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ABSTRACT

The study of the pressure response by NMR spectroscopy provides information on the thermodynamics of
conformational equilibria in proteins and nucleic acids. For obtaining a database for expected pressure effects on
free nucleotides and nucleotides bound in macromolecular complexes, the pressure response of 'H chemical
shifts and J-coupling constants of the purine 5’-ribonucleotides AMP, ADP, ATP, GMP, GDP, and GTP were
studied in the absence and presence of Mg? " -ions. Experiments are supported by quantum-chemical calculations
of populations and chemical shift differences in order to corroborate structural interpretations and to estimate
missing data for AMP. The preference of the ribose S puckering obtained from the analysis of the experimental J-
couplings is also confirmed by the calculations. In addition, the pressure response of the non-hydrolysable GTP
analogues GppNHp, GppCH,p, and GTPyS was examined within a pressure range up to 200 MPa. As observed
earlier for 3'P NMR chemical shifts of these nucleotides the pressure dependence of chemical shifts is clearly
non-linear in most cases. In di- and tri-phospho nucleosides, the resonances of the two protons bound to the
ribose 5’ carbon are non-equivalent and can be observed separately. The gg-rotamer at C4’- C5’ bond is strongly
preferred and the downfield shifted resonance can be assigned to the H5” proton in the nucleotides. In contrast,
in adenosine itself the frequencies of the two resonances are interchanged.

Abbreviations: AMP, adenosine-5’-mono-phosphate; ADP, adenosine-5’-di-phosphate; ATP, adenosine-5’-tri-phosphate; GMP, guanosine-5-mono-phosphate; GDP,
guanosine-5’-di-phosphate; GTP, guanosine-5’-tri-phosphate; GTPyS, guanosine-5’-O-(y-thio)triphosphate; GppNHp, guanosine-5’-(3,y-imido)triphosphate; GppCH.p,

guanosine-5’-(f,y-methylene)triphosphate
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1. Introduction

High pressure NMR spectroscopy has evolved to an elegant tool to
study macromolecular complexes (see e. g. Akasaka and Matsuki [1]) as
well as the physicochemical behaviour of small molecules including the
solvent itself.

Macromolecules such as proteins and nucleic acids are involved in
equilibria of functional states with equilibrium constants which are
determined by the difference in their Gibbs free energies AG®. By
changing an external physical parameter such as pressure, according to
Le Chatelier's principle [2] a state of the system with a lower total
volume is preferred. In solution, the trivial result usually is a com-
pression of the molecules of the solvent as well as the solute. More
important, also intrinsic equilibria are shifted. Conformers with lower
specific molar volumes are preferred that have often also an increased
solvation surface (for short overview see e.g. Luong et al. [3]). A well-
studied example for such a shift between conformational states is the
Ras protein. In >N HSQC NMR experiments four different states can be
observed when analysing '°N and 'H pressure dependent chemical
shifts [4]. By analysing the pressure response of >'P NMR chemical
shifts at least two of the states can be identified [5]. When adding the
information of the pressure response of >'P chemical shifts of model
nucleotides [6,7] again 4 states can be characterized from the chemical
shift pressure response. Although chemical shift changes are the most
easily determined high pressure sensors, the pressure dependence of
any other NMR parameter can be used like J-couplings [8,9], relaxation
times [10] and chemical exchange processes [11,12].

Nucleotides are fundamental molecules of life since they are the
building blocks of all genetic material. Nucleic acids determine tran-
scription and translation processes from genes to proteins and have
their exclusive functional role as ribozymes, riboswitches and micro
RNAs. The monomeric purine units adenosine 5’-triphosphate and
guanosine 5’triphosphate are used within the cell to store, transport and
supply energy by their phosphoric anhydride bonds. Further, guanine
nucleotides determine the “on” and “off” state of an important class of
molecular switches, i.e. guanine nucleotide binding proteins (GNBPs).
Bound to proteins they can serve as tools to monitor structural transi-
tions of these proteins.

In a first approximation, the chemical shifts of a specific atom in a
nucleotide bound to a protein can be separated into two contributions,
the chemical shifts of the free nucleotides §¢ and the additional che-
mical shifts induced directly by binding &y. Both &; and 6}, are possibly
pressure dependent.

For an interpretation of pressure induced chemical shift changes in
terms of conformational transitions one has to separate simple com-
pression effects from shifts between different structural states. As a first
approximation for simple compression effects on the chemical shifts of
amino acids in proteins the pressure response of random-coil model
peptides is often taken and the corresponding chemical shift changes
are subtracted from the observed chemical shift changes before starting
with a thermodynamic analysis [13]. Correspondingly, for the analysis
of the pressure response of bound nucleotides the pressure dependence
of the free nucleotides themselves can be taken, which reflects both the
solvent pressure-induced change of electronic structure [14] as well as
conformational population shifts.

The 3P chemical shift response of free guanine and adenine nu-
cleotides and their Mg2+ -complexes were already published [6,7]. Here
we present the pressure dependent 'H chemical shifts of purine nu-
cleotides recorded under identical experimental conditions as used
before for the *'P NMR study.

2. Materials and methods
2.1. NMR samples

GppCH, was purchased from Jena Bioscience (Germany), all other
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Table 1
'H chemical shifts §° of purine nucleotides at ambient pressure obtained from
the fit of the pressure dependent data.”

Atom H2 H8 H1” H2 H3’ H4 H5 H5”
Compound pH & [ppm]®

ATP 10.5 8.24 855 6.13 482 4.63 439 420 4.29
Mg2+.ATP 10.2 8.20 8.50 6.12 4.79 457 440 424 4.29
ADP 10.8 8.23 854 6.13 476 4.63 4.37 418 4.26
Mg2+4ADP 10.6 8.20 851 6.12 4.75 457 438 4.23 4.23
AMP 9.4 823 862 6.13 480 450 436 399 3.9
Mg2+.AMP 9.3 820 859 6.12 478 450 4.37 4.00 4.00
Adenosine 115 8.16 829 599 477 437 428 391 3.83
GTP 11.5 - 8.09 592 478 460 434 414 4.26
Mg2+.GTP 9.0 - 8.15 594 476 455 436 4.22 426
GDP 9.0 -¢ 8.13 593 475 4.61 432 416 4.23
Mg2+.GDP 9.0 -¢ 816 594 472 456 434 421 421
GMP 9.0 - 821 593 479 448 431 396 3.96
Mg2+.GMP 9.0 -¢ 8.25 595 474 448 432 399 3.9
GTPyS 10.0 - 812 592 482 465 435 417 431
Mg2+.GTPyS 8.5 B 8.17 594 480 457 437 4.24 430
GppNHp 90 © 807 591 473 458 433 415 4.25
Mg?*.GppNHp 11.1 = 816 593 477 455 436 423 4.23

GppCH,p 125 = 806 588 471 448 432 413 420
Mg?*.GppCH,p 10.0 -° 824 596 4.68 452 436 4.22 4.22

@ Data were recorded at 278 K and analyzed as described in method section.
The pH was adjusted to be 2 units higher than the pK, to avoid chemical shift
changes by slightly changing pH. The corresponding values are given.
Measurements were performed in absence of free MgCl, (0.5 mM EDTA) and in
presence of 15 mM MgCl, (all nucleotides except AMP, GMP) or 150 mM MgCl,
(AMP, GMP), respectively. Stereospecific assignments see Table 2.

b §, is the chemical shift value obtained at ambient pressure at the corre-
sponding pH.

¢ Not existing.

nucleotides were procured from Sigma-Aldrich (Germany). The samples
contained 5mM 5’-adenine or 5’-guanine nucleotides in buffer A
(35mM tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI),
0.1mM 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)), and either
0.5mM ethylene diamine tetra acetate (EDTA) or 15 mM (nucleoside
di- and tri-phosphate samples) and 150 mM (nucleoside mono-phos-
phate sample) MgCl,, respectively. The pH was adjusted to a value
about 2-3 units above the apparent pK, values of the second deproto-
nation of the terminal phosphate of the respective nucleotide [15-17]
by adding HCl or NaOH and measured with a Hamilton Spintrode at-
tached to a Beckman Coulter pH-meter. It was also controlled in the
NMR spectrometer using the pH dependence of chemical shifts of the
Tris-signal. The pH values used for the different nucleotides are listed in
Table 1. The samples further contained 10% DO to obtain a lock signal.
For the stereospecific assignment of the 5’ protons samples 10 mM
nucleotide have been prepared in 20 mM Tris-d;; pH 11.5, 50 mM NacCl,
0.5mM EDTA-d;6, 0.05mM DSS, 99.8% D-0.

2.2. NMR spectroscopy

Spectra of the high pressure series were recorded with a Bruker
Avance-600 spectrometer operating at a 'H frequency of 600.03 MHz
equipped with a Prodigy cold probe (Bruker Biospin, Ettlingen). Data
for stereo selective assignments were recorded on a Bruker Avance Neo-
800 spectrometer operating at 800.20 MHz equipped with a TCI
cryoprobe. Data sets were recorded using a homebuilt online-pressure
system including a manually operated piston compressor (for details see
Beck Erlach et al. [18]). Pressure was transmitted via a high pressure
line (High Pressure Equipment Company, Linden, PA, USA) by water to
the high pressure ceramic cell (with an outer diameter of 5 mm and an
inner diameter of 3 mm) from Daedalus Innovations LLC (Aston. PA.
USA). A PET (polyethylene terephthalate) membrane acts as a flexible
separator between the pressure fluid and the aqueous sample. To reduce
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the volume of the ceramic cell a cylindrical displacement body of
polypropylene was used. Temperature was set to 278 K and controlled
using the line separation of the methyl and hydroxyl group of external
methanol for calibration [19]. Pressure was corrected by using the
linear pressure dependence of the Tris-signal in the sample as described
by Karl et al. [7].

One dimensional 'H spectra were recorded with a 1D-NOESY pulse
sequence (program noesygpprlD) with presaturation of the water
signal. For the assignment TOCSY spectra (program mlevphpr.2) [20]
with a mixing time of 80 ms were recorded, for the stereospecific as-
signment T-ROESY spectra (program roesyphpr.2) [21,22] with a
mixing time of 200 ms were recorded. All spectra were referenced to
DSS used as internal standard. Resonances are designated according to
the IUPAC recommendation [23].

2.3. Stereospecific assignment

The stereo-specific assignment of the non-equivalent ribose methy-
lene H5’ and H5” was performed by analysis of the 3J(H4’,H5’) and 3J
(H4’,H5”) couplings and of the interatomic distances d(H4’,H5"), d(H4’,
H5”), d(H3’,H5’) and d(H3’,H5”). The J-coupling constants were ob-
tained from "H-1D spectra, the distances were obtained from T-ROESY
spectra with a mixing time of 200 ms.

The population Pgg, Py, and Py, of the individual rotamers gg, gt and tg
(Fig. 1) may be calculated from the generalized Karplus equation from
the observed coupling constants 3J(H4',H5”) and 3J(H4’,H5") using the
parameter set for nucleotides and nucleosides that may not be perfectly
staggered in solution [24-26]:

1.4P, + 10.5P, + 3.8B, = J (H4,H5" 6h)
2.3By + 2.6By + 10.6B, = *J (H4, H5) %)
Pogt B + Bz =1 3)

The unknown experimental distances were calculated from the cross
peak intensities in the T-ROESY spectra assuming the initial slope
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approximation and a single conformer. A calibration distance of
0.18 nm between the ribose methylene H5" and H5” d(H5’,H5”) and
0.29 nm between H1’ and H2’ d(H1’,H2’) was used [27].

Averaged interproton distances < d > were obtained from the dis-
tances dgg, dg, and diz and the experimental rotamer probabilities Pgg,
P, and Py, with

<d > = (Bydy + Pudy® + Bydi® )

The three rotamers gg (w0 = —65°), gt (0 = 65°) and tg (v = 180°)
were built with the program Winmostar (https://winmostar.com/en/
index.php) using the two AMP structures with a 3’-endo twist (N-state)
and 2’-endo twist (S-state) ribose ring puckering that were taken for the
chemical shift calculation (see below). The distances in the ribose ring
calculated for the gg-, gt-, and tg-rotamers in the N-state are, respec-
tively: d(H5”,H4’) 0.245 nm, 0.306 nm, 0.249 nm; d(H5’,H4") 0.252 nm,
0.251 nm. 0.306 nm; d(H5”,H3) 0.300 nm, 0.252nm, 0.370nm; d
(H5,H3") 0.370nm, 0.281 nm and 0.251 nm. In the S-state the dis-
tances are d(H5”,H4) 0.242nm, 0.304nm, 0.244nm; d(H5’,H4")
0.246nm, 0.252nm. 0.304nm; d(H5”,H3") 0.259nm, 0.286 nm,
0.372nm; d(H5’,H3’) 0.372 nm, 0.244 nm and 0.284 nm.

2.4. Sugar pucker conformation from J-couplings

From the values of the NMR coupling constants the sugar pucker
conformations N and S can be calculated according to [28]. As the ri-
bose is expected to be in a conformational equilibrium in nucleosides
and their derivatives in solution, the experimental coupling constants
Jexp Will be a population-average of Jy and Js which is related to their
relative populations Ps and Py = 1- Pg by

Jop = Ps Js + (1 — Ps) Jy (5)

Following the IUPAC recommendations [23], in a ribose ring, 3J
(H1’,H2") = 1 Hz is typical for the N-puckered conformation, and 3J
(H1’,H2") = 79Hz for the S-puckered conformation. Using these
parameters an estimation of the S-conformation to the North = South
equilibrium can be made using the relation
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Fig. 1. Structures of different purine nucleotides. The phosphates are labelled with a, B, and v, in mono-phosphate (MP), di-phosphate (DP), and tri-phosphate (TP)
nucleosides. (left) schematic view of the different purine nucleotides. (right) definition of the different rotamers of 5’ protons of ribose. According to IUPAC

recommendations H5’ corresponds to the pro-S and H5” to the pro-R proton [23].
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Table 2
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J-couplings and interatomic distances used for stereospecific assignments of H5” and H5”.%

J-couplings [Hz]

Populations [%]

2J(H5”,H5") 3J(H5",H4") 3J(H5,H4) 2J(H5",Pa) 2J(H5’,Por) Py Py Py
Adenosine 12.9 3.4 2.7 b b 75 21 4
ADP 11.8 2.9 2.9 6.3 4.2 78 15 7
ATP 11.8 2.6 2.7 6.4 4.1 84 12 4
GDP 11.7 3.2 3.3 6.4 4.6 72 17 11
GTP 11.7 2.9 3.0 6.5 4.4 78 14 8
GTPYS 12.0 2.9 3.2 6.3 4.2 76 14 10
GppNHp 11.6 3.1 3.2 6.7 4.8 74 16 10
GppCH,p 11.6 3.3 3.3 6.1 4.7 71 18 11

Cross peaks [ppm]
H5"/H4’ H5'/H4’ H5"/H3’ H5'/H3’
Adenosine 3.83/4.27 3.90/4.27 3.83/4.36 3.90/4.36
ADP 4.25/4.37 4.19/4.37 4.25/4.61 4.19/4.61
ATP 4.29/4.39 4.19/4.39 4.29/4.62 4.19/4.62
GDP 4.21/4.32 4.14/4.32 4.21/4.57 4.14/4.57
GTP 4.26/4.34 4.14/4.34 4.25/4.57 4.15/4.57
Distances [nm]
d(H5”,H4") d(H5",H4") d(H5”,H3") d(H5",H3")

Adenosine 0.25 (0.25/0.25) 0.25 (0.25/0.25) 0.27 (0.29/0.27) 0.31 (0.32/0.30)
ADP 0.24 (0.24/0.25) 0.25 (0.25/0.25) 0.28 (0.29/0.27) 0.31 (0.32/0.31)
ATP 0.23 (0.24/0.25) 0.25 (0.25/0.25) 0.27 (0.29/0.26) 0.31 (0.33/0.32)
GDP 0.25 (0.25/0.25) 0.25 (0.25/0.25) 0.27 (0.29/0.27) 0.30 (0.31/0.30)
GTP 0.23 (0.24/0.25) 0.25 (0.25/0.25) 0.27 (0.29/0.27) 0.32 (0.32/0.31)

2 d, interatomic experimental and theoretical 'H—'H distances. Experimental distances were obtained from T-ROESY cross peaks assuming the linear slope
approximation and a calibration distance of 0.18 nm for d(H5”,H5) and 0.29 for d(H1’,H2"). Values in brackets, predicted distances for a N (3’-endo) and an S (2’-
endo) ribose twist when the data base distances for the three rotamers were suitably weighted with the experimental populations from J-couplings (Eq. (4) in

Materials and Methods).
> Not existing.

i H2) -1

B 6.9 (6)

2.5. Analysis of high pressure data

A phenomenological description of the pressure dependence of
chemical shifts §(P) can be obtained by a Taylor expansion of the
pressure dependence as (see e. g. Inoue et al. [29])

S(P,Ty) =6 + Bi(P—Py) + B,(P—P)>+ B;(P—PR)* + ... 7)

with 8 the chemical shift at pressure P, and temperature Ty, By, Bo, and
Bj; the first, second and third order pressure coefficients at Py, Ty. In
many cases, a fit by a polynomial of second degree is sufficient for a
description of the experimental data.

2.6. Calculation of chemical shifts of AMP

The AMP structures were taken from the PDB (https://www.rcsb.
org/ligand/AMP) in the anti-S-gt conformation and manually rotated to
an anti-S-gg conformation with 04’-C1’-N9-C4 torsion angle = —150°
and O-C5’-C4’-01’ torsion angle = — 65°. N-state ribose structures were
modified manually from the GDP structure in the PDB (https://www.
resb.org/ligand/GDP) to an anti-N-gg conformer with 04’-C1’-N9-C4
torsion angle = —150° and O-C5’-C4’-O1" torsion angle = —65°. These
structures were optimized at the B3LYP/6-311 + G(d,p) level of theory
with the IEFPCM (integral equation formalism polarizable continuum
model) solvation approach using the default settings within Gaussian09
[30]. The resulting structures are provided in supplemental Table S1.
Single point NMR calculations were done using the EC-RISM

(embedded cluster reference interaction site model) solvation theory
[31] at the MP2/6-311 + G(d,p) level, using the PSE-2 closure [32]
and the GAFF force field 1.4 [33,34] during RISM iterations. This level
of theory and all convergence criteria were already successfully applied
during the SAMPL blind prediction challenges [35,36]. The solvent
susceptibility functions were generated from modified SPC/E water
using dielectrically consistent 1D RISM/HNC (hypernetted chain) as in
Frach and Kast [37] and Frach et al. [14]. Gauge-invariant atomic or-
bital (GIAO-)NMR calculations were done using Gaussian 16 [38].

3. Results
3.1. 'H spectra at ambient pressure and spectral assignments

'H NMR assignments of nucleotide resonances are known from lit-
erature (see e. g. Kline and Serianni [26]). Since chemical shifts are
temperature and buffer dependent they were checked by TOCSY-spec-
troscopy where necessary. The used nomenclature is shown in Fig. 1.
The chemical shifts at ambient pressure &, are summarized in Table 1.
In the absence of MgCl, the two protons bound to C5” are clearly in-
equivalent in all studied nucleoside tri-phosphates ATP, GTP, GTPyS,
GppCH,p, and GppNHp and the nucleoside di-phosphates ADP and GDP
(Supplemental Fig. S1). They are also well-separated in adenosine itself.
The largest separation of the two resonances H5” and H5” of 0.14 ppm is
found for GTPyS, the smallest separation of 0.07 ppm for GppCH,p and
GDP (Table 1, Supplemental Fig. S1). The corresponding downfield
respectively upfield shifted resonances in the different nucleotides show
rather similar coupling patterns suggesting that the stereo chemical
assignment of the two protons can be transferred between the different
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nucleotides studied.

In the two mono-phosphate nucleosides AMP and GMP, the two
protons bound to C5’ are equivalent with 3J(H5/H5”,Pa) of 4.4
(pH9.0) and 4.6 Hz (pH9.4), respectively. At pH11.4 these protons
become slightly inequivalent in GMP but stay equivalent in AMP. This
may be due to the fact that the N-1 atom in GMP gets completely de-
protonated at the high pH. The corresponding pK,-value in guanosine is
9.2 [39]. In addition, the resonance lines of these protons are
shifted > 0.2 ppm downfield relative to the lines in ADP, GDP, ATP,
and GTP.

In the presence of Mg?®*-ions, most resonance lines are somewhat
shifted (Supplemental Fig. S1). For adenosine, ADP, ATP, GDP, GTP,
GppNHp, GppCH,p and GTPyS the H5” and H5” resonances are still
separated, the downfield shifted resonance line is in approximately
same position as in the absence of MgCl, but the distance to the ori-
ginally upfield shifted resonance is now smaller. This suggests that
stereospecific assignments obtained in the absence of MgCl, can also be
transferred to the complexes with Mg?*. In GDP and AMP the H5’ and
H5” lines are not well separated anymore in the presence of MgCl,

The stereochemical assignment of the H5” and H5” resonances was
performed on the basis of coupling constants and ROEs. The analysis of
the 3J(H5’/H5”,H4") coupling constants (Table 2) results in the relative
frequencies of the three rotamers gg, gt and tg (as defined in Fig. 1)
around the C4’-C5’ bond. On the basis of J-couplings Egs. (1) to (3) lead
to the conclusion that always the gg-conformer is dominant with a
predicted population of 75% for adenosine, 78% for ADP and GTP, 84%
for ATP, and 72% for GDP. From the intensities of the ROEs between
the H5” and H5” atoms and the H3’ atom qualitatively a stereospecific
assignment can be performed since the H3’ should be closer to H5” than
to H5 in the gg-rotamer (Fig. 2). The experimentally determined, non-
uniformly d~° averaged distances in the ribose moieties (Table 2) can
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be almost perfectly simulated with Eq. (4) from the experimentally
determined populations and standard distances estimated for the three
rotamers. Since the stronger H3’-ROE is observed for the downfield
shifted resonance of the protons bound to C5” in ATP, ADP, GTP and
GDP, this resonance represents the H5” (pro-R) resonance, the re-
sonance at higher field the H5” (pro-S) resonance (Table 2). Surpris-
ingly, the stereospecific assignment of the proton bound to C5’ is in-
terchanged in adenosine, here the pro-R resonance is shifted upfield
relative to the pro-S resonance (Table 2), in line with the stereospecific
assignments published earlier for adenosine [26]. The 3J(H5’,Pa) and 3J
(H5”,Pa) in the diphospho- and triphospho-nucleosides are not aver-
aged and differ remarkably with a higher value of approximately 6.4 Hz
for the coupling to the H5” and a lower coupling of about 4.3 Hz for the
coupling to the H5” (Table 2). In the mono-nucleotides a single coupling
constant of about 4.4 Hz (AMP) and 4.6 Hz (GMP) is detected.

3.2. Glycosidic torsion angle and ribose puckering

The ROESY-spectrum also provides structural information about the
positioning of the base relative to the ribose [40]. For ADP, ATP, GDP,
and GTP the HS8 is closest to H2 and most distant to H4” (Table 3). The
combination of ROEs is typical for a predominant anti-position of the
base, although the ROEs are again non-linearly population weighted. In
the adenine nucleotides the signal from H2 can also be detected. As to
be expected in the anti-configuration, it is more distant to the ribose
protons.

The ribose moiety of the nucleotides can occur in two main con-
formations, called the S and N conformer. The relative populations of
the two conformers can be determined from the 3J(Hl’,HZ’) [28]. The
populations were determined as described in Materials and Methods
and are listed in Table 4. For all nucleotides investigated here, the S-
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Fig. 2. Part of a T-ROESY-spectrum of GTP. T-ROESY-spectrum recorded at 800.20 MHz and 278 K. The sample contained 10 mM GTP in 20 mM Tris-d11 pH11.5,
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Table 3
Interatomic distances between purine and ribose atoms.*

Biophysical Chemistry 254 (2019) 106261

Distances [nm]

Populations [%]

d(H8,H1") d(H8,H2") d(H8,H3")
Adenosine 0.26 0.27 0.33
ADP 0.36 0.27 0.33
ATP 0.35 0.26 0.33
GDP 0.33 0.25 0.31
GTP 0.35 0.26 0.34
syn® 0.23 0.33 d
anti® 0.37 0.28 0.43
d(H2,H1") d(H2,H2") d(H2,H3")
Adenosine 0.48 0.44 0.48
ADP 0.47 - -
ATP 0.45 0.48 0.51

d(H8,H4") d(H8,H5") d(H8,H5") Pyn Panii
0.40 0.41 40 60
0.51 0.42 0.40 1 99
0.43 0.38 0.38 2 98
0.47 0.41 0.40 6 94
0.50 0.43 0.41 2 98
d d d

d d d

d(H2,H4") d(H2,H5") d(H2,H5)

0.50 0.48

0.61 0.64 0.52

2 d, interatomic experimental 'H—'H distances. Experimental distances were obtained from T-ROESY cross peaks assuming the linear slope approximation and a

calibration distance of 0.18 nm for d(H5”,H5") and 0.29 for d(H1’,H2").

> Computed proton-proton distances for perfect syn and anti conformations [40].

¢ No detectable cross-peak.
4 Not informed.

Table 4
3J(H1’,H2’) couplings and relative populations of the ribose N and S- con-
formers.”

3J(H1",H2") Py Ps
Adenosine 129 23 77
AMP 11.8 26 74
ADP 11.8 38 62
ATP 11.7 27 73
GMP 11.7 19 81
GDP 12.0 29 71
GTP 11.6 20 80

2 Experimental conditions as in Table 1. Py and Ps populations of the N and S
conformers of the ribose. For details see Materials and Methods.

conformer dominates but both ribose puckerings have significant po-
pulations.

3.3. High pressure investigations on adenine nucleotides and their Mg** -
complexes

The 'H NMR spectra of the three adenine nucleotides AMP, ADP,
and ATP were measured at different pressures P in the absence and
presence of MgCl, in steps of 10 MPa. Besides the pressure values ob-
tained from the in-line Bourdon manometer the pressure was ad-
ditionally controlled by the H chemical shifts of the methylene signals
of Tris-HCI in the individual samples as described earlier by Karl et al.
[7]. Examples of pressure dependent NMR spectra of ADP in the ab-
sence and presence of MgCl, are shown in Fig. 3. The pressure de-
pendencies of the proton chemical shift were fitted with Eq.(7) For all
fits a second degree polynomial was sufficient. The pressure response
together with the fit curves of the ribose protons are represented in
Fig. 4, the corresponding pressure coefficients B; and B, are given in
Tables 5 and 6.

The HS8 resonances of the adenine moieties of AMP, ADP, and ATP
shift upfield with pressure with similar pressure coefficients. The in-
teraction of the Mg?* -ions with the phosphate groups leads to addi-
tional upfield shifts at ambient pressure of 0.03 ppm for AMP and ADP
and 0.05 ppm for ATP (Table 1). Note that in AMP with 150 mM MgCl,
a ten times higher ion concentration than for ADP and ATP had to be
used since the affinity of AMP for divalent ions is much lower than that
for ADP and ATP. With addition of the divalent metal ion the pH
slightly drops in all cases. The binding of the metal ion somewhat de-
creases the pressure induced shifts in the three nucleotides.

In contrast to the H8 resonances for the H2 resonances an increase
of pressure leads to a downfield shift. The presence of MgCl, leads to

similar upfield shifts at ambient pressure as observed for the H8 re-
sonances of 0.03 ppm for AMP and ADP and 0.04 ppm for ATP. The
presence of the divalent ions results in a somewhat stronger pressure
response of the chemical shifts (Fig. 3 and Supplemental Fig. S1). The
ratio of -B,/B; is related to the local compressibility [13]. For the
adenine protons in all three nucleotides it is positive leading to a sa-
turation like behavior.

Almost all proton resonances of the ribose show a significant non-
linear pressure dependence with a saturation like behavior (Figs. 3 and
4 and Supplemental Fig. S1). Exceptions are the H1’ resonances of AMP
and ATP, the H2’ resonance of Mg>".AMP, and the H3’ resonance of
Mg2+.ADP (Tables 5 and 6). However, since the pressure dependence
for these resonances is very small, the parameters have a relatively
large error and the sign of the ratio of the pressure coefficients is not
well defined.

The pressure response of the chemical shifts of the individual ribose
protons depends on the number of phosphate groups bound and on the
absence or presence of Mg -ions. No simple pattern can be recognized
here. The largest shift with pressure of ribose atoms is observed for the
H3’ resonance of ADP with a first order pressure coefficient of
—0.164 ppm'GPa ™ 1 (Table 5).

In general, the binding of Mg?*-ions to the phosphate groups leads
to changes of the pressure response of almost all ribose protons. In ADP
and ATP, it leads to remarkable changes of the pressure response of the
3’ protons: in the absence of the divalent ions, a strong upfield shift
with a strong curvature occurs, in contrast to a weak effect in the
presence of the Mg®*-ions. A similar effect can be observed for the 2’
proton of AMP (see Supplemental Fig. S1). The separation of the non-
equivalent resonances of the 5’ and 5” protons of ADP and ATP gets
smaller at higher pressures.

In average, a downfield shift (positive B;) is observed for the H2 of
the adenine base and the H4’ of the ribose moiety and an upfield shift
(negative B;) is observed for the adenine H8. No significant shifts are
observed for the other atoms (Table 5).

The 3J coupling constants of the ribose protons do not change sig-
nificantly with pressure within the limits of error of 0.08 Hz. The same
is true for the %J coupling constants of the protons bound to C5’ in ADP
and ATP and its complexes.

3.4. High pressure investigations on guanine nucleotides and their Mg®™ -
complexes

The 'H NMR spectra of the three guanine nucleotides GMP, GDP,
and GTP as well as their non-hydrolysable GTP-analogues GppNHp,
GppCH,p, and GTPyS were measured at different pressures P in the
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Fig. 3. 'H spectra of ADP at different pressures. The spectra were recorded at a 'H frequency of 600.03 MHz at 278K at different pressures. The samples contained
5 mM nucleotide in Tris/HCl, 0.1 mM DSS, 10% D»O. (top) ADP, pH 10.8, 0.5 mM EDTA, (bottom) ADP, pH 10.6, 15 mM MgCl,.

absence and presence of MgCl, in steps of 10 MPa. Examples of pressure
dependent NMR spectra of the non-hydrolysable GTP analogue
GppNHp in the absence and presence of MgCl, are shown in Fig. 5. The
pressure dependencies of the proton chemical shift of different guanine
nucleotides were fitted with Eq. (7). For all fits a second degree poly-
nomial was sufficient. The pressure response together with the fit
curves of the ribose protons are represented in Figs. 6 and 7, the cor-
responding pressure coefficients B; and B, are given in Tables 5 and 6.

3.5. Pressure response of guanine nucleotides in the presence and absence of
Mg?* -ions

In contrast to adenine nucleotides the H8 resonance of the guanine
base does not show a uniform upfield shift with pressure but downfield
as well as upfield shifts are observed depending on the number and kind
of phosphate groups bound (see Supplemental Fig. S1). The largest first
order pressure coefficient of —0.38ppm/GPa is observed for
Mg?*.GppCH,p (Table 5).

As in the adenine nucleotides most of the proton resonances of the
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Fig. 4. Pressure dependence of 'H chemical shifts of adenine nucleotides. The
pressure dependent 'H chemical shifts § of AMP, ADP, and ATP in the absence
and presence of MgCl,. Experimental conditions see Table 1. () AMP, (@)
Mg?* . AMP, (1) ADP, (l) Mg>".ADP, (1) ATP, (A) Mg?* .ATP. In case of the
non-equivalent 5 and 5” protons, the 5” protons are presented by the corre-
sponding hollow left-filled symbols (I, '}, A, /), while the 5’ protons are re-
presented by right-filled symbols (W, (7, A,A).

ribose show a significant non-linear pressure dependence with a sa-
turation like behavior (Figs. 5, 6, 7 and Supplemental Fig. S1).

The pressure response of the chemical shifts of the individual ribose
protons also depends on the number of phosphate groups bound and on
the absence or presence of Mg?*-ions. No simple pattern can be re-
cognized here. The largest shift with pressure is observed for the H4’
resonance of GppCH,p with a first order pressure coefficient of
0.19 ppm/GPa. In general, the binding of Mg?*-ions to the phosphate
groups leads to changes of the pressure response of almost all ribose
protons. Quite often the direction of the pressure response is inverted in
the absence and presence of divalent ions. The non-equivalent re-
sonances of the 5" and 5” protons of GDP and the GTP analogs get
stronger separated at higher pressures.

In the average, a downfield shift (positive B;) is observed for the H4’
of the ribose moiety. No significant (within the limits of error) shifts are
observed for the other atoms (Table 5).

The 3J coupling constants of the ribose protons do not change sig-
nificantly with pressure within the limits of error of 0.08 Hz. The same
is true for the 2J coupling constants of the protons bound to C5’ in GDP
and as well as in GTP and its analogs and its Mg? " -complexes.

3.6. Quantum-chemical calculation of chemical shifts of AMP

GIAO-NMR yielded the isotropic chemical shielding constants of all
atoms (Table 7). These shielding constants and a suitable reference
shielding constant are used for the calculation of isotropic NMR che-
mical shifts. The populations of the different conformations were cal-
culated using Boltzmann statistics according to the free energy ex-
pression derived in Tielker et al. [36]. The population-weighted
chemical shielding constants were calculated by multiplying the po-
pulation of the respective conformation with the corresponding
shielding constants and summing up over all conformations. In addition
to the chemical shifts also the relative populations of the ribose N and S
ring puckering, the free enthalpy difference between the two states, and
the difference of the partial molar volumes could be predicted.

4. Discussion
4.1. Stereochemical assignment of the ribose H5’ and H5” resonances

In most of the nucleotides studied here, the two protons bound to
the ribose C5 are not equivalent and can be observed separately
(Table 1). This is also true for adenosine itself. By selective deuteration
of the pro-S proton bound to the ribose C5’ in adenosine, guanosine,
cytidine, and uridine it was shown that the downfield shifted proton
resonance corresponds to the pro-S proton (in our nomenclature to H5")
in all four nucleosides [26]. The gg-rotamer is always prevailing in these
nucleosides.

In contrast, in all nucleotides studied here, where the two protons
are well separated in the spectra, the H5’ resonance is always shifted
upfield relative to the H5” resonance. The assignment was performed
on the basis of the 3J-coupling constants between H4’ and H5’ and H5”
(Table 2) and ROEs in the ribose. The analysis of the >J-coupling con-
stants predict a prevalence of the gg-rotamer with relative populations
of > 71%. In principle, from this analysis also the stereochemical as-
signment can be derived when the 3J-coupling constants derived for the
different rotamers for the nucleosides can be transferred to our
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Table 5
'H pressure coefficients B; of purine nucleotides obtained from the fit of the pressure dependent data.”
Atom H2 H8 H1’ H2' H3’ H4’ H5" H5”
Compound pH By [ppm/GPa]®
ATP 10.5 0.1342 —0.113 —0.0014 —0.099 —0.083 0.092 0.083 0.019
Mg2+.ATP 10.2 0.206 —0.054 0.040 —0.035 0.007 0.096 0.032 0.021
ADP 10.8 0.134 —0.090 0.0046 0.029 —0.164 0.113 0.023 —0.100
Mg** . ADP 10.6 0.204 —0.054 0.045 0.061 —0.010 0.109 —0.038 —0.038
AMP 9.4 0.118 —0.131 —0.0010 —0.084 —0.026 0.104 —0.029 —0.029
Mg2+.AMP 9.3 0.153 —0.122 0.005 —0.011 —0.019 0.075 —-0.11 -0.11
Mean® 0.158 —0.094 0.015 —0.023 —0.049 0.098 —0.006 —0.039
(0.038) (0.034) (0.021) (0.062) (0.064) (0.014) (0.066) (0.055)
GTP 11.5 B 0.037 —0.038 —0.036 —0.076 0.133 0.062 0.027
Mg?*.GTP 9.0 B —0.051 0.012 —0.020 0.016 0.107 —0.060 0.009
GDP 9.0 E —0.0085 0.0014 0.004 —0.141 0.125 —0.068 —0.079
Mg2+.GDP 9.0 d —0.074 —0.002 0.062 —0.004 0.104 -0.079 -0.079
GMP 9.0 E —0.068 —0.0127 -0.117 —0.0385 0.113 —0.068 —0.068
Mg**.GMP 9.0 E —0.213 —0.0576 0.017 —0.0343 0.083 —0.112 —0.112
GTPyS 10.0 d 0.003 —0.024 —0.105 —0.088 0.113 0.014 0.032
Mg**.GTPYS 8.5 B —0.021 —0.001 —0.029 0.029 0.093 —0.048 0.010
GppNHp 9.0 B 0.0658 —0.0140 0.013 —0.006 0.137 0.023 0.043
Mg>*.GppNHp 11.1 K —0.057 0.017 -0.036 —0.004 0.100 —0.001 —0.001
GppCHzp 12.5 B 0.071 0.066 0.091 0.176 0.191 0.002 0.068
Mg?*.GppCHap 10.0 B —0.378 —0.040 0.103 0.010 0.095 —0.027 —0.027
Mean*® B —0.06 —0.008 —0.004 —0.013 0.116 —0.030 —0.015
(0.13) (0.032) (0.068) (0.077) (0.029) (0.051) (0.057)

% Data were recorded at 278 K and analyzed as described in method section. For experimental details, see Table 1.
b B, is the first order pressure coefficients value obtained at ambient pressure at the corresponding pH.

c

4 Not existing.

nucleotides [24-26]. For corroborating these assignment ROEs were
determined allowing the determination of interatomic distances to H5’
and H5” in ribose. Qualitatively, the ROE between H3” and H5” decides
about the assignment. The distances d(H5’,H3’) and d(H5”,H3’) for the
gg-rotamer in the N-state should be 0.370 and 0.300 nm, respectively; in
the S-state these distances should be 0.372 and 0.259 nm, respectively

Mean of the B;- values of adenine and guanine nucleotides, respectively. Values in brackets represent the standard deviation.

(see Materials and Methods). The stronger ROE experimentally ob-
served for the H5”-H3’ contact qualitatively confirms the assignment of
the H5” and H5” given in Fig. 2 and Table 2. In the ROESY-spectra the
ROEs including these protons should be averaged. Using the relative
populations of the rotamers at the C5’-group determined from the J-
couplings, a somewhat better agreement is obtained between the

Table 6
1H pressure coefficients B, of purine nucleotides obtained from the fit of the pressure dependent data.®
Atom H2 H8 H1" H2’ H3" H4 H5 H5”
Compound pH B, [ppm/GPa?]”
ATP 10.5 —-0.220 0.168 —0.020 0.151 0.032 —0.06 —-0.07 —0.102
Mg?*.ATP 10.2 —-0.47 0.05 -0.19 0.04 0.00 -0.115 -0.07 -0.09
ADP 10.8 -0.21 0.147 —0.055 0.006 0.21 —0.04 —0.04 0.10
Mg2+.ADP 10.6 —-0.48 0.08 -0.23 —-0.14 —0.04 —0.16 0.02 0.02
AMP 9.4 -0.20 0.19 —0.056 0.048 0.04 -0.12 0.056 0.056
Mg?*.AMP 9.3 -0.36 0.14 -0.11 —0.08 0.02 —0.02 0.3 0.3
Mean*® -0.32 0.130 —-0.111 0.00 0.044 —0.086 0.03 0.05
(0.13) (0.052) (0.085) (0.10) (0.086) (0.051) (0.15) (0.15)
GTP 11.5 A —-0.011 0.063 0.056 0.10 -0.20 —0.09 —0.064
Mg2+.GTP 9.0 - 0.117 —0.08 0.03 —0.025 —0.16 0.15 —-0.01
GDP 9.0 d 0.019 —0.044 —0.024 0.18 -0.16 0.107 0.105
Mg?*.GDP 9.0 d 0.10 —0.08 —-0.12 —0.004 -0.14 0.07 0.07
GMP 9.0 E 0.087 —0.018 0.15 0.052 -0.19 0.106 0.106
Mg2+.GMP 9.0 - 0.36 0.047 —0.087 0.051 —0.08 0.14 0.14
GTPyS 10.0 d 0.02 0.005 0.17 0.04 —0.09 0.04 -0.09
Mg?*.GTPYS 8.5 e 0.061 —0.059 0.04 0.02 —0.064 0.05 0.01
GppNHp 9.0 B —0.038 0.007 —0.036 —0.041 -0.19 0.018 —0.081
Mg>*.GppNHp 11.1 - 0.099 —-0.07 —~0.02 0.004 -0.14 —0.09 —-0.09
GppCHzp 12.5 - -0.10 —0.200 —-0.26 —0.48 -0.39 0.03 -0.20
Mg>*.GppCH,p 10.0 R 0.70 0.02 -0.19 —0.02 -0.20 0.01 0.01
Mean® d 0.12 —0.034 —0.02 —0.01 —0.166 0.044 —0.01
(0.22) (0.071) (0.13) (0.16) (0.086) (0.076) (0.10)

Data were recorded at 278 K and analyzed as described in method section. For experimental details, see Table 1.
B, is the second order pressure coefficients value obtained at ambient pressure at the corresponding pH.

¢ Mean of the B,- values of adenine and guanine nucleotides, respectively. Values in brackets represent the standard deviation.

4 Not existing.
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Fig. 6. Pressure dependence of 'H chemical shifts of natural guanine nucleo-
tides. The pressure dependent 'H chemical shifts & of free GMP, GDP, and GTP
in the absence and presence of MgCl,. Experimental conditions see Table 1. (©)
GMP, (@) Mg?*.GMP, (1) GDP, (M) Mg>*.GDP, () GTP, (A) Mg>*.GTP. In
case of the non-equivalent 5’ and 5” protons, the 5” protons are presented by
the corresponding hollow left-filled symbols (I, ', A, /), while the 5" protons
are represented by right-filled symbols (W, (7, A,A).

observed and the expected ROEs of a 2’-endo twist (S-state) ribose ring
puckering (Table 2). Since the adenosine data were recorded by Kline
and Serianni [26] at a different temperature and a not defined pH, we
repeated the experiments under our conditions. Our experiments
(Table 2) confirmed their assignment. Interestingly, the introduction of
two or three phosphate groups inverses the order of the H5” and H5”
resonances in the spectra. Note that sometimes in the literature a dif-
ferent (wrong) stereochemical assignment is reported for ADP, ATP,
GDP, and GTP as e. g. by Son and Chachaty [41]. In the absence of
Mg?™* -ions the two protons bound to the C5’ are well separated for all
di- and tri-phospho nucleosides, only in AMP and GMP the resonances
cannot be separated (Table 1). From their coupling patterns they are
equivalent (Table 1, Supplemental Fig. S1). This equivalence disappears
in the presence of MgCl,.

For the other nucleotides the addition of MgCl, leads to a decrease
of the line separation. As a rule the resonance position of H5” is largely
unaffected but the H5” resonance is shifted downfield (Table 1). As a
consequence in some cases the two resonances strongly overlap and
cannot be distinguished anymore.

4.2. Theoretical AMP populations and chemical shifts

Experimental results show a preference for the gg-rotamer and the
anti-conformation in Adenosine, ADP and ATP, whereas AMP popula-
tions cannot be resolved experimentally due to the indistinguishability
of H5” and H5” chemical shifts. The preferred conformations, anti-gg,
are apparently stabilized by increasing the length of the phosphate
chain (Tables 2 and 3), yet uncertainty persists for the relative im-
portance of anti-gg sub-conformations characterized by the equally
possible N and S states. Calculated populations show a slight preference
for the S-state (Table 7). Experimental data for this equilibrium are not
available for AMP but only for adenosine, ADP, GDP, ATP and GTP
(Table 2) and thus a direct comparison between theory and experiment
for AMP is not possible. In these compounds, also a weak preference for
the S-state from experimental ROEs is observed. This is also consistent
with the experimental data. The analysis of the 2J(H1’,H2’) predicts that
the S states are preferred. Here, the population of the two ribose ring
puckering states Py and Ps could be determined for all purine nucleo-
tides including AMP. A relative population Ps of 74% was estimated.
The theory predicts a value of 83%, very close to the NMR estimate. In
addition, the energetic differences resulting in these populations are in
the order of only 1 kcal mol~ ' and therefore within the expected range
of errors [35,36], even without considering further uncertainty con-
cerning ribose-OH conformations.

NMR calculations were further used for investigating the similarity
of H5” and H5” chemical shifts in AMP, which is possible by simply
computing the difference of shielding constants (taking into account
that this quantity enters the chemical shift expression with a negative
sign). The experimental chemical shifts of the base protons H2 and H8
show an upfield shift of the H2 resonance relative to H8 in the range of
0.13 ppm (adenosine, Table 1) to 0.39 ppm (AMP). This is in agreement
with the calculations (0.93 ppm for AMP). This benchmark therefore
corroborates the computational setup as the calculated chemical shifts
are reasonable even when using only two conformations, and can be
used for the investigations of the experimentally unresolved H5" and
H5” difference for AMP which is 3.99 ppm (Table 1). In contrast, ade-
nosine shows an upfield shift of the H5” compared to the H5’ resonance
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Fig. 7. Pressure dependence of'H chemical shifts of guanine nucleotide analogs. The
pressure dependent 'H chemical shifts & of free GppCH,p, GTPYS, and GppNHp
in the absence and presence of MgCl,. Experimental conditions see Table 1. (©)
GppCH.p, (@) Mg?*.GppCH,p, (1) GTPyS, (M) Mg>*.GTPyS, (4) GppNHp,
(A) Mg**.GppNHp. In case of the non-equivalent 5" and 5” protons, the 5”

protons are presented by the corresponding hollow left-filled symbols (I, ', A,
), while the 5" protons are represented by right-filled symbols (W, (7, A, /).
Table 7
Theoretical data for two AMP conformations.”
Structure Anti-S-gg Anti-N-gg Average 8
Xconf 0.833 0.167 -
o° H2 23.373 23.406 23.379 8.521
o° H8 22.473 22.344 22.451 9.340
o® H1” 25.380 25.446 25.391 6.508
o® H2 26.552 27.575 26.723 5.177
o° H3’ 27.322 26.924 27.256 4.644
o° H4 27.205 27.440 27.244 4.656
o® H5’ 27.818 27.477 27.761 4.139
o° H5” 27.948 27.748 27.914 3.986
Eintra —4,011,251.96 4,011,185.60 -
lex -1262.28 —1324.70 -
Hex,corr -1212.71 1275.13 -
AGrea 0 3.98
Pus 0.83 0.17
PMV 183.854 183.807 -

3 Xcons, populations of the conformers; 0°, 'H chemical shielding constants at
ambient pressure (in ppm); Ejnua, intramolecular energy (in kJ mol ™ 1); Hexs
excess chemical potential without and with (Uexcorr) partial molar volume
correction (11‘1 kJ mOI_l); AGrel = Hex,corr + Eintra - (.uex,corr + Eintra)min: total free
energy relative to the minimum free energy structure anti-S-gg; PMV, partial
molar volume (in AB). Py s are the relative of the N and S state of the ribose. §
contains the calculated, population weighted, isotropic chemical shifts corre-
sponding to the respective chemical shielding constants. Shifts are relative to
DSS using a reference chemical shielding constant of 31.8997 ppm [54].

(—0.08 ppm) while a downfield shift of the 5” resonance in ADP
(+0.08 ppm) and ATP (+0.09 ppm) is observed. The calculated, po-
pulation-averaged shielding constants for 5" and 5” are inequivalent for
AMP and, similar to adenosine, we find an upfield shift of the 5” re-
sonance (—0.15 ppm), making AMP more “adenosine-like”. The abso-
lute value is slightly larger than for ADP and ATP, which altogether
means that other factors than internal rotation should play a role for the
apparent indistinguishability. A possible explanation could be the
chemical shift anisotropy related to phosphorus, which may lead to a
stronger downfield shift of the H5” than the H5’ resonance when the
number of neighboring phosphate groups is increased, and which is not
captured by the calculation of isotropic shielding constants.

4.3. 31p-"H J-couplings and conformational equilibria

The 3J(H5,Pa) and 3J(H5”,Pa) are not identical but differ sig-
nificantly with the larger coupling constant observed for H5”. This
means that the position of the a-phosphorus has a preference relative to
the C5’ protons. The effect of Mg?*-ions on these dynamics is difficult
to judge since the resonance lines of the two C5’ protons are less se-
parated here and in addition, Mg®*-binding to the Pa-group will
change the electronic polarization and thus may change the coupling
constants.

The values of the J-couplings obtained here are similar to the values
reported by Son and Chachaty [41] for ADP (6.5Hz, 5.0Hz), ATP
(6.5Hz, 4.9 Hz), GDP (6.5 Hz, 5.5 Hz), and GTP (6.2 Hz, 5.3 Hz) but the
second coupling constant is significantly smaller in our case (Table 2).
More important, the stereochemical assignment is different in our case
which would also change the expected orientation of the phosphate
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group. This is probably due to the higher magnetic field we used al-
lowing a better separation of the H5’ and H5” resonance. The 3J
(H5,Pa) and 3J(H5”,Pa) coupling constants are known to be strongly
dependent on the torsional angle B around the O5’-C5” bond [42,43].
The conformer populations obtained using the Karplus parameters from
Blackburn et al. [44] would correspond to a preferred g'g’-configuration
(75% for ADP, ATP and GTPyS; 69% for GppNHp; 73% for GppCH,p).
This has been also predicted for the mononucleotides by Davies and
Danyluk [43] with a probability > 72% for the g'g’-rotamer (ideally
B =180°).

4.4. Pressure dependent changes of pH and metal affinity

In principle, all chemical shifts of the nucleotides are pH dependent.
As already done in the studies of the 31p NMR chemical shifts [6,7] we
selected pH values that are about 2 to 3 units higher than the pK,-values
of the terminal phosphate groups. Changes of the pH with pressure can
be estimated from the chemical shifts of the Tris methylene protons.
The same samples were used in the present study that were also used in
the two 3P studies. By observing the chemical shift of the Tris me-
thylene protons, the pH-changes with pressure can be controlled. In all
measurements the Tris signal shows a very small upfield shift from
ambient pressure to 200 MPa which is < —0.006 ppm at pH9.3
and — 0.0012 ppm at pH 10.7. It has been concluded that a slight in-
crease of the pH smaller than 0.2 was possible in some samples. Since
we are far away from the respective pK,-values, the pressure depen-
dence of chemical shifts of the nucleotides should be neglectable.

Since pressure usually leads to an increased dissociation of com-
plexes, the affinity of Mg®* to the nucleotides could decrease and
therefore lead to additional shift changes. In the 3'P NMR studies on
purine nucleotides a significant release of ions could not be observed in
the pressure dependent phosphorus spectra recorded under our ex-
perimental conditions [6,7]. A release of the metal ion should lead to a
chemical shift that, at high pressure, are closer to the chemical shift of
the free nucleotide. In the extreme case the chemical shift at high
pressure should correspond to the value in the free nucleotide. Al-
though in some cases the difference of chemical shifts in the presence
and absence of MgCl, becomes smaller, the effect is quite small. It is
also not stronger in AMP or GMP that have the lowest affinity for di-
valent ions. In summary, the observed chemical shift values at high
pressure are most probably not significantly influenced by the release of
divalent ions by pressure.

4.5. Factors determining the chemical shift changes with pressure

The pressure response of the observed 'H chemical shifts may be
due to many different factors: It may be due to (1) pressure induced
changes of the water structure and its interaction with the nucleotides.
This interaction may also lead to (2) electric field effects on polarizable
group and bond polarization. In addition, (3) the structural ensemble
may change with pressure and hence structure dependent contributions
to the chemical shifts or (4) a possible aggregation of the nucleotides at
high nucleotide concentration influencing the structural equilibria and
causing intermolecular chemical shift changes may be modified by
pressure.

If there is a common reason such as a shift of a conformational
equilibrium for the pressure dependent shift changes, in a first ap-
proximation it could lead to correlated chemical shift changes. We have
analyzed the correlations between chemical shifts, B;, and B, values for
all observed hydrogen atoms of the adenosine and guanine nucleotides
in the absence and presence of MgCl, (Figs. 8 and 9). It turned out, that
the B; and B, coefficients are strongly negative correlated for all base
and ribose atoms (except H4’ from adenine nucleotides). Surprisingly
also a correlation coefficient > 0.80 is observed between the chemical
shifts at ambient pressure and both the first (negative correlation) and
second (positive correlation) order pressure coefficients for the base
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atoms and the ribose H2’. Interestingly no correlations can be found
involving H1’ and H2’ and the rest of the ribose atoms neither for the
adenine nor for the guanosine nucleotides. In addition, some long range
effects are observed for the shifts as well as for the pressure coefficients
between the H8 and the ribose atoms H3’, H4’, H5” and H5”, especially
for the guanine nucleotides, indicating that a similar physical cause is
responsible for these shifts.

Another interesting correlation is found for the base atom H2 that is
not present in guanine. Here, strong effects involving the shift, the B;
and the B, values of adenine H2 and ribose H1’ are clearly present,
indicating that their pressure dependent shift changes are directly
coupled.

These correlations would be in line with a generalized change of
conformation equilibria.

4.6. Concentration dependent chemical shift changes

Nucleotides are known to form dimers and higher aggregates at high
nucleotide concentrations. At 1 M concentration and neutral pH about
45% of AMP should form a stacked dimer [52,53]. Pressure is known to
influence binding equilibria. Usually a depolymerisation is observed. A
shift of the monomer-dimer equilibrium could be responsible for the
chemical shift changes with pressure where the observed chemical
shifts could be the population averaged chemical shifts of the stacked
dimers in fast exchange on the NMR time scale with the monomers.
However, in our high pressure NMR experiments we had a significantly
lower nucleotide concentration of 5mM than used in earlier studies. In
this concentration range, dimerization should probably be neglectable.
As a test we diluted samples by a factor of 10 but could only find very
small chemical shift changes of the base and ribose resonances that
could not explain our pressure induced shifts (data not shown). When
aggregation/disaggregation would be a dominant factor, all resonances
should be affected by the shift of the equilibrium in a correlated way:
the expected dissagregation with pressure would correspond to the
dilution caused shift changes, aggregation to the opposite. However,
the direction of the pressure dependent chemical shift changes was not
correlated with the observed dilution induced chemical shift changes,
the shift changes of a part of the resonances has the same sign as the
pressure effects, another part the opposite sign. The same effect can be
observed when looking at published data, e. g. the AMP-chemical shifts
published in [52]. These data indicate, that a shift of the monomer-
dimer equilibrium is not the main factor responsible for the pressure
induced shifts.

4.7. Similarity of the ratio of B2/B;

The chemical shift dependence on pressure varies from atom to
atom and from nucleotide to nucleotide. Up- and downfield shifts of
different magnitudes occur (Tables 1, 5, 6; Figs. 4 and 6). However, the
shape of the pressure response could be similar, that is the ratio of the
Taylor coefficients B; and B, in our approximation could be similar.
Such a behaviour would be expected when the same physical process
dominantly determines the pressure response. We have plotted B, as a
function of B; for all resonances in the nucleotides studied (Fig. 10).
Indeed, a rather good correlation is observed, having in mind the quite
large error in the determination. In a two state model B,/B; is related to
the differences of the molar volumes AV° and the compressibilities AB°
at ambient pressure [13,45]. The slope of the straight line describing
the data is —1.65 *+ 0.06 GPa~! (Fig. 10). Surprisingly also the pro-
tons of the bases are located on the straight line describing the pressure
dependence of chemical shifts. This indicates that the effect causing the
pressure response of the chemical shifts is the same for the base protons
and the ribose protons. A two states conformational equilibrium e. g. a
syn/anti equilibrium could describe this behavior but other explana-
tions are possible. According to Son and Chachaty [41] the syn/anti
equilibrium is strongly correlated with the N/S equilibrium of the
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Fig. 8. Correlation between chemical shifts and first and second order pressure coefficients of guanine nucleotides in the absence and presence of MgCls.

ribose ring with the anti-conformation typical for the N-conformation of
the ring [46,47]. In AMP and GMP the population of the anti-con-
formation is close to 100% according to Stolarski et al. [48]. In contrast,
Guéron [49] reported a population of the anti-conformer of 70% for
AMP and 47% for GMP, while according to Yathindra and Sundar-
alingam [50] these populations are of 92% form AMP and 0% for GMP.
According to Imoto et al. [53], the population of the anti-conformer in
AMP is 33%, of the syn-conformer between 25% and 43%, and 24% to
42% are in an intermediate state with a y-angle between 60° and 130°.
Again a strong coupling of the N/S equilibrium is suggested with the
anti-conformer in the N-conformation and the syn-conformer in the S-
state [53]. However, this equilibrium is concentration dependent, in the
stacked dimer the anti/syn as well as the coupled N/S equilibria are
shifted towards the In addition, theoretical calculations performed on
adenosine using force-field molecular dynamics (MD) or first-principles
Car-Parrinello molecular dynamics (CPMD) showed a conformational
equilibrium with fast syn/anti interconversion in water solvents [51].
Son and Chachaty [41] reported a population of the anti-conformer
of 48% for ATP, 22% for ADP, and 0% for GTP, and 5% for GDP. The
latter data do not agree with our ROE-patterns (Table 3). For a pressure
induced population shift towards the syn-conformer, a downfield shift
of the ribose H1’, H2’, as well as the H3’ resonances would be expected
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[48]. All three B;-values are negative for AMP, ATP, GMP, GTP, and
GTPyS. Provided the syn-anti transition is the responsible mechanism it
would suggest a further increase of the anti-conformation with pressure.
Only GppCH,p shows a downfield shift with pressure that may indicate
a small increase of syn-conformation (Table 5). Nevertheless, the
pressure effects on the H1’, H2’, as well as the H3’ are rather small
compared to the expected shifts in the range of 0.11 to 0.72 ppm,
meaning a possible shift of the equilibrium would also be rather small.
The H4’ resonances show the largest pressure effects, the mean value of
B; for adenine nucleotides and for guanine nucleotides is 0.098 and
0.116 ppm/GPa, respectively. If a shift of conformational equilibria is
the main cause of the pressure effect then these data would suggest a
change of the rotamer populations of the exocyclic methylene group.

The most extreme shift changes with pressure are observed for the
H2 resonances in the Mg>*-complexes of the adenine nucleotides.
However, even the data points observed in these complexes are quite
well described by an identical pressure dependence. It should be
mentioned that the obtained ratio of B, to B; of —1.65GPamol ! is
also of similar magnitude as the values found for model peptides Ac-
GGXA-NH,, the mean ratio is —0.75 and —0.8 GPamol™! for the
amide protons and amide nitrogens, respectively [45].
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5. Conclusion

The NMR assigments of the H5” and H5’ protons reported in lit-
erature for purine nucleotides do not agree with our experimental data
presented here, probably since they were just transferred from adeno-
sine itself where they are correct but where the chemical shifts are
inversed. The structural analyses in literature concerning the syn-anti
equilibrium as well as the frequency of different ribose ring puckerings
are contradictory. Here, we can present new data that solves these
“historical” inconsistencies which may also partly be due to different
experimental conditions in these studies (pH, ionic strength, tempera-
ture, nucleotide concentration). The quantum chemical calculations can
give rather good values of chemical shifts but fail to predict the ex-
perimental equivalency of the H5” and H5’ shifts in AMP. However, the
frequency of the N- and S state of the ribose is well predicted. The data
presented in this paper were mainly recorded for distinguishing more
trivial pressure effects occurring in the free nucleotides and their Mg?™ -
complexes from pressure effects that are due to the interaction with the
protein and possible pressure induced conformational changes. In ad-
dition, the data presented here provide an experimental data base for
testing future theoretical predictions that may elucidate the physical
reason for the observed pressure dependent chemical shift changes that
are not yet known in detail.
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