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Summary:  In this study, the 1H-1H, TH-31P and 13C-31P coupling constanis of the branched RNA tetramer 2
have been measured at two temperatures to obtain detailed information about its backbone conformation.

Evaluation of these coupling constants by Karplus-Altona algorithm shows the decrease of populations of y*
and B! upon temperature-increase for the branch-point A and 3'-terminal C residues, which have been
attributed to a destacking along the U3'—5'A3'—5'C stacked axis in the tetramer 2. In accordance with this

observation, it has been clearly established that y+ and B! populations of constituent 2°'—5'-linked guanosine
nucleotide is rather insensitive to temperature-change. The NOEs seen at 270 MHz between AH8 with UHG,

and AH2 with CH6 also support that the tetramer 2 stacks along the U3'—5°'A3'—5'C axis. The NOEs
observed at 270 MHz between CH6 with GH8, and UHG6 with GH8 suggest also a spatial proximity between
5"-terminal U and 2’-terminal G, and 3’-terminal C and 2'-terminal G residues. These observations have led us
to propose a two-state model for the tetramer 2. On the other hand, detailed temperature-dependent

measurements of 1H-1H, 1H-31P and 13C-31P coupling constants and chemical shifts of analogues of the
branched trimer 1 in this laboratory and elsewhere have shown that the molecular conformation of the branched

trimer 1 is governed by A2'—5'G stack. The introduction of a 5'-terminal uridine residue in trimer 1 to tetramer

2 shifts the molecular conformation from an A2'—5°G stack in the trimer 1 to a A3’—5°C stack in the tetramer
2. This is a new example of 5'-terminal residue promoted conformational transmission.

In group I splicing of RNA precursors, a lariat RNA is formed at the penultimate step of ligation of exons. In
the final step of splicing, this lariat is excised upon the Mg2+ promoted ligation of two exons. The nucleotide
sequence at the branch site in the lariat is highly conserved!. In the lariat formed, the branch-point is always an
adenosine residue which is linked through its 2'-phosphate to the 5'-hydroxy group of a guanosine nucleotide,
and through its 3'-phosphate to the 5-hydroxy group of a pyrimidine nucleotide. In the group II splicing
reaction, the lariat formed always carries a uridine residue next to the 5'-end of the branch point adenosine while
in the Nuclear pre-messenger RNA splicing reaction, it is always an adenosine nucleotide. Mutation experiments
have shown that replacement of the branch point adenosine by guanosine, uridine or cytidine either stops the
splicing reaction, or promotes wrong splicing in the upstream region of the pre-mRNA2. It has also been
shown that guanosine as the 2'—5’ linked nucleotide is necessary for the completion of the second step of the
splicing reaction. In last few years, we have been trying to understand the structural significance of formation of
branch-RNA in the splicing reaction, and the structural and conformational basis for the choice of adenosine as
the branch-point nucleotide and of guanosine as the 2'—35' linked nucleotide.
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Figure 2: Homonuclear Hartmann-Hahn spectrum for 2 at 27 “C in D,O. The direct
connectivities for each sugar residue are indicated. The fact that the 5' and 5"

protons of the 2"-guanosine residue are superimposed while the 5’ and 5" protons

of the adenosine, cytidine and uridine are separated is an indication that the guanosine
residue does not participate in any strong stacking in the molecule.
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Branched RNA tetramer

As an attempt to answer these questions, we3 and others%.5 have studied the conformational properties by 1H,
31p-NMR and CD spectroscopy of several trimeric branched RNA fragments and have come to the conclusion
that their structures are dominated by A2'-5'G stack. Our laboratory has subsequently shown through a
preliminary 270 MHz NMR study on branched tetramers, based on NOE and temperature-dependent chemical
shifts, that their conformational features were mainly comprised of A3'—5Py stackS. In this paper, we wish
to report our detailed 1H, 13C and 31P NMR study on the conformational properties of the branched tetramer
U3pSAJPaq (2) and compare them with that of the branched trimer A3bgry (1) (Figure 1). In this study,
the 1H-1H, 1H-31P and 13C-31P coupling constants of the branched tetramer 2 have been measured in order to
obtain more detailed information about its backbone conformation which has not been hitherto reported in the
literature.

Assignment of resonances. The assignment of the proton resonances for the branched trimer 1 has been
reported elsewhere3d and will not be discussed here. All the sugar protons and non exchangeable base protons in
tetramer 2 could be assigned from the interpretation of several 2D NMR spectra. The resonances of the sugar
protons of 2 were assigned using a COSY 45 experiment in which the second 90° pulse is replaced by a 45°
pulse to achieve better resolution of the cross peaks close to the diagonal. To resolve some ambiguities in
assignment due to overlap of absorptions in the H3', H4' and H5"/ H5" region, a homonuclear Hartmann-Hahn
(HOHAHA) experiment was also performed (Figure 2). The adenosine residue was easily assigned by the
characteristic downfield shift of its H2' and H3' protons. The H1' of adenosine is the most downfield signal of
all anomeric protons. The 5'-terminal uridine residue was identified by the upfield shift of its H5/ H5" protons
and by the absence of their coupling with phosphorus. The two remaining sugars were assigned from the
interpretation of the 2D 1H-31P correlation spectrum (Figure 3). The 2'—5' phosphate is always the most
shielded 31P signal and it experiences a spin-spin coupling with the H5' / H5" of guanosine and H2'A. The
assignment of the H-6 and H-5 of the pyrimidine moieties were based on their distinctive coupling constants: H-
6 and H-5 of uridine appear as a doublet of ~ 8.1 Hz while H-6 and H-5 of cytidine appear as a doublet of ~ 7.6
Hz. The detailed assignments of the proton resonances are listed in Table 1. The carbon resonances for 1 and 2
were assigned using a proton-detected 1H-13C chemical shift correlation experiment (Figure 4).

Table 1: Proton chemical shifts (ppm) of U3'p5'A32.'§§.'8 2).
- i’ 5 ¥ . 5 51—[8 ...... H2 ........ H 6 ....... H5
Up 27°C 5.67 4.07 430 399 359 351 7.55 572
45°C 568 409 432 399 359 350 7.49 570
pAp 27°C 6.18 532 496 450 420 4.05 824 8.00
45°C 6.17 529 492 450 417 404 825 8.02
pG 27°C 5.63 4.43 427 412 4.03 401 17.68
45°C 561 4.38 419 405 392 392 1771
pC 27°C 588 422 429 423 430 4.17 7.80 591
45°C 586 4.19 426 420 425 415 778 592
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Figure 3: 31P-1H chemical shifts correlation spectrum for 2 at 27 *Cin D0.
The 1D 31P spectrum is shown on the top and the 1D 1H spectrum on the left
side of the 2D spectrum.
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Figure 4: Proton detected 13C-1H chemical shifts correlation spectrum
for 2 at 27 *°C in D5O. Only the correlations between the anomeric
protons and carbons are shown.
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Conformational analysis. The 'H-1H coupling constants for 1 and 2 were measured at two different
temperatures (27 °C and 45 *C) from one dimensional spectra and from 2D J-resolved spectra with phosphorus
decoupling. These coupling constants were further refined by spin-spin simulation and are listed in Tables 2 and
3.

Table 2: 'H-1H and 1H-3!P coupling constants (Hz) for 2323 1)

TC 12" 2'3 3'4'  4'5 4'5" 2'p2" 3'P3" 4'P5' S5'P5' S"PS

pAp 27°C 59 4.8 3.2 2.4 2.9 8.6 7.9
45°C 6.0 4.9 2.9 2.4 32 9.1 7.6

pG 27°C 4.9 4.9 4.9 2.4 29 1.5 44 3.9
45°C 5.2 5.2 4.7 29 34 1.8 5.0 39

pU 27°C 4.9 5.4 4.1 2.4 3.0 1.5 5.0 44
45°C 4.9 5.4 4.4 2.7 33 5.2 4.4

A double quantum filtered (DQF) COSY spectrum with and without phosphorus decoupling (Figure 5) were
also recorded to compare the coupling constants obtained by this method (1 Hz resolution) with those obtained
from the J-resolved experiment (0.2 Hz resolution). The accuracy in the observed coupling constants by both of
these techniques were comparable, and we have therefore subsequently used DQF COSY to obtain an estimation
of IH-1H coupling in larger systems such as branched pentamer and heptamer”.

Table 3: 'H-1H and 1H-31P coupling constants (Hz) for U3ps' 25558 (2)

T°C ...... 1 '2 ...... 2.3. . o 4.5. ...... 4'5“ ..... 2 'p2'3'p3' 4'p5' ....... 5'p5'5"p5'

Up 27°C 54 54 41 30 40 a
45°C 56 56 44 30 40 7.9
pAp 27°C 38 52 55 23 41 90 81 18 33 36
45°C 46 47 47 26 47 90 83 a 47 42
pG  27°C 50 48 49 30 30 2.6 a a
45°C 50 52 52 30 3.0 3.1 a a
pC  27°C 41 47 54 19 31 28 25 52
45°C 40 48 51 25 34 a 36 58

2 Could not be determined.

Conformation of the sugar ring. In aqueous solution, the sugar ring of a ribonucleotide is known to exist in an
equilibrium of two rapidly interconverting conformers denoted by N (C3'-endo ) and S (C2-endo ). The
geometries of the N and S conformers expressed as their phase angle of pseudorotation (PN and Ps) and their
puckering amplitude (¢n and ¢s) with their molar fractions, which can be deduced from the 1H-1H coupling
constants J1+2, J'3 and J314 8 . In RNA, only three couplings are available and a full pseudorotational analysis
requires the measurement of the coupling constants at different temperatures. Moreover, the overlap of sugar
proton absorptions observed in RNA often makes an accurate determination of all coupling constants difficult. It
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Figure 5. (A):DQF COSY, phosphorus decoupling, spectrum of 2 at 27 °C in D,0.
(B) and (C): Expansion of the adenosine 2'-3' cross peak in the 31P decoupled and
31p coupled DQF COSY. Vertical slices through these patterns taken at the site
indicated by an arrow are shown in (B) and (C'). The arrow length (i) sums the J;»
and Jp3.. The difference in the total width of these spectra (substraction of the arrow
lenghts (i) and (ii) provides an estimation of 3Jyp
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is however, possible to estimate the population of N type conformer from the J;2 coupling constant using the
equation 19:

%N = 100 (5, - 193 )/ (JFy - 1) )
when Jf.z. and Jrlq.z. being the coupling constants of the S and N conformers, respectively.

The pseudorotational parameters for 1 and 2 were calculated using the program PSEUROT!0 and are listed in
Table 4. The graphical representation of the N populations in Figure 6 shows a major difference in the
behaviour between the adenosine residues in the trimer 1 and tetramer 2. In trimer 1, the sugar of adenosine
prefers the S conformation (74 % at 27 *C) while in tetramer 2, it prefers the N conformation (61% at 27° C).
Upon an increase of temperature, the N 2 S equilibrium of the adenosine sugar in the trimer 1 is not affected.
In the tetramer 2, the increase of temperature results in a decrease of the population of N conformer. This
behaviour is similar to what is observed in 3'—>5' oligoribonucleotides. In both the trimer 1 and tetramer 2, the
2'—5’ linked guanosine and the 3'—5' linked pyrimidine nucleotide do not show any clear preference for the N
or S type conformation. In tetramer 2, the sugar ring of the 5'-terminal uridine residue is oriented toward more
S conformation (66 % at 27 *C). The change of conformation observed for the adenosine sugar from trimer 1 to
tetramer 2 reflects a direct influence of the additional 5°-terminal uridine residue.

Conformation of the glycosidic bond. At 500 MHz, 2D NOESY and ROESY experiments (mixing times of 300
and 900 ms) did not give any information about the spatial proximities between nucleobases, and only
intraresidual NOE connectivities could be observed. The absence of interresidual NOE is most probably due to
the lack of rigidity of the molecule. The fact that some NOE between nucleobases could be observed at 270
MHz3b for 2 suggest that the absence of NOE at 500 MHz could be instead due to the rotational correlation time
.. In the present work, no attempt has been made to calculate ..

Table 4: Pseudorotational parameters P, ¢ and population of N type conformer

2ps'G 2'ps"

25U (D UspsAIES (2)
PAp  pG pU Up PAp pG pC
Py 10° o 15 -16° 24 15 4
N 40° 38 36° 38 36" 40° 39
Pg 162°  143°  149° 139" 173° 144 159°
s 38 a1° 37 39 39°  41° 38°
%eN at 27 °C 26 44 41 34 61 40 55
%N at45°C 26 39 42 32 47 43 53

...........................................................................................................................

From 2D NOESY or ROESY experiments, the orientation of the base (syn or anti) relative to its sugar ring can
be obtained. A nucleoside is considered to prefer an anti conformation when a strong NOE between its H8 (H6)
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Figure 6: Graphical representation of the experimental J1+3' values and of the

corresponding population of N conformer for the sugar rings of trimer 1 [0]
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and its H2' together with a weak NOE between its H8 (H6) and its H1' proton is observed. A syn conformation
is preferred when a stronger NOE between the H8 (H6) and its H1' proton is observed. In 1, the H8 of
adenosine shows a strong NOE with its H1' suggesting a syn conformation. The H8 of guanosine and H6 of
uridine on the other hand show stronger NOE with their respective H2' and H2' / H3' which suggest an anti
conformation for guanosine and uridine in the trimer 1 (not shown). In 2 (Figure 7), the two pyrimidine
residues are in anti conformation (NOE between H6 and H2' and H3"). The guanosine is in syn conformation
(Stronger NOE between H8 and H1'). The HS of the adenosine branch point shows a weak NOE with its H1'
and a stronger NOE with its H2' suggesting an anti conformation. It should be noted that the combination of S
and syn conformation observed for the adenosine in 1 is not commonly encountered in oligoribonucleotides!!
as found from X-ray crystallographic studies.

Backbone conformation. To establish the conformation of the phosphate backbone, the 13C-31P coupling
constants and the 1H-31P coupling constants have been determined for 1 and 2. The 13C-31P coupling (Tables 5
& 6) were measured from the one dimensional carbon NMR spectra with proton decoupling.

Table 5: 31P-13C coupling constants (Hz) of Aszggg Q.

pAp 27°C

45°C
pG 27°C 9.

45°C 8
pU 27°C 8

45°C 8
The 1H-31P coupling constants were measured from 2D J-resolved spectra. The F2 axis of the 2D spectrum
contains both homonuclear (IH-1H) and heteronuclear (!H-31P) coupling informations. After a tilt, the F2 axis
looses the 1H-1H coupling information but retains the H-31P couplings. Thus, in the projection of the F2
domain, a proton coupled with a phosphorus appears as a doublet. Information about the 1H-31P coupling
constants were also obtained from the comparison of the 1D NMR proton spectra with and without phosphorus
decoupling.

Conformation about the C4'-C5’ bond (y). The conformational behaviour about the C4'-C5' bond is monitored
by means of the vicinal 1H-1H coupling J4'5 and J4's» . The population of the y* rotamer can be calculated using
the sum rule equation: 2 12;

%yt =100 (13.3 - (Jgs +Jars" ) ) /9.7 w 2

The data in Table 7 show that y* of all residues are highly populated. In the trimer 1 however, an increase of
temperature has more effect on the y* population of the 2'—5' linked guanosine than on the 3'55’ linked
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uridine. For the guanosine residue, the ¥+ population changes from 82% at 27 *C to 71% at 45 *°C while it
changes from 81% at 27 °C to 77% at 45 "C for the uridine residue. In the tetramer 2 the effect of temperature

Table 6: 31P-13C coupling constants (Hz) for 2.

...........................................................................................................................

Up 27°C 4.6 5.1 3.6
45°C 4.8 52 40

pAp 27°C 28 5.1 4.6 5.6 4.6 2.0 9.3
45°C 48 5.6 5.2 5.2 5.2 2.5 8.6

pG  27°C 8.3
45°C 8.0

pC  27°C 8.8
45°C 8.4

...........................................................................................................................

increase on the population of y* rotamer is greater for the 3'>5' linked cytidine and the adenosine branch-point
than for the 2'—5' linked guanosine. The y* population for the adenosine residue changes from 71% at 27 °C to
62% at 45 °C and for the cytidine residue it changes from 85% at 27 °C to 76% at 45 “C. The guanosine
nucleotide has an invariant 76% of y* population at 27 °C and 45 *C. The decrease of y* populations observed
when the temperature is increased can be attributed to a destacking of the molecule along the A2'—5'G
nucleotides in the trimer 1, and along the U3'55'A3'>5'C nucleotides in the tetramer 2.

Conformation about C5'-O5’ (B ). The rotamer population about the C5-05' bond can be monitored by the
1H-31P and 13C-31P coupling constants: Jys'ps:, Jus ps' and Joaps.. The population of the preferred trans
conformer (BY can be estimated independently from the Jgp and Jcp couplings using the equations?:13;

% Bt = (25.5 - Jusps + Jus  ps ) /20.5 )]
% Bt=(Jcaps - 0.73)/10.27 . @

Table 8 shows the population of B¢ rotamer for 1 and 2 calculated both from the 1H-31P and from the 13C-31P
coupling constants. The trans rotamer is highly populated for all residues. This preference for the trans
conformation is a general feature for stacked oligoribonucleotides. In the trimer 1, the trans rotamer is slightly
more populated for the guanosine than for the uridine nucleotide. On the other hand, in the tetramer 2 the
temperature increase has less effect on the Pt torsion of 2'-guanosine residue compared to those of adenosine
and 3'-cytidine residues. As it is seen that the decrease of Bt populations upon temperature-increase also
follows the same trend as the y* population (vide supra), which together can be attributed to a destacking of the
tetramer 2 molecule along the U3'—5'A3'-55'C nucleotides while the trimer 1 destacks along the A2'—5'G

nucleotides.

Conformation about C3'-03’ (€ ) and C2'-02’ (£°). In 3'55' linked oligoribonucleotides, the e+ rotamer does
not appear!4 and only the & and &' rotamers need to be considered. Similarly, the existence of e+ conformer in
the 2'—5' linked oligoribonucleotides is unlikely. The conformation about the C3-03' and C2'-02' bonds
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were therefore analyzed in terms of a three-state equilibrium between €-,€t; €, e~ and e, e’t. The e, e™
conformation can probably be excluded for steric reasons and electrostatic repulsions between the two phosphate
groups?.

Table 7: Population of gauche * rotamer about C4"-C5” (y*)

..............................................................................................................

2p5'G A2p5G
AS'pS'U U3ps A3'p5'C
pAp pG pU Up PAp pG pC
% v+ [27°C) 82 82 81 65 71 76 85
% v+ [45°C] 79 71 77 65 62 76 176

The preferred conformation about the C3'-O3' bond can be estimated from the Jca'p3', Jca'p3' and Jy3' p3'
coupling constants. The expected magnitude of Jc4'p3' and Jc2'p3' for a pure € conformation is 0.5 Hz and 9.4
Hz (e = 275°) and for a pure €! conformation; they are 7.4 Hz and 1.4 Hz respectively (€ = 219 °). In the trimer
1, the small Jcap3' (< 1 Hz) and large Joa'p3' (6.7 Hz) coupling constants observed for the adenosine
nucleotide at 27° C indicate a high population of gauche - conformer about the C3'-03' bond. In the tetramer 2,
the values of Joopy (4.6 Hz) and Jo4p3r (3.6 Hz) measured for the 5°-terminal uridine residue suggest that the
C3'-03' bond is equally populated with € and €t rotamers. The small Jo4p3' (2.0 Hz) for the adenosine residue
is an indication of a preferred - conformation about the C3'-O3' bond. The analysis of Jc1'p2 and Jo3py yields
information on the conformation about the C2'-02' bond. A large Jc1'p2 and a small Jo3py indicate a high
population of € conformer. In compound 1, the large Jc1p2 (7.6 Hz) and smaller Jo3py (3.0 Hz) couplings
measured for the adenosine nucleotide suggest a preference for the € conformation about the C2'-O2' bond. In
the tetramer 2, the small value of the C1'P2’ coupling constant (2.8 Hz) at 27 *C is an indication that the C2'-
02’ bond is mainly in a e! conformation. Upon an increase of temperature, the value of Jop+py increases to 4.8
Hz. This could be interpreted as a decrease of the population of €t rotamer. We however can not explain why
Jc3py- is so little affected by temperature increase.

Table 8: Population of trans rotamer about C5°-05" ( Bt)

2p5'G .2p5G
pG  pU pAp pG pC
%o Bt [27 °C] 842 78 900 / 878
87 76b g3  73b 78b
% Pt [45 *C) 802 778 802/ 782
766 73b 76b  71b 74>

......................................................................................

a Caiculated using equation 3. b Calculated using equation 4.
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For 3'=5' linked ribonucleotides or deoxyribonucleotides, it has been shown that the sugar ring puckering
equilibrium is related to the conformation of the C3'-03' bond15 : the C3'-03' bond preferentially adopts an &t
conformation for a sugar ring in the N conformation and an € conformation for the sugar ring in the S
conformation. In tetramer 2, the adenosine branch-point shows an exceptional behaviour owing to the
observation that its C3'-O3' adopts an € for a sugar ring with the N conformation. It is likely that an additional
2'—5' phosphate and the overall stacking properties of the molecule forces the branch-point adenosine in the
unusual combination of conformations of & and N.

Conclusion :  Our present 500 MHz NMR study of the trimer 1 and tetramer 2 has provided new informations
about the conformational properties of the backbone for the core A::SSS of the branched RNA structures. In the

trimer 1, the sugar ring of the adenosine branch point adopts more of the S-type conformation and the
conformation about the glycosidic bond is syn. The C3'-O3' and C2'-02' bonds are both in a gauche -
conformation. The overall conformation of the molecule is dominated by an A2'—5'G stacking. In the tetramer
2, the sugar ring of the adenosine branch point adopts preferentially the N-type conformation and the glycosidic
bond is in the anti conformation. The C3'-O3' and C2'-O2' bonds are in gauche - and trans conformations
respectively. The A3'—5'C interaction is preferred over a A2'—5'G stacking. These results are in agreement
with previous studies from this laboratory3.6 where temperature induced chemical shifts changes and NOE
connectivities were used to monitor the stacking behaviout. It was concluded from these studies that natural
branched trimers stack along the 2'—5' nucleotides, while branched tetramers stack along the 3'—5' axis. 2D
NOESY experiments at 270 MHz showed the following important weak NOEs: AH8 with UH6, AH2 with
CH6, CH6 with GH8, and UH6 with GH8. The NOEs seen between AH8 with UH6, and AH2 with CH6
show that the tetramer 2 stacks along the U3'—5'A3'—5'C nucleotides (Model A, Fig. 8). This is now clearly
substantiated by the present observation that branch-point A and 3"-terminal C residues show a pronounced
decrease of v+ and Bt populations upon temperature-increase, which is attributed to a destacking along the
U3'55'A3'—5'C axis. It may be noted that y+ and Bt populations of 2'-»5"-linked guanosine nucleotide is
rather insensitive to temperature-change. On the other hand, the NOEs seen between CH6 with GH8, and UH6
with GH8 suggest spatial proximities between 5°-terminal U and 2’-terminal G, and 3’-terminal C with 2"-
terminal G residues (Model B, Fig. 8).
Model: A Model: B

A U— FU
G
G
2°—>5" stacked model C— G C—.

for Trimer 1
3°—5” stacked model for Tetramer 2

Figure 8
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The introduction of a 5'-terminal uridine residue shifts the molecular conformation from an A2'—5'G stack in
the trimer 1 t0 a A3'—5'C stack in the tetramer 2. This is a new example of 5'-conformational transmission
which has been also noticed in some linear trimeric, tetrameric and pentameric RNA16.17,

Experimental

NMR sample preparations: The NMR samples were lyophilized twice from 99.8% D20. The samples were
then dissolved in 0.5 ml of 99.96 % D20 and transferred into 5 mm tubes. A trace of dry acetonitrile was added
as an internal reference for chemical shift measurements. The sample concentration was 3 mM for 1 and 5 mM
for 2. NMR acquisitions: All NMR spectra were recorded on a Bruker AMX-500 spectrometer. 1H-NMR
spectra were collected with 32K data points and zero filled to 64K data points. The 1D proton spectra were
simulated using the DAISY simulation program supplied by Bruker.

2D COSY spectra were recorded using the COSY 45 pulse sequence for enhanced resolution of the cross peaks
near the diagonal. The data were collected in the absolute magnitude mode with 2K data points in the F2
direction and 512 points in the F1 direction. The matrix were zero-filled to 2K x 2K data points and a sine bell
function was applied in both domains before Fourier transformation. 2D DQF COSY18 with and without
phosphorus decoupling were recorded in the phase sensitive mode. The data were collected with 4K data points
in the F2 direction and 512 points in the F1 direction. For a sweep width of 4000 Hz, a resolution of 1.1 Hz
was achieved in the F2 direction. A sine square bell window was applied before Fourier transformation. 2D
HOHAHA, NOESY and ROESY spectra were recorded in phase sensitive mode with time proportional phase
incrementation (TPPI) with presaturation of the water peak. For the HOHAHA experiment, a mixing time of
150 ms was used, 256 Fids consisting of 1K data points were zero-filled to 2K x 2K data points and a sine
square bell multiplication was applied in both directions before Fourier transformation. The NOESY and
ROES Y19 experiment was performed at two different mixing time (900 ms and 300 ms). 256 FIDs consisting of
1K points were zero-filled to 1K x 1K data points. A sine bell multiplication was applied before Fourier
transformation. 2D J-resolved experiments, with and without phosphorus decoupling, were performed using 64
FIDs consisting of 4K data points and zero-filled to 8k x 128 data points. A sine square bell multiplication was
applied in the F1 direction and a sine bell multiplication was applied in the F2 direction before Fourier
transformation. The 1H-31P chemical shift correlation experiment 20was performed in the absolute magnitude
mode. The spectral range used was 600 Hz in the F2 direction and 3000 Hz in the F1 direction. A 1K x 256 data
set was zero filled to 1K x1K data points and a sine square bell multiplication was applied in both directions
before Fourier transformation. The proton detected 13C-1H chemical shift correlation experiment?! was
performed in the phase sensitive mode. 1K x 256 data points were zero-filled to 1K x 1K data points. A sine
square bell function was applied in both directions before Fourier transformation.
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