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Abstract: Herein, we report molecular dynamics simulations of the enzyme human carbonic anhydrase 11 (HCAII)
complexed with the substrate molecule bicarbonate using a quantum mechanical/molecular mechanical (QM/MM)
coupled potential. This study provides novel insights into bicarbonate binding and loss. In particular, we find that
a structure related to the so-called Lipscomb binding motif is the global minimum, while the first formed Lindskog
binding mode is unstable relative to alternative binding modes. From our simulated results we are able to postulate
why Thr-199 destabilizes bicarbonate binding to HCAII (relative to the Ala-199 mutant) and how bicarbonate ion
is displace by water to form the zirevater form of HCAIl. This study also demonstrates the capability of QM/

MM methods to elucidate structural and mechanistic aspects of enzyme mechanisms.

Introduction human carbonic anhydrase (HCA) famifyprovides just such
) ) ) a system. HCAII is a 259 amino acid residue protein with a

The relationship of enzyme structure to function has been mass of~29 kDa that contains a single zinc atom in its active
studied in great detail over the yedrsdowever, the relationship  gjte that is necessary for catalytic activit’. The active site
of enzyme dynamics to enzyme function is poorly understood, jiself lies at the bottom of a deep cavity (15 A deep) in the
but it clearly can have a profound influence on the reactivity of protein, which is readily accessible to solvéhtThe active site
enzymeg* One promising way in which to address these cayity is divided into hydrophobic and hydrophilic regions, with
issues is through the use of theoretical methodologies and ing network of hydrogen-bonded water molecules connecting the
particular, the quantum mechanical/molecular mechanical (QM/ active site region and the surrounding solvent environrient.
MM) methodologie$promise to be quite useful in this regdvd.  The catalytically necessary zinc ion lies at the bottom of the
Purely classical models of proteins have been very useful in gctive site cleft and is tetrahedrally coordinated by three
obtaining dynamical insights, but they utilize a fixed charge istidine residues (His-94, -96, and -119) and a fourth ligtind,
model and are not capable of addressing charge reorganization,hose identity is pH dependent. At high pkt&) the fourth

as a function of geometric variablesic Furthermore, they jigand is an hydroxide ion, while at acidic pH, the fourth
incorporate harmonic bonds, which cannot undergo bond qordination site is occupied by a water molecti®.

breaking or “covalent” reorganizationd., going from a four- The catalytic mechanism of HCAII has been studied in detail,
to five-coordinated state) as a function of time. QM/.MM yet much still remains uncledr? Catalysis has been found to
methods, on the other ha_nd, are able to do thl§ to a limited depend upon a group with &g of around 7, with the fourth
extent. Thus, .affeqts arising from bond fluctuatioets, on . zinc ligand (hydroxide/water) appearing to fulfill this require-
an enzyme active site modeled by a QM method can be studiedyent ~ This consideration, in conjunction with the observed
using QM/MM methods. ping-pong kinetics, gave rise to the mechanism shown in
In order to begin to better understand the relationship betweenscheme 2. The proton transfer step convertimyinto E has
enzyme dynamics and function using computational methods, peen implicated as the rate-limiting step at high concentrations
one needs to work with a system that is well characterized both of external buffer, whileéE to A is thought to be rate limiting at
structurally and biochemically. Human carbonic anhydrase Il |ow buffer concentration&® The conversion oD to A is
(HCAII),”9 one of seven isozymes of the zinc metalloprotein kinetically distinct from the sequence of steps converfingto
D, via B andC. Although experiments have not completely
elucidated the detailed structural changes in the mechanism for
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® Abstract published irAdvance ACS AbstractSanuary 15, 1997. catalysis, there is considerable evidence that certain residues
CO(_l)’\lT:\:Vsr\\(téﬁ(. Figg;yme Structure and Mechaniswi. H. Freeman and are catalytically important (see Scheme 2). These include His-

(2) Falzone, C. J.; Wright, P. E.; Benkovic, SBiochemistry1994 33, 64'. Glu-.lOEb Thr-199, a.nd seygral Wat?r molecules near the
430-442 active site’® Thr-199 is positioned with Thr-200 on the

(3) Xiang, S.; Short, S. A.; Wolfenden, R.; Carter, C. W.Blachemistry opposite side of the active site cavity from the zinc atom. These
1996 35, 1335-1341. Thr residues, His-64 (located at the entrance of the active site

Aci(gg '\é;(r:n%rﬂ%%nbjﬁiéé;rgt?,“{frg’si' Qynamics of Froteins and NUclelc  cavity), and Glu-106 combine with other polar residues to

(5) Gao, J. Methods and Applications of Combined Quantum Mechanical constitute the hydrophilic half of the cavity. Thr-199 is an
and Molecular Mechanical Potentials. IReviews in Computational

Chemistry Lipkowitz, K. B., Boyd, D. B., Eds.; VCH Press: New York, (8) Silverman, D. N.; Lindskog, SAcc. Chem. Re<988 21, 30—36.
1995; Vol. 6. (9) Lindskog, S. Carbonic Anhydrase Einc EnzymesSpiro, T. G.,
(6) Hartsough, D.; Merz, K. M., Jd. Phys. Cheml1995 99, 11266~ Ed.; Wiley: New York, 1983; pp 7#121.
11275. (10) Tashian, R. EBioEssays1989 10, 186-192.
(7) Silverman, D.; Vincent, S. HCRC Crit. Re. Biochem.1983 14, (11) Eriksson, A. E.; Jones, A. T.; Liljas, Aroteins1988 4, 274—
207-255. 282.
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Bordering on this hydrogen bond network is a group of eight
water molecules which extends toward bulk water. It has been
proposed that these water molecules serve to shuttle a proton
out of the active site and into bulk solutiaia His-647

As alluded to above there is an alternative catalytic pathway
to the “Lindskog” mechanism given in Scheme 1. In most of
the details the two mechanistic schemes are essentially identical,
but when it comes to the mode of binding of bicarbonate, the
( two mechanisms differ. In this so-called “Lipscomb” mecha-
HIS11o nismt® the zinc bicarbonate form initially has the structure given
as C1 (Scheme 3), where the carboxylate is pointing into the
hydrophobic binding pocket labelédin Scheme 2. This then
undergoes a rearrangement to give the structure labeled C2 in
Scheme 3 where the carboxylate group of the bicarbonate anion
is bound directly to the zinc ion. The weakness in this
mechanism is the requirement that a bicarbonate oxygen be in
close proximity to the hydroxyl oxygen of Thr-199. This
unfavorable electrostatic interaction presumably destabilizes this
form of the bicarbonate complex to such an extent that it is not
the favored bicarbonate binding motfe. However, the sug-
gestion that the azide anion (or bromide ¥ can bind
without forming a hydrogen-bonding interaction with the
hydroxyl oxygen of Thr-199 has reopened this debate regarding
the catalytic mechanism of HCAH.18

ISg4

important residue which is centered between the hydrophilic  Besides the controversy surrounding the mechanistic details

and hydrophobic halves of the cavity.

It is locked into this described above, the favored binding mode of bicarbonate to

position as part of a key hydrogen-bonding network. The human carbonic anhydrase Il (HCAIl) has generated an

hydrogen of the hydroxide/water zinc

ligand is donated for extensive amount of controversy over the last de@8d@16.19.20

hydrogen bonding to the-oxygen of Thr-199. The proton of  Two structures for this complex have been suggested in order

the hydroxyl group on Thr-199 is then

e-oxygen of Glu-106, forming a second hydrogen bond interac-

in turn donated to an to explain HCAII catalysi§:15 The first structure is given in

tion (see Scheme 2). The proximity of Thr-199 to the active  (13) Merz, K. M., Jr.J. Mol. Biol. 199Q 214, 799-802.

site zinc atom and the rigidity of this hydrogen bond network

(14) Merz, K. M., Jr.J. Am. Chem. S0d.991, 113 406-411.
(15) Liang, J.-Y.; Lipscomb, W. NInt. J. Quantum Cheml989 36,

are considered to be crucial for catalysis and inhibitor bind- 59g 315
ing.1112 This group of hydrogen bonds may also play an  (16) zheng, Y. J.; Merz, K. M., Jd. Am. Chem. So2992 114, 10498~
important role in CQ binding and catalysis. It has been 10507.

(17) Jmsson, B. M.; Hakansson, K.; Liljas, AEBS Lett.1993 322

suggested that this hydrogen bond network serves to properly,ge™ /g’
orient the lone pair electrons of the hydroxide ligand, allowing  (18) Nair, S. K.; Christianson, D. WEur. J. Biochem1993 213 507—

for rapid addition to C@ as the C@molecule approaches from  515.

(19) Liang, J.-Y.; Lipscomb, W. NBiochemistryl987, 26, 5293-5301.

(12) Xue, Y.; Liljas, A.; Jonsson, B.-H.; Lin
17, 93-106.

dskog, 8roteins1993 (20) Sola M.; Lledos, A.; Duran, M.; Bertra, J.J. Am. Chem. So&992
114, 869-877.
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during the catalytic cyclé3142527 The best evidence for this
is the importance of theA binding pocket to HCAII

Scheme 4 and has been termed the Lindskog structure (alsacatalysist314.2527 This site appears to be important in €0

see Scheme #).In this structure one of the carboxylate oxygens
is bound to the zinc ion, while the second zinc ligand from
bicarbonate is the hydroxyl oxygen. The second structure
(Scheme 5) that has been put forward is the termed the
Lipscomb structure, and in this complex, both of the carboxylate
oxygens are utilized as zinc ligantfst®20 |n this binding mode

it has been envisioned that Thr-199 does not hydrogen bond
with zinc-bound bicarbonat€ but forms a close van der Waals
contact much like that observed for the HCAIl/azide com-
plex1718 An X-ray structure for a mutant HCAIl (Thr-206-
His-200)-bicarbonate complex has been determined at 1.9 A
resolution?? The structure obtained from this study is given in

recognition and subsequent reaction to form the Lindskog
bicarbonate structure. Whether this complex then rearranges
to arrive at an alternate structure is the critical issue. On the
basis of force field calculations, it has been argued B it

the Lindskog structure is the favored bicarbonate binding mode,
but this study used fixed geometries derived from gas-phase
ab initio calculations and, thus, does not allow for geometric
relaxation to occur in response to the molecular environment.
In order to further understand the structure and dynamics of
bicarbonate binding to HCAII requires the use of a method other
than a purely classical approach. Thus, in the present manu-
script, we use the QM/MM approach in conjunction with MD

Scheme 6. These authors used this structure to argue for thesimulation828 to probe the binding of the bicarbonate ion to

Lindskog structure as being the catalytically competent structure
in native HCAIl. However, in this mutant HCAII, the bicar-
bonate ion becomes a weak inhibitor which is not the case in
native HCAII. Thus, the relevance of this structure to native
HCAII can be brought into question. The authors also note
that the estimated error in the atomic coordinates@s16 A,
which would readily allow a Lindskog-like structure to be
converted into a Lipscomb-like structu#®.The crystal structure

of HCAl—bicarbonate compléXhas also been determined, and
its structure is given in Scheme 6 (these distances are given in
parentheses). Itis very similar to the Thr-2060His-200 mutant
structure, but interestingly, the zinbicarbonate distances are
longer in one instance (2.5 3.1 A) and shorter in another
(2.2— 1.8 A). The complex between bicarbonate and HCAI
where the zinc has been replaced by Co(ll) has also been
reportec?* but since Co(ll) has a different coordination chem-
istry than Zn(ll), it is not clear how relevant this structure is to
Zn(ll)-catalyzed CQhydration. Thus, itis not unexpected that
the Co(ll)-substituted HCAII gives a six-coordinated complex
around the metal ion (three His ligands, two from bicarbonate
and one water molecule). Clearly, in the absence of knowing
where the proton is in these structures, it is difficult to
definitively identify the binding mode of bicarbonate to the zinc
ion in HCAII.

At this point it is generally agreed that the Lindskog structure
or something resembling ie(g, see C1in Scheme 3) is formed

(21) Christianson, D. W.; Fierke, C. Acc. Chem. Re4.996 29, 331—
339.

(22) Xue, Y.; Vidgren, J.; Svensson, L. A; Liljas, A.; Jonsson, B.-H.;
Lindskog, S.Proteins1993 15, 80—87.

(23) Kumar, V.; Kannan, K. KJ. Mol. Biol. 1994 241, 226-232.

(24) Hakansson, K.; Wehnert, A. Mol. Biol. 1992 228 1212-1218.

HCAIL.

Computational Methods

QM/MM Coupled Potential. The theoretical basis of the QM/MM
method has already been extensively outlined in numerous publications,
so we will only comment upon some significant technical details of
our implementatiod®32 The method we have developed couples
together the MD program AMBER 48and the semiempirical quantum
mechanical program MOPAC 5.0. We have used standard AMBER
force field parameters throughotit®®except for the active site region,
where we have used the MM parameters of Hoepsl. developed
especially for HCAII®® Similar to the work of othef8:37-38we have

(25) Fierke, C. A.; Calderone, T. L.; Krebs, J. Biochemistry1991,
30, 11054-11063.

(26) Nair, S. K.; Calderone, T. L.; Christianson, D. W.; Fierke, CJA.
Biol. Chem.1991, 266, 17320-17325.

(27) Liang, J.-Y.; Lipscomb, W. NProc. Nat. Acad. Sci. U.S.A990
87, 3675-3679.

(28) Merz, K. M., Jr.; Banci, LJ. Phys. Chemsubmitted.

(29) Field, M. J.; Bash, P. A.; Karplus, M. Comput. Chen99Q 11,
700-733.
(30) Stanton, R. V.; Hartsough, D. S.; Merz, K. M., JrComput. Chem.
94 16, 113-128.
(31) Warshel, A.; Levitt, M.J. Mol. Biol. 1976 103 227-249.
(32) Thompson, M. A.; Schenter, G. K. Phys. Cheml995 99, 6374

19

(33) Pearlman, D. A.; Case, D. A,; Caldwell, J. C.; Seibel, G. L.; Singh,
U. C.; Weiner, P.; Kollman, P. A. University of California, San Francisco,
1991.

(34) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio, C.;
Alagona, G.; Profeta, S.; Weiner, B. Am. Chem. S0od.984 106, 765
784.

(35) Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case, DJAComput.
Chem.1986 7, 230-252.

(36) Hoops, S. C.; Anderson, K. W.; Merz, K. M., &. Am. Chem.
Soc.1991, 113 8262-8270.

(37) Bash, P. A,; Field, M. J.; Davenport, R. C.; Petsko, G. A.; Ringe,
D.; Karplus, M.Biochemistryl991 30, 5826-5832.
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used link atoms to cap exposed valence sites due to bonds which crosggyered 150 ps. The temperature was raised from 0 to 300 K during
the QM-MM boundary. In this method the QM region of the system e first 6 ps of simulation, and the temperature was then maintained
is treated as a closed shell molecule with no exposed valence sites. Ingt 300 K by coupling to a constant-temperature heat Hath.10 A
our system the imidazole rings are capped by hydrogen atoms at thengnpong cutoff distance was used, and the nonbond pair list was updated
C-y carbon atom. These carbon atoms (three total) are then bonded togyery 25 time steps. The SHAKE algorithm was used to constrain all
their respective @ carbon atoms through molecular mechanical bonds  ponds between pairs of MM atorff.A 1 fs time step was employed
(using a standard AMBER carbemarbon parameter set) between the  gring the MD simulations, and over the last 48 ps, coordinates were
two carbon atoms. Finally, the nonbonded interactions between the sayed for analysis every 256, every 0.025 ps) time steps.
capping atoms and the remainder of the protein molecule are not
evaluated. _ , Results and Discussion

Computational Protocol. Starting coordinates for the HCAH
bicarbonate complex and the crystallographically located water mol-  Energy Minimization. The first question we addressed is
ecules were taken from the experimental crystal structure of &ue  the accuracy of the PM3 semiempirical Hamiltorffaio model
al.?> TIP3P®water molecules were added, where possible, around the zinc—bicarbonate complexes. In an earlier publicatfowe
active site zinc atom to a distance of 15.0 A using the EDIT module reported good qualityab initio calculations on both the
of AMBER 4.032 All residues were represented using the AMBER Lipscomb- and Lindskog-like zinc bicarbonate complexes.
united atom modet! except for the active site residues His-94, -96, These were gas-phase calculations where the zinc ligand was
and -119, which were represented as all atom residues. Since the .. L - ; .
structure of Xueet al?? was of the His-200 mutant of HCAII, we first am.monla. 'nSte,ad of the imidazole ring opserved in the His
altered this residue to Thr to generate the native sequence of HCAII, @Mino acid residue. Nonetheless, these simpler models afford
This was done using computer graphics in conjunction with the known Us the ability to test the quality of PM3. The energy difference
position of Thr-200 from the X-ray structure of the native enzyfhe.  calculated usingb initio methods was 9.6 kcal/mi§i(favoring
Initial minimization (500 steps steepest descent followed by 1500 steps Lipscomb), while that calculated using PM3 is 7.4 kcal/mol,
conjugate gradient) of all atoms was carried out for the Lipscomb and again favoring the Lipscomb structure. Thus, the PM3 Hamil-
Lindskog forms of the HCAH-bicarbonate complex using an all MM tonian is able to capture the energy difference between the
model and a standard version of AMBER 4.0. Following removal of | jpscomb- and Lindskog-like structures reasonably well. There
bad contacts by MM minimization, a second set of minimizations were 5.0 some structural differences, but the observation of most note
carried out using a modified version of AMBER 4.0, in which the is the tendency of PM3 to give slightly longer Z® bond

residues His-94, -96, and -119 and the active site zinc atom and its . . e .
fourth ligand (bicarbonate) were treated as QM atoms using the PM3 distances (Lln(_jskogab 'n't_'o_’_l'88 and 2.71 A’ PM3, 1.96
and 2.82 A. Lipscomb:ab initio, 1.98 and 2.2 A; PM3, 2.02

Hamiltonian (for a total of 33 QM atomg}*® The junction between " A
the QM and MM regions was made betweer8@nd C of the His and 2.71 A) Overall, though, these observations give us
residues. In order to preserve integral charge in the MM region, the confidence in the accuracy of the results described below using

partial charges of thg8-carbons of the QM His residues and the the coupled PM3/MM method. A further PM3 gas-phase
hydrogens attached to these carbons were changed.@80 and 0.048, minimization was also done where the ammonia ligands were
respectively. For all of the QM/MM minimizations 1000 steps of replaced by imidazole rings. From this calculation we find that
steepest descent were used followed by 1000 steps of conjugate gradienghe Lipscomb-like structure is 10.4 kcal/mol more stable than
In all cases the structures were not fully minimized since we were the Lindskog structure. Thus, whether the zinc ligand is

preparing the system to begin MD simulations and were mostly o onia or imidazole, we find that the Lipscomb structure is
interested in removing “bad” inter- and intramolecular contacts. -
favored in the gas phase.

Following the second set of energy minimizations, MD simulations . .
were carried out on the two forms of the zinc bicarbonate complex of .V\./e_began OU"_QM/MM Ca|CU|atlQnS by carrying out energy
HCAII. A 15 A sphere was defined around the active site zinc atom, Minimization studies on the two previously proposed bicarbonate

and only residues within this sphere as well as the cap water moleculesbinding modes. The minimized structure and energy of these
were allowed to move during the MD simulations. The MD simulations two complexes are given in Figure 1. The PM3/MM calculated

(38) Singh, U. C.. Kollman, P Al Comput. Cher.986 7, 716-730. hea}t of formatloq of the Lindskog structure (top panel in Flgqre
(39) Jorgensen, W. L.; Chandrasekhar, J.: Madura, J.; Impey, R. W.; 1) iS less negative than that obtained for the Lipscomb-like

Klein, M. L. J. Chem. Physl983 79, 926. structure (bottom panel in Figure 1) by 8.1 kcal/mol. This
(40) Hakansson, K.; Carlsson, M.; Svensson, L. A.; Liljas,JAMol.

Biol. 1992 227, 1192-1204. (44) Berendsen, H. J. C.; Potsma, J. P. M.; van Gunsteren, W. F.; DiNola,
(41) Stewart, J. J. R1. Comput. Cheni989 10, 209-220. A. D.; Haak, J. RJ. Chem. Phys1984 81, 3684-3690.
(42) Stewart, J. J. Rl. Comput. Cheni989 10, 221-264. (45) van Gunsteren, W. F.; Berendsen, H. JMal. Phys.1977, 34,

(43) Stewart, J. J. Rl. Comput. Chenil 991, 12, 320—-341. 1311.
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Molecular Dynamics Simulations. It is well-known that
energy minimization studies of enzymes can lead to artifacts
associated with local minimum trapsThus, it is important
that MD simulations be done to ensure that the minimum states
identified are actually stable and long-lived. We first began
an MD simulation on the Lindskog structure. This structure
was stable for~30 ps, at which time it underwent a confor-
mational change that generated an alternative structure. Clearly,
we find that the Lindskog structure is unstable relative to other
possible structures. The new structure we observe is given in
Figure 2. In this structure the bicarbonate hydroxyl hydrogen
interacts with the carboxyl group of Glu-106, which results in
the elongation of the hydrogen bond between Thr-199 and Glu-
106 from ~1.6 to ~3.1 A. Besides this hydrogen bond,
bicarbonate also interacts with the mainchain N-H groups of
Thr-199 and Thr-200.

We next carried out an MD simulation where we started with
the Lipscomb-like structure. We found that this structure was
stable for the entire 150 ps of the MD trajectory, and the average
structure (over the last 48 ps) is given in Figure 3a. For the
final structure obtained after 150 ps of MD simulation see the
stereoplot in Figure 3b. The hydrogen bond between Thr-199
and the bicarbonate hydroxyl hydrogen in this structure is quite
reasonable and is consistent with the notion that the hydroxyl
oxygen of Thr-199 plays a “gatekeeper” role in selecting what
anions bind to the HCAIl active sit€. However, it has not
been appreciated that bicarbonate can form a hydrogen bond
with Thr-199! and it has been thought that bicarbonate may
bind in a fashion analogous to that of the azidei6# In the
HCAIl—azide complex, the azide anion does not form a
hydrogen bond with Thr-199, but forms close van der Waals
contacts with Thr-199, which does not alter the active site

Figure 1. PM3/MM energy-minimized structures for the Lindskog (top  Structure to a great extett® This interaction, however, has
panel) and Lipscomb zinebicarbonate binding modes. been predicted by us to be electrostatically favorable since the

] ] ) central nitrogen of azide was found to bear a positive charge
strongly suggests that the Lipscomb-like structure is favored. that could interact with the negatively charged hydroxyl oxygen
The calculated total energies also favor the Lipscomb structure of Thr.19928 Thus, we are left to conclude that Thr-199, in
by a large amount; however, since these do not represent fullyine case of bicarbonate, does, indeed, act as a gatekeeper. This

minimized structures, there is some uncertainty in this conclu- |eaves the HCAH-bromide complex as the only example where
sion. The MD simulation results give more definitive results Thr-199 does not play a gatekeeper rHle.

as described below. Neither of these structures is in excellent For the zinc coordination sphere we find that one carboxyl

agreement with the experimental structure given in Scheme 6*oxygen has a typical zireoxygen bond £2.0 A), while the

but the calculated Lipscomb structure gives the best agreement .4 oxygen bond is quite long (3.6 A)_ T'his pattern is
with thﬁ trends_observled in the z_rﬂo?ygen distances. Hhow- consistent with the experimental structure (see Scheme 6), but
ever, the experimental structure Is of a mutant HCAII (Thr-200 4 one hond length is too short while the second is a bit longer.
— His-200) and the error in the atomic coordinates of the X-ray .4 hydrogen-bonding distances also differ from the experi-

. PR .
structure has beef esymated to #&9'16 A?2 which gives mental structure, with some being too short while others are a
enough structural “play” to allow either computed structure 10 s 444 |ong. However, by considering the error bars associated

Covn\}ﬁ'|lnt$1 reasop/la}llal:\a/l agreement with e_xperlrr(lj(_ant. bje With the X-ray structure-¢-£0.16 R), we find that our simulated
lle these Q energy minimization studies are unable g, re s qualitatively within this uncertainty range.

to provide definitive energetic information they are able to : -

) . . . . The two structures given in Figures 2 and 3 are the only two
provide some interesting structural observations. Firstly, we stable structures we were able to locate for the HCAII/
do not observe a bicarbonate binding mode related to C1 in bicarbonate structure. In order to determine the relative ener
Scheme 3. This structure is unstable relative to the Lindskog ) gy

of these two states we calculated the average total energy (TE)

structure given in Scheme 1 or 4. This is not surprising since of each of the systems. For the structure given in Figure 2 we
C1 contains a free carboxylate, while the Lindskog structure determined a TE of-8154.3 kcal/mol (the total average

allows the negative charge on the carboxylate group to favorably potential energy (PE) was9397.2 kcal/mol), while that for

interact with the zinc ion. The second interesting observation the structure given in Figure 3 was8175.8 kcalimol (the total

has to do with the observation of a hydrogen bond between
Thr-199 and the bicarbonate ion (see Figure 1) in the Lipscomb average PE Wa§9418'2.kca|/m°|)' The PM3/MM heat of
formation of the QM regions give values ef40.1 kcal/mol

structure. As mentioned above, it had been postutatibdt -
bicarbonate bound in the Lipscomb fashion could not hydrogen fqr the structure of Figure 2 aneF43.1. kcalimol for the
Lipscomb structure. The differences in the average total

bond with the hydroxyl oxygen of Thr-199, but we observe that X : . : .
it can, and indeizd, tr)(e av)glable experimental evidence can peenergies predict that the Lipscomb-like structure is 21.5 kcal/

interpreted in support of this hydrogen bonding interactfort. (46) Lindahl, M.; Svensson, L. A;; Liljas, AProteins1993 15, 177—
This point will be touched on further below. 182.
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Figure 2. (a) PM3/MM average MD (last 48 ps) structure arising from a Lindskog zinc bicarbonate starting structure. (b) Stereoplot of the structure
obtained after 150 ps of MD simulation.
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Figure 3. (a) PM3/MM average MD (last 48 ps) structure arising from a Lipscomb zinc bicarbonate starting structure. Distance given in parentheses
is over the last 36 ps of the trajectory. This is because the water molecule is exchanging with other surrounding water molecules. (b) Stereoplot of
the structure obtained after 150 ps of MD simulation.

mol more stable than the structure given in Figure 2, while the for this is that the total energy contains information on the entire

heat of formation difference is only 3 kcal/mol. We believe system and, for example, if only a few water molecules are in

that the heat of formation energy difference is a better indicator a slightly different orientation on average during the simulations,

of the energy difference between the two structures. The reasorwe will also capture this energy difference. For the heat of
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formation energy difference this only takes into account the these two structures, and thaé initio barrier is 4.1 kcal/mol,
fluctuations in the QM region of the system which is of the while the PM3 value is 2.8 kcal/mol. In the PM3 calculations
greatest interest to us. The one real approximation made inwhen we replaced ammonia by imidazole as the zinc ligands
working with this energy difference is the fact that the van der the barrier height decreased to 0.2 kcal/mol. Again if this trend
Waals component between the QM and MM regions is assumedis followed by theab initio calculations we estimate that the
to be a constant between the two structures. This is not anbarrier height would be-1.5 kcal/mol. The simulated structure
unreasonable assumption in this case, but this does introducegiven in Figure 2 would require that the angle bending pathway
some error. Nonetheless, we feel that our best estimate for thebe followed in order to interconvert to the Lipscomb structure,
energy difference between these two structures is obtained fromand from the previous analysis, our best estimate of the barrier
the differences in the average heat of formatiam,(~3.0 kcal/ would be~4 kcal/mol. This barrier height is well below the
mol). What role might the structure of Figure 2 play in the height of the barrier for the rate-determining step in HCAII
catalytic mechanism of HCAII? This is described in more detail catalysis and, therefore, fits into the overall mechanistic scheme.
below, but through a simple opening up of the-AB—C angle However, as noted above, this pathway does not proceed through
we can readily generate the Lipscomb-like structure. Thus, thisa transition state but through a hilltop.e(, two negative
species might be an intermediate along the interconversioneigenvalues from the vibrational frequency analysis) and this
pathway from the Lindskog structure to the Lipscomb-like would require that within the enzyme this pathway would
structure. become a true transition state. This is not an unlikely possibility,
From the MD simulations it is hard to precisely assess how but within the QM/MM method, we do not have a way in which
much it might cost energetically to interconvert between the to prove that this is, indeed, the case.
Lindskog structure and the Lipscomb-like structure. Inthis case  What do our observations predict for the catalytic mechanism
examination of gas-phase calculations would be illustrative in for bicarbonate formation and loss. The mechanism we now
order to get an estimate of this quantity. There are two pathwayspropose is given in Figure 4. From our wét&*and other&-27
that we have considered (see Scheme 7). In the first, we openit is clear that CQbinds in an hydrophobic pocket close to the
up the Zr-O—C bond angle to generate the angle bending zinc ion. This leads to the transition state we have labeled T1
transition state (TS), and in the second, we rotate along thein Figure 4, which in turn leads to the Lindskog binding mode
(Zn)—0O—C—(O) bond to generate the rotational TS. In earlier which we have labeled as I1 for intermediate 1. We find no
work using good qualityab initio calculations (with NH as evidence for the intermediate proposed by Lipscomb where a
the zinc ligands), we have estimated that the energy cost forfree carboxylate projects into the hydrophobic pocket of HCAII
the formation of the angle bending TS 5.3 kcal/mol, and (see C1 in Scheme 3). 11 is unstabte8(kcal/mol higher in
using PM3, we estimate that this barrier~4d1.1 kcal/molt6 energy than C2) and another intermediate (transition state?) is
However, neither of these are true TSs for the interconversion formed that we have labeled as 12. We estimate from out MD
of the Lipscomb and Lindskog structures in the gas phiase ( simulations that this intermediate or transition state &kcal/
they are so-called hilltops or second-order TSs). When we mol higher in energy than C2. Simply by opening up the-Zn
change the zinc ligands to imidazole the PM3 barrier height is O—C bond angle in 12 we can directly form C2 (see Scheme
reduced to 8.5 kcal/mol. If this trend holds in thé initio 3), which is the Lipscomb binding mode. We estimate that the
calculations ite., 2.6 kcal/mol decrease in barrier height on barrier for this interconversion is4 kcal/mol. Alternatively,
going from ammonia to imidazole ligands) we estimate that the the rotational transition state pathway given in Scheme 7 could
ab initio barrier for this type of transformation would be4 be followed, but from our MD simulations, we see no evidence
kcal/mol. A rotational TS was identified that interconverted that this occurs. If this pathway was followed we estimate, from
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Figure 4. Bicarbonate binding and loss mechanism suggested by the PM3/MM results.

gas-phase calculations, that the barrier height would be quitebicarbonate and Thr-199 (see Figure 3). This then exposes the
low. Furthermore, we did not observe the formation of C2 via zinc ion to nucleophilic attack by the water ion which is in a
intramolecular proton transfer (I C2) which has been found  suitable position to allow this to readily occur. This attack (see
to have a large barrier(30 kcal/mot619. This barrier canbe  Figure 4. C2— D) could result in the loss of bicarbonate
reduced when water molecules facilitate the proton trad8fer. directly or the formation of a transiently stable five-coordinated
Thus, we cannot rule out this possibility at this time, but we complex which then loses bicarbonate to generate the—zinc
have found a alternative, low-energy rearrangement pathwayswater form of the enzyme.
that can affect this transformation. It has been observé®’48 that Thr-199 destabilizes the
Another interesting feature that we observed in our MD binding of bicarbonate to HCAIl by-0.8 kcal/mol (based on
simulations is the presence of a long-lived water molecule that the Thr— Ala-199 mutart’). Can the new mechanistic model
residf_es in the “hy(_jrophobic” pocket gnd is hydrogen bonded to T Kehe I F it ] A Chisieso D W Fiere A
the zinc-bound bicarbonate (see Figure 3). One of the car- Bio(l_ C)hem.légé R Sy D W » CJA.
boxylate oxygens of bicarbonate has moved away from the zinc ™ (4g) Liang, z.; Xue, Y.; Behravan, G.; Jonsson, B. H.; LindskogE 8.
ion because of the formation of a hydrogen bond between J. Biochem1993 211, 821-827.
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we propose explain this observation? From our MD results we proximal water molecule which is hydrogen bonded to the
believe that the following is occurring: We find that our version “exposed” carboxylate oxygen (see Figure 4). Besides the
of the Lipscomb binding mode is able to hydrogen bond with Lindskog- and Lipscomb-like structures we observe another
Thr-199. In order to do this, however, one of the carboxylate binding motif that we suggest is a possible intermediate along
oxygens (see Figure 3) must move away from the zinc ion. If the interconversion pathways between these two structures. From
this does not occur we retain repulsive interactions between thethese observations we postulate a detailed mechanism for the
hydroxyl oxygen of Thr-199 and the other carboxylate oxygen formation and loss of bicarbonate (see Figure 4). This mech-
of bicarbonate (see Scheme 5). Ideally, in the gas phase, theanism is able to explain all available experimental information
bicarbonate ion wants to keep both of the carboxylate oxygensregarding the interaction of bicarbonate and HCAII.
near the zinc ion (our gas-phas® initio results give one This study also provides interesting insights into enzyme
distance as 1.98 A and the other as 2.2f) Ao maintain the  dynamics and how this might affect function. The binding
strongest electrostatic interactions possible. However, in the constant for bicarbonate b|nd|ng to HCAIl is re|ative|y low (77
HCAII active site, this is not possible and to maintain maximum mm49), so it is not surprising that we observe several transiently
complimentarity with the HCAII active site one of the zinc  stable HCAIbicarbonate structures. The idea of several
carboxylate oxygen distances increases. We postulate thafpossible bicarbonate binding modes is also supported by
increasing this bond distance is inherently destabilizing. To experimental studies of native HC&land mutari-22and Co-
estimate how much this might cost we return to PM3 gas-phase |1)-substituted* HCAIls. These structures all show slightly
calculations (the zinc ligands are ammonia) where we increasedifferent binding motifs, which support the notion that several
the Zinﬁcarboxy'a’[e distance from its energy-minimized value |0W_energy bicarbonate b|nd|ng modes are available. In our
(2.71 A) to the value seen in the enzyme (3.6 A). This leads to studies, we find that the Lindskog structure, while initially
a destabilization of 8.7 kcal/mol, thus supporting this hypothesis. formed is transiently stable relative to the Lipscomb-like
The calculated value is higher than observed experimentally (0.8structure (or other structures). This appears to arise from the
kcal/mol), partially due to the fact that the calculated number inherent instability of the Lindskog structure over the Lipscomb-
is not a true free energy, but compensating factors like hydrogeniike structure in the gas phase. The enzyme, therefore, does
bonding,etc, in the enzyme active site will further reduce the very little to discriminate between the two since in both cases
net destabilization. These observations lead to the postulatethe number and types of hydrogen bonds between bicarbonate
that another function of Thr-199 is to destabilize zinc-bound and the HCAIl active site are similar. Given the inherent
bicarbonate by pulling the carboxylate oxygen away from the stability of the Lipscomb-like structure, HCAIl has taken
zinc ion and to then expose the zinc ion to nucleophilic attack advantage of this and, through the suitable placement of a water
by a water molecule. The crystal structure of the HCAIl  molecule, provides a means by which a water molecule can
bicarbonate complex for the Thr-199 Ala-199 mutant supports  readily displace the bicarbonate ion. The interconversion of
this hypothesid? In this structure the zinc ion is five-  these two binding modes can take place in a number of ways.
coordinated, with three ligands coming from the His residues, The rearrangement can go through a structure like that observed
one Coming from bicarbonate and the final Coming from a water in our MD simulations (See Figure 2) which we have termed as
molecule. In the native structure, on the other hand, it is still the angle-bending transition state (see Scheme 7). Or alterna-
five-coordinated, but bicarbonate is binding in a bidentate tively, a rotational transition state can be envisioned, but we
manner. Thus, by the removal of the Thr-199 side chain, the have not observed this within the HCAII active site. Both of
zinc ion can rearrange its ligands in order to provide a structure the pathways provide a low-energy route by which these two
that is most suitable for the new active site environment. structures can be interchanged. The final possible pathway is
via an intramolecular proton transfer, but we have not observed
this pathway, and in the absence of this process being facilitated
Through the use of QM/MM MD simulations we have by water, the barrier height is quite high!® Thus, within
provided molecular-level insights into how bicarbonate binds HCAII, bicarbonate has to adopt a number of conformations to
to HCAIl. From these studies, we find that the Lindskog affect catalysis, which suggests that bicarbonate really is binding
structure, while likely to be the first formed structure, is unstable to HCAII via a continuum of states with the Lipscomb-like
relative to a Lipscomb-like structure which appears to be the structure being the largest contributor.
global minimum for the zinc bicarbonate structure. From our
MD simulations we predict that Thr-199 continues to play a  Acknowledgment. We would like to thank the NIH for
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