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Abstract: 170 NMR relaxalion rates are invesligaled in aqueous solutions of carbonic anhydrase and several melal derivatives.
The 7O NMR relaxation rates are dominaled by prolein-induced modulations of the proton lifelime on solvent oxygen aloms.
Direcl effects of the waler molecules possibly coordinaled 10 the aclive sile melals were observed only in the case of 1he manga-
nous derivalive. |1 is shown that interpretation of 'O NMR dala must carefully 1ake proton lifelimes inlo account as they are
sensilive 10 sublle changes in the prolein conformation. in particular it is found that a significant change in the solvent proton
lifelime altends reconstitution of the apoenzyme with Zn(i1), Cd(l1), and Co(il) at neutral pH values.

Introduction

Metal ion function in metalloenzyme active sites has been
of interest for many years.! A basic problem in focusing on the
indigenous metal atom in the enzyme structure is that the
molar concentration of the metal is very low, thus affording
poor signal to noise for many direct spectroscopic approaches.
One strategy to circumvent this problem involves substitution
of the indigenous metal with one having more favorable
spectroscopic properties.? This technique suffers from the
obvious fact that the structural and dynamic properties of the
modified enzyme are not necessarily the same as those of the
native enzyme. Indeed, the reaction mechanism of a metal-
loenzyme may well vary between different substrates even
when the catalytic metal is not changed. Several NMR re-
laxation methods exploit properties of nuclei that exchange
with the metal ion first coordination sphere or with nuclei that
are bonded to atoms in the metal first coordination sphere.
Examples of these include chloride ion** and protons bonded
to oxygen in the first coordination sphere of the metal.’ Even
in these cases interpretation of the relaxation data is uncertain
with respect to defining the details of the water molecule
structure in the active site region either because water protons
rather than water molecules are measured or the character-
istics of water in the native active site region must be inferred
from data on other ions and molecules.

1t is of considerable interest to understand the structural and
dynamic properties of water in the active sites of metalloen-
zymes since subtle but cooperative effects involving water may
severely affect the catalytic events. There is evidence from
halide ion NMR relaxation measurements that there are im-
portant interactions between the first coordination sphere of
the metal and other residues in the active site regions of car-
boxypeptidase A®7 and perhaps also carbonic anhydrase.® In
addition it has been suggested that water may provide the
crucial link between the metal chemistry and the non-first
coordination sphere ligands in the active site vicinity; however,
it is difficult to study these subtle interactions directly by most
spectroscopic techniques. The present NMR investigation of
170 was motivated by the desire to determine whether the first
coordination sphere interactions of active site metals can be
explored by this technique without the inherent complications
of less direct methods.

It has not been definitively resolved whether there are any
water molecules tightly associated with the protein molecule
in a protein solution. Evidence from NMR relaxation mea-
surements suggests that, while there may be a large number
of perturbed water molecules in the vicinity of the protein, the
interactions are short lived and do not involve tight sticking of
the water to the protein.® This suggestion is supported by
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studies of the solvent on the protein surface in relatively dry
systems where motion is also found to be very rapid.!® Nev-
ertheless, if a water molecule were to be bound to the protein
surface in a way that eliminated rotation of the water molecule
with respect to the protein, then relatively large effects should
be seen in the solvent NMR relaxation.!! The first coordination
sphere of a metal in a metalloenzyme would seem to provide
an almost optimal choice for a water molecule that is intimately
associated with the protein and may satisfy these motional
criteria as well. Rotational freedom of metal-coordinated water
is possible even in solids;'2 however, in the metalloenzyme
active site region a hydrogen bond from a metal-coordinated
water molecule to an adjacent functional group may limit the
rotational correlation time of the water molecule to that of the
protein. In this favorable case, and if exchange with the bulk
solvent occurs rapidly on the time scale of the relaxation time
of the water molecule in the metal coordination sphere, then
observation of the bulk resonance will reflect this specific active
site interaction. With these conditions the NMR relaxation
equation becomes!3

Avigial = PrAve + PzoAvz, + PEAvg (1)

where Py, Pz,, and Pg are the probabilities that the oxygen
atom observed 1s located in the bulk of the solution, at the zinc
first coordination sphere, or at any of several other possible sites
on the protein that are as yet unspecified and perhaps unknown.
Neglecting the asymmetry parameter and non-extreme-nar-
rowing effects,!* the line widths, Ay, in eq | will each be given
approximately by

_ 127 {e2qQ\2
av= 12T [—h ) . @)

where eQ is the nuclear electric quadrupole moment and 7.
describes the correlation time for the reorientation of the
electric field gradient, eq, at the observed oxygen nucleus.'’
Appropriate control experiments permit isolation of the zinc-
atom contribution to the total relaxation equation. Assuming
that the water molecule correlation time in the bulk solvent is
on the order of picoseconds and that for the protein-bound
water molecule on the order of 10 ns, the change in the corre-
lation time for water sensed by the 70O nucleus upon binding
to the first coordination sphere of the metal in the active site
is optimistically estimated to be on the order of 104. If the
changes in the quadrupole coupling constant in eq 2 are small
when water coordinates to the metal, then, based on the cor-
relation time change alone, the line width for the oxygen atom
at the zinc site in the protein will be 104 times that in the water
molecule free in solution or about 5 X 10° Hz. With an enzyme
concentration of 2 mM, Pz, becomes 3 X 1075 and the zinc
site contribution to eq 1 becomes approximately 15 Hz. Such
a change in the relaxation rate in the oxygen resonance may
be easily resolved on our spectrometer, suggesting that !70O

© 1980 American Chemical Society



22 Journal of the American Chemical Society [/ 102:1 [/ January 2, 1980

/
100‘ '.\ [GLYCINE]
:'E‘ L 1 e .OIM
- A 5OM
£ 80+ . 100M
Q .
; T / /‘\ \
: 60_ ° /‘ \ \
_O i —\ll\:\\. e
p—— N
40 —

3 5 7 1°) 11
pH

Figure 1. 170 NMR line width recorded a1 8.1 MHz and 303 K for aqueous
solulions of glycine al several concenlralions as a function of pH.

NMR relaxation may provide a direct method for investigating
the subtleties of the water active site chemistry even in dia-
magnetic metalloenzymes. 1t is important to note that, since
this effect is a consequence of a change in the quadrupole re-
laxation contribution, the predicted line-width enhancement
should be observable in the longitudinal and transverse re-
laxation rates as well as in the presence of other line-broad-
ening mechanisms. For these experiments, we have chosen to
investigate bovine carbonic anhydrase because it is well
characterized by a wide variety of methods including NMR
relaxation and is stable at high concentration in aqueous so-
lutions. The metal-free or apoenzyme and metal-substituted
enzymes are also reasonably stable and easy to prepare and
have been extensively investigated by activity and inhibition
studies. Although the high enzyme concentrations are often
a problem, carbonic anhydrase has the advantage over the
proteolytic zinc enzymes that it does not self-destruct.

Experimental Section

170 NMR relaxalion rales were measured a1 8.1 MHzina Varian
12-in. eleciromagnel which was field frequency locked 10 an exlernal
hexafluoroacetone sample al 56.4 MHz for '°F. The speciromeler
utilizes a Nicolet NMR-80 dala sysiem for pulse sequencing, dala
acquisition, and analysis, a Hewlel1-Packard 8660B synihesized signal
generalor for the oxygen frequency source, and ENI broad-band
amplifiers for pulse amplification. The receiver was construcled in
1his laboralory.!® The single coil probes made in this laboralory re-
quired 90° pulse widihs of 45 us from 10-W amplifiers. Broad-band
proton decoupling was accomplished by phase modulation of the
proton frequency using a saddle coil probe configuration. Calibration
of the prolon decoupling efficiency was confirmed on a neutral pH
enriched 170 sample prior 10 cach series of decoupling experiments.
Prolon-coupled specira were accumulaled under identical condilions
excep!l 1hal the 'H frequency was raised by | MHz. The sample
lemperalure was mainlained al 303 K. Transverse relaxation rales
for 70 were delermined either from the line width of the Fourier
transformed free induclion decay or by an amplitude weighied
least-squares analysis of the on-resonance free induction decay.'®
Individual samples required 0.8% '7OH; enrichment and 2-min ac-
quisilion 1imes.

Carbonic anhydrase from bovine erthyrocyles was oblained from
Sigma. The eslerase aclivity was determined using p-nitrophenyl
acelale (Sigma) as subsirale by the method of Armsirong el al. as
described in the Miles-Servac calalog.'” No differences in enzyme
aclivily or 7O relaxation measurements were observed within 5%
belween nalive and Zn?* reconsliluled enzyme samples. Enzyme
concenlralions were delermined specirophotomelrically assuming an
exlinclion coefficient a1 280 nm of 5.7 X 10* M~ cm™! and mol w1
of 31 000'® or by dry weighl.

The melal-free or apoenzyme was prepared according 1o Hunlt el
al., with the exception thal buffers were avoided throughout the
demelalization procedures.!® Apoenzyme samples and acelazolamide

(1wofold) inhibited BCA gave identical activilies and were nol greater
than 2% residual aclivily compared 10 nalive enzyme run concur-
rently.

"7OH3 (21.7%) (Norsk Hydro) used for sample enrichmen1 was
stored over Chelex-100 10 avoid introduction of advenlilious metal
ion conlaminants inlo apoenzyme solutions. All other reagents were
purchased commercially and used without further purification. Dis-
lilled deionized water was used throughout.

Results and Discussion

The 70 NMR relaxation data for aqueous glycine solutions
in Figure | demonstrate the well-known fact that the oxygen
transverse relaxation rate in water is pH dependent. This ob-
servation was exploited by Meiboom to extract the rate con-
stants for acid- and base-catalyzed proton exchange in water.?°
The source of this effect is classified by Abragam as a scalar
interaction of the first kind; that is, the scalar coupling between
the proton and oxygen magnetic moments is modulated by a
chemical-exchange event, in this case the proton exchange
from one oxygen to another. As shown in Figure 1, the addition
of a proton-exchange catalyst, such as glycine, chemically
decouples the protons from the oxygen nuclei by decreasing
the proton lifetime. A protein represents a potentially efficient
proton-exchange catalyst because it provides a number of
solvent-accessible acidic or basic functional groups. To separate
the contributions to 7O relaxation of the metal site from other
protein interactions, as previously suggested, care must be
taken to monitor changes, if any, in the proton lifetime con-
tribution to the solvent ! 7O relaxation rate. After trying several
chemical control experiments for such a differentiation, we find
that the simplest reproducible way to eliminate exchange ef-
fects when desired is to proton decouple while observing the
oxygen resonance. This technique selectively discriminates
between the proton-dependent 7O relaxation mechanisms and
all other contributions.”!

70 NMR relaxation data are shown in Figure 2 as a func-
tion of pH for reconstituted and apocarbonic anhydrase solu-
tions. Also shown are oxygen relaxation rates obtained for the
same solutions with the proton spins decoupled from the oxy-
gen. The data in Figure 2 demonstrate that a concentrated
metalloenzyme solution preserves the significant pH depen-
dence of the 'O transverse relaxation rate, as observed for
dilute glycine solutions (Figure 1). In contrast the 'O relax-
ation rate near neutral pH in the apoenzyme solution is sig-
nificantly smaller, demonstrating that there is a 170 relaxation
contribution which depends on the presence of zinc in the en-
zyme structure. The data in Figure 3 further show that the
relaxation rate enhancement at neutral pH may be quantita-
tively recovered by the addition of 1 equiv of zinc ion to the
apoenzyme. Similar results were obtained with the cadmium
and cobalt reconstitutions of the apoenzyme.??

Although the difference between zinc reconstituted and
apoenzyme !70O proton-coupled relaxation rates is certainly
associated with the presence of zinc in the active site structure,
it is not possible to associate this difference with one or more
immobilized water molecules in the zinc ion first coordination
sphere. In fact, relaxation rate enhancements from nuclear
electric quadrupole interactions are not observed between these
samples since, as seen in Figures 2 and 3, proton decoupling
yields identical 'O NMR relaxation rates for the apo- and
reconstituted enzyme solutions. Furthermore, the addition of
potent inhibitors of carbonic anhydrase such as acetazolamide
(Figure 3), sulfide, or cyanide ions does not change the dif-
ferences observed between the reconstituted and apoenzyme
solutions. Finally, in view of the proton decoupling results, if
the relaxation rate difference between the reconstituted and
apoenzyme solutions is ascribed to the zinc site alone, the
calculated magnitude of the proton-dependent relaxation
contribution to the 70O from such a specific interaction is far
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Figure 2. 70O NMR line widths recorded a1 8.1 MHz and 303 K for re-
consliluled and apocarbonic anhydrase solutions al 0.65 mM as a function
of pH al an oxygen enrichment of 0.5%: @, reconsliluled enzyme; O,
proton-decoupled reconslituled enzyme; B, apoenzyme; O, prolon-de-
coupled apoenzyme.

too large to be accounted for by either an unusual oxygen-
proton scalar interaction of the second kind or by a direct di-
pole—dipole mechanism.2? These results suggest that, although
the 170 relaxation rate depends on the reconstitution of the
apoenzyme, the relaxation contribution is not a consequence
of a zinc site specific interaction of water. This is consistent
with earlier conclusions based on proton relaxation data that
the interaction of water with a protein is dynamically subtle
and not easily explained by postulating a significant number
of irrotationally bound water molecules.2*

The lack of significant line broadening or pH dependence
for the proton-decoupled 7O spectra of the enzyme solutions
may result from several sources: (1) Water may not bind to the
zinc atom directly. (2) Water may be displaced from the zinc
atom in the solutions studied by another ligand such as chloride
ion3-29 50 that the metal contribution to the 17O relaxation
is eliminated. (3) A zinc-coordinated water molecule does not
exchange sufficiently fast to provide rapid exchange averaging
of the relaxation rates appearing in eq 1. (4) The relaxation
rate for a water molecule in the zinc site of the protein is
smaller than predicted.

The weight of zinc chemistry as well as the results of other
probe experiments on the zinc enzyme suggests that it is un-
likely that the zinc ion is normally three coordinate in the en-
zyme. It also appears unlikely that a nonwater ligand com-
pletely eliminates water coordination in the present experi-
ments since proton-coupled line-width measurements are the
same for Zn?* reconstituted enzyme samples prepared in the
absence of salt, in 0.1 M NaCl, and in 0.1 M NaNO;.

Two possibilities would cause an overestimate of the zinc
ion contribution to the 70 line width in the enzyme solution.
In the absence of hydrogen bonding between first coordination
sphere water and neighboring active site residues, a water
molecule coordinated to the active site zinc ion may rotate
relative to the enzyme molecule as a whole. This rotation would
effectively dilute the correlation time change experienced by
the water on binding to the metal site and hence make the ef-
fect too small to observe at practical enzyme concentra-
tions.29-31 A second alternative hinges on the assumption that
the electric field gradient appearing in eq 2 is constant when
the water coordinates to the zinc; it is quite possible that a
decrease in the field-gradient results from the metal-water
coordination which partially compensates the large correlation
time change anticipated on binding. To test this possibility the
'H decoupled "0 NMR line width was measured in the
presence of 0.4 M hexaaquozine(1I) ion and found to be 45 Hz,
while that of the control was 40 Hz. This difference is roughly
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Figure 3. 170 NMR line width recorded a1 8.1 MHz, 303 K, and pH 7.1
for a 0.84 mM bovine carbonic anhydrase apoenzyme as a function of the
zinc(11) ion 10 enzyme ratio. Closed and open symbols refer 10 proton-
coupled and -decoupled measurements, respeclively. Al 3.0 equiv the
sample was remeasured before (A,A) and afler (B,0) addition of 3 equiv
of acetazolamide inhibilor.

that expected for the change in solution viscosity alone so that
the line width of the oxygen coordinated to the zinc ion must
be similar to that in the uncoordinated water. Since the
hexaaquozinc(II) ion rotates more slowly than an uncoordi-
nated water molecule by about a factor of 3,32 it appears that
the field gradient experienced by the oxygen in the zinc first
coordination sphere may be smaller than in the uncoordinated
water if effects of water-molecule rotation in the complex may
be neglected. While field-gradient changes on coordination of
the oxygen may be small,?! a significant decrease in the qua-
drupole coupling constant may not be ruled out as a cause for
the absence of a metal-induced broadening in the enzyme so-
lution.

Regardless of the reason for the lack of a zinc-ion contri-
bution in the 7O NMR relaxation experiments, we are unable
to draw any conclusions about the nature of the presumed
zinc-coordinated water molecule or to state anything definitive
about its acid-base properties based on these measurements.
Since proton decoupling eliminates all proton-dependent
contributions to the oxygen relaxation rate and since a change
in the bulk water proton exchange rate, as in the glycine data
of Figure 1, is the only proton mechanism that appears con-
sistent with all the experimental results, the difference between
the native and apoenzyme solution data may be ascribed to a
change in the proton-exchange rate among oxygen atoms in
the solvent. This conclusion has been qualitatively confirmed
by observation of the proton spin-echo dispersion for native
apoenzyme samples enriched in 70O using the Carr-Purcell-
Meiboom-Gill spin-echo pulse sequence.!6:33-35 Thus the
observed change in the 7O proton coupled line widths is a
consequence of changes in the proton-exchange lifetime which
in turn depends on the state of reconstitution of the carbonic
anhydrase apoenzyme.

Quantitative consideration of the 7O line-width data shows
that in spite of the large number of potential proton-exchange
catalysts that the high concentration of protein brings to the
solution, the proton lifetime decreases by only 30% when the
protein is dissolved. Removal of zinc ion further decreases the
proton-exchange lifetime by approximately a factor of 4. The
only chemical change attending removal of zinc is the exposure
of three histidine residues to the solvent; however, independent
measurements on imidazole solutions at pH 7.2 indicate that
at least 80 mM imidazole is required to achieve the same de-
crease in proton-exchange lifetime, i.e., more than 30 times the
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Figure 4. 170 NMR line widih recorded a1 8.1 MHz, 303 K, and pH 7.1
for a 0.084 mM bovine carbonic anhydrase apoenzyme solulion as a

function of the melai 10 enzyme ratio. Closed and open symbols refer to
proton-coupled and -decoupled measurements, respectively.

change in imidazole concentration achieved by zinc ion re-
moval from carbonic anhydrase. Therefore we suggest that the
solvent interactions of a significant number of protein residues
change upon zinc ion removal, presumably as a result of a small
protein conformational change. This conclusion is consistent
with all the experimental results but is difficult at this time to
model since the number and types of exposed residues are not
known and the exchange rate constants for many of these
residues have not been reported.

Though a protein conformational change is apparently ob-
served by 70O NMR, there is little evidence from other ex-
perimental techniques that a substantial conformational ad-
justment occurs in bovine carbonic anhydrase by removal of
the active-site zinc. For example there is no difference in the
sedimentation coefficients between the zinc and the metal-free
enzymes,3® but there is a very small change suggested by flu-
orescence depolarization measurements.3” Small changes in
tritium exchange,3®39 fluorescein fluorescence,3” UV ab-
sorption,3® and ORD spectra3®40 are also reported on addition
of the zinc ion to apoenzyme solutions which have been inter-
preted to indicate a modest rearrangement of the enzyme
structure.*® The present 7O data, which are apparently more
sensitive to the enzyme conformational state than these other
techniques, suggest that the nature of the conformation change
attending metal removal is a minor unfolding of the carbonic
anhydrase molecule that brings several groups capable of
catalyzing proton exchange into more intimate contact with
the solvent.

Reconstitution of the apoenzyme with a paramagnetic metal
such as manganese(II) ion yields different results as shown in
Figure 4, where both proton coupled and decoupled 70 NMR
are reported. The apoenzyme concentration in this case is more
dilute by a factor of 10 than in the previous experiments;
therefore the effects of enzyme reconstitution demonstrated
in Figure 3 will be negligible since these scale as the protein
concentration. The data of Figure 4 show a dramatic increase
in the proton-coupled and decoupled line widths when the ratio
of metal to enzyme exceeds unity. In this case the effect of
paramagnetic interactions on the 170 relaxation is small as long
as the paramagnetic ion is bound in the active site region of the
enzyme. This observation may result from the enzyme se-
questering all metal ion first coordination sphere positions or
more simply a decrease in the number of available coordination
sites compared to free solution metal ion. This distinction may
not be confirmed from the data of Figure 4. However, 7O data
collected at higher enzyme concentrations?? and a wealth of
'H measurements on manganous carbonic anhydrase strongly

suggest that the additional break point in Figure 4 is a conse-
quence of the fewer number of metal ion coordination positions
in the enzyme case. Although further interpretation will not
be undertaken at this time, it is clear that the '7O NMR re-
laxation of water does provide a direct method for monitoring
the extent of metal ion binding to the apoenzyme.

In summary we have shown that the major effects on the 170
NMR relaxation rate in diamagnetic protein solutions are
caused by changes in the proton exchange rate among solvent
molecules on addition of the protein and that any analysis by
difference spectroscopy must take very careful account of these
changes before concluding anything about the nature of the
protein-water interaction.*> The most direct method for
eliminating this complication in '’7O NMR measurements is
to take advantage of proton-decoupling techniques. It appears
from these results that 'O NMR may be usefully exploited
as a very sensitive monitor of protein conformation.
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