “tunnels” provide a structural ba-
sis for previously reported ion permeability,’! and help to ex-
plain how water is able to access the internal compartments
of the virion in order to solvate and stabilize the protein-DNA
interface.

Purusottam and co-workers’* previously investigated the
hydration of the Pf1 coat protein in its high temperature form
(Pf1%) using '"H-"N MELODI-HETCOR spectra, finding
only seven hydrated residues (S10, Al11, K20, A34, S41, R44,
and A46). Our data, though acquired on the low-temperature
form of Pf1 (Pf1%), show no evidence of A34 or S41 hydra-
tion, despite the fact that S41 has an exchangeable proton and
is proximal to Y40 as well as R44. While it is possible that

S41 signal could simply be obscured by chemical shift over-
lap with S10, water-edited '3C-'*C DARR spectra would be
expected to show characteristic nearest-neighbor cross-peaks
for S41 but these peaks are noticeably absent (Figure S9 in the
supplementary material'°’). Alanine 34 is located in the mid-
dle of a hydrophobic helix in the most hydrophobic region
of the coat protein; as a result, it is not expected to be hy-
drated. It should be noted that Purusottam and co-workers’*
based their assignments only on 2-dimensional 'H-""N cor-
relations and previously published chemical shifts, while the
assignments in this work are derived from 3-dimensional 'H—
13C-13C data. Carbon, by virtue of its much larger chemical
shift dispersion, provides more reliable assignments than ni-
trogen, and these are further confirmed by intra-residue C—C
correlations.

TH spin diffusion reveals magnetization
transfer pathways

The preponderance of residues with exchangeable pro-
tons in our water accessibility map of Pfl suggests that
chemical exchange is a dominant mechanism of magneti-
zation transfer to/from water under conventional SSNMR
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FIG. 6. (a) A '"H-'3C MELODI-HETCOR spectrum and (b) the 'H slice of a MELODI-'H-'3C-13C 3D (50 ms DARR) spectrum corresponding to water,
each acquired at —5 °C and with 8 rotor periods (640 us) of dephasing on both '3C and °N, show sets of water contacts similar to that seen in water-selective
HETCOR spectra. 1 ms of spin diffusion and 250 ps LGCP contact times were used. (c) A clear spatial pattern of water accessibility can be seen, with virtually
all residues at the N-terminus of the coat protein having water contacts, in addition to a cluster of highly hydrated residues (Y40, L43, R44, K45, and A46) at the
inward-facing C-terminus. Assigned residues from these spectra, as well as 'H-'>N MELODI-HETCOR spectra (Figure S6 in the supplementary material'*),
are labeled in blue on the structure of the Pfl coat protein. All assignments were performed via backbone walks using multiple 2D and 3D spectra. Assignments
of tyrosine spin systems in particular are facilitated by the presence of only 2 aromatic residues in the coat protein, with substantially different backbone
chemical shifts. The pulse sequences are shown in Figure 1(i). Available in the supplementary material'*’ are the methyl 'H slice of the MELODI-'H-13C-13C
3D spectrum (Figure S7 in the supplementary material'®’) and complementary MELODI-DARR spectra used in assignment (Figure S8 in the supplementary

material'00).

conditions, in agreement with previous studies on other
systems.”>7>80 Because chemical exchange pathways may
involve multiple hops between magnetization generation and
detection, it is useful to “follow” the progress of magneti-
zation as it undergoes exchange, both to ascertain whether
it originated from hydration water and to study its progres-
sion. The standard HETCOR pulse sequence places the 'H
chemical shift encoding period (t1) immediately preceding
the CP element, thereby encoding the endpoint of 'H mag-
netization (“proximal protons”) before being transferred to
13C. When 'H spin diffusion is introduced (SD-HETCOR)
however (Figure 1(a)/1(b)), tl now encodes 'H magnetiza-
tion before the spin diffusion period, thus encoding where 'H
magnetization originated (“remote protons”). In effect, for the
case of a simple 'H,— 'H,— !*C magnetization transfer pro-
cess, SD-HETCOR encodes the chemical shift information of
'H, and !*C, while conventional HETCOR provides informa-
tion about 'H, and '*C. Taken together, the spectra represent
a pseudo-3D experiment, reporting on both the start and end-
points of 'H magnetization in addition to their '3C correlation.
An overlay of HETCOR and SD-HETCOR spectra (Figure
S10 in the supplementary material'™’) illustrates the general
strategy of tracking 'H magnetization diffusion. For exam-

ple, G1-C’ and R44-C¢ signal can be seen to originate at the
hydration water resonance (SD-HETCOR, “remote protons”),
then transfer to protons within 1-2 bonds of the assigned car-
bon during a 1 ms SD period (HETCOR, “proximal protons”
— Gl-Ha at 4 ppm and R44-H¢ at 9.5 ppm, respectively),
prior to CP transfer to '3C. Numerous studies have shown
that water-protein proton exchange occurs on a sub- to low-
millisecond timescale, which would allow no more than 1-2
proton hops during 1 ms.®8%80 Ag a result, we can safely as-
sume that our results show a single chemical exchange event,
as opposed to some sort of relayed transfer pathway. In con-
trast, sites that have previously been thought not to interact
with water directly (e.g., Y25-CY) show no cross-peaks to
water in HETCOR or SD-HETCOR spectra, suggesting that
they do not receive sufficient magnetization from water or
nearby exchangeable protons during 1 ms of spin diffusion.

Additional DNA contacts via HETCOR
with long 'H spin diffusion

Having presented a number of band-selective and filtered
experiments, which ultimately led to a set of water contacts
that makes sense in the context of structural models, we must
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FIG. 7. Water accessibility maps of (a) the Pf1 major coat protein and virion:
(b) 20 A section, viewed from the side; (c) and (d) 5 A section viewed
down the central axis. Coordinates for this consensus model of Pf1- were
taken from Tsuboi e al.>> and Straus er al.>' Residues are colored based
on the spectrum in which their resonances were observed. Water-exposed
residues cluster at the externally exposed N-terminus of the coat protein,
forming the hydrophilic grooves seen in (b), as well as at the internal C-
terminus facing the DNA (c); the bulk of residues in the middle of the coat
protein are not water-accessible. Also noteworthy is the amount of “free”
space available to water in the internal cavity of the virion. When solvated in
GROMACSY"-%8 and subjected to a short MD simulation, several water clus-
ters are apparent (d), in addition to a water chain connecting the exterior of
the virion and the internal cavity. The “tunnels” hosting these chains are made
up primarily of the water-exposed residues D4, E9, K20, Y25, R44, K45,
and A46.
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now ask why only the most intense of the Pfl DNA signals
(the sugar C1'/C4’ resonance) was present in water-selective
HETCOR spectra. After all, if there are contacts between wa-
ter and the C-terminal residues of the coat protein that point
into the internal cavity, the DNA that sits in this cavity must
also be highly hydrated and should also appear. Much of the
reason for the faintness of the DNA signals has to do with the
fact that the DNA makes up only 6% of the virion’s mass, and
that the nucleobase signals are further split into their respec-
tive types (A/C/G/T). As a result, in order to observe these
fainter signals, they must be “enhanced” in some way. One
such approach is to put these spins in contact with a much
larger magnetization bath, namely, that of hydration water.
Practically, this is accomplished by using HETCOR with 'H
spin diffusion (SD-HETCOR).!*% The SD block spreads 'H
polarization, both via NOE mechanisms and by allowing for
chemical exchange processes. Because of the likelihood of
chemical exchange during this time, it can also be termed a
'H mixing period. SD-HETCOR spectra of Pf1 (Figure S11 in
the supplementary material'®’) show a number of additional
cross-peaks to the water resonance, including tyrosine Ce and
C§ cross-peaks at 118 and 132 ppm, respectively, along with
considerably stronger peaks at 86.5 ppm and 79.8 ppm that
can only be assigned as C1’/C4’ and C3’ of the DNA de-
oxyribose, respectively. The downside of this approach is that
the spreading of polarization by definition entails losing se-
lectivity and bringing in peaks that are not directly hydrated
via relayed transfers. It is however noteworthy that, with a
longer 10 ms SD period, the vast majority of the remaining
'H magnetization originates from the hydration water reso-
nance, with signal from the protons of the coat protein having
dramatically diminished in intensity. In this respect, the com-
paratively slow relaxation properties of water are helpful in
isolating water magnetization and thus restoring a measure of
selectivity.

The internal hydration water of Pf1

Having shown that hydration water is able to access and
transfer magnetization to numerous internally facing residues
of the Pfl coat protein as well as the central DNA, we con-
clude that this magnetization must either originate on, or at
least transfer through, internal hydration water. Based on ex-
isting structural models, the distances (10-15 A) from exter-
nal hydration water to internally facing waters are too great
for efficient magnetization transfer via dipolar mechanisms
on timescales of <1 ms.? Because no distinct chemical shift
is observed for internal hydration water in any of the afore-
mentioned HETCOR (including SD-HETCOR) spectra, and
because selective excitation at the hydration water resonance
in water-selective spectroscopy leads to cross-peaks to both
internal and external sites, we conclude that the chemical shift
of the internal hydration water is degenerate with that of exter-
nal hydration water, and that the two have similar relaxation
properties. However, we must also address the possibility that
the two populations could be in fast chemical exchange, pos-
sibly via the water “tunnels” depicted in Figures 7(c) and 7(d).
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A promising approach to address this latter possibil-
ity and isolate strictly signal from internal hydration wa-
ter has come in the form of PRE — by doping the sam-
ple with low concentrations of the well-known paramagnetic
relaxant thulium 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetrakis(methylene phosphonate) (TmDOTP), any magnetiza-
tion from external water is quickly relaxed away. TmDOTP
is however far too large (approximately 11 A across) to pen-
etrate into the internal cavity of the virion and would there-
fore be unable to directly relax away magnetization arising
from the internal hydration water. Enhanced relaxation of in-
ternal water contacts, if observed, would only be explainable
by quantifiable chemical exchange with external water on the
NMR timescale.

Indeed, '"H-'3C HETCOR spectra of U-13¢C, BN-Pf1
doped with 20 mM TmDOTP prior to precipitation (Fig-
ures 8(a)-8(c)) show a marked decrease in overall signal and
broadening of most peaks, but retain a notable cross-peak

J. Chem. Phys. 141, 22D533 (2014)

to R44-C¢ at the hydration water resonance (assignment de-
tailed in Figure S12 in the supplementary material'®’). The
sidechain of R44, which points into the internal cavity of Pfl,
has been previously reported to interact with water.”* The fact
that the peak remains visible and resolved despite all other
signals in the spectrum being severely broadened serves as
clear evidence of a pool of internal hydration water not di-
rectly exposed to TmDOTP. It also demonstrates that chem-
ical exchange between external and internal water is not fast
enough to relax away magnetization from internal water un-
til a relatively long SD/mixing period (5 ms) is added to the
experiment (Figures 8(d) and 8(e)). A decay curve can be
constructed by monitoring the intensity of the R44-C¢ cross-
peak as a function of spin diffusion time; when fitted to a
single exponential, the data show a decay constant T of 8.9
+ 04 ms (R = 112.5 £ 5.1 s71), suggesting that the ex-
change process between the hydration water populations oc-
curs on this timescale. When measured in the absence of the
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magnetization. The linewidths of this peak ('H: 336 Hz, '3C: 385 Hz) are considerably broadened relative to earlier observations of hydration water, presumably
due to the influence of TmDOTP, but consistent with the corresponding 'H spectrum of Pfl in 20 mM TmDOTP shown in (c). It is noteworthy that only
hydration water and PEG-8000 peaks are observed in the 'H spectrum; signal from supernatant water and other peaks is suppressed by paramagnetic relaxation
enhancement. A SD-HETCOR spectrum of the same sample is shown in (d) with 5 ms of 'H spin diffusion/mixing and 'H homonuclear decoupling (pulse
program in Figure 1(b)). As expected, a considerable amount of magnetization now originates at the water resonance, but the previously sharp Arg44-C¢ cross-
peak is suppressed, indicative of chemical exchange with water exposed to TmDOTP on this timescale. A decay curve of the Arg44-C¢ signal as a function of
SD/mixing time is shown in (e); the decay is well fit using a single exponential (dashed line) with a decay constant of 8.9 ms. Spectra were acquired at —10°C,
with 1 ms of 'H spin diffusion and 350 s CP contact times.
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paramagnetic relaxant, the cross-peak intensity increases with
SD/mixing times in the range of 0—10 ms, confirming that the
decay is due to the presence of TmDOTP. This timescale is
similar to but slightly slower than the observed buildup time
of water magnetization in SD-HETCOR spectra (e.g., Fig-
ure S11 in the supplementary material'®’), which likely in-
dicates that chemical exchange from external hydration wa-
ter is important to both processes. Observed 'H linewidths of
336 Hz for the R44-C¢ HETCOR cross-peak and 241 Hz for
the hydration water resonance in 'H spectra (Figures 8(b) and
8(c)), considerably broader than the normal 100-120 Hz hy-
dration water linewidth, are presumably caused by exchange-
mediated paramagnetic relaxation enhancement. Importantly,
the finding that chemical exchange between external and in-
ternal water occurs on a multi-millisecond timescale indicates
that cross-peaks from water to internal protein and DNA sites
in HETCOR spectra (with short or no SD) arise primarily di-
rectly from internal hydration water, and not via relayed trans-
fers from external water.

CONCLUSIONS

In a series of 'H-'3C HETCOR spectra, we have ob-
served a number of water-protein cross-peaks to residues at
the C-terminus of the Pfl coat protein, and, for the first
time, detected water-DNA cross-peaks to the same water 'H
resonance. These hydration sites are not directly accessible
from the outside according to current structural models of the
virion. These findings indicate that the interior of the Pf1 cap-
sid is both accessible to water and holds a significant amount
of it, in agreement with previous computational and ion ac-
cessibility studies.**3!:32 While we have demonstrated the
existence of a population of internal hydration water in Pfl,
we also found that its properties are not significantly differ-
ent from those of external hydration water. Nevertheless, the
internal hydration water can be studied by removing mag-
netization from external hydration water using paramagnetic
relaxation enhancement — a promising path forward to un-
ambiguously measure the relaxation properties of this pop-
ulation and gain more insight about its structural role. We
also confirm the observation of a water pool in close prox-
imity to the sidechains of the critical C-terminal coat protein
residues R44 and K45 (along with several others), which fur-
ther suggests that internal hydration water is likely a key me-
diator of the intriguing protein-DNA interactions that stabilize
and hold together the remarkably large and highly charged
structure.

In addition, we have shown that water-selective and
water-filtered SSNMR experiments lead to well-resolved,
assignable spectra that can be used to map the water-
accessible surfaces of biomolecules. Similar techniques for
generating NMR-based water contact maps may be of util-
ity in detecting potential interfaces in docking and drug dis-
covery studies, representing a fruitful extension of SSNMR.
These findings will enable and enhance further studies of the
protein-DNA interfaces present in the internal cavities of Pf1
and other phages by utilizing water as a convenient magneti-
zation reservoir.
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