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3P CP/MAS spectra have been obtained from 2'-CMP bound to ribonuclease A in the crystalline state.

The chemical shift value is closely similar to that found in solution NMR studies under similar conditions,

and corresponds to that of the dianionic state of the free compound. It is suggested that the NMR approach

may be of general applicability for the comparison of the binding properties of small molecules to proteins
in crystals and solution.
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1. INTRODUCTION

NMR spectroscopy has been used for many
years to investigate the structure, dynamics and
function of biological molecules in solution [1,2].
Recently it has become possible using the tech-
niques of magic angle spinning and high power
decoupling to obtain high-resolution NMR spectra
of samples in the solid state [3]. This has enabled
extension of NMR studies to biological systems
such as membranes and viruses that cannot
satisfactorily be studied in solution [4-9]. In addi-
tion, the possibility of obtaining high-resolution
spectra at low temperatures [10] where solution
spectra of even relatively small molecules are
usually broad offers opportunities to investigate
species trapped on reaction pathways.

A somewhat different aspect of the solid-state
NMR techniques is that they can enable, in con-
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junction with solution NMR, a direct comparison
of the behaviour of molecules in the solid and solu-
tion states [11—-13]. This is of major interest in
studies of proteins where structural data are ob-
tained in the crystalline state and need to be related
to functional properties in solution. Of central im-
portance in such cases are studies of the binding of
small molecules, such as substrates or inhibitors,
which provide a structural basis for mechanistic
descriptions [11]. Here, we describe the results of
an investigation by cross-polarization magic angle
spinning (CP/MAS) 3'P NMR of the binding of
cytidine 2’-phosphate (2'-CMP) to RNase A
which provides an example of the potential of
solid-state NMR studies of this type.

RNase is an enzyme which has been studied ex-
tensively by X-ray diffraction, and a number of
complexes of RNase with nucleotides have been
characterized [14—16]. Recent studies of a series of
these have been used to provide a detailed descrip-
tion of the structural changes in both enzyme and
substrate that occur during catalysis [16]. The en-
zyme has also been studied extensively in solution
by NMR and of particular interest here are 3'P
NMR results which relate to the ionization states
of bound inhibitors [17,18]. In the case of 2’ -CMP
the chemical shift of the bound phosphate group
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was observed to be very close to that of the di-
anionic state of 2’-CMP in free solution, a result
rationalized on the basis of interactions with Lys
41 and His 119 in the active site [17]. Below pH 7,
therefore, a substantial shift in the 3'P resonance
takes place on binding as under these conditions

free 2/ _.CMP will he nresent in the monoanionic
Iree 2" -CMY wil b€ present 1n the monoaniomc

form. The CP/MAS NMR experiments described
here have been designed to investigate whether a
similar shift is observed on binding 2'-CMP to
crystalline RNase under conditions similar to those
where diffraction studies have been carried out,
hence permitting direct comparison between
binding in the solution and crystalline states.

2. MATERIALS AND METHODS

e £ Qiogrm nd ory
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RNase A was obtained from Sigma and crysta
were prepared as described by Gorinsky [19].
Ethanol was added slowly whilst gently stirring to
a 37% (w/w) solution of RNase in water at 5°C,
pH 5.5, until the mixture was slightly cloudy. The
ethanol-water protein mixture was allowed to
stand at room temperature and seeded after 24 h.
Crystals for NMR spectroscopy were gathered
after 3—4 weeks.

Co-crystallisation of RNase with the inhibitors
was carried out using the above method except that
the protein was dissolved in a 5-fold excess of the
inhibitor solution at pH 5.5. An alternative
method used to obtain 2’ -CMP bound to RNase in
crystals was to soak the protein crystals for 24 h in
an ethanol-water solution containing a 5-fold ex-
cess of 2'-CMP at the desired pH value. This pro-
cedure was monitored by X-ray crystallography
and confirmed that the inhibitors were bound to
the protein in the manner described in [15].

The crystals of the protein-inhibitor compiex
were washed with an ethanol-water solution at the
same pH value at which the crystals were grown (or
soaked). The fresh crystals were dried in air prior
to acguisition of NMR spectra, Typically, between
25 and 50 mg of each sample was used in each
solid-state NMR experiment. Due to the small
quantities involved, each sample was packed be-
tween 2 layers of an inert material. KBr was used
here as it was also employed in adjusting the magic
angle [20]; to prevent contamination of the sample

by KBr the layers were kept separate using fiiter
paper. Spectra were recorded at room temperature
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on a Bruker CXP 200 spectrometer operating at
80.96 MHz for *'P and 200.13 MHz for 'H. Magic
angle spinning was carried out using either Delrin
Andrew-type rotors or ceramic rotors using a
double-bearing probe. Typical spinning speeds
ranged from 2.2 to 3.2 kHz and all spectra were

accnmiulatad ncine hich_nawear nraton decounling
allulliuiaCh USINE dign-powerl prowon GCCOUpiing.

For the cross-polarization experiments the
Hartmann-Hahn condition was met using a B,
field of 10 G for 'H and 24.7 G for 3!'P. The op-
timum contact time for cross-polarization was
found to range from 1.0 to 2.5 ms, depending on
the sample. A reasonable S/N ratio was obtained
after about 10000 scans. Solution-state NMR spec-
tra were recorded on the Bruker AM 500 spec-
trometer of the Leicester Biological NMR Centre.
Samples were prepared by dissolving appropriate
amounts of RNase and 2'-CMP in water, addrng
ethanol to produce a 30% solution, and adjust-
ment of the pH to the desired value. A higher pro-
portion of ethanol resulted in precipitation or
crystallization. Both the solution and solid-state
spectra were referenced externally to 80% or-

thophosphoric acid at 0 ppm.

3. RESULTS AND DISCUSSION

As the RNase crystals used here were grown

honal swratar gnlbistianc

frUlll CLllallUl Waict DUlul.lUllD, an lllltldl atuuy wads
made of the binding of 2'-CMP to RNase in solu-
tion under conditions similar to those used for the
crystallisation experiments. Fig.1 shows 3'P NMR
spectra of 2'-CMP in the presence of 0.5 mole
equivalents of RNase. Two distinct resonances are
observed at pH values between 4 and 7.5, and a
concentration dependence allowed the low-field
resonance to be attributed to 2’'-CMP bound to the
active site of the protein. Previous studies of

2'-CMP binding to RNase in aqueous solution
have observed only an averaged signal because of
rapid exchange between the free and bound
nucleotide [17,18]. The slower exchange conditions
observed here were found to be partly a conse-
quence of the high magnetic field used in the pre-
sent experiments but primarily from slower
kinetics in the ethanol-water mixture.

The pH dependence of the spectra (figs 1,2)
shows that the resonance of unbound 2'-CMP
titrates with a pK value of 6.3 = (.2, ciose io the
value of 5.95 found for 2’'-CMP in aqueous solu-
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Fig.1. 202.4 MHz *'P NMR spectra at 25°C of 30%

ethanol/70% water solutions containing 6 mM 2'-CMP

and 3 mM RNase. The pH values were (2) 8.13, (b) 6.40,
(c) 5.41, (d) 4.18 and (e) 3.15.

tion [17]. The bound resonance, however, shows
no change in chemical shift between pH 4.0 and
7.5, a result consistent with the previous studies in
aqueous solutions. Below pH 4, however, the
resonance of the bound 2’-CMP shifts markedly.
In aqueous solution a similar shift in the averaged
resonance of the free and bound nucleotide was at-
tributed primarily to the dissociation of the bound
molecule at low pH values [17]. The slow exchange
conditions prevailing in the ethanol-water mix-
tures, however, show that the resonance of the
bound nucleotide shifts to a value corresponding
to the monoanionic state observed for 2'-CMP in
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Fig.2. pH dependence of the chemical shifts of 2’-CMP
in 30% ethanol/70% water solution. (A ,0) Points
from an experiment such as that shown in fig.l,
corresponding to the resonances of the bound and
unbound states, respectively. (o) Points of 2'-CMP
under similar conditions but in the absence of RNase.

solution, the midpoint for the titration occurring
at pH 4.0 + 0.2. The change in chemical shift with
pH is, however, much steeper than for a simple
ionization process [17]. One possible explanation
for this is that ionization of the cytidine base,
which in solution has a pK value close to 4.0, alters
the binding of 2’ -CMP and hence the protonation
state of the bound phosphate group. The major
conclusion, however, is that as in aqueous solu-
tion, bound 2’'-CMP in ethanol-water solutions
above pH 4.0 has a chemical shift corresponding to
the dianionic state of the phosphate group.

3P CP/MAS NMR spectra of RNase crystals
soaked in 2’-CMP under different conditions are
shown in fig.3. For the crystals soaked at pH 7.1,
a single line is observed; the linewidth of ~1 ppm
is close to that which we have obtained for the pure
crystalline nucleotides themselves. The chemical
shift is very close to the value found for bound
2'-CMP in solution. At pH 5.5, however, the peak
was reproducibly much broader, and markedly
asymmetric with a shoulder to high field. Com-
parison with the solution spectra of fig.1 shows
that although the observed shift is still close to that
characteristic of the dianionic form of the
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phosphate group, the possibility of a significant
contribution to the signal from 2'-CMP with a
shift closer to that of the monoanionic state cannot
be eliminated.

There is little doubt that the only species ob-
served in the spectra are those bound to the pro-
tein; no cross-polarization is anticipated for
species such as 2'-CMP dissolved in solvent pre-
sent within the crystals. Further, the concentration
of any such species appears to be very small as no
signal could be detected from the crystals in ex-
periments carried out without cross-polarization.
At least two possibilities must, however, be con-
sidered. One of these is that, unlike the solution
case, 2'-CMP bound in the active site in the
crystals is present in more than one environmental
or ionization state at pH 5.5. Another is that there
is occupancy of one or more secondary binding
sites in the crystals which bind 2'-CMP as the mo-
noanion at pH values where this is the dominant
species in solution. Evidence that the latter is the
probable explanation comes from experiments in-
volving crystals prepared in the presence of pyro-
phosphate.

3p CP/MAS NMR spectra of RNase crystals
prepared at pH 5.5 from solutions containing
pyrophosphate revealed a broad resonance at
8.1 ppm, close to the chemical shift of
pyrophosphate bound to RNase in solution [17].
When these crystals were soaked in 2’ -CMP under
conditions otherwise identical to those used to
prepare the samples described above, two narrow
resonances were observed, readily assigned to
2'-CMP and pyrophosphate (see fig.3c). This
shows that both compounds are bound in the
RNase crystals. Given that the binding constant
for 2/ -CMP in the active site is 10* greater than for
pyrophosphate in solution under these conditions
[21], 2’-CMP is likely to displace pyrophosphate
from this site after soaking the crystals for 24 h in
excess 2’ -CMP. In accord with this, the resonance
of 2’-CMP in fig.3c is narrow and lies at 3.8 ppm,
very close to the chemical shift found for the
phosphate group bound in the active site in solu-
tion. The shoulder to high field is absent, showing
no evidence for the binding of 2'-CMP in a dif-
ferent state in the active site or indeed elsewhere.
The differences between the spectra at pH 5.5 in
the presence and absence of pyrophosphate could
arise if the bound pyrophosphate, clearly detected
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Fig.3. 80.96 MHz CP/MAS *P NMR spectra of

2'-CMP in RNase crystals obtained by soaking at (a) pH

7.1, (b) pH 5.5 and (c) pH 5.5 using crystals prepared in
the presence of pyrophosphate.

in the NMR spectra, represents binding to sites
other than the active site from which it is not
displaced by 2'-CMP. Although the intensities of
resonances in CP spectra must be interpreted with
caution, the 2:1 ratio between those of the
pyrophosphate and 2'-CMP suggest that approx.
1 mol phosphate is bound per mol bound 2’ -CMP,
which would be consistent with a single secondary
binding site occupied by pyrophosphate under
these conditions. Regardless of whether or not this
is the correct interpretation of this result the ex-
periment indicates strongly that 2’-CMP is bound
under these conditions in a manner identical to
that observed in solution and with a chemical shift
corresponding to that of the dianionic state of un-
bound 2'-CMP.

This study has demonstrated one approach to
using CP/MAS NMR to investigate an enzyme-
small molecule complex in a crystal, and to com-
pare properties of the solution and crystalline
states. >!P is a particularly favourable nucleus for
such a study because it has high sensitivity and
natural abundance, yet problems with resolution
and assignment are avoided. Further, the atoms
present are frequently in chemical groups which
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are ionizable and involved in metal ion binding,
and which have functional roles. We have applied
this approach to other proteins in both crystalline
and freeze-dried states, and obtained good spectra
of even large proteins such as phosphorylase b
[22]. Extension of these studies to low
temperatures should allow the investigation of
enzyme-substrate complexes, and the study of the
anisotropy of chemical shifts should be of value in
understanding dynamic aspects of such complexes.
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