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Abstract: The pH dependence of the ¢7Zn solid-state nuclear magnetic resonance spectroscopy of human
carbonic anhydrase (CAll) has been investigated to characterize the nature of the fourth ligand. CAIl, through
the Zn?"-bound hydroxide, catalyzes the deceptively simple reaction: CO, + H,O = HCO3z~ + H™. The
accepted mechanism for CAll would predict that water would be bound to the Zn?* at pH 5 and hydroxide
would be bound at pH 8.5. The measured values for the electric field gradient (EFG) or quadrupole coupling
constant (Cq) for CAll are independent of pH within the limits of the experimental error, i.e., 9.8 + 0.2
MHz. The EFG interaction has been predicted by ab initio electronic structure calculations for water and
hydroxide bound to the zinc, including various levels of hydrogen bonding. After comparing the predicted
Cq's with the experimental values, we conclude that the species present from pH 5—8.5 is the hydroxide
form. The NMR data presented here is not consistent with the accepted mechanism for CAIl. We show
that the NMR data is consistent with an alternative mechanism of CAlIl.

Introduction Asn244, and the Glul17 carboxyl group, respectiVelhe
Many zinc enzymes utilize zinc-bound water as a critical Nydrogen-bonding interactions are shown in Scheme 1 where
component of a catalytic reaction. TheZractivates water ~ X 'epresents either zinc-bound water or -hydroxide. These
through ionization, polarization, or simple displacement, de- ‘indirect ligands® have been shown to fine-tune the apparent
pending upon the mechanisnThe mechanism is determined ~ PKa Of the presumedzinc—watef as well as increase the zinc
primarily by the influence of directly bound Zn-ligands, as well affinity of CAIL.” In addition the hydroxyl of Thr199 accepts a
as hydrogen bonding with a secondary coordination sphere ofhydrogen bond from the zinc-bound water/hydroxide. Moreover,
side chains and/or bound waters within the protein. We wanted His64 has been implicated as a proton shuttle in current
to characterize th&Zn NMR parameters of the metal with both  mechanism&.The accepted mechanism has the enzyme acting
water and hydroxide as the fourth ligand so we have chosen toin several steps as indicated in eqs 2 and 3.
study human carbonic anhydrase isozyme Il (CAIll). This
information provides further undgrstanding Qf the ob;erved pH [EZn-OH2]2+ =[H - EZn-OH]H B [EZn-OH]” +BH
dependence of the activity of this well-studied protein.
While CAll has been extensively studied (there are in excess co, HO
of 180 crystal structures of CAll or its various mutants), itis [EZn-OH]*" === [EZn-HCO,]*" == [EZn-OH,]*" +
an incompletely understood protéinCarbonic anhydrase, HCO,™ (3)
through the ZA"-bound hydroxide, catalyzes the deceptively 3
simple reaction:
The most active form of the protein has a turnover rate of
CO,+H,0=HCO, +H" (1) ~10°s~L. The rate-limiting step seems to be the intramolecular
transfer of a proton from the activated water to its destination

The other ligands to the zinc are the imidazole side chains of O His64 through a water network. The mechanism of proton
three histidines. Two of the histidines, His94 and His96, are transport through the water most likely follows a “structured
coordinated through their 42 atoms, whereas the remaining
imidazole, His119, is coordinated through it$ Natom. The ) a3 Tong 0 M Svensson, L. A.; Lijas, LJAMol. Biol.
protonated nitrogens of these imidazoles are then hydrogen (5) Christianson, D. W.; Alexander, R. $.Am. Chem. So&989 111, 6412-
bonded to the GIn92 carboxamide, the backbone carbonyl of

6419.
(6) Lesburg, C. A.; Christianseon, D. \§..Am. Chem. Sod995 117, 6838—
6844

(1) Vallee, B. L.; Auld, D. SAcc. Chem. Red.993 26, 543-551. (7) Kiefer, L. L.; Paterno, S. A.; Fierke, C. A. Am. Chem. Sod.995 117,
(2) Lippard, S. J.; Berg, J. MPrinciples of Bioinorganic ChemistryJniversity 6831-6837.

Science Books: Mill Valley, California, 1994; Chapter 10, p 269. (8) Tu, C.; Silverman, D. N.; Forsman, C.; Jonsson, B. H.; Lindskog, S.
(3) Christianson, D. W.; Fierke, C. Adcc. Chem. Resl996 29, 331-339. Biochemistry1989 28, 7913-7918.
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diffusion” mechanisn?.It is important to note that the zinc has
a stable oxidation state af2, while the equations above show
the net charge cycling fromt2 to +1 and back during the

temperature (10 K) solid-stafézn NMR!213 spectroscopy to
directly probe the nature of the bonding aZim human CAII.

Experimental Methods

Sample Preparation. Enriched®Zn(CH;COO), was prepared by
dissolving zinc-67 metal (88% enrichment from Cambridge Isotope
Laboratories) in a 3:1 (v:v) mixture of glacial acetic acid and water.
Crystals were obtained by slow evaporation of the excess water and
acetic acid. The human CAll protein containif@n?* or Co** was
overexpressed from a T7 expression vectoEsatherichia colistrain
BL21 (DE3) grown in a defined media of M9 salts and eitherd
67Zn(CH;COO), or 10 uM CoClL.***5 Purification was essentially as
described before except the purified protein was extensively dialyzed
against deionized water and concentrated with an Amicon stirred-cell
ultrafiltration unit with a YM 10 000 NMWC filte:8 6Zn—CAIl (200—

300 mM) was equilibrated under a nitrogen atmosphere, and then the
pH was adjusted to 8.5 or 5 with dilute NaOH 0§30, respectively.
Co?"—CAll mixed with an equimolar amount of the tight binding
inhibitor acetazolamide was added as a dopant at 10% of total protein

catalytic sequence. To balance these charge effects the enzymi# each®Zn—CAll sample, and the pH was checked and readjusted if
must be a dynam|c anion. It has been postu'ated that Secondar)ﬂecessary. Samples were frozen in I|qU|d n|trogen and |y0ph|H7ZHd
ligand interactions are involved to counter the charge cycling, Was our expectation that the protein would maintain its ionization state

which are reflected at the ziri€.

NMR spectroscopy was chosen to study this zinc chemistry
as most methods of direct examination find the zinc spectro-

scopically silent (due to its closed shelP@onfiguration). The
magnetic resonance parameters foZare sensitive to the

nature of bound ligands. This sensitivity arises because the

dominant interaction for Z is the electric field gradient at
the nucleus. The electric field gradiéhoriginates within the
electron distribution of the molecule subject to the constraint
that the atom of interest is not a centerTgfor O symmetry.
The electric field gradient at the Zhis further augmented when

ligands have different charge, depending on the ligand environ-

before and after lyophilization. This has been shown for other proteins.
Lyophilized samples were maintained in a nitrogen atmosphere and
rehydrated by vapor diffusion with 20% sample weight of water. The
mass of the samples were 65, 58, and 60 mg, for the pH 5, 7, and 8.5,
respectively. The NMR experiments were carried out as previously
described318

67Zn NMR spectroscopy.Data collection at 18.8 T was performed
on a Varian Unity"v2 console in an Oxford continuous flow cryostat.
The NMR probe built for this system is different from the one
previously describédin that a cross coil is now utilized and the tuning
elements are now inside the cryogenic afroton pulse width used
was 5.5us with a%Zn Hartman-Hahrt® matching field 3 times le$%
and a%Zn-selectiverr pulse width of 5.5us. A 30-ms contact time

ment (water versus anionic hydroxide). Hence, a quadrupolar Was used for cross polarization (CPand a proton “flip-back” pulsé

nuclide should be sensitive to changes in structure and bondin
at such sites.
The principal observable in a solid-st&&n NMR experi-

ment is the quadrupole coupling constant, Cqg. This coupling

constant is directly proportional to the electric field gradient at
the Zr?t ion; Cq is given by

¢

Q
(ag™h)

Ca=gq, “4)

whereQ is the quadrupole moment of the nucleus in question,
andq,,is thezzelement of the field gradient tensor. The atomic
constants€, a, andh) have their usual meanings.

As a direct result of these relations, tH&n Cq values should

be sensitive to the field gradient changes associated with water

or hydroxide ligation to Z#A". Analysis of the’”Zn NMR line

shape leads to the determination of Cq and the asymmetry of

the quadrupole tenson,. Therefore, we have employed low-

(9) (a) Marx, D.; Tuckerman, M. E.; Hutter, J.; Parrinello, Mature 1999

397, 601-604 and references therein. (b) Tuckerman, M. E.; Marx, D.;
Parrinello, M.Nature 2002 417, 925-929 and references therein.

(10) Bertini, I.; Luchinat, C. The Reaction Pathways of Zinc Enzymes and
Related Biological Catalysts. Bioinorganic ChemistryBertini, I., Gray,
H. B., Lippard, S. J., Valentine, J. S., Eds.; University Science Books:
Mill Valley, CA, 1994; Chapter 2.

(11) Cohen, M. H.; Reif, F. Quadrupole Effects in Nuclear Magnetic Resonance
Studies of Solids. I'$olid-state Physic#cademic Press: New York957;
Vol. 5.
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employed to aid in recycle time (20 and 60 s for pH 5 and 8.5,
respectively). Experimental conditions differed for each due to sample
amounts and effectiveness of the paramagnetic ddgimbe data for

the sample at pH 5 was acquired at 10 K, needing 128 transients per
frequency, and the data for the sample at pH 8.5 was acquired at 20 K
with 64 transients per experiment. The frequency steps for each sample

(12) Lipton, A. S.; Sears, J. A.; Ellis, P. D. Magn. Resor2001, 151, 48—59.

(13) Lipton, A. S.; Wright, T. A.; Bowman, M. K.; Reger, D. L.; Ellis, P. D.
Am. Chem. So002, 124, 5850-5860.

(14) Fierke, C. A.; Krebs, J. F.; Venters, R. 8arbonic Anhydrase: From
Biochemsitry and Genetics to Physiology and Clinical MediciBetre,

F., Gros, G., Storey, B. T., Eds.; Verlag-Chemie: Heidelberg, 1991; pp
22-36..

(15) Maniatis, T.; Fritsch, E. F.; SambrookMolecular Cloning: A Laboratory
Manuat Cold Spring Harbor Laboratory: Cold Spring Harbor, NY, 1986.

(16) Khalifah, R. G.; Strader, D. J.; Bryant, S. H.; Gibson, S.Bibchemistry
1977, 16, 2241-2247.

(17) We did not use “volatile buffers”; therefore, the lyophilization/rehydration
step used in the sample preparation did not shift the “pH memory” of the
CAll as per Zacharis et al.: Zacharis, E.; Halling, P. J.; Rees, DPrGc.
Natl. Acad. Sci. U.S.AL999 96, 1201-1205.

(18) Lipton, A. S.; Heck, R. W.; Sears, J. A,; Ellis, P. .Magn. Resonin
press.

(19) Hartmann, S. R.; Hahn, E. Phys. Re. 1962 128 2042.

(20) (a) Walter, T. H.; Turner, G. L.; Oldfield, El. Magn. Reson1988 76,
106—-120. (b) Harris, R. K.; Nesbitt, G. J. Magn. Resoril988 78, 245~
256. (c) Vega, ASolid State NMRL992 1, 17—32. (d) Ashbrook, S. E.;
Wimperis, S.Molecular Physics200Q 98, 1-26. (e) Amoureux, J.-P.;
Pruski, M.Molecular Physic2002 100, 1595-1613.

(21) Pines, A.; Gibby, M. G.; Waugh, J. 3. Chem. Phys1972 56, 1776~
1777.

(22) Haeberlen, U.; Tegenfeldt, N. Magn. Reson1979 36, 453—-457.

(23) Due to the finite pulse widths of the “180pulses used in the pulse train,
there is significant mixing of the “outer transitions” into thd/2 transition.
This results in the outer portions of the central transition being reduced in
intensity, while the “3/2 to 1/2” transitions are increased.
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Figure 1. Presented are the low-temperature (10 K) solid-st&e NMR spectra of CAll at (a) pH 5 and (b) pH 8.5. Above each experimental spectrum

is a simulation of the spikelet envelope. At pH 5, the extracted value of Cq is 9.6 MHz, whereas at pH 8.5 the value is 10 MHz. The spectrum at pH 5 was
acquired with 32 transients and 2 min recycle delay, while the spectrum at pH 8.5 was acquired with 64 transients and 1 min recycle. Each sample was doped
with 7% Co(ll) CAll to manage théH relaxation timeg?3

were 20 kHz, and the resulting data were frequency shifted in the Results and Discussion
software and then combined in a sky projection (as previously -
described}? Data collection at 9.4 T was performed at 10 K on a Varian Presented in Figure 1 are th&Zn NMR spe.ctra of CAll at
Infinity Pus spectrometer in an Oxford continuous flow cryostat with a pH 5, spectrum &, and 8.5, spectrum b, obtained at 1_8'8 T _(800
home-built transmission line proB&Proton pulse width used was 5 MHz for %H)' The NMR_ spectrum at pH 8.5 was aCQUIrgd W'th
4s with two 30-ms contacts and a recycle time of 10 s (also employing 4-KHZ spikelet separation. The pH 5 spectrum was acquired with
a proton “flip-back” pulse). The zinc-selectivepulse width used was @ 2-kHz separation. The envelope of the spikelets is the overalll
15 us. The number of transients collected at 9.4 T was 4096 for each NMR spectrum. Above each experimental spectrum is a
10 kHz frequency step. Data were frequency shifted in software and Simulated powder spectrum, which is a fit to the spikelet
then combined in a sky projection. The improved S/N ratio at 18.8 T envelope. The extracted values of Cq are 9.6 and 10 MHz, for
vs 9.4 T is due in large part the second order nature of the central pH 5 and 8.5, respectivef.Essentially, the experimental Cq
transition quadrupole line shape. That is, the breadth of the central values are thesamefor the two pH values, Cq is 9.& 0.2
transition line shape depends inversely upon the resonance frequencyMHz. We have also measured th&n spectrum of CAIl at
Therefore, the width of the central transition at 18.8 T is half of its pH 7 at 9.4 T (400 MHz fotH’s) and obtained a spectrum that
width at 9.4 T. is consistent with those reported here, i.e., a Cq value of 10
MHz. This spectrum and its fit are depicted in Figure 2. Hence,
(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. We can conclude th&Zn NMR spectrum of CAll is independent

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, ithi i i
R'E.. Burant, J. C.. Dapprich, S.: Millam, J. M.: Daniels, A. D.. Kudin, of pH, within our experimental error of nominall0.2 MHz.

g. NM Strain, M.BC.;garkal?, OC ngwasi, J.;CBa(r:cl)_rf1fe, }j/.;SCOSCSJi,A\/I.; Cf(am‘]mi, The data clearly indicate that either ffén NMR parameters

o ennuccl, B.; Pomell, o amo, o 1ffora, S.; chterski, J.; H e H H

Petersson, G. A.: Ayala, P. Y.: Cui, Q.. Morokuma, K.. Malick, D. K. &€ insensitive to the presence of water or hydrOX|_de or there is

JRa\?ucSkt, /f\. D; RBagga\I/_achgn,E.: l;oreksmin,'g; E.; CI%slozvskl, J, _Orltlz, something more fundamental occurring. To examine the ques-
.V eranov, b. b.; LIU, G.] LlIashenko, A.; PIsKorz, P.; Komaromi, |.; . [ 7

Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A; Peng, 0N gf sensitivity of theb’Zn NMR parameters we.performed

C. Y., Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;  ab initio electronic structure calculatidAsn progressively more

Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, . . . .
M.; Replogle, E. S.; Pople, J. /Ggaussian 98Revision A.7; Gaussian, complicated models for the active site of CAIl. The initial

Inc.: Pittsburgh, PA, 1998. The Ahlrichs’ basis sets were obtained from geometry used for this model construction was from the protein

the Extensible Computational Chemistry Environment Basis Set Database, L .
Version 1/29/01, as developed and distributed by the Molecular Science crystallography of CAll by Liljas, et &(PDB accession number
Computing Facility, Environmental and Molecular Sciences Laboratory, 2CBD). From this structure we developed three models for the

which is part of the Pacific Northwest Laboratory, P.O. Box 999, Richland, . . ) . .
WA 99352, U.S.A., and funded by the U.S. Department of Energy. The active site of CAll. The first model simply contains the four

Pacific Northwest Laboratory is a multiprogram laboratory operated by i i ion: iatidi _
Battelle Memorial Institute for the U.S. Department of Energy under prlmfiry Ilgands to the'Z‘H ion: the t_hree histidines (ap'
contract DE-AC06-76RLO 1830. Contact David Feller or Karen Schuchardt proximated as methyl imidazoles), and either water or hydroxide.

(25) fﬁ;{g;‘“ﬁ; igff)rB";";‘ggEi-st G Parkin. G- Ellis. P. D. Am. Chem. Soc. 1€ second model includes the first model plus five additional
2003 125 3768-3772. o water molecules (the OH group of Thr199 was approximated
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Figure 2. Shown are (a) the sky projection of thR&n NMR spectra of CAll at pH 7 acquired at 9.4 T and 10 K and (b) a simulated QCPMG experiment
using ideal pulses and a Cq of 10.5 MHgpf 1.0, a matched apodization function of 10 kHand conventional line broadening of 10 Hz.

Table 1. Computed Cq Values in MHz Here the calculated results are Cq's of 25.49 and 10.36 MHz,
N;Zn(OH,) NaZnOH with water and hydroxide as the fourth ligand, respectively. The

model 1- 37.6 292 additipn pf active-.site waters has h{id a profqund effect on the
model 2: 25.49 10.36 electric field gradient for both species. Addition of secondary
model 3: 35.16 8.72 hydrogen-bonding interaction between the histidines and ap-

propriate hydrogen bond acceptors within model 3 has a

as a water molecule). The third model contains the second modeldramatic effect on the bound water species but does not alter
plus appropriate elements approximating the side chains thatthe calculated trend. Namely, the calculations predict that the
are potential hydrogen-bond acceptors to the three imidazoleZn**—CAll with bound water should manifest a large value of
NH groups (GIn92 and Glu117 are each represented as formicCq in the range of 2535 MHz. Whereas, when hydroxide is
acid and Asn244 as formamide). We added protons to each ofbound, the value of Cq is smaller, in the range ofl® MHz.
the models and then optimized the geometry of each model with The calculations suggest th&n NMR parameters can reveal
ab initio electronic theory at the doubidevel of basis set and  the presence or absence of this proton. The agreement between
then computed the electric field gradient tensor at the tdple theory and experiment is acceptable for model 2 or 3 with
with added polarization functions. It should be recognized at hydroxide. Moreover, the results of these calculations and our
this point that the calculation is well defined at some quantum experimental data suggest that hydroxide is the fourth ligand
mechanical level. However, the details of the optimized Of the Zr#* in CAll in the pH range from 5 to 8.5.
geometry do not necessarily reflect the details of the protein  This observation is bolstered by prior EXAFSvork, which
structure. The model is simply that: a model for the various did not observe a significant change in structural parameters in
coordination states in CAll. Approximations in these models carbonic anhydrase as a function of pH. TypicatZ» bond
are appropriate since the models predict qualitatively different distances are: ZnOH; distances range from 1.98 to 2.02 A,
quadrupole couplings that can be compared with experiment. Whereas the ZaOH distances cluster around 1.85?AThe

The results of these are summarized in Table 1. Because of'€Sults of theoretical calculations (Model 3 for both water and
theabsencef solvation, the first model with a hydroxide bound hydroxide) support that there should 4.1 A decrease in the

to Zr2+ provided an excellent description for the Cq of the ZN—O bond distance in going from water to hydroxide. The
Parkin zinc complex [TH"Me]ZnOH.2526 However, for CAll EXAFS results reported by Spiro and co-workétsvere more

the first model of coordination with water or hydroxide focused on the pH dependence of zinc coordination number and
illustrates the simple point that one cannot ignore the bound the average bond distanceadf of the zinc ligands. Their results
waters around the active site. Clearly, model 1 does not indicated that the coordination number and the average zinc
correspond to the experimental results reported here. Hence/igand bond distance were independent of pH. The EXAFS
the active-site waters play an essential role in establishing the'esults of Amiss and Gurméaf are more to the point. They
dynamic electric field gradient (and electrostatics) at thétzn ~ 'eported an average Z1O bond distance determined at room
ion in CAIl. Addition of waters (including the interaction of ~{emperature in carbonic anhydrase (isozyme I) of 1:82.02
Thrl99 as a water) in model 2 helps improve the level of A, over the pH range of 59 consistent with the presence of
agreement between theory and experiment for the hydroxide. Nydroxide as the fourth ligand bound to Zn

(27) (a) Yachandra, V.; Powers, L.; Spiro, T. 5 Am. Chem. S0d983 105
(26) Bergquist, C.; Fillebeen, T.; Morlok, M. M.; Parkin, &.Am. Chem. Soc. 6596-6604. (b) Amiss, J. C.; Gurman, S.Jl.Synchroton Radl999 6,
2003 125 6189-6199. 387—388.
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Scheme 2 an environment devoid of CQhe expected species would be

A B the hydroxide andhotwater bound to zinc regardless of the pH
1. 14 of the media. The proposed mechanism suggests that addition

OH 0O of water to the zindicarbonate complex involves a facile loss

i 2! . . .
Ay \ co, ;LN/'Z’“‘N of hydrogen from the water, which eliminates the concern of
HN—Y ,II L/NBT _— |\ L L,: the complex cycling between a chargeie? to +1. Moreover,

U \_H 4‘\)\; a concerted displacement of an anion with the deprotonation of

N N water would predict that different anion inhibitors of CAIl would

alter the observed Ky, of this deprotonation event. Cobalt-
substituted CAIll does indeed have shiftd€,]s in the presence

COgH" o of various anion inhibitor8? This alteration to the mechanism
e z of catalysis by CAll is speculative, yet it is in agreement with
experimental studies.
" " O " The generally accepted mechanism for CAIll uses a water
vo' O%_OH HO, 0Coon molecule bound to Zt. Further, it has been experimentally
\ ¥ 0 determined that there is a moiety within the protein withka p

L Zn< N N
C HN/J/N Zz "i,: — ﬁ, NL}_; of ~7. It has been assumed that this moiety is thé"Zvound
KNK?H 4,\}?” water. By acquiring data on the protein prepared at three pH
H H values we have shown ti&n NMR of CAll to be independent
of pH. The resulting quadrupole coupling constants were
Conclusions interpreted through the use of ab initio electronic structure
calculations on models of increasing complexity. The results
support the existence of hydroxide andt water being bound
to the Zri#+ throughout the pH range investigated. Further, these
¢ experimental results demonstrate that data collection®ara
labeled protein of 30 kDa is possible as well as that there is

sufficient sensitivity to observe a metal in a higher-molecular
weight protein. These exciting findings on this thoroughly

Having a zinc-bound hydroxide at pH 5 implies that the
deprotonation of the ZnOH is not well described as a simple
acid/base equilibrium with alfy near 7. This has implications
for the mechanism as numerous pH profiles of the activity o
this enzyme have shown that the catalytic rate of this enzyme
is dependent upon the ionization state of two moieties within

the active sité.One site is His64, the so-called proton-transfer ) .
site that shuttles protons from the active site to soluidihe studied enzyme further demonstrate the usefulness of this

other site has beemssumedto be the zinc-bound water; Methodology for investigating structure/function relationships
hydroxide. The NMR data presented here are not consistent withi" Zin¢ metalloproteins.
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