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The H,'®0/H, "0 solvent-induced isotope shifts (**0 SIIS) of the
“F NMR signals of a number of fluorine compounds have been
measured. These isotope shifts are observed to be upfield, down-
field, or zero, depending on the specific compound and the precise
solution conditions. At 25°C and with an **O enrichment of 86%,
the O SIIS of several fluorinated amino acids were in the range
of 0.0014-0.0018 ppm downfield. 5-Fluorouridine displays a sig-
nificantly wider range of ®O SIIS values. A 5-fluorouridine-labeled
16-mer RNA also displayed observable **O SIIS values, but the
characteristics of these were significantly modified from those of
free 5-fluorouridine. The experimental observations are consistent
with the O SIIS being composed of upfield and downfield com-
ponents, with the relative contributions of these determining the
size and direction of the overall isotope shift. This is discussed in
terms of a combination of van der Waals interactions between the
fluorine atom and the solvent, electrical and hydrogen bonding
effects, and the perturbations to these due to **O substitution in the
solvent water. This isotope effect promises to be a highly useful
tool in a range of *F NMR studies. © 2000 Academic Press
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INTRODUCTION

0.2 ppm upfield 7), though it is as much as 3 ppm for fluoride
(3, 4). The HO/D,0 SIIS has been used to assess the solve
exposure of specific residues in proteirls 2 and nucleic
acids b—98). Of course the change of solvent from®ito D,O
also means that all the solvent-exchangeable protons of
biomolecule will be changed to deuterons. It has been r
marked that the structure and conformational averaging of tl
deuterated molecule may be subtly different to the protc
version, and thé’F H,0/D,0 SIIS may in part be a response
to these effectsl). The deuterium effect on the dissociatior
constants of water, functional groups, and buffers are al
potential complicating factors. Thus, tlg@antitativeanalysis
of the H,O/D,0 SIIS in terms purely of solvent access require
caution. The use of H°0 as a solvent does not involve any
such perturbation of the host molecular structure or intern
dynamics, and it is far less perturbing of dissociation constan
so in principle any displacement of % signal induced by this
isotopic water can be confidently attributed to interactions wit
the solvent. In a recent preliminary report, we noted the ol
servation of H°O/H,"0 SIIS (herein thé®0 SIIS) on the™F
signals of fluoride and 5-fluorouridine and the absence of su
an effect with 5-fluorouracil4). Here, we further characterize

Fluorine can be a useful label for incorporation in macrdhe effect with the study of a number of other fluorinate
molecules such as proteins and nucleic acld®), Among the molecules, several of which are potential or actual macrom
advantages of fluorine-based techniques in biomolecular NMgular fluorine labels. We also demonstrate @ SIIS in a
are that it is a relatively sensitive NMR nucleus, there is prototype macromolecular case; a fluorine-labeled RNA.
general absence of background signals, and it displays a wide

range of chemical shifts. Flourine can be readily incorporated

RESULTS AND DISCUSSION

biosynthetically into proteins, using fluorinated amino acids

(2). 5-fluorouracil can be incorporated into RNA and DNA via
chemical synthesis, enabling site-specific incorporatibn (
Alternatively, fluorine incorporation into RNA can be achieve
by transcription in the presence of the appropriate triph

phate ().

The F chemical shift is highly sensitive to the nuclear

environment, such that it demonstrates appreciabl@/B,0

solvent-induced isotope shifts (SIIS]1+3), i.e., changes in
chemical shift when solvent J@ is exchanged for ED. For
many water-soluble fluorine compounds, this shift is arou

The **0 SIIS of a range of fluorinated molecules is shown i

Jable 1; the isotope shifts are all distinctly small, including

upfield, downfield, and zero isotope shifts. Certain compount

O -

\Were observed within the same NMR sample; the five fluor
nated amino acids were mixed, as were 3-fluoro-3-deoxy-L
glucose and the 2-fluoro-adenine derivative. This mixing di
not alter theF chemical shifts, so intercompound effects wer.
minimal. Concentrations of the fluoro-compounds were kej

nrglatively low (1 mM) for each compound, to minimize any

intermolecular effects. Some examples of the spectra &

1To whom correspondence should be addressed. E-mail: genjrp&®O0WN in Fig. 1. Although the isotope shifts are relativel,

leeds.ac.uk.

small, they were resolvable from the experimental linewidth
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2 ARNOLD AND FISHER

TABLE 1
80 SIIS Values of the *F Signals for a Selection of Fluorine Compounds
Compound 8¢, ppnt' H,0/D,0 SIIS 25°C, ppr ®0 SlIS, 25°C pprh ®0 SIS, 37°C pprh

3-fluoro-tyrosine 29.3 —0.254 +0.0014 —0.0033
5-fluoro-tryptophan 41.1 —0.226 0 +0.0018
2-fluoro-phenylalanine 47.9 —0.199 0 0
3-fluoro-phenylalanine 52.7 -0.186 +0.0014 +0.0023
4-fluoro-phenylalanine 50.3 —0.180 +0.0016 +0.0025
5-fluoro-cytosine —2.18 —0.308 +0.0058 +0.0085
2-fluoro-adenine-$-D-arabinofuranoside 113.0 —0.130 d d
fluoro-benzene 52.27 -0.175 —0.0023 —0.0059
2-fluoro-pyridine 95.25 —-0.233 d d
3-fluoro-3-deoxy-D-glucose:

a-anomer —28.7 —0.165 0 0

B-anomer —33.6 —0.182 0 0

# Chemical shifts measured in,D, and are given relative to 5-fluorouridine in@® at 25°C.
® For 100% DO and 100% HO, estimated error span0.001 ppm.

¢ Estimated error spart0.0002 ppm; for 86 atom 9%0.

4 F signals were too broad to resolVi® isotope shifts.

(with a couple of exceptions noted below) and reproducibleidths were slightly greater than the linewidths obtained wit
The experimental linewidth imposed the smallé6t SIIS that standard single-wall NMR tubes’0 SIIS values at 25 and
could be detected. ThéO-enriched samples required the us87°C are given in Table 1, showing that in most cases tt
of concentric inserts in the NMR tube, and shimming in thmagnitude of the observedO SIIS increased with rising
presence of the extra surfaces present meant thaffheme- temperature, though the 3-fluorotyrosine value actuall
changed sign between these two temperatures. For comparis
the H,0/D,0O SIIS values at 25°C are also given in Table 1

f clearly there is no simple relation between this isotope shift at
. £ the **O-induced shift.
2-Fluoro-adenine-$-D-arabinofuranoside, a potent inhibi-
tor of nucleic acid biosynthesis, displayed a relatively brogd

resonance under the conditions used here, with a linewidth
6.1 Hz at 25°C, corresponding to 0.013 ppm at the field use

which is significantly larger in magnitude than most of @

c d SIIS values in Table 1. Nd°0 SIIS was discerned for this
compound, which may be either because it is essentially ze
or it is much less than this linewidth. Similarly, the signal fol

: 2-fluoropyridine displayed a linewidth of around 12 Hz (cor-
b WJ\M

responding to 0.025 ppm). These linewidths were in the pre
ence of proton decoupling, which produced adequately narrc
signals for other fluorine compounds examined. It thus seer
that an aromatic fluorine adjacent to one or two ring nitroger
is not conducive to sharfF signals under the solution condi-
AN A WMMM M"'IMWM -
B tions used here.
1 , , , Fluorinated amino acids were of particular interest in ot
FIG. 1. “F spectra showing varyinO SIIS values among a selection of h ful h . di
compounds. The samples were prepared as described in the Experime?ﬁgldy_ as they are u_se ul reporters when incorporated in
section; the'®O-shifted signals (using 86 atom#0) are the smaller ones in Proteins. In our previous report we noted that the presen
each case. (a) fluorobenzene, fbpnomer of 3-deoxy 3-fluoro-D-glucose, of 30 mM fluoride had a strong influence on th® SIIS of
which does not display affO isotope shift, (c) 4-fluorophenylalanine, (@) 5-fluorouridine (1), but this was not found to be the case

3-fluorophenylalanine, (e) 3-fluorotyrosine, and (f) 5-fluorotryptophan. The

fluorobenzene spectrum was recorded with sample temperature of 25°C,vt_¥|%h the fluorinated amino acids examined here. The adc

other spectra shown here were at 37°C. The tick marks on the axes are at 600 0f 30 MM NaF to the fluorinated amino acids effec:
ppm intervals. tively quenched the®O SIIS values, so that they became

—1



H,®*0 SOLVENT-INDUCED ISOTOPE SHIFTS IN°F NMR 3

effectively zero. Addition of 30 mM NaCl had the same4 b

guenching effect. 2 - 03
Neither anomer of 3-fluoro-3-deoxy-D-glucose (whd¥e & i

signals have been assigned previoudl) @isplayed an**O =

SIIS under the conditions employed, including the addition of o

30 mM NaF. Apart from fluoride, this is the only nonaromatic

fluorine compound we have so far investigated. While these
observations for just one example of a fluorinated sugar are not
necessarily representative of this entire class of compound, gt -.014

may indicate that théO SIIS will not be useful for studies of &
sugars and oligosaccharides. 2]
So far we have only considerefO SIIS with an®*0 @ ol

enrichment level of 86%. Given the small sizes of the isotop%
shifts, it was impractical to obtain reliable isotope shifts at
lower enrichment levels as we have done previously Wit_g
5-fluorouridine 4). Indeed, the magnitudes of tHéO SIIS &
values arising from the compounds surveyed here have all begn
smaller than we have previously seen in 5-fluorouridine. Thus,
5-fluorouridine is a particularly suitable molecule to use fog
more detailed characterization of tHf© effect.

We had previously noted that tH&O SIIS of 5-fluorouri-
dine was strongly influenced by the presence of N&)- It
was thus of interest to determine if this effect is due to the
presence of fluoride specifically, or is it related to the
increase in ionic strength, in which case NaCl should also be
effective. Figure 2a shows th€O SIIS values of the®F
signals of 5-fluorouridine and fluoride with increasing salt
concentration; initially this was by addition of NaCl (to 46
mM), then by addition of NaF (up to 91 mM total salt). The
plot suggests that up to moderate ionic strength the observed
**0 SlIS of fluorouridine has a linear downfield dependence
on the salt concentration, irrespective of this being NaF or
NaCl. The deviation from linearity at a salt concentration of T
80-90 mM is not a result of mixing NaCl and NaF, but is &
due to a change in the dependence of the isotope shift on saE
concentration. This is clear in Fig. 2b, which shows how at @
higher salt levels thé’O SIIS becomes decreasingly down- &
field with added NacCl, the slope has changed sign (and is
not as steep) from that in Fig. 2a. TA® SIIS of fluoride
is somewhat less sensitive to the ionic strength at lower salé
levels, and between ca. 75 and 230 mM salt its dependencg

concentration of added salt (imM)

1
=
]
L=
B
B

O

seems to parallel that of 5-fluorouridine (Fig. 2b). s 001 ‘ ‘ ‘ ‘
The*F signal of 5-fluorouridine was also used to investigate R 60 & 1oc
further the temperature dependence of fi@ SIIS. As shown concentration of added salt (mM)

in Fig. 3, with increasing temperature this isotope shift is

increasingly downfield, and a nonlinear relationship applles.FIG' 2 The variation in the observellO SIIS values at 25°C oFE
The **0 SIIS for fluoride (present in the same sample) changggnas of &) 5-fluorouridine and @) fluoride with the addition of mono-
from an upfield value at lower temperatures to zero at highetlent salt, (a) this being NaCl (to 46 mM), and then NaF (to 91 mM). Th
temperatures. sample contained 5-fluorouridine (1 mM), 5-fluorouracil (1 mM), and NafF

H ] .« g . . initi H 18, H 8,
While it is clear that 5-fluorouridine may display a relativelyinitially 5 mM), with O enrichment of 53%. The"O SIIS value for
-fluorouracil was observed to be zero throughout, for clarity this is omitte

18, i ; B ; ; R ;
strong "O SIIS, _It _remamed to be mve_stlgate_d if this St'!l hel rom the plot. (b) Addition of NaCl, to higher levels than applied in (a);
when 5-fluorouridine was embedded in an oligonucleotide. FQ{mple contained 5-fluorouridine (5 mM), NaF (10 mM) &8@ enrich-

this we used a 16-mer RNA, the sequence of whichGEA  ment of 44%.
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-0.008, includes these pairs of nucleotides may have differential m:
bility, which would mean that there is (on average) a distinc
bend in the oligoribonucleotide somewhere around nucleotid
0- L 4 @ o 10-12. To distinguish between these possibilities will requir

ﬁ relaxation or other dynamic data from other sites in the mo

| ecule. Nonetheless, the differing mobilities of bases 4 and
o.oos% compared 13 and 15 constitute the distinctive features of tl
; °F signals of our 16-mer RNA. As an “unstructured”, single

i stranded RNA, all the bases are expected to be significan
-001‘{" solvent exposed. At 25°C, the signals for fluorouridines 4 ar
9 both display downfield isotope shifts, while the other twz

) signals do not show an effect (Fig. 5a). Raising the temperatt
0.015- to 37°C and then 40°C quenched the isotope shifts as nc
| were evident at these temperatures (data not shown), e\

upficld-—>

18Q) SIS (ppm)

1 though the'F signals are somewhat narrower than at 25°C
0-02if This behavior with increasing temperature contrasts with th
| of free 5-fluorouridine described above. Since we had pre\
ously observed that the addition of salt had a strong effect «

0.025 - R A NN s the **O SIIS of 5-fluorouridine4), 30 mM NaF was then added
to the RNA sample, while thé’O enrichment was decreased
slightly to 75%. This addition of fluoride did not significantly
FIG. 3. Temperature dependences of tf@ SIIS values observed foB]  alter the linewidths or chemical shifts of the 16-mer. Now, &
fluoride and @) 5-fluorouridine. The sample contained 5-fluorouridine (Lo 5 four°F signals display isotope shifts: fluorouridines

mM), 5-fluorouracil (1 mM), NaF (46 mM), and NaCl (45 mM), witho . . . .
enrichment of 53%. Th&O SIIS of 5-fluorouracil was observed to be zero afmd 9 are downfield, while 13 and 15 are upfield (Fig. 5b). /

each temperature; for clarity these points have not been included in the grap®. C the isotope shifts for nucleotides 4, 9, and 13 have alter
slightly while that for position 15 has become undetectabl

(Fig. 5c¢). At 40°C fluorouridine 13 retains a decreased upfie!
UCG GCU AAC UCU G-3, has no distinct structure-formingisotope shift, while there is a suggestion of a small upfield shi
properties (as we have previously demonstrafi€d))( and so for fluorouridine 9 due to a shoulder on that signal (Fig. 5d]
should adopt the RNA version of a random coil in solutioralternatively (but less likely) this shoulder is due to a downfiel
5-Fluorouridine was incorporated at each of the four uridirisotopically shifted signal from position 4, while that for 9 has
positions in the sequence, and again to minimize intermolemollapsed. The variou8O SIIS values for the RNA are given
ular effects,F studies were performed at a relatively lown Table 3, along with HO/D,0O SIIS values at 25°C for
RNA concentration (0.1 mM). TheF spectrum of this RNA at comparison; again there is no simple relation between the t
25°C shows four closely spaced signals (Fig. 4). That thgpes of solvent isotope effect. The spectra of Fig. 5 show th
fluorouridine sites do not interact with each other allowed us tiespite **F signals which are relatively broad compared t
assign the spectrum by comparison with a series of deletitirose of smaller molecules, tH&0 SIIS can be detected in a
versions of the sequence, the assignments are shown in Figlubrine-labeled RNA. Here the different fluorouridines in the
The spectrum evidently consists of two adjacent pairs of difaolecule have similar degrees of solvent exposure, since 1
fering linewidths. This was borne out by relaxation time medase sequence has no particular structure-forming tendenc
surements; thé’F T, and T, values are given in Table 2. InHowever, the dynamics of the fluorouridines are distinctive, :
larger molecules at high field strengths, transvefBerelax- least in a pair-wise sense, and this seems related to the
ation is dominated by chemical shift anisotropyd) with served*®O SIIS. The relatively less mobile bases 4 and
decreasing mobility,T, becomes shorter and the linewidthdisplay downfield isotope shifts, which are slightly enhance
increases. In this regime, longitudinal relaxation becomes ldssthe presence of sodium fluoride. The more mobile bases
efficient as mobility is reduced, and thds values become and 15 show no isotope shifts in the absence the salt, but wt
longer. From these considerations, it is clear (Table 2) that titds added upfield isotope shifts become evident. It is tht
fluorinated uridines at positions 4 and 9 are somewhat lesgdent that in RNA the®O SIIS cannot be used as a simple
mobile than those at positions 13 and 15, and this applieeasure of solvent exposure; notably, a zero value does |
across the explored temperature range of 15-45°C, though tleeessarily mean that a base is well protected from the solve
distinction is reduced at higher temperature. These relatikarthermore, it can be anticipated that the conformation of
mobilities may be quite local, referring only to the basestructured RNA will be both salt- and temperature-dependet
themselves. Alternatively, the segments of the molecule the variation of the solution conditions in these respects wou

<~ downfield

Temperature (°C)
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5.GCA *U CGG C*U AAC*UC*U G-»

*U = 5-fluorouridine

15
13 - /
4
9\ /
T T T T T T T T
3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
dr (ppm)

FIG. 4. Base sequence arttF spectrum of the fluorine-labeled 16-mer RNA at 25°C, with assignments. The spectrum was processed using mods
broadening (3 Hz) in order to preserve the different lineshapes present.

not be possible with the same freedom we have had here (sinceh general, a°F chemical shift may be represented as th
the addition of 30 mM NaF did not alter the relative linewidthshift change on transfer from a gas to dissolution in a give
of the °F signals of our 16-mer). This further complicates thsolvent, and it has previously been expressed by Lau and Ge

possible use of th&O SIIS for macromolecular studies. as the sum12)
It is clear from this work (particularly as shown by Fig. 2)
and our previous report that the obsern&@ SIIS for 5-flu- Sops = Oyaw + O + 84, [1]

orouridine is the sum of upfield and downfield contributions;

the overall isotope shift may then be upfield, zero, or downfielgheres,,, arises from van der Waals interactions between tt
depending on circumstances. THO SIIS for fluoride, how- solvent and the fluorine compoun}, is from solvent-induced
ever, has not been observed to be downfield in any of ogllectric fields at the fluorine nucleus, ardg arises from
investigations. The origins of these effects presumably lie #pecific solute—solvent interactions such as hydrogen bon:
the solvent contribution to thé’F chemical shift; here we (The contributions due to the bulk magnetic susceptibility an
discuss various possible contributions to the observed isotape magnetic anisotropy of the solvent are much less significe

shift. than these termdp)). The observed®O SIIS (A8, may then
result from changes)) in one or more of the terms in Eq. [1],
TABLE 2 attributable to this isotopic substitution,
16-mer RNA °F Relaxation Times
A8qps= Adyqw + Ade + Ay, [2]
Temperature 15°C 25°C 45°C
Fluorouridine  ™F relaxation . . .
positiort time® I, T, T, T. T T Since the obse_rveﬁo SIS shows clear signs of being due tc
competing upfield and downfield components, we use tt
4 900 5 890 14 720 20 premise that there are both upfield and downfield terms amo
9 940 5 80 14 730 22 the terms on the right-hand side of Eq. [2].
13 830 12 780 20 690 22 A movement of chemical shift downfield to what would
15 790 6 720 17 670

otherwise be expected is indicative of van der Waals intera
a Posmon numbered from the{ @nd of the Sequence_ thﬂS (13). The gaS-tO-SO|Vent Chemlcal ShlftS fOf f|UOI’Oben
®T, and T, values are given in milliseconds. zene have been calculated by Lau and Gerig for a range
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TABLE 3 100 atom%*0). This is of course a simplistic treatment;

Solvent-Induced Isotope Shifts of the *F Signals perhaps the most serious limitations being that'ft¥isotope
of the 16-mer RNA effects on the ionization potentials are inconveniently unce
0 SIS ho! tain, and the vibronic level used here is not quite the lowest |

Fluorouridine p,o  Iisaboutl.2eV aboveld, inthe gaseous stat&4)). However,
position 25°C*  40°C*  25°C°  32°C°  40°C  SIIS® in principle an increase (even if relatively small) in ionizatior
energyis to be expected on heavy isotope substitution, and

4 +0.057 0 40052 +0.070 0 —0.165  yan der Waals effects can causdavnfieldcontribution to the
9 +0.054 0  +0.062 +0.041 —0.018 —0.165 . o . o
13 0 0 —0032 -0027 —0018 —0140 Overallisotope s_hlft, |f.no other. term in Eq. [3]. is significantly
15 0 0 -0020 O 0 —0160 altered by the isotopic substitution (which is a reasonab
assumption). The value calculated above is indeed compara
* With O enrichment of 86%. to the range of®0 SIIS values noted here and previoush#. (

® With **O enrichment of 75% and in the presence of 30 mM NaF.

At 25°C, in absence of NaF: 100%,0 compared to 90% K 10% D,O. A more definitive calculation is limited by the precision to

which properties of water isotopomers have been measure
The treatment of the electric field term of Egs. [1] and [2] i

solvents as being the sum of the van der Waals and elecmgre'complicated,'but previous chemicgl shift calculatior
field shift contributions; with appropriate weighting, the shift§2ve involved the dielectric constant and dipole moment of tf
calculated in this way are in encouragingly close agreemeiftivent @2). Heavy atom substitution would be expected

with experimentally determined valued?j. The van der C2use a variation in the dipole moment of water due to anhe
Waals term, which is downfield, was calculated using monicity in bending modesl6), but spectroscopic measure-
ments of*®*O-enriched water species indicate that this is mir

Syqw = 3B,1d 201+ 1)r8 31 imal ifindeed distinguishable from experimental errb,(17).
w ilelrad {2(1s + 191 3] Thus even if in principle the’F chemical shift is of high

wherel s andl , are the first ionization potentials of the solvenf0Udh sensitivity to detect such 4o isotope-related pertur-
atom and fluorine atom respectivelys is the static polariz- bation of _the _solvent dipole moment, it is not gertam if such |
ability of the solvent atom, is the distance between the twoPerturbation is actually present. However, with more conf
atoms, andB, is a term which includes the polarizability ofdence we can predict that the addlt!on of salt will altgr th
fluorine. ForB, and| ., values for neon were used, since this iglectrostatics as sensed by the fluorine nucleus: certainly 1
isoelectric with covalent fluorine. The van der Waals shift fdfi€lectric constant will effectively increase. For this to effec
solvent water was calculated to be 7.94 ppm downfield, sulf€ observed isotope shift there must be a distinction betwe
16, 18 . H H
sequently weighted by 1.07 in the expression for the overdle © and H70; this would seem to be the case (Fig. 2). Fo
shift (12). It is important here to note that Eq. [3] predicts thag-fluorouridine this presumably means with added saltdhe
a slight increase it will give rise to increased deshielding,contribution to the overall isotope shithge in Eq. [2]) dimin-
i.e., the fluorine resonance being shifted downfield. So, fihes, so that the van der Waals term becomes relatively m
present purposes we assume thaand as are unchanged important. This would explain the downfield behavior of the
between HO and H'0, so thatl s is the most relevant term ®0 isotope shift observed at low salt levels. At higher sa
in Eq. [3]. lonization energies of fO and H'°O have been levels other considerations must apply; from Fig. 2b it appea
compared previously using high-resolution valence electrdiat under these conditions another weaker salt dependel
spectra {4). These show that the ionization potentials of%® holds for the*O SIIS value of 5-fluorouridine, and this is
and H,'°O are similar at lower vibronic levels (i.e., at the leveshared with the value for fluoride.
of experimental uncertainty), but diverge toward higher levels. The third term of Eq. [1] involves specific interactions
For the 2, orbital, the ionization potential of thevl vibra- between solvent water and fluorine atom, of which hydroge
tional level is 0.006 eV greater in 4O than H'°O; applying bonding is one example. Fluoride would be expected to |
this value as a change i in Eq. [2] and the value 08,4, strongly hydrogen bonded, but the participation of aromat
calculated by Lau and Gerigl?) suggests an®O-induced fluorine in hydrogen bonding has recently been a matter
change in the van der Waals shift term-60.0034 ppm (for some controversy. There have been claims that difluorotolue

FIG. 5. ™F spectra showing thBO SIIS of the'F resonances of the fluorine-labeled 16-mer RNA under various solution conditions: at (a) 25°C, witl
atom%™0, (b) 25°C in the presence of 30 mM NaF and 75 atof@ (c) as spectrum (b) but at 32°C, and (d) as spectrum (b) but at 40°C. Due to differ
intrinsic linewidths, three of the spectra are displayed in two segments as necessitated by differing optimum Gaussian parameters used)irASrocEgsin
4, from right to left the signals are from nucleotides 13, 15, 9, and 4.
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does not participate in hydrogen bonding to any significatiie **O SIIS is too complicated to be used asimplecom-
extent (8), but also that in such circumstances the fluoringlement to the EHO/D,O SIIS in biomolecular studies.

atom acts as a hydrogen bond acceptor about half as effectivelAlthough 5-fluorouridine has proved to be useful in probing
as oxygen 19). A specific interaction between fluorine andhis isotope effect, it is still perplexing that the closely relate
solvent water will mean that the alteration of water internd-fluorouracil did not display a detectabf®© SIIS under any
vibrational modes by heavy isotope substitution will general§f the sample conditions that we investigated (i.e., salt ar
cause an upfield’F isotope shift; the librational modes ardemperature variation).

expected to be most influenced B enrichment20), so this ~ Here we have presented a range of experimental obser
can be anticipated to provide an upfield contribution to'fige  tions of the O SIIS in “F NMR, together with a general
SIIS. While clearly there is an upfield component to tf@ framework within which the effect may be understood. Her
SIIS of 5-fluorouridine, on the basis of the data here we canriB sensitivity of the“F nucleus means that we encounter th
necessarily attribute this entirely to ths,, of Eq. [2], nor limits of the precision with which various properties of solven
distinguish between hydrogen bonding and a less intimd&®topic water have been determined, which means an elem
interaction. Further work, including /DO investigations, Of Speculation is inevitably present. However, with furthe
should resolve this. Interactions between the fluoride ion aHteoretical analysis and parameterization, this isotope effe
solvent water are likely to be dominated by hydrogen bondinfj@S @ number of potentially important applications, since t
effective models have assumed that the ion is coordinated by S!S can probe the precise nature of solvent interactiol
six hydrogens disposed octahedralBl), Therefore the O with fluorine. This may be u_seful, for example, to explore_ an
SIIS of F would be expected to have a relatively stronée_sowe the hydrogen b_ondmg charac_terlsncs of arqmatlc _flw
upfield contribution due to water vibrational effects, and so tf§in€- Also, the calculation of solvent-induced chemical shift
resulting large upfield\,, term in Eq. [2] would then exceed 1S of_spemal interest as a means to mterpr_et chemical shifts
in magnitude the downfield,4, term. This would explain fluorine-labeled pro'_[elns. From an ?”a'ys's O.f Stfluorotryptc
why we only see upfield values for tHED SIIS for fluoride. phan labelledE. coli galactose binding protein, it has beer

The temperature dependence of t#@ SIIS of 5-fluorouri- claimed that the fluorine shifts are dominated by electric:

. : I nteractions, with van der Waals interactions not being signi
dine can be expected to contain a number of contributions. For :
. L . - icant 23). Subsequently, from the same protein, a stron
example, there will be water vibrational effects, in both a direc : .
S . e correlation between calculated shifts due to van der Wase
and indirect sense. The population distribution among the

. S . contacts (using an expression similar to Eq. [3] above) has al
various vibrational levels of water is temperature-depende ? ( 9 b a. [3] )

and the™®O frequency shift will varv between different vibra eéen demonstrated®4). It is thus of considerable interest to
. quency shit Wit vary betw ! NLVIDIa- o termine experimentally a fluorine chemical shift (or pal
tional states. Also, at higher vibronic levels the ionizatio

fhereof) which can be attributed to van der Waals contacts. T
energy differences between,®0 and H'*O become more )

. - UUTE %0 SIS offers the prospect of this.
marked (4), which may alter the van der Waals contribution to

the isotope shift. The ionization energy of Eq. [3] is used an
approximation to the average excitation energg)(and so

need not be confined to consideration of only the lowest\ye nave shown that a0 SIIS can be observed in th&E
vibronic Ievel._ Higher levels would be expected to start Qignals of a number of molecules. For small molecules th
make a contribution as they become populated. This M@piope shift is generally small (often less than 0.01 ppm) ar
explain the overall trend (downfield with increasing temperga=n pe either upfield or downfield depending on the specif
ture) shown in Fig. 3 for 5-fluorouridine, while other vibra—samp|e conditions and the identity of the compound. The effe
tional effects may be involved to produce the curvature of thig jikely to involve a balance between van der Waals intera
plot. tions and other effects and clearly requires further theoretic
The O SIIS behavior of 5-fluorouridine is evidently mod-analysis and parameterization. In a macromolecul&@s1iS
ified when it is embedded in an oligoribonucleotide. Th@alue of zero may mean that a fluorine atom is considerab
slower molecular tumbling requires that various quantitigshielded from the solvent, but can also arise from a balan
which contribute to the’O SIIS must be treated as tensopetween upfield and downfield isotope effects to the chemic
quantities, with the strong influence of chemical shift anisoghift when fully solvent exposed. The 16-mer RNA sugges
ropy taken into account; the significant assumption of isotropiisat at least with significant solvent exposure, the observs
values fails 2). Indeed, anisotropies of one or more of varioumacromoleculaf®0 SIIS is related to the local mobility of the
terms on the right-hand side of Eq. [2] would seem to havadividual fluorine sites. These various factors mean that the
become dominant. This accounts for the apparent link betweismo simple relation between afO SIIS and its HO/D,0
the observed®O SIIS and the fluorine mobility, and furthercounterpart. However, the more complicated nature of‘iBe
studies and analysis are necessary. However, it is obvious tBHS means that it is highly sensitive to solution conditions an

CONCLUSIONS
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is potentially a useful probe of both solvent exposure and theade from the half-height linewidth)\ using the relation =
nature of interactions with solvent molecules, and of the vart/(«T,). *F chemical shifts are given relative to 5-fluorouri-
ious contributions to th€F chemical shift. While prospects fordine in D,O buffer at 25°C. For solvent isotope shifts, &
the effect being of use with fluorinated proteins do not seenegative value indicates an upfield shift in the heavier isotoj
strong, fluorinated nucleic acids hold much stronger promisgolvent; downfield is denoted by-a symbol.
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