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Contents system. This review focuses on the application of these
methods to enzyme reactions, to ascertain how the environ-

1. Enhancing Alcohol Nucleophilicity 3236 ment of the enzyme active site affects the reactivity of
L1 Introduction _ 3236 oxygen nucleophiles, with an emphasis on alcohols.
1.2. Effect of Variation of Electron Density on 3236 On the simplest level, there should be minimal variation
Alcohol Nucleophilicity in the nucleophilicity of different oxygen atoms; in every
1.3 Desolvation 3237 biologically relevant structure, every oxygen will have two
1.4. H-Bonding to a General Base 3238 accessible lone pairs of electrons, one of which would serve
1.5. lonization 3239 as the nucleophilic lone pair. This assertion, however, is
2. Nucleophilic Activation of Alcohols by Enzymes 3240 demonstrably false, as the second-order rate constants for
2.1. Cyclic-AMP-Dependent Protein Kinase 3240 the reaction of oxygen nucleophiles can vary over 7 orders
2.2. Serine O-Acetyltransferase 3241 of magnitude i_n the standard displacement of halio_les from
2.3. Hexokinase 3242 CHzX.*? Qualitatively, the fundamental mechanism of
24, Serine Proteases 3243 ganhancmg the nucleophilic power of any given oxygen atom
25. Catechol O-Methyltransferase 3044 is to enhan_ce thga electron density of the nucleophll_lc lone
26. Ribozyme Catalysis 3044 electron pair. This leads to three m_ole_cular mechanisms of
generating enhanced electron density in the reactant state of
2.7. Group | Intron 3245 the nucleophile by altering the coordination and/or bonding
28. HDV Ribozyme _ 3247 of the nucleophile: (1) desolvation, or more precisely the
3. SpECtI'OSCOp.IC Ch.aracterlzatlon of NUC|EOphI|ES at 3248 Stripping of H-bond donors to the nuc|eophi|ic lone pair' (2)
Enzyme Active Sites . o coordination of the alcohol proton, i.e., H-bonding to a
3.1. Vibrational Spectroscopic Characterization of 3248 general base, and (3) ionization, as shown in Figure 1. In
Alcohols o addition to these three mechanisms, an electric field generated
3.2. NMR Characterization of Alcohol 3248 at the active site can polarize a bond to the nucleophile,
Nucleophiles . enhancing its nucleophilicity. Moreover, enzymes reduce the
3.3. Isotope Effects on Alcohol Nucleophiles 3248 order of the substitution reaction by simultaneously binding
4. Acknowledgments 3249 both the nucleophile and electrophile and can stabilize the
5. References 3249 nucleophilic transition state by general base catalysis. The
potential importance of nucleophilic catalysis has been
highlighted by Houk and co-workefdn section 2, examples
1. Enhancing Alcohol Nucleophilicity from several protein and RNA enzymes will be reviewed,
and in section 3, methods of experimentally determining the
1.1. Introduction electron density on nucleophilic alcohol oxygen atoms will

. . be considered.
Group transfer reactions, as shown in eq 1, represent a

large class of enzyme catalyzed reactions. 1.2. Effect of Variation of Electron Density on
RO—H + X—R s = RO-X + H-R ¢ (1)  Alcohol Nucleophilicity

] The electron density on alcohol oxygens can be varied

In these reactions, the acceptor forms a new bond to themolecularly by inductive or resonance effects. This variation
transferred group. When the bonding electrons are derivedin electron density is experimentally characterized by the
from the aC?eptor, it functions as a nUCleOphlle |n the pKa of the neutral hydroxy| oxygen in agueous So|ution;
reaction, while the atom of the transferred group is the |ower pK.'s correlate with lower electron density. The effects

eIeCtrophiIe, and the atom whose bond is cleaved Constitutesof the reduced electron density on the rate constants for

the leaving group. Physical organic chemists have developednycleophilic reactions are often characterized by linear free
numerous tools that can be used to dissect the contributionsenergy correlations, plotting lok..c vs pKs, as shown in

of each of these three functionalities to the reactivity of the Figure 2.

The slope of these lines is the Bronsfgdand if the base
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t Department of Biochemistry. interpretation of the data in Figure 2 is nontrivial, since the
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In biological nucleophilic reactions, the intrinsic nucleo-
philicity of the substrate cannot be altered, as the physi-
ological role of the enzymatic transformation and the
substrate specificity of most enzymes define the covalent
structure of the alcohol nucleophile. It is possible that electric
fields at an enzyme active site can alter the electron density
and distribution on the nucleophilic oxygen to enhance its
nucleophilicity. The size and direction of electric fields can
be calculated,and their effect on specific bonds within a
substrate bound at an active site can be spectroscopically
detected in favorable caségsee also the Carey contribution
to this thematic issue). An illustrative example is the variation
in electron density on the nucleophilic O induced by
phosphate binding to the active site of nucleoside phospho-
rylase observed by vibrational spectroscéye vibrational
spectra reveal that one of the three resonance equivatedt P
bonds of HPG?~, presumably the bond to the nucleophilic
O, becomes so polarized in the active site that its bond order
is decreased from 1.31 to 1.23 with a concomitant increase
in electron density of the nucleophilic O.

1.3. Desolvation
Oxygen nucleophiles are H-bond acceptors in protic

tetrahedral intermediate. Nonetheless, the variation in ratesolvents, and such interactions have a profound influence
constants of 6 to 8 orders of magnitude amply demonstrateson their reactivity. Figure 1A emphasizes the potential
the potential for catalysis achieved by altering the electron deactivation of oxygen nucleophiles by H-bonding to aqueous

density on the nucleophilic oxygen atom.
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Figure 1. Three molecular mechanisms of activating methanol as a nucleophile are shown in the transitienB: sAows transfer of
H-bond donating solvent water molecules (A) to a desolvated molecule (B}, ® shows H-bond donation to form a complex with a
general base, NHin panel C, and C—~ D shows ionization where proton transfer results in methoxide and a protonated base.
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from cases of a Bronsted linear free energy relationship

" RO~ (LFER) such as that shown in Figure 2. As the bases become
F X-@-C" " stronger in Figure 2, the slope of the plot, i/, decreases.
1 As the anions of these bases are more strongly H-bonded to
6 )— — solvent, there is a greater energetic cost to desolvation prior

to forming the transition state. This increased energetic
demand offsets the increase in nucleophilicity projected for
the stronger base and will consequently result in a decrease
in Bnuet* This effect has been demonstrated to apply to
neutral nucleophiles as well as anionic nucleophiteghis
interpretation of curved Bronsted LFERS remains a prominent
method to implicate a role for nucleophile desolvation in
physical organic studies of reactions with biological rel-
L DNPA evance-17
Desolvation as a mechanism of nucleophile activation,
however, remains contentious. As Warshel's group concludes
from computational studies, it is not desolvation that enzymes
use to effect catalysis but specific solvation of the transition
statet®®Warshel does not focus on the contribution of the
solvent interaction with the nucleophile, as he adopts a more
holistic approach, defining the solvation energy as the
1 i 1 3 1 " ) | PR . . A . .
2 4 s " 0 2 ” 6 bln_dmg energy of the entire nucleophile and electrophile.
This “solvation energy” is greater for transfer to the enzyme
PK active site than for transfer to aqueous solution. This reactant
Figure 2. Second-order rate constants u,fdor the reaction of ~ state approach contrasts with the focus on the individual
four different esters, phenyl acetate (PAjnitrophenylacetate  nteractions with the nucleophilic oxygen atom. Experimen-
(PNPA), dinitrophenyl acetate (DNPA), and 1-acetoxy-4-methoxy- 41y or computationally, dissecting the specific energetic

ridinium perchlorate (AMPP) vs theKp of three classes of P : .
%:ﬂzed oxy%en nucleop()hiles, )substitutlé% acetatdé,p3—5), contribution from H-bonding to the nucleophilic water poses

4 L XCHgc00"

i r——h——..
2 F AMPP

log k (M 'min™')

phenoxides (i.'s 6—10), and halogenated alkoxidesk{s 12— technical problems and will require greater care in definition
16). Reproduced with permission from ref 4. Copyright 1968 than the too general term “desolvation”. Nonetheless, the
American Chemical Society. chemical imperative of removing the specific H-bond donors

N ] ] for nucleophilic reactions to occur, coupled with the crystal-
cannot be nucleophilic for both electronic and steric con- |ographic evidence that the nucleophilic lone pairs do not
siderations. Consequently, prior to reaching the transition serye as H-bond acceptors in ternary enzyme structures, will
state for a nucleophilic displacement, the nucleophilic lone continue to support the concept that this is one of the

pair must lose any interaction with an H-bond donor. In fyndamental mechanisms employed by enzymes to promote
addition to this primary requirement, H-bonding to a second catalysis.

lone pair (or third for oxyanions) can reduce the electron
density on the nucleophilic lone pair. . 1.4. H-Bonding to a General Base
To quantify the contribution of the specific solvation of
oxygen nucleophiles by protic solvents, the rate constants General base catalysis, according to Jencks’ libido rule,
for nucleophilic displacements in dipolar aprotic solvents occurs “in complex reactions in aqueous solution only at sites
have been compared to those in protic solvents. Increaseghat undergo a large change ipin the course of the
between 16 and 10-fold, depending both on the nucleophile reaction, and when thekp of the catalyst is intermediate
and on the electrophile, are routinely obser¥dthese very between the initial and final Ky values of the substrate
large rate enhancements are attributed to preferential solvasite.”® This is shown in Figure 3 for an alcohol as the
tion of the reactants relative to the transition states of the nucleophile. As the I§, of the alcohol would decrease from
reactions. These effects will be greatest when the specific ~16 to <0 for a protonated ether, nucleophilic substitution
H-bond solvation of the nucleophile is greatest, i.e., alkoxides by alcohols satisfies the libido rule if thékpof the general
and other very basic anionic oxygen nucleophiles. base lies anywhere between these two extremes. Somewhat
It has become possible to examine solvation effects by surprisingly, there are few examples of complete Bronsted
guantum chemical calculatiod%3 To reproduce the effects  analyses of general base catalysis of alcohols as nucleophiles,
of aqueous solvation, specific water molecules must be in part because the alcohols compete poorly with water and/
included in a supermolecule approach. Recent developmentspr hydroxide in agueous solution. In those cases where the
generically termed QM/MM methods, have permitted the Bronsteds has been determined, the values range between
solvent molecules to be treated with molecular mechanics 0.2 and 0.3%
while the chemically reactive species are considered at the The Bronstegb value corresponds roughly to the fraction
available quantum chemical level. A computational study of proton transfer that has occurred in the transition state,
that specifically analyzed the contribution of desolvation to i.e., the distance along theaxis in the More O’Ferrall plot
the rate enhancement provided by DMSO relative to water of Figure 3. Low values of Bronstefl are consistent with
concluded that removing the H-bond donating solvent an early transition state and only partial transfer of the proton
molecules played a significant role in contributing to the rate to the general base. However, all of the reactions character-
enhancemerit, ized have very good leaving groups. In reactions with poorer
The second indication of the importance of desolvation leaving groups, later transition states and greater proton
in activating oxygen nucleophiles in aqueous solution comestransfer to the general base would be anticipated. In
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Figure 3. More O’Ferrall diagram comparing the extent of nucleophiéectrophile bond formation on theaxis with proton transfer on
thex-axis. General base catalysis, according to Jencks’ libido rule, can occur whe,tbitpe base is between th&pof the nucleophile

(~16 for an alcohol) and that of the immediate product of the displacement reaction (the protonatedkgthed) ghown on the-axis.

General base mechanisms have transition states in the interior of the More O’Ferrall diagram with the proton transfer concerted with
formation of the nucleophilic ©X bond and cleavage of the-€R,; bond. Specific base catalysis follows the perimeter along the bottom

and right sides with the rate determining step corresponding to the nucleophilic displacement.

-0.564 (-0.528) significant interest. H-bond strength between an alcohol
donor and a general base acceptor has been correlated with
the distance between the heteroatoms in small molecule

J crystal structureé® or by decreases in the-H stretching
J\ 0.428 (0.340) frequency?® These spectroscopic/crystallographic parameters
J are technically problematic to obtain from enzynseibstrate
J complexes. The large background contributed byHCbonds
J J from solvent water and other functional groups in the protein
makes spectroscopy difficult. Even high resolution crystal
Figure 4. Mulliken charges on the methanol oxygen and hydrogen Structures find it problematic to correctly place H-bonded
in the H-bond to ammonia determined at the B3LYP/6-&K(d,p) protons of active site serine nucleophiles (cf. the 0.78 and
level compared. The values for methanol alone in the gas phase0.81 A structures of serine protea¥ed. These problems
are shown in parentheses, emphasizing the polarization ofth¢ O combine to make general base promoted nucleophilicity
bond and the increase in electron density on the oxygen resulting perhaps the most highly cited but poorly characterized
from the formation of the H-bond. . -
mechanism of enzyme catalysis. The problem of spectro-

computational studies of the ammonia and water promoted scopically characterizing these H-bonds is the topic of section

additions of methanol to formamide, effectively complete
proton transfer from the alcohol to the general base was

predictect? 1.5. lonization
Independent of the position of the proton in the transition  Full deprotonation, or ionization, of an oxygen nucleophile
state, the donation of an H-bond by the alcohettwill in aqueous solution is identified as specific base catalysis

enhance the electron density on the nucleophilic oxygen. Thisand is readily recognized by determining a pH rate profile
is most easily demonstrated computationally. In Figure 4, that breaks at thel, of the nucleophile. The presumption
the presence of the electrons of the H-bond acceptor attractgs held that carboxylates will always be bound in the ionized
the proton from the alcohol, decreasing the-I® o-bond form when functioning as nucleophiles; for phenols, binding
order. The result is an increased partial positive charge onof the phenoxide is probable, and for alcohols, the neutral
the proton and an increase in negative charge on theform will be bound and, subsequently, will require depro-
nucleophilic oxygen, as suggested by the Mulliken charges tonation. As shown in Figure 3, this deprotonation may occur
calculated for methanol H-bonded to BH his increase in  after binding, as a result of specific base catalysis, or during
electron density will increase the nucleophilicity of the the reaction, as general base catalysis.
oxygen and provides a mechanism of catalysis independent Figure 3 emphasizes that the difference between general
of whether there is complete proton transfer, i.e. general baseand specific base catalysis is in the timing of the proton
catalysis, in the reaction. Experimental evidence for this transfer. This difference should be detectable by primary
effect can be found by NMR and vibrational spectroscopy selvent deuterium kinetic isotope effects. A proton transfer
(section 3). prior to the nucleophilic substitution/addition step will be
The correlation of the geometry of the R®l---acceptor accompanied only by an equilibrium isotope effect that was
H-bond in the reactant and transition states is an issue ofinitially estimated to be minimal for proton transfers from
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O—H to O or N acceptord’ However, if the proton transfer  focused primarily on pH and mutational analyses along with
occurs by general base catalysis during the nucleophilic step,solvent isotope effects, establishing the requirement for a
there would be a comparatively large primary deuterium proton acceptor in most of these reactions. Studies of cyclic-
kinetic isotope effect. Primary deuterium kinetic isotope AMP-dependent protein kinase (PKA), seriDeacetyltrans-
effects are routinely in the range of-4 and in the presence ferase (SAT), hexokinase, the serine proteases, and catechol
of tunneling can be significantly larger. A large number of O-methyltransferase (COMT) are presented in approximate
D.,O kinetic isotope effects have been determined for order of increasing apparent activation of the nucleophilic
enzymes catalyzing nucleophilic reactions of alcohols, and oxygen. Additionally, RNA enzymes or ribozymes in biology
surprisingly, the observed effects are rarely larger thaB.2  also catalyze nucleophilic displacement involving nucleo-
To account for the small solvent kinetic isotope effects philic activation of ribose hydroxyl groups, and the mech-
observed, Schowen and Limbach, elaborating on proposalsanisms of two exemplary systems, the Gl self-splicing intron
of Swain et af! as well as Kreevoy and Cordé&s3! have and the HDV ribozyme, are discussed and contrasted with
proposed that, while proton transfer occurs during the protein catalysis.
nucleophilic reaction, the proton remains in a normal . s
potential well and proton transfer is not coupled to the 2.1. Cyclic-AMP-Dependent Protein Kinase
reaction coordinat& Additional complications that contrib- Protein kinases are a pervasive group of enzymes that
ute to the difficulty in interpreting solvent kinetic isotope catalyze reactions particularly important in various signal
effects derive from the large equilibrium isotope effects of transduction pathways. The prototypical reaction catalyzed
~2.5 that accompany the formation of strong low barrier by the protein kinases is transfer of thphosphate of ATP
H-bonds32 Thus, the modest f kinetic isotope effects that ~ to the hydroxyl group of a serine, threonine, or tyrosine
are routinely observed are consistent with the formation of residue in a target substrate protein. Thus, the enzymes may
a strong low barrier H-bond in the transition state rather than function, at least in part, to increase the nucleophilicity of
actual proton transfer. the hydroxyl group in order to effect catalysis. Due to its
In hydrolysis reactions, where water is the nucleophile, role in a large number of biologically important processes,
coordination to metal ions which promotes ionization and one of the most thoroughly studied enzymes in this group is
localizes the nucleophilic oxygen is common. To promote PKA, which has received an extensive review by Adéms.
ionization of alcohols, however, there are few examples of PKA catalyzes the transfer of thephosphate of ATP to
metal ion coordination; the examples of pyruvate kinase & serine or threonine hydroxyl in the consensus sequence
coordinating the enolate of pyruvatés and catecholO- Arg-Arg-X-Ser/Thr-Y, where X is a small residue and Y is
methyltransferase (COMT) where the ionized catechol @ hydrophobic residu€-% Catalysis is in part attributable
substrate is stabilized by the Ffgpresent at the active site  to the removal of solvent H-bonds from the nucleophilic O
(see section 2.5) are notable excepti#hs. of the serine as well as its H-bonding to the conserved active
In summary, physical organic chemistry provides clear Site aspartate, Asp166;°-2 as shown in Figure 5.
evidence that small increases in electron density on nucleo- While the Aspl66 residue is known to enhance the
philic oxygen atoms can result in dramatic rate enhancementscatalytic rate of PKA, it is not essential, since mutation of
for nucleophilic displacements. The process of increasing the aspartate residue to alanine reduces khe value
the electron density of an oxygen nucleophile, particularly approximately 300-fold® Similar rate reductions have also
of an alcohol, can be viewed as the sequential removal of been seen with aspartate mutations to alanine and asparagine
protons. The initial step is removing solvent waters that in phosphorylase kinasé Changes in th&y values for the
donate H-bonds, thus generating the requisite “desolvated”peptide substrates were either unaffected or increased by no
nucleophilic lone pair of electrons. The second step is to more than 4-fold with these mutatioffs'® Based on these
coordinate the ©H proton, and the final step is complete results, the role of the Asp166 is primarily to enhance the
transfer of the proton to an acceptor. Crystal structures of catalytic power of the kinase with only a minor contribution
enzymes have provided strong evidence for the first two to substrate binding*>4® This role as a putative general
steps, but kinetic, spectroscopic, and computational methodgPase has thus been evaluated along a continuum of possible
will be required to quantify the strength of the interactions transition state structures where at one end it is responsible
and to determine their timing relative to nucleophilic bond for nearly complete ionization of the nucleophilic hydroxyl

formation. in the transition state, while at the other end it aids in
orienting the hydroxyl for_ attack, accepting the proton late

2. Nucleophilic Activation of Alcohols by along the reaction coordinate®’

Enzymes Determination of the pH dependence of the steady-state

parameters for PKA demonstrated reductiorViipeptige at

Nucleophilic displacements, as shown in eq 1, constitute low and high pH, indicating the presence of residues
an important class of reactions in biological systems and arenecessary to catalysis withiKpvalues of 6.5 and 8.5 This
catalyzed by protein and RNA enzymes. They play an further implicated Aspl166 as a general base involved in
integral role in signal transduction pathways mediated by abstracting the hydroxyl proton during in-line attack on the
protein kinases; they are prevalent in nearly all metabolic y-phosphaté®5° However, subsequent studies have indi-
pathways and are necessary for the timely degradation andcated that it is not the active site aspartate which is being
turnover of cellular components. Primary alcohols representtitrated but rather other ionizable groups necessary for
one type of nucleophile in these reactions and are exemplifiedsubstrate recognitiott.While this decreased the importance
by the hydroxymethylenes of sugars and the amino acid of the active site aspartate as a general base necessary for
serine. Structural characterization has demonstrated that theonizing the nucleophilic hydroxyl in the transition state, it
bound nucleophiles have been stripped of solvent water whiledoes not rule it out, since the steady-state kinetics of PKA
biochemical investigations of the enzymatic properties are limited by the ADP dissociation step rather than
responsible for the activation of primary alcohols have phosphoryl transfe?:52
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transfer from the serine hydroxyl is an important facet of
the catalytic mechanism.

Two more recengb initio calculations of the transition
state for phosphoryl transfer in the active site at the DFT
level of theory that included Asp166 both showed a dis-
sociative transition state with Ser-® bond lengths of 1.0
A and H-bond distances of 222.6 A to Asp166 and product
structures where Asp166 was protonatedBased on these
results, both groups concluded that the active site aspartate
is necessary for helping substrate bind, accepting the proton
late during nucleophilic attack, and acting as a mediator in
the transfer of the proton from the hydroxyl group to the
phosphate following nucleophilic attaé®® A third com-
putational study using DFT QM/MM methods to model the
entire enzyme complex rather than cluster models limited
to just the active site residues further supports the role of
the catalytic aspartate as a late proton acceftbmas also
shown in this calculation that removal of the aspartate had
no effect on the orientation of the nucleophilic hydroxyl
group, indicating it functioned primarily as a proton tfip.

Current results for the reaction catalyzed by PKA support
the hypothesis that the transition state for nucleophilic attack
by serine involves minimal Q.ns—H bond cleavage. The
Figure 5. Crystal structure of cAMP-dependent protein kinase with primary source of nucleophile activation remains removing
a substrate peptide, and ADP with AlBound as a transition state  any solvent water H-bonds. The very late proton transfer
analogue, adapted from protein database structure ¥L3#ng  would correspond to a smah.c indicating that increasing
RasTop* The atoms of the substrates and key active site reS|duesthe proton affinity of Asp166 would not contribute signifi-

are shown as balls-and-sticks, carbon is light greerc"\tgdark L ; .
green, and crystallographic waters are white spheres. The proteinCantly to the enzyme activity. Nevertheless, the active site

backbone is represented as a ribbon cartoon colored cyan. Theaspartate contributes to nucleophilic activation as a general
activation of the nucleophilic serine is shown where the only H-bond base primarily to accept the proton that is being released
donor/acceptor closer than 4.0 A is Asp166, which is inferred to late along the reaction coordinate and to act as an intermedi-

accept an H-bond from the nucleophilic Ser. Thg-©—Al angle ary in the protonation of the phosphoserine product.
is 109, consistent with an in-line displacement by an oxygen lone

pair.

2.2. Serine O-Acetyltransferase

Attempts to circumvent this problem have focused on the = SAT is a mechanistically well studied member of the left-
pre-steady-state kinetics of PK#&S® Grant and Adams  handeg3-helix family of acyltransferases which catalyze the
observed an initial burst of activity attributable to the initial transfer of the acetyl moiety of acetyl-CoA to a nucleophilic
phosphoryl transfer with an intrinsic rate constant of 500 alcohol®! SAT catalyzes the transfer to the hydroxymeth-
s ! followed by a slow linear reaction rate-limited by product ylene of L-serine to formO-acetyli-serine as part of the
releasé? It was then discovered by Zhou and Adams that bacterial cysteine biosynthetic pathwi&y3 As in the case
the burst phase was independent of both pH and solventof the protein kinases, studies on the catalytic properties of
isotopic composition even when the phosphoryl transfer step SAT suggest that nucleophilic activation involves a general
was slowed by replacing Mg with Mn?*.4” The lack of a base; however, the detailed role of the general base is still
solvent deuterium isotope effect suggests that the transferregooorly understood.
proton resides in a stable bonding interaction with either the  The most direct evidence for the presence of a catalytic
nucleophilic hydroxyl or some other atom in the transition base comes from a combination of crystallographic and pH
state complex!4"*4The pH independence indicated either studies. Structural studies on the enzymes frtaemophilus
a lack of general base catalysis or a base witiKahzlow influenzaeandEscherichia colicomplexed with the competi-
547 Such a residue would be unable to deprotonate thetive inhibitor cysteine place two histidyl residues, His154A
nucleophilic hydroxymethylene prior to considerablg & and His189B inH. influenzae within H-bonding distance
P,—phosbond formatiort’ The independence of burst kinetics  of the cysteine thio?46% As shown in Figure 6, His154A
on solvent RO and pH is thus indicative of proton transfer not only forms an H-bond to the thiol via itse® but also is
likely taking place late in the formation of thesGhe—Py—phos part of a catalytic dyad formed by an H-bond between its
bond#’ NJ1 and the active site aspartate, Asp13985, similar to

The role of Asp166 has been investigated computationally. that seen in the serine proteases (see belbW)His154A
In the absence of Asp166, DFT computations identified a has thus been proposed to serve as an active site general
transition state stabilized by substrate assisted catalysis. Thdase to activate serine as a nucleophile for attack at the
identified transition state was consistent with prior proton carbonyl carbon of acetyl-CoA.

transfer, as the Qie—H bond distance of 1.40 A was His189B is believed to stabilize the resulting tetrahedral
significantly longer than the QOpnos—H distance of 1.07 &® intermediate. Its H-bonding to the thiol of cysteine is likely
which corroborated earlier semiempirical calculatiéh¥. a result of the larger SH bond distance compared to that

Inclusion of Aspl166 in postminimization refinement dem- of O—H. It is this extra H-bonding that is believed to be
onstrated a reduction in activation energy compared to theresponsible for the lower dissociation constant of cysteine
case of its absen®@ These two results suggest that proton versus serine and the lack of nucleophilic activation of the
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transfers that are unbonded in the transition stat&éThus,
the measure®°(V/Kserind Suggests that proton transfer is
asynchronous with tetrahedral intermediate formation. As
noted in section 1.5, modest solvent isotope effects such as
that observed here can arise from the transferring proton
remaining in a stable vibrational well.

Secondary deuterium isotope effects\dKserinehave also
been measured for both tpeo-R andpro-S-hydrogens in
the serine nucleophile using isotope ratio mass spectrom-
etry."+75Both effects, found to be nearly unity, are interpreted
as being reflective of the nucleophilic transition state based
on the absence of commitments determined in the solvent
isotope effect studyP Since these effects are not significantly
normal, any decrease in the serine-B® bond order must
be compensated for by an increase in the incipienGdond
order. His154A appears to act as a general base during
nucleophilic attack; however, the modest solvent isotope
Figure 6. Heavily hydrated active site of SAT adapted from €ffect suggests that the proton is transferred in a stable
1SS@? using RasToff with the atom representation defined in  vibrational potential with a fractionation factor 6f2.5 (see
Figure 5 and the protein backbone appearing as a ribbon coloredsection 1.5) and that the nucleophilic serine hydroxyl is not

cyan for coil, red for helix, and yellow fg8-strands. The H-bond ionized prior to attack at the carbonyl carbon.
distances between the substrate cysteine (Cys) and the two active

site His residues are shown. Even in the absence of the second2 3 H ki
substrate, acetyl-CoA, the only H-bonds to the nucleophile are from &-9- MEXOKINASE

t4h8 t}'\"(f)rc')"r:f trriaSISSI?SF as all of the water molecules are in excess of o okinase catalyzes the transfer of th@hosphate of

' ' ATP to the C6-hydroxyl of glucose, initiating the glycolytic
cysteine thiol as an acetyl acceptor, explaining why cysteine pathway. Due to its central role in metabolism, it has also
is an effective competitive inhibitor, and not an alternative received considerable attention with regard to its catalytic
substrate, of the enzyn§&%5.68.5%vidence for two different mechanism. Like PKA and other kinases, it possesses an
H-bonding geometries has been obtained from Ramanactive site aspartyl residue, Asp189 in yeast hexokinase B,
crystallography of [2-2H,]Cys bound at the active site, as Within H-bonding distance of the nucleophilic hydroxyl of
there are at least four-€D stretching frequencies observed, glucose that is likewise believed to function as a general
all red-shifted from the frequencies observed in solution base’
(Maiti, Roderick, Carey, and Anderson, unpublished). The steady-state parameters of hexokinase exhibit the

Evaluation of the pH dependence of the steady-statedecreases itV and V/K at acidic pH expected for general
parameters of SAT fromil. influenzaealso is indicative of base catalysi&.”® Additionally, the measured acididg of
general base catalysis. The enzyme demonstrates re6.15 was found to increase upon addition of the organic
duced activity at low pH but not in alkaline solution with solvent DMF to cationic-acid buffered solution, helping to
acidic K, values of approximately 7 foV, V/Kserine and assign the active site aspartate to the catalytic’fdiéutation
V/Kacety-con'® Furthermore, other acyltransferases such as of the active site aspartyl residue to alanine in human
UDP-N-acetylglucosamine acyltransferédsand chloram- hexokinase likewise leads to reductiond/andV/K to less
phenicol acetyltransfera®eshow a reduction of catalytic  than 1% of the corresponding parameters of the wild-type
activity upon mutation of the homologous histidines to enzyme’® The corresponding mutation in rat liver glucoki-
alanines. However, mutation of the histidine in chloram- nase yielded an enzyme with a 500-fold reductiorkig
phenicol acetyltransferase to glutamate produced an enzymeut with little change in thé&y values for either glucose or
that retained some activity as measuredkiyand almost ~ ATP.8 These results help to confirm the catalytic role of
no change in th&y values for either chloramphenicol or the active site aspartyl residue as a general base.
acetyl-CoA, suggesting a catalytic requirement for an active  As in the case of PKA, measurements of solvent deuterium
site bas€273These observations indicate that the active site isotope effects on hexokinase are complicated by the
His154A residue of SAT is necessary for full enzymatic phosphoryl transfer step not being as rate determining as
activity and implicates it as a general bdse. those corresponding to product dissociation and conformation

Despite the apparent necessity of the unprotonated His154Arearrangemerit,which also exhibit solvent deuterium isotope
residue for catalytic activity in SAT, its role in the activation effects®?83Some headway has been made, however, by the
of the nucleophilicy-hydroxyl of serine is still uncertain. measurement of secondary tritium equilibrium binding
For theH. influenzaesnzyme, proton inventory experiments isotope effects at C6 of the glucose substrate using the
indicate a single proton transfer during nucleophilic attack; method of ultrafiltration and human brain hexokin&&&®
however, the?2®V andP°(V/K.erind SOlvent isotope effects  These measurements have demonstrated a normal equilibrium
were measured as 18 0.2 and 2.5+ 0.4, respectively?® isotope effect of 6.5% for the binding of [636+]glucose
The authors suggest that téK isotope effect reflects the to the enzyme alorfe and 3.4% for forming the ternary
intrinsic isotope effect for proton transfer from the serine complex in the presence gfy-CH,-ATP, which correspond
hydroxyl to His154A, whereas th& isotope effect is to deuterium effects of 4.6% and 2.4%, respectiiéyhe
diminished due to a commitment caused by slow dissociationreduction in the isotope effect in the presence of the ATP
of CoA, the second product releas@d his being the case, analogue was proposed to result from coordination of the
the intrinsic isotope effect of 2.5 is small when compared to hydroxyl lone pair electrons with the phosphorus center of
kinetic isotope effects in the range-@0 that reflect proton  the y-phosphate in the ternary Michaelis compf#xhese
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in the first crystal structure of a serine protease. A require-
ment for a deprotonated His that is H-bonded to the
nucleophile in the crystal structure suggested general base
catalysis?* 23 Further support for assigning thigpto His57
came from the observation of a solvent deuterium equilibrium
isotope effect on this 6..°% In addition to the interaction
with the nucleophilic serine hydroxyl, His57 interacted via
an H-bond to Asp102, forming the much studied “catalytic
triad”.%6

The precise mechanism of how the catalytic triad activates
Serl95 is the subject of a still unresolved debate. However,
nearly all investigations to this end have focused primarily
on the role of proton motion between His57 and Aspl102
during catalysis rather than the transition state structure of
Ser195 during the initial attack. Nevertheless, attempts to

. . . discriminate between one proton and two proton transfer
E;gtuéﬁ] 7d' atggggt'goté'%?ng& Cgm&%’gi?n gdsgtsﬁgogovr\ﬂtghe mechanisms have provided some insight into how the serine
defaults defined in Figure 5. Ser195 donates an H-bond to His57 IS being activated.
and approaches a carbonyl carbon (purple sphere) of the inhibitor  Unlike the cases of SAT and hexokinase, isotopic labeling
peptide (purple). of the Ser195 residue af-chymotrypsin and subsequently

measuring secondary deuterium kinetic isotope effects is a

binding effects are of the same magnitude as the measuredechnically daunting task. For this reason, most work has
deuterium equilibrium isotope effect between the and focused on solvent deuterium isotope effects. The first set
B-anomers of glucose at the C1 position of 4.8%d.he of such experiments used the non-natural ester substrates
molecular origin of these effects is discussed in section 3.3. p-nitrophenyl acetate angknitrophenyl trimethylacetate to

These binding isotope effects are still small when com- determine the rate constants for serine acylation in ba@® H
pared to calculated effects on ionization and/or strong H-bondand DO using steady-state and pre-steady-state tech-
formation. Calculations on isopropanol in the gas phase niques® The results indicated an intrinsic solvent deute-
suggest normg-secondary tritium isotope effects up to 60% rium isotope effect on acylation of 2225and aP2°(Kacyiatiod
for complete ionization and 20% for H-bonding with formate, Kj,) isotope effect of 1.68 These results indicated that
depending on how the HCBOH torsion angle changes upon  general base catalysis was likely to be operant as opposed
H-bond formatiorf*87:88 Furthermore, these equilibrium  to unassisted nucleophile cataly8® and that there was a
effects do not indicate the nature of the interaction between significant inverse isotope effect dfy, interpreted as an
the active site base and the nucleophilic hydroxyl group in equilibrium binding isotope effect of approximately 0.76 due
the transition state. Therefore, while there does appear to beto solvent-solvent interaction& While the magnitudes of
an H-bond between the active site aspartate of hexokinasethese effects are comparable to those of other nonenzymatic
and the C6 hydroxyl group, the nucleophilic hydroxyl is not general base-catalyzed nucleophilic attacks, they once again

significantly ionized in the Michaelis complex and the role are small compared to those of reactions involving nonen-
of this interaction in the transition state remains to be zymatic direct proton abstractiGh

clarified. It is also of interest that solvent deuterium isotope effects
. of similar magnitude were also found for other aspects of
2.4. Serine Proteases the a-chymotrypsin reaction. The intrinsic solvent isotope
The serine proteases constitute a broad class of enzymeéffect for deacylation otrans-cinnamoyle-chymotrypsin
that cleave peptide bonds by way of an acyl-enzyme Was measured as 2.5 while that for trimethylacetyl-
intermediate, and a comprehensive review of these enzymeghymotrypsin was 3.8 Likewise,P°V for the ester substrate
has been written by HedstrofhThe nucleophile in these ~ N-acetyli-tryptophan methyl ester was 2.8 for deacylation.
reactions is an active site serine which attacks at the carbonylThese values again suggest that, compared to the case of
carbon of the peptide bond to be cleaved, generating aPurely nucleophilic reactions, proton abstraction influences
tetrahedral intermediate which subsequently collapses to formthe reaction coordinate but that either proton abstraction from
an acyl-enzyme, thereby expelling the C-terminal fragment Serine is asynchronous with the transition state for acylation
of the original peptid€667.89%° The acyl-enzyme is then Or it is being transferred in a stable vibrational well (see
hydrolyzed, expelling the N-terminal fragment of the peptide section 1.5).
and regenerating the active deacylated form of the pro- Later work on the serine proteases focused primarily on
teasef®67.8%900ne of the most extensively studied members investigating the role of the catalytic triad. These studies
of this class of enzymes ist-chymotrypsin, which is utilized proton inventory measurements as a means to

Inhibitor peptide

discussed below as a representative example. discriminate between one and two proton transfer mecha-
The active site nucleophile of-chymotrypsin responsible  nisms and in the process determined the solvent deuterium
for initial attack at the peptide bond is Ser1®%hown in isotope effects for these transfers. One of the main discover-

Figure 7. In the presence of an inhibitor peptide, the serine ies of this work was that with substrates that made minimal
participates in a single H-bond to His57, with a desolvated contacts with the active site, e.g. nitrophenylacetate, a single
lone electron pair directed at an angle~ef09 toward the proton transfer was found, while with more natural amide
carbonyl carbon of the inhibitor. The rate constant for substrates simultaneous two proton transfer catalysis was
enzyme acylation decreases belowkg, pf approximately suggested’ Measurements of the acylation reaction with the
7, which was attributed to His57 following its identification  substratéN-acetyl+ -tryptophanamide demonstrated a proton
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inventory consistent with two proton transfer and-8v
effect of~2.0 with intrinsic effects of 1.69 and 1.14 for each
of the two transfer8:-%”

Interpretation of these effects is difficult due to the
complexity of the reaction catalyzed lychymotrypsin.
Although acylation is generally believed to be rate limiting
for the hydrolysis of amide¥, this assumption has been
questioned? Furthermore, acylation itself exhibits two
transition states: nucleophilic attack forming a tetrahedral
intermediate followed by collapse to form the acyl-enzyme.
Transient kinetic and pH variation experiments on elastase
ando-lytic protease have implied that the latter may be the
rate-limiting stef® or that His57 may be acylated prior to
an N— O acyl shift to Ser19%° While many mechanistic
possibilities exist, isotope effects of similar magnitude have
been found for other serine protea¥¥s!® Thus, the general
conclusion has been that mobilization of the catalytic triad
for either single or double proton transfer depends on both ) , , .
the enzyme and the substrate but that the primary deuteriunﬁ'g:{% ﬁg\/v iﬁ]cg‘e’?aj'ttse dgir?e(gl\iﬂnTF%%T\e/%d 'lt;\oemnuléllsgf) sing
Isotope ef_‘f_ect on proton transfer from Ser195 to His57 during the inhibitor is identified by its proximity to the adenosine binding
nucleophilic attack is small compared to values observed for gjie ‘where the furanose O is labeled. The 2.3 A distance between
direct nonenzymatic proton transfers. this O and the Mg is indicated.

Recently, QM/MM calculations by Ishida and Kato have

analyzed the acylation reaction using the serine proteasethe reaction of phenols and catechols with sulfonium s,
trypsin as the model systetff. Their results using a peptide  but coordination of the substrate to the active site?Mg
substrate indicate that a single proton transfer mechanism iscoupled with the pH variation 0¥/Kcaecho have focused
favored with the Asp102 functioning to stabilize the His57 attention on the ionized catechol as the reactive form of the
cation, rather than to deprotonate it, and orient it for supstrate bound at the active site. Still, as shown in Figure
interaction with Ser195. They also found that proton transfer 9, three different reactive conformations of the catechol have
between Ser195 and His57 is nearly complete in the transitionpeen obtained computationally by the KollmidhBruice 115
state. This result is in contrast to the results for the enzymesand William$1é groups. These three different structures
described above, where tiab initio calculations suggested  highlight the need for experimental approaches to determine
that deprotonation trailed formation of the covalent bond the environment of the nucleophilic O both in the Michaelis
between the nucleophile and electrophile. Nevertheless, thecomplex and in the transition state for the chemical reaction.
early deprotonation is still consistent with the small solvent  Metal ion coordination in the activation of water as a
deuterium isotope effects. It is notable, however, that when nucleophile is widely observed, and entire superfamilies of
the Asp102 is mutated to asparagine, the molecular dynamicsmetal ion promoted hydrolysis reactions are being stuttied.
QM/MM calculations resulted in minimal deprotonation in - However in the promotion of the nucleophilicity of alcohols
the acylation transition state of trypsin and, consequently, COMT and pyruvate kinadgare notable for the coordination
the proton transfer followed nucleophile bond formation in  of the nucleophilic O by a metal ion. Two additional classes

this mutant.%® of enzymes that invoke metal ion coordination of an alcohol
O as the nucleophile are the nucleic acid polymerases and
2.5. Catechol O-Methyltransferase enzymes that catalyze phospho-transesterification, which will

COMT catalyzes the transfer of a methyl group from the he discussed in the following sections.

activated electrophiles-adenosyl methionine, to a phenolic . .

oxygen. Phenolic oxygens are intrinsically less reactive than 2.6. Ribozyme Catalysis

alcohol or water oxygens (when both are neutral) due to the The discovery by Cech and colleagues that RNA too can

delocalization of the lone pair electrons into the aromatic act as an enzyme was a key advance in our understanding

ring 196197 Therefore, it is anticipated that the ionized of biological catalysis. We now know that most ribozymes

phenolate may be the actual substrate form in COMT. The found in biology catalyze substitutions at phosphorus that

resonance of the phenoxide electrons into the aromatic ringnecessitate activation of an oxygen nucleophile. The same

lowers the K, of phenolic oxygens te-10. This resonance  chemical principles that describe nonenzymatic and protein

delocalization results in thertho andparacarbons becoming  catalyzed reactions must necessarily hold true for RNA

nucleophilicl®®1%An enzyme active site, consequently, may enzymes as well. The phospho-transesterifications catalyzed

need both to promote the ionization of the phenol and to by ribozymes are effectively symmetrical, as shown in Figure

minimize the potential for reaction at ttwgtho carbon. In 10. Specific acid, specific base, metal ion coordination, and

COMT, these two tasks are accomplished by coordination general base mechanisms are diagrammed.

of the phenol to an active site Mgion as shown in Figure Due to the ability of RNA to fold into a variety of complex

8. structures, RNA tertiary structure can generate crevices
COMT has been the focus of numerous experimental and necessary for water exclusion, orient the substrates, coordi-

computational studies to determine whether nucleophilic nate metal ions, and provide specific noncovalent interactions

substitution reactions are promoted at enzyme active siteswith the transition stat&'®12° As a polyanion, RNA is

by compressiofi®!tor proximity 1*? Initial studies indicated  particularly adept at divalent metal ion interactid®sRNA

that general base catalysis in aqueous solution could promoteshares with protein enzymes that catalyze phosphoryl transfer
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Figure 9. Three computational results of nucleophile activation by coordination to the active site kA9 The Kollman group’s transition
state structure with only the nucleophilic O of the catechol coordinated to tR&. Wt B) The Bruice group’s structure with both O atoms
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specific base catalysis generates an alkoxide nucleophile.

. o Figure 11. Reactions catalyzed by naturally occurring ribozymes
the common, but not necessarily ubiquitous, use of metal require nucleophilic activation that may be effected by general base
ions as a component of nucleophile activafi&h?® General chemistry (denoted as B:). Neutralization of negatively charged
base catalysis, commonly invoked in protein phosphodi- intermediates (purple arcs) by metal ion interactions is also

esterases, was first thought to be difficult for RNA, having intwtpolr(ta?t. (A) 't-"_’“g? ribolzymcre]jsl sufh as th$_grohup ' L“t[jc.’” ‘gat"’t‘)'yzﬁ

; ; ; attack of an extrinsic nucleophile at a specific phosphodiester bond.
fun(i,.tlon'al grfoups &N ',tlhb%as f?é! fro”? neutral. However:, (B) Small ribozymes exemplified by the HDV ribozyme catalyze
application of Jencks' libido rufé(section 1.4) suggests that j,iramolecular phosphoryl transfer. Reprinted with permission from
this is not a significant limitation, and extensive experimental ref 121. Copyright 2002 Cell Press.

work has resulted in a greater appreciation of the ability of

RNA to employ general base catalysis. new light on the capabilities of RNA to effect general base
Ribozymes fall into two general classes distinguished by activation of the substrate nucleophile.

differences in structural complexity and in reaction mecha-

nism (Figure 11). Self-splicing introns, e.g. group | and group 2 7. Group | Intron

Il introns, catalyze phosphotransesterification reactions (Fig-

ure 11A) using either the'2D or 3-O; and RNase P Gl intron splicing involves two successive transesterifi-

constitutes a class of large ribozymes. Like their protein cation reactions. In the first reaction, the active site positions

counterparts that catalyze similar reactions, such as endo+the 3-O of a free guanosine substrate for nucleophilic attack

nucleases, polymerases, phosphodiesterases, etc., divaleat the phosphodiester bond of thesplicing site; the 30

metal ions appear to play a dominant role. The second classof the last exon nucleotide is the leaving group. In the second

small ribozymes consisting of ZA.00 nucleotide structures, reaction, the 30 product from the first reaction attacks the

catalyzes intramolecular attack of &@QH on the adjacent 3’ splice site, generating the spliced exons, and the 8f

phosphodiester bond similar to protein ribonucleases suchthe last intron nucleotide (gammaG) is the leaving group.

as RNase A (Figure 11B). Small ribozymes are involved in An important feature is that the-® leaving group in the

replication of RNA phages as well as several newly first step is the nucleophile for the second step. Similarly,

discovered classes that are involved in gene regulation.the interactions with the leaving group in the second step

Members of this class can function in the absence of divalentwill replicate interactions involved in nucleophilic activation

metal ions, and exploration of their mechanisms has shedin the first step.
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)—Q can have significant differences in the number and location

of metal ions!3%13! These issues clearly underscore the
importance of achieving both high-resolution structural
models of these enzymes and extensive correlations with
functional studies.

Strong functional evidence for active site metal interactions
with the nucleophile comes from pioneering biochemical
analyses involving phosphorothioate modifications to test for
metal ion interaction&?-1% In this analysis, functionally
deleterious sulfur or nitrogen substitutions that exhibit rescue
upon increasing cation softness (e.g., replacingMgith
C?* or Mn?*) provide evidence for direct metal ion
coordination during catalysi$>'3¢ The development and
most extensive applications of this approach have involved
a version of theTetrahymenaribozyme engineered to
catalyze the attack of guanosine on a short oligonucleotide
substrate. Substrate phosphorothioate-metal ion rescue ex-
periments identified four atoms, including the@ leaving
group/nucleophile for both steps. For example, to probe for
Figure 12. Structure of group | intron adapted from 1Z#Rusing interaction with the 30 nucleophile of the Sexon in the
RasTop* The distance between the nucleophilicC and the second step, a substrate resembling the ligated exons was
transferred phosphate is depicted. Both the nucleophile and elec-generated and the enzyme was engineered to catalyze the
trophile are within inner sphere distances of the two’M@ns reverse of the second splicing step. There is a significant
(dark green spheres) lacated at the active site. rescue for the reaction; thus, by the principle of microscopic
reversibility, this metal must interact in the forward reaction

Biochemical and structural analysis shows that a conservedWith nucleophilic oxygen in the second stép.
helix in the highly structured catalytic core of the Gl intron To gain a more detailed understanding of the relationships
binds the exogenous G nucleophile, as well as the gammagG petween metal ion interactions with the nucleophile and those
for the second step of splicing. The Hoogsteen face of the with other atoms of the reactive phosphate, a thermodynamic
bound G forms a base triple with a conserved G pair fingerprint analysis has been us&d&:1% This extension of
where its 3O is positioned for nucleophilic attack in the the phosphorothioate-rescue approach involves quantitatively
first step. In the second step of splicing, a similar Hoogsteen analyzing the reactivity of modified substrates relative to
base pair with gammaG positions tHesBlice site phosphate  unmodified substrates over a range of rescuing metal ion
for the reverse reaction, i.e., the@ in this step is the leaving ~ concentrations. The concentration dependence of the relative
group. A recent high-resolution structure of an intermediate, rates can be interpreted in terms of apparent affinities with
prior to the second step, provides a detailed model of the 3 magnitudes that serve as distinctive “fingerprints” for the
splice site substrate interactions that position the appropriaterescuing metal ion(s). Thus, by comparison of these apparent
hydroxyl nucleophile and phosphate for the second'gtefs? affinities for different modified substrates, information is
Extensive base pairing and tertiary interactions align the gained as to whether the same or distinct metal ions interact
exons for the reaction. Notably, the substrate is in a highly with the identified substrate ligands. These studies provided
constrained conformation with complete reversal of strand functional evidence for a network of three distinct metal ions
direction at the 3splice site. The network of hydrogen within the Tetrahymenaibozyme active site: Metal ions
bonding interactions positions thé-QH of the 5 exon coordinate to the'3oxygen leaving group, the-&xygen on
proximal to the scissile phosphate, and the angle of approachthe G nucleophile in the first step @vind M, respectively),
is consistent with the geometry expected for inline nucleo- and a third oxygen interacting with the-Bydroxyl of the G
philic attack shown in Figure 12. nucleophile (M) (Figure 13). Two metal ions (Mand M)

With respect to active site interactions with the nucleo- coordinate thero-S> oxygen of the scissile phosphate, and
phile/leaving group oxygens, the majority of attention has a third interacts with the nucleophilic@. Extenspn of thI.S
focused on divalent metal ion interactions, and there is now analysis to encompass phosphate oxygens within the intron
strong evidence that nucleophilic activation at theO3 itself proylde_s e\_/ldence_that th_ese metal ions are positioned
involves direct coordination to active site ffgons as shown Py coordination interactions with nonbridging oxygens that
in Figure 12. However, studying metal ion interactions in Constitute, in part, the active site of the ribozyHie!

RNA raises some special proble#3$2412¥rst, structure- Recently, a structure including thé-@ of the substrate
function analyses of RNAmetal ion interactions involved G, a key metal ion ligand, has been reported, providing the
in nucleophile activation, or any other aspect of catalysis, most consistent model to date of active site interactions
are complicated by the necessity of ¥Mgon interactions including metal ion coordination to thé-8'’s involved in

for folding. Also, RNAs can often fold into more than one nucleophilic attack (Figure 12). In this structure, two metal
energetically favorable ground state conformation and un- ions coordinate to nonbridging phosphate oxygens in the
dergo conformational changes. These complications makeintron and substrate. This result seemingly contrasts with the
mechanistic interpretations of structural studies problematic. results from biochemical studies that indicate three active
Importantly, modifications necessary to trap a crystal- site metal ions. However, the two Mgions observed in
lographic complex prior to catalysis for structural studies the three-dimensional structure are able to satisfy all of the
may perturb native metal ion interactions. Indeed, in another biochemically identified interactions, including Kginterac-
parallel with protein enzymes, different ribozyme structures tions with both 3-O’s. Their geometry is consistent with the
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~OH

Figure 13. Group | intron splicing reaction. The last nucleotide
of the B intron (U-1) is shown at the top. Thé-8 leaving group

of this nucleotide serves as the nucleophile for the second splicing
step. At the bottom is the exogenous G whos©3Zerves as the
nucleophile. The last nucleotide of the intron (gammaG) occupies
this position in the second step of splicing, where its corresponding
3'-0 is the leaving group. Metal ion interactions demonstrated by
quantitative metal rescue of phosphorothioate modifications are
shown in red. Reprinted with permission from ref 138. Copyright
Hougland et al.

Steitz two metal ion mechanism from DNA polymer&&g:t
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Importantly, the HDV ribozyme is able to function in the
absence of divalent metal ions, albeit more slowly. Higher
monovalent ion concentrations are required for folding,
presumably to screen electrostatic repulsion. This result
implied that nucleobases could fulfill the role of amino acid
side chains in functioning as general acids and bases. Indeed,
a growing body of structural and biochemical analyses
support that this is in fact the case.

Initial insights into the overall architecture of the ri-
bozymes came from a structure of tHgBduct complex#8
While this structure did not provide evidence for the
interactions with the nucleophile, it showed a nucleobase
(C76) potentially positioned for acitbase catalysis. Further
physical and mutagenesis studies provided important evi-
dence that the protonation state of C76 is indeed important
for catalysis'*®152 These analyses gave rise to a model in
which C76, in its deprotonated form, functions as a general
base catalyst to accept a proton from the nucleophfi©.2

Alternatively, C76 could function as a general acid, while
a different base catalyst activates theQ nucleophile.
Support for this second model came from the observation
that the pH dependence of the activity varied with the

Importantly, one M§" ion makes inner sphere contacts with Fﬂvglent metal ion concentration, WhICh suggested that the
both the 20 and the 30 nucleophile/leaving groups of  ionization of metal-bound water might contribute to the pH
the gammaG. This geometry is consistent with the biochemi- dependencé’ These results were consistent with the idea
cal data that both positions are ligands for metal ions, but in that either hydroxide or a metal coordinated hydroxide
the crystal structure only a single metal ion is seen accepts a proton from theé-DH to activate the nucleophile.
coordinating to both ligands. This difference from the Additionally, recent experiments investigating the effects of
mechanism drawn from biochemical data could formally 5-O leaving group substitutions by Das and Piccirilli further
arise from differences in ground state versus transition stateimplicate C76 as a general acid catalfdRecent structures
interactions or, potentially, differences in the electrostatic in which C76 has been mutated to U show this residue in
environments of the active site due to different functional position for an interaction with the leaving group, but there
group modifications. Nonetheless, it is abundantly clear that is no metal ion in the vicinity of the '20. Such results
direct metal coordination to botH-®’s is a key feature of provide important insights into HDV active site function,
the catalytic mechanism. but they leave in doubt the precise mechanism of nucleophilic

activation in the absence of metal ions. A potential rationale
for the slower catalytic activity of the ribozyme under these

. . conditions is that nucleophile deprotonation is not assisted.
In biology, small RNA motifs that catalyze RNA self- b P

cleavage via attack of a ribosé-@ play essential roles in Itis clear that RNA does not invent new mechanisms for
RNA virus replication, as well as regulation of gene nucleophilic activation or catalysis but is constrained, just

expression. With respect to nucleophilic activation, it has &S Protein enzymes are, to employ those kinds of interactions
variously been proposed, as with protein enzymes, to involve dictated by the intrinsic chemistry of the reaction. The
metal catalysis or general base catalysis via an RNA difference lies in the unique geometries that position RNA
nucleobase functional group or the water molecule in the functional groups relative to the nucleophile and reactive
inner hydration sphere of Mg.11%120However, some small ~ Phosphate in order to stabilize the transition state. These
ribozymes can function in the absence of divalent metal kinds of interactions include employing networks of non-
ions142-144 Thys, intensive research has focused on identify- covalent interactions to position the nucleophile in the
ing potential general acid/base mechanisms. However, theoptimal geometry for in-line attack. RNA is particularly adept
most detailed models of the catalytic mechanism are built at interacting with divalent metal ions, and there is very good
largely on structural rather than functional data. Additionally, €vidence for a direct role for active site metal ion coordina-
there is some conflict between structural studies and thetion in nucleophile activation. Unlike protein enzymes,
results of detailed functional analyses. Nonetheless, there ishowever, RNA needs metal ions to fold, and the coupling
significant progress in outlining the distinct geometries for of structure stabilization and catalysis makes achieving a
nucleophilic activation in some examples exemplified here clear picture of the roles of individual interactions challeng-
by the HDV ribozyme. ing. Thus, it is with hindsight that it becomes clear that RNA,

The HDV ribozyme is a small ca. 70 nucleotide RNA that, despite having a limited repertoire of functional groups, can
like all small ribozymes, folds to form a compact structure form an active site environment in which a significarit.p
that results in cleavage of a specific phosphodiester bondshift occurs, enabling general acid/base catalysis. Yet, very
via attack on the adjacent-® nucleophilé*° As is the case ~ few examples have been described in any depth, and even
for protein enzymes such as RNase A that catalyze the samdor the best characterized examples, there remain important
chemistry, the reaction is inhibited by acidic pH, consistent questions concerning the sum total of catalytic interactions
with a deprotonation, potentially of the nucleophile, preced- and the ultimate effect of active site nucleophile interactions
ing the rate-limiting step under these conditidffsi4’ on bonding in the ground state and transition state.

2.8. HDV Ribozyme
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(2200, 2160, 2100) H p 3.2. NMR Characterization of Alcohol
D p >4§;\ Nucleophiles

>/, O D= H NMR has proven to be an extremely valuable tool in
H R H (2170, 2150, 2100) characterizing H-bonds between-K donors and N accep-

tors. These measurements include characterization dHhe
The anti (left) andgauche(right) C—D bonds of an alcohol have chemical shift of the H-bqndgd proton, its fractlonatlo_n
differentvg, values. The approximate values given are (in order of factor, solvent exchange klnet.ICS,_ and the scalar coupling
decreasing frequency) for the alcohol in CHQE., with no H-bond ~ constantsidyy and *Jun. In application to alcohol nucleo-
donor or acceptor, complexed to a strong amine base, and as thghiles, many of these NMR observations have not been
alkoxide in water. possible due to the rapid solvent exchange of the H-bonded

proton. Even in cases where solvent exchange may be slow,

. o . the chemical shift has proven too small to be identifiable

3. Spectroscopic Characterization of Nucleophiles from bulk water and the scalar coupling constahisy to
at Enzyme Active Sites 170 or 2Jcy, have not been investigated.

However, in favorable cases;<H---N H-bonded systems
an be characterized by the same parameters-asliNN
systems, i.e., th&H chemical shift, the fractionation factor,

Figure 14. Variation of C-D v, with H-bonding and ionization.

The previous sections have established that, in the process,
of binding to enzyme active sites, every alcohol nucleophile
has the solvent H-bond donors removed and that the alcohol, 4 the-Juy scalar coupling constantll of which correlate
O—H is either coordinated to an active site general base or, i the strength of the H-bort#” The model experimental
less commonly, deprotonated by coordination to a metal ion. systems have focused on aprotic solvents and low temper-
This section focuses on the emerging use of SpectroscopiCyyres to minimize chemical exchange, and in most systems
methods to characterize the environment of the nucleophilethey have favored zwitterionic complexes with the proton
in enzyme-substrate complexes. In the application of NMR  residing closer to the N, i.e., greateri than O-H bond
and vibrational spectroscopy, the requisite model studies haveg deris8159 The best characterized -GH++-N H-bonded
now been completed, but the number of applications to the system comes from NMR studies of serine proteases, where
characterization of O nucleophiles in enzyme active sites is the observedH resides between the Asp and the imidazole

very limited. of the catalytic triad, and is not directly an H-bond donated
by the serine nucleophile (reviewed in ref 160). The strongly

3.1. Vibrational Spectroscopic Characterization of deshielded proton resonance has a low fractionation factor

Alcohols characteristic of short strong H-bon#sThe NMR charac-

terization of this H-bonded system demonstrates the potential

H-bond strength from alcohols to Bronsted base acceptorsfor characterizing H-bonds at enzyme active sites, when
has been studied extensively by vibrational spectroscopy. Asexchange with solvent has been minimized. Theoretical
the H-bond becomes stronger, based on thermodynamiccalculations extend the correlation of chemical shift, frac-
measurements, the-eH stretching frequencyg,) decreases  tionation factor, andJyy to systems with greater-€H bond
by several 100 crt.1%* While this approach works well in  order, as anticipated for SeO—H-+-imidazole H-bonds®*
aprotic organic solvents, in agueous solution, the broad An alternative approach, based on the observation that the
intense band from the solvent - stretching modes adjacent G-H bond was weakened in H-bond complexes,
prevents the identification of the single substratekDstretch ~ is to observe théJc of the vicinal methylene protons in
of interest. This bond cannot be labeled with D, as it alcohol H-bonded systems. A correlation betwéasy for
exchanges rapidly with solvent a8 substitution has a  hexafluoroisopropanol and the H-bond strength formed with
minimal effect on the OH v amines of varying basicities has been obse/f&d.

For O--H---O H-bonded complexes, as observed with
carboxylate H-bond acceptors to alcohol nucleophiles in
kinases and acyl transferases, the only model NMR study
of H-bond parameters comes from fast magic angle spinning
determinations of théH chemical shift in crystals where
the exchange of the H-bonded protons is minimized and
neutron diffraction has characterized the H-bond geom-
etry160163The chemical shift correlates with the displacement
of the'H from the middle of the H-bonded systéfi Except
for very strong H-bonds, these methods have not been applied
to enzyme systems.

To characterize nucleophilicity, the electron density of the
lone pairs is more important than the strength of the H-bond.
Studies of negative hyperconjugation of-@8 bonds vicinal
to lone pairs was prompted by the observation that théiC
bondanti to a lone pair has ag ~30—60 cnt! lower than
a C—H bondanti to an O-H bond, as shown in Figure 14.
H-bond donation by an alcohol increases the electron density
around the O, increasing the extent of negative hypercon-
jugation and decreasing the-El vs.2%>1%6lonization of the
alcohol to the alkoxide results in a large-100 cn1?)
decrease in the€H v4. Unlike the case of the ©H stretch,
it is possible to uniquely label a single-®& bond in a :
substrate by D-substitution. The-@ vy of 2100-2250 5o 1S0tope Effects on Alcohol Nucleophiles
cm! appears in a spectral window free of both water and  |n characterizing nucleophile activation by isotope effect
protein vibrations. Single €D bonds can be observed by studies, the most obvious substitution is to label the nucleo-
vibrational spectroscopy in proteins (Maiti, Carey, and philic O with 180. The effect of removing the H-bond donors
Anderson, unpublished), allowing the electron density of a can be examined by determining tH® equilibrium isotope
lone pair on a geminal O to be interrogated. The application effect on transfer to the gas phase, and this is determined to
of vibrational spectroscopy to characterize changes in be small, 1.008% There have been no experimental deter-
electron density of substrates bound at active sites has beeminations of the equilibrium isotope effect on alcohols
further reviewed by Carey in this issue. functioning as a donor in forming an H-bonded complex.
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