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static interactions between ionizable groups found on the surface of
Summary macromolecules are weak and cause only slightqy perturbations
(<2 units). The sum of many of these weak electrostatic interactions
helps contribute to the stability of native or folded macromolecules
and their ligand complexes. However, the K, values of catalytic
groups that are found in the active sites of numerous enzymes are
significantly more perturbed (>2 units) and are the subject of this
review. The magnitudes of these K, perturbations are analyzed
with respect to the structural details of the active-site microenvi-
ronment and the energetics of the reactions that they catalyze.
wewms Life, 53: 85-98, 2002

In protein and RNA macromolecules, only a limited number of
different side-chain chemical groups are available to function as
catalysts. The myriad of enzyme-catalyzed reactions results from
the ability of most of these groups to function either as nucleophilic,
electrophilic, or general acid—base catalysts, and the key to their
adapted chemical function lies in their states of protonation. lon-
ization is determined by the intrinsic pK, of the group and the mi-
croenvironment created around the group by the protein or RNA
structure, which perturbs its intrinsic p K, to its functional or ap-
parent pK,. These K, shifts result from interactions of the catalytic
group with other fully or partially charged groups as well as the Keywords Acetoacetate decarboxylase; bacteriorhodopsin; cysteine
polarity or dielectric of the medium that surrounds it. The electro- protease; glycosidase; serine protease; thioredoxin.
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< F}“«dci're]f:/l ccc)j(respogdencte to -|'th0fnl136}3 '; Ha}rrtis, Unélv?\; Silty oflMi%mi The nature of enzymatic rate enhancement entails knowledge
chool of Viedicine, Department of Blochemistry and Molecular Biag the chemistry of the individual catalytic groups commonly
g?ggg_gégé’_ Fé_%aﬁ?t);(ﬁ;ﬁilszé’m'\f;]r?légb 33101-6129, USA. Faxfound in enzymes as well as th_e ensemble of nqtivg pro_tein
Abbreviations: AAD, acetoacetate decarboxylase; AbAld, antibody a®f RNA structures that form a given substrate’s binding site.
dolase; Ala-Race, alanine racemase; hdvAR, hepatitis delta virus antigenorhlee chemistry of the different enzymatic catalytic groups can
ribozyme; ArsC, arsenate reductase; AspAT, aspartate aminotransferase; B, classified into four categories: nucleophiles, electrophiles,
Bacillus circulansxylanase; BR, ground-state bacteriorhodopsin witlrats %Ieneral-base catalysts, and general-acid catalyst§ife com-

retinal, protonated D96, protonated Schiff base, and unprotonated D85; BR ontitratabl talvti . teinsinclude ti@t inal
excited M-state bacteriorhodopsin with t&retinal, protonated D96, unproto- monttratable catalytiagroups inproteinsinciude ermina

nated Schiff base, and protonated D85; BR-N, excited N-state bacteriorhodo&‘ﬂ{p())_(ylv the cart')o>.<y.l groups of aspartic and QlUtamiC ac.ids,
with 13<is retinal, unprotonated D96, protonated Schiff base, and protonattlle imidazole of histidine, the sulfhydryl of cysteine, the amino
D85; Chy-TFKs, chymotrypsin complexed with various peptidy! trifluorokegroup of lysine, the hydroxyl of tyrosine, and theterminal

tones; hmCK, human muscle creatine kinase; DsbA and DsbC, disulfide b%mo group (Table 1A). The positively charged side-chain
enzymes A and C ik. coli; GalE, UDP-galactose 4-epimerase; GRX, glutare- )

doxin; HB, hydrogen bond; HPE, hydrophobic environment; KSI, ketosterogluamldmll,j_rn group of arg'f"”e res@ues is often u,tlllzed aS_ an
isomerase; LBHB, low-barrier hydrogen bond; NMR, nuclear magnetic re§lectrophilic catalyst, butitis rarely titratable due to its very high

onance; N&, N-terminus of anx-helix; Nuc/Lv, nucleophile/leaving group; pKa of 12. In nucleic acids, recent structural and mechanistic
4-OT, 4-oxalocrotonate tautomerase; PDI, protein disulfide isomerase; Ptfudies now indicate that the ring nitrogens of the nucleoside

pyridoxal 8-phosphate; PMP, pyridoxaminéphosphate; bimPTP, bovine liver bases can function as general acid-base catalysts (Table 1B).
low molecular weight protein tyrosine phosphatase; hPTP1, human protein tyv)

sine phosphatase; yPTYersenigrotein tyrosine phosphatase; rPTC, ribosomal et, with this limited repertOIre,Of Chemlcal QrOUPS’ protem_s
peptidy! transferase center; RNaseH1, ribonuclease H1; TIM, triosephosptfé&d RNA catalyz_e a myriad of biological reactions. .ln pqrt, this
isomerase; bTRX, bacterial thioredoxin; hTRX, human thioredoxin. is due to the ability of many of these groups to function either as
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Table 1
Intrinsic pK, values of ionizable side-chain groups of proteins and RNA in agueous solution

(A) Amino-acid side-chain ionization2) pK2
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aIntrinsic values for side-chain functional groups in proteins and peptides present complex issues,
because the values for the amino acids listed in this table are not necessarily appropriate. The best values
would be for the side chains appearing in small peptides, so that-#mino and carboxylate groups do
not interact internally with the ionizing group. However, placement of an ionizable group within a model
peptide that contains no nearby charged groups is often difficult due to the lack of solubility of these
peptides. A more comprehensive listing &f pvalues of amino acid side-chains that have been measured
in the context of either small peptides or as derivatives of amino acids has been deS)ribeddxample,
the pK, value of 9.1 for the thiol group of cysteine is slightly higher than tKg g= 8.9 of this group in
glutathione. In addition, thel, value of 9.7 for the phenol group of tyrosine is slightly lower than tkg p
of 10.2 measured fgo-methylphenol p-cresol), which is a most reasonable model compound. Thus, the
intrinsic pK, value for a given side-chain has not been fully established, and may vary40.5 units,
depending on the location of the side-chain within a particular peptide or compound.
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nucleophiles, electrophiles, general-base catalysts, or geneealergetics of like-charge repulsion. If both groups are proto-
acid catalysts. The key to their adapted role or function lies irated and positive in their ionized forms, then one group will
their state of protonation, and the state of protonation is detégnd to decrease theKp of the other, facilitating deprotona-
mined, at first approximation, by the intrinsi&p of the given tion and neutralization also to avoid like-charge repulsion. If
group. one group is positive and one group is negative in their ionized
Table 1 lists the intrinsic K, values of the catalytic groups forms, then the positively charged group will tend to lower the
found in either protein or RNA enzymes. For these groups pK, of the negatively charged group and vice versa, facilitat-
be activated as nucleophiles, the ionizing proton needs to disswy the favorable energetics of opposite-charge attraction. All
ciate from either the reactive oxygen, nitrogen, or sulfur atorof these effects are increased to a greater degree as the effec-
This requires that the effectivekp of the group be lower than tive dielectric constant or solvent polarity is decreased. Thus,
the effective pH at the reaction site. At physiological pH, onlthe energetics of charge-charge interactions become more sig-
aspartate, glutamate, and histidine would be fully active as mificant if these interactions are removed from aqueous solvent
cleophiles. For groups to be activated as electrophiles, the grafigh polarity and transferred to the interior of proteins where
needs to be in its protonated form to function either as a hydrte dielectric constanty, is estimated to be much lower due
gen bond donor or to provide a localized partial or full positivio hydrophobic packing.
charge. Thisrequires that the effectiveof the group be higher

than the effective pH at the reaction site. For a group to op[tkamp,es of Proximal Negative Charges
mally function as a general acid or base, its intrindig palue

Ii5‘|7‘1stituent of plant biomass, in a double-displacement reac-

on in which Glu-78 functions as a nucleophile, forming a

dldate§. Howevgr, it has been demqnstrated that ”?OSt of Salent glycosyl-enzyme intermediate (Fig. 1). Glu-172 acts
catalytic groups in Table 1 can function as nucleophiles, eleg—

. . . a general-acid catalyst during glycosylation, protonating the
trophiles, general acids, and general bases, depending OnH}E&roxyl group of the departing aglycone (HOR), and then as
given enzyme. Activation of these catalytic groups is a direg ;

: . eneral-base catalyst to activate the attacking water molecule
result of the microenvironment created around the group by t gring the deglycosylation reaction. Thipvalues of Glu-78
protein or RNA structure.

. . . . and Glu-172, in the free enzyme, were measured by difext
When a titratable catalytic group is transferred into a SPRIVIR pH titrations to be 4.6 and 6.7, respectively?), The in-
cific site in a macromolecular structure, its intrinsik pvalue ’

N ) . . - _creased K, value of 6.7 for Glu-172, necessary for its function-
is driven to its functional or apparent value by interactions wi

ther full tallv ch q Il as by th | g as a general-acid catalyst, appears to be due to electrostatic
other 1ully or partially charged groups as wetl as by the po aIrépulsion from the negatively charged Glu-78. Mutation of Glu-
ity or dielectric of the medium that surrounds it. The ionizableg ', 1o heutral glutamine causes thé.mf Glu-172 in the

. . a

groups found on the surface of proteins, accessible to bulk SHke enzyme to decrease to 4.2. In a trapped covalent glycosyl-
vent, play a vital role in electrostatic stabilization of the nativgnzyme intermediate, thekp of Glu-172 was also near 4.2
or folded protein, primarily through salt-bridge formation or ioq.hus charge neutrali'zation of Glu-78 as a result of glycosyla-
pairing. These electrostatic interactions cause slight perturla% ’

i f their intrinsi | 2 unit d has b th n results in a decrease in th&pof Glu-172, facilitating a
lons ot their intrinsic Fb.<a values (2 units), and has been ethermodynamically favorable loss of this proton to the departing
subject of much experimental and theoretical study. Howev

e . - fi droxyl. Loss of the proton enables its subsequent functioning
many |on|gab_lg catalytic groups that are b.urled inenzyme '?C“é{ a general-base catalyst to deprotonate water, activating it for
sites are S|gn|f|c_:(_:mtly more pe_rturbedi{unlt_s) and are listed in hydrolysis of the glycosyl-enzyme intermediate in the deglyco-
Table 2.1n add|_t|on, Table 2 lists the function of each _catalyt lation reaction. A pair of carboxylic acids have been shown to
group and the likely structural basis for this pperturbation. be the catalytic groups in essentially all glycosidases described
to date, and such ‘9, cycling” of the carboxylic acid that func-
CHARGE-CHARGE INTERACTIONS tions as the general acid-base is likely to be common among this
lonization of a catalytic group is affected through long-rangelass of enzymes.
as well as local electrostatic effects. The electric force experi- Ribonucleases, Aspartic Proteases, and Hen Egg White
enced between two interacting chargesdndg,) depends on Lysozyme. Smaller perturbations of thdqg values for a pair of
the distancer{) and the dielectric constant)(of the medium be- proximal carboxyl groups have been reported for ribonucleases,
tween them as given by Coulomb’s LaW (= :10p/r?) (38). aspartic proteases, and hen egg-white lysozyme. In ribonucle-
An ionizable catalytic group on an enzyme can interact witise H1 (RNaseH1, Table 2), Asp-10, Asp-70, Glu-48, and a
other neighboring charged groups. In such a case, if both growdgalent cation have been shown to be essential for catalytic
are deprotonated and negative in their ionized forms, then castivity. Using two-dimensionalH and3C NMR, Oda et all.
group will tend to increase theqy, of the other, facilitating pro- (11) measured thelf, values for all of the carboxyl groups in
tonation and neutralization to avoid the unfavorable CoulombitNase H1 and found that thé&kg of Asp-10 (6.1) is unusually



Table 2

The function and structural basis of catalytic groups with perturb€gvalues on enzymes

Proteir? Group ApPKZ° Function Structural basis
BR (5) D85 -1.8 Proton transport Unknown
BR-M (5) D85 +2.9 Proton transport HPE, anionic E204
BR (6) D96 >+48.0 Proton transport HPE
BR-N (7) D96 +3.1 Proton transport HPE, solvent accessibility
bTRX (8) D26 +3.5 Tune C32 K, HPE
hTRX (9) D26 +4.1 Tune C32 K, HB to S28 OH
KSI (10) D99 >+5.0 HB donor HPE, anionic D38
RNaseH1 11) D10 +2.1 HB donor Anionic D70
BCX (12 E172 +2.2 General acid/base Anionic E78, HB network
Chy-TFKs (L3) H57 +(3.9-5.7) General acid/base LBHB
TIM (14) H95 >-1.9 Electrophile N%&, HB to S96 NH
bTRX (15) C32 -1.6 Nuc/Lv NTe, anionic D26
hTRX (16) C32 -2.8 Nuc/Lv N7, HB to C35 NH
GRX (17) Cc11 >-3.6 Nuc/Lv HB to C14 SH
Cl4 >+1.4 effect C11 K4 Anionic C11
PDI (18 C36 —4.6 Nuc/Lv NTe, cationic H38
DsbA (19) C30 -5.6 Nuc/Lv NTe, cationic H32
DshC @0) C98 nd Nuc/Lv NT, HB to C35 NH
ArsC (21) C12 —-2.8 Nuc/Lv Cationic H8
Papain 22) C25 -5.8 Nuc/Lv Cationic H159
Caricain @2) ca2y —6.2 Nuc/Lv Cationic H159
Ficin (22) cz2y —6.6 Nuc/Lv Cationic H159
yPTP @3) C403 —4.4 Nuc/Lv NTw, cationic H402
hPTP1 24) c403 -3.5 Nuc/Lv NTe, cationic H402
bIwPTP @5) c40d —(1.6-2.4) Nuc/Lv N
hmCK (26) C282 -3.5 Unknown HB to S284 OH
4-0OT 27) P1 -3.0 General acid/base HPE
KSI (28) Y14 +1.9 HB donor HPE
Ala-Race R9) Y265 -2.5 General base Cationic R219
GalE 30) Y149 —-3.6 General acid/base Cationic NARnd K153, HB to S124 OH
AspAT (31) K258-PLP -31 General base Imine-pyridine torsion, cationic R292 and R386
BR (32 K216-retinal +2.5 Proton transport Unknown
BR-M (33) K216-retinal 2.2 Proton transport Unknown
AAD (34) K115 —4.4 Schiff base Cationic K116
AbAId (35) K —(4.4-4.9) Schiff base HPE
rPTC (36) A2451 N1 +4.1 General acid/base HB network
hdvAR (37) C76 N3 +1.9 General base Unknown

a8AAD, acetoacetate decarboxylase; AbAld, antibody aldolase; Ala-Race, alanine racemase; hdvAR, hepatitis delta virus antigenomic ribozyme;
ArsC, arsenate reductase; AspAT, aspartate aminotransferase;BCMus circulansxylanase; BR, ground-state bacteriorhodopsin with all
trans retinal, protonated D96, protonated Schiff base, and unprotonated D85; BR-M, excited M-state bacteriorhodopsirciithtibad,
protonated D96, unprotonated Schiff base, and protonated D85; BR-N, excited N-state bacteriorhodopsiciwittihdl, unprotonated D96,
protonated Schiff base, and protonated D85; Chy-TFKs, chymotrypsin complexed with various peptidyl trifluoroketones; hmCK, human muscle
creatine kinase; DsbA and DsbC, disulfide bond enzymes A an&Cinli; GalE, UDP-galactose 4-epimerase; GRX, glutaredoxin; HB, hydrogen
bond; HPE, hydrophobic environment; KSI, ketosteroid isomerase; LBHB, low-barrier hydrogen bond; NMR, nuclear magnetic resomance; NT
N-terminus of anx-helix; Nuc/Lv, nucleophile/leaving group; 4-OT, 4-oxalocrotonate tautomerase; PDI, protein disulfide isomerase; PLP,
pyridoxal B-phosphate; PMP, pyridoxaminé-phosphate; biImPTP, bovine liver low molecular weight protein tyrosine phosphatase; hPTP1,
human protein tyrosine phosphatase; yPY&seniaprotein tyrosine phosphatase; rPTC, ribosomal peptidyl transferase center; RNaseH1,
ribonuclease H1; TIM, triosephosphate isomerase; bTRX, bacterial thioredoxin; hTRX, human thioredoxin.

bThese values were calculated from the difference between the meas(yemg the intrinsic [, listed for that group in Table 1, which
are not fully established. Thus, caution should be observed when compaltgvalues between different side-chains, whereas comparison of
ApKj, values of enzymes that contain the same side-chain ionizable group will be most useful since they are referenced to the sam€;intrinsic p
value.

¢Papain numbering system.

dyPTP numbering system.
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Figure 1. Double-displacement mechanism of retaining glycosidases.

high and that of Asp-70 (2.6) is unusually low (Table 2). In addihe imidazolium cation as the general-acid catalyst for protonat-
tion, these two carboxyls showed two-step titrations indicatingrag the departing amine. The resulting thioacyl-enzyme inter-
strong interaction and cooperative action between them, whictediate is then hydrolyzed by a water molecule to regenerate
is consistent with the X-ray structure showing them to be cloflee enzyme for the next catalytic cycle. Chemical modification
to each other39). For strong mutual charge-charge interactionstudies indicated that thekp values of the nucleophilic cys-
cooperative titrations are generally predicted and Oda et §l. ( teines are strongly perturbed downward to values of 3.3, 2.9,
further modeled the titrations of the Asp-10 and -70 and reprand 2.5 in papain, caricain, and ficin, respectively, and result
duced the two-step titrations, indicating the direct effect of th@imarily from close interaction with cationic histidine and sec-
electrostatic interaction. This situation is similar to that of thendarily from placement at thi-terminus of ax-helix (22).
two catalytic aspartic acid residues in the pepsin-like asparBecause thioacylation is the rate-limiting step in this class of
proteases and the catalytic carboxyls of Glu-35 and Asp-52énzymes, the preexisting Cys#Blis-Im* ion pair does not
hen egg-white lysozyme, which show small&4perturbations. provide for complete catalytic competence. In addition, there
may be a requirement to rearrange the ion-pair geometry uti-

Examples of Proximal Positive Charges gjflggt Se‘zléetz:)trostatlc contributions arising from substrate binding

One of the most “classic” examples of a catalytic group with a ArsC Enzyme. The ArsC enzyme (Table 2) uses the thio-

significantly perturbed i§; is found in. the enzyme acetoacetat?ate of Cys-12 to mediate reduction of arsenate [As(V)] to ar-
Qecarboxylase (AAD, Tf”lble 2), which catalyzes c_ieqarboxylgénite [As(11)] with reducing equivalents coming from either
tion of acetoacetate to yield acetone and carbon dioxide. Decat-

boxylation proceeds through formation of a Schiff base irltecg_utathmne or glutaredoxin. Arsenite is the substrate of the ATP-

. . . : oupled Ars pump that extrudes arsenite from cell& o€oli.
mediate with the-amino group of Lys-116. On the basis of th hemical modification and mutagenesis studies showed that the

D e e e 1 e X, vl ofCy 121 0.3 = bl etrly by
Wi ,th imer and cowork Eé 41g ; P d thptth iFt)iv pasitively charged residue at position 8, indicating that Cys-12
estheimer and coworkerd(, 41) proposed that the pos € and His-8 form a thiolate-imidazolium ion pair (Table 2)p).

charge of the sequence-proximal lysine (Lys-115) could Prep o (K, of His-8 has not been determined
a - .

vide the driving force for deprotonation of Lys-116, necessary Alanine Racemase.A two-base mechanism has been pro-

fgr Schiff base formauon with the substra_te. Westhe|m_ers clg osed for alanine racemase (Ala-Race, Table 2) in which both
sic proposal withstood the test of experimental scrutiny wh

n
Highbarger et al.34) performed pH-dependent chemical mod-

ys-39 and Tyr-265 function as general acid-base catalysts to
ifications of site-directed mutants of Lys-115 and Lys-116 ang?talyze the interconversion af and p-alanine using pyri

Qemonstrated that cationic Lys-115 generated the full decre%érz%aliir?gt(i)csps?jéieeg,sstnﬁ gﬁfja?r?r:@(;; pt::)%g:; (ljstr?;tr?#:lzeness
in pKa of Lys-116. of Tyr-265 of 7.2 is decreased by 2.5 units, which would acti-
vate it as a general-base catalyst under the near neutral condi-
Examples of Proximal Opposite Charges tions found in the cell. From the X-ray structure ioBlanine
Cysteine Proteinases.The cysteine proteinases, includingphosphonate bound to alanine racemat®, (it can be seen
papain, caricain, and ficin (Table 2), share a common actitfeat Tyr-265 is hydrogen bonded to His-166, which in turn is
site composed of a Cys25-81is159-Imidazole(Imy ion pair hydrogen bonded to Arg-219. Mutations of Arg-219 to the pos-
(papain numbering) and catalyze proteolysis using the thiolatieely and like-charged lysine, the neutral-charged alanine, and
anion for nucleophilic attack at the peptide carbonyl group arlde negatively and oppositely charged glutamate systematically
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increased the g, of Tyr-265, indicating that a positive charge—3 kcal/mol) can be utilized to increase thi€of the hydrogen
at this position is required to stabilize the decreas&d pf bond donor and decrease th€ of the hydrogen bond acceptor
Tyr-265 26). by the equivalent energetic amounts.

UDP-Galactose 4-Epimerase.UDP-galactose 4-epimerase If the pK, values of the hydrogen bond donor and acceptor
(Galg, Table 2) catalyzes the interconversion of UDP-galactosee closely matched, then the hydrogen bond becomes unusu-
and UDP-glucose in which tightly bound NADfunctions as ally short (<2. 6A) facilitating a stronger energy of formation
the essential coenzyme for promoting epimerization at hexopy-7 kcal/mol) @3, 44) and much larger K, perturbations can
ranosyl C4 of substrates. It has been proposed that epimerizatierobserved. For example, proton “sponge” molecules contain
is facilitated by nonstereospecific hydride abstraction from Q4o ionizable groups, which are sterically fixated in close prox-
by NAD™, rotation of the ketohexopyranosyl intermediate aboirhity. To avoid electronic repulsion, theKg of one of the
the »—O bond, and then nonstereospecific reduction of tlggoups is significantly increased and a proton is tightly bound
4-ketone by NADH. It is believed that hydride transfer fronbetween the two group€%). Hydrogen bonding can also in-
C4 to NAD" is activated by Tyr-149, which acts as a generalirectly affect the K, value of a heteroatom in a molecule far
base to abstract the €®H hydroxyl proton. In support of this from the hydrogen bond by stabilizing a tautomeric form of the
mechanism, the measurel pof 6.1 for Tyr-149 is significantly molecule (e.g., the catalytic triad of serine proteases is described
decreased, and its side-chain hydroxyl group is positioned neaxt).
the C4 hydroxyl group30). The decreasedfy, value of 3.6 units Serine Proteases. Serine proteases share a common active
for Tyr-149 is attributed mainly to the positive electrostatic fieldite composed of an oxyanion hole and a catalytic triad consist-
created by NAD and Lys-153 £3.0-3.2 units) and partly to ing of a serine, histidine, and aspartate (Fig. 2). Thaltrogen

hydrogen bonding with Ser-124-0.6—-0.7 units). of His-57 in chymotrypsin functions first as a general-base cat-
alyst, deprotonating Ser-195 for nucleophilic attack at the pep-
CHARGE-DIPOLE INTERACTIONS tide backbone carbonyl group, which is polarized by the oxyan-
ion hole, resulting in formation of the tetrahedral intermediate.
Hydrogen Bonding His-57 NeH* then functions as a general-acid catalyst, protonat-

The titratable group can also interact with partial charges img the departing amine of the leaving peptide. A water molecule
themicroscopidipoles found in polar residues and bound watéhen hydrolyzes the resulting acyl-enzyme intermediate to re-
molecules through the formation of a hydrogen bond. Hydrgenerate the free enzyme. NMR studies showed that kae p
gen bonding involves the sharing of a hydrogen atom betweeglue for the His M nitrogen increases from near 7.5 in the free
two heteroatoms, usually oxygen, nitrogen, or sulfur. One hetazyme to K, values measured between 10.3 and 12.1 in com-
eroatom is a weakly acidic donor atom and the other is a wealllexes of chymotrypsin with various peptidyl trifluoroketones
basic acceptor atom. A normal or weak hydrogen bond rand€hy-TFKs, Table 2), analogs of the tetrahedral intermediate
from 2.7 to 3.0A in length, depending on the van der Waal$11). Increased basicity for His \would enhance its reactiv-
contact distance between the two heteroatoms. The favoraityen abstracting the proton from serine and thereby lower the
energy gained on formation of a normal hydrogen bonatl {o  activation barrier for formation of the tetrahedral intermediate.

Co

PepﬁdyL\T¢ Pepﬁdyl{73_ /j:
Ser—O\/:IN-—R S 0)<N-—R Ser—O Peptidyl R
|;.| er ( H H2N'
)
N.  (pPK.=75) (pPK, = 10-12) N (pK,=7.5)

J

His

W | }ﬁsjﬂis \
oro J/

Asp Asp

Figure 2. Mechanism of the acylation half-reaction of serine proteases.
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The main mechanistic difference between the serine proteaagseous solutions. The loweret pvalue for the Schiff base
and the cysteine proteases is the fact that the serine protease®ases the fraction of unprotonated Schiff base, which fa-
require an additional catalytic carboxyl group to activate ionizailitates the initial transaldimination reaction. On binding sub-
tion of the nucleophilic serine. Fig. 2 shows that the carboxgtrate, the K, increases by 2 units, and a proton is transferred
group of an aspartate is involved in a normal hydrogen bondftom the substrate cationic amino group to the Schiff-base imine
the His N5H and helps orient the Hisf\hitrogen to activate ser- nitrogen. The substrate’s neutral amino group is then activated
ine for nucleophilic attack. The van der Waals contact distanas the nucleophile to attack the Schiff-base imine, which has
between the carboxylate oxygen and the imidazole nitrogenimgreased its electrophilicity by its protonation.
2.7A and is indicated by the half spheres (Fig. 2). Upon bind- Recent studies by Kagamiyama and cowork8ts 47) in-
ing the peptidyl group, the Asp-His hydrogen bond distancedicated that, contrary to the classical explanation, the electro-
is apparently compressed to a distance shorter than the vanddatic effect of the two active-site cationic arginines (Arg-292
Waals contact, promoting formation of a shorter, stronger hgnd -386) accounts for only a partial amount (0.4 units) of the
drogen bond46) (Fig. 2). Although the distance between th&ecrease in i, of the Schiff base in the PLP-lysine aldimine.
oxygen and the nitrogen becomes shorter, the Hisflbond Likewise, neutralization of these positive charges upon binding
is polarized or lengthened, increasing the negative charge onftthe dicarboxylate substrate accounts for only 0.7 of the 2-unit
imidazole ring, which serves to increase the basicity of the Hiscreased [, value. Rather, the mechanism that modulates the
Ne nitrogen. pK, of the Schiff base in the PLP-lysine aldimine is attributed

Aspartate Aminotransferase Aspartate aminotransferaseto changes of the imine-pyridine torsion angtg (Fig. 3) 31).
(AspAT, Table 2) catalyzes reversible transamination reactiolmsthe absence of substrate, the torsion angle around th€24
between dicarboxylic amino and keto acids. The amino grogpthe unprotonated form of the Schiff base is 3Because the
is transferred from aspartate to the coenzyme pyridoxatine bond is out of the plane of the pyridine ring, thi€oof
5-phosphate (PLP) to form oxalacetate and pyridoxamine $he Schiff base is lowered by 2.8 units because it cannot form
phosphate (PMP). The amino group is then transferred franfavorable hydrogen bond to the phenolieoRygen of the
PMP to 2-oxoglutarate to form glutamate and regenerate Plpgridine ring of PLP. Upon binding susbtrate, this torsion an-
The active-site lysine forms a Schiff base with the coenzyngge is reduced to 25 favoring hydrogen bond formation to the
PLP, and two arginines interact with the andw-carboxylate 3-oxygen and stabilizing the protonated Schiff base by 1.3 units.
groups of the substrates and products (Fig. 3). Kinetic and sp&tie torsion angle between the Schiff base imine and the pyridine
troscopic studies indicated that th& pof the imine nitrogen ring is maintained by a hydrogen-bond network including the
of the Schiff base has a decreased,pralue of 6.9, com- guanidinium group of Arg-386, the amide group of Asn-194, and
pared to the value of around 10-12 of PLP Schiff bases tine 3-oxygen of the pyridine ring. Thus, Arg-386 is considered

Lys-258
H Arg-386
Arg-292 —aCO;
® “o,c L |
NH,
N
“ H
i (=25%pK, =8.9)
“0,P0 AW n Lys-258
Lys-258 \
H Arg-386 +” H,N
Arg-292 ~aCO; \ H Arg-386
- \r Arg-292 a
@ 02C / g @ ~aCO; @
D0 /\r‘
N _) \ 2 +
” (x=35° pK,=6.9) ~ H
- 2 N—
0 0,;P0 0
\
+N
H

Figure 3. Reaction of pyridoxal phosphate with aspartate catalyzed by aspartate aminotransferase.
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to have both electrostatic- and steric-mediated effects on ®® to 102). Lodi and Knowlesld) investigated the energetic
pK, of the Schiff base. Interaction of the carboxylate groupontributions to the loweredHKy, arising from theN-terminal
of the substrate with Arg-386 disrupts the Asn-194-mediatélelix-dipole effect” of having either a partial positive charge
hydrogen-bond network, which relaxes the torsion angle.  or the possible hydrogen bond from the backbone amide by
Creatine Kinase. Human muscle creatine kinase (hmCKmeasuring the i§, values of both His-95 and His-103 in the
Table 2) catalyzes the reversible phosphorylation of creatimetive and unfolded states of the enzyme. TKg pf His-103,
which plays a major role in energy homeostasis primarily which is located at th€-terminus of thex-helix, is increased
muscle and brain cells. To date, a conserved cysteine residuethab.6 units upon protein folding, consistent with its placement
been found to be essential for catalytic activity, but the functiarear the partial negative charge at theéerminus of the helix
of this active-site residue remains contentious. Nevertheless, (68). Thus, the>2-unit decrease in they, of His-95 must result
pK, of this cysteine in hmCK (Cys-282) has been measured afnidm both the electrostatic and hydrogen bond contributions by
found to be decreased to 5.86). The X-ray structure as well the N-terminus of thex-helix. The use ofieutralHis-95 as an
as mutagenesis studies suggest that the decred&erkpults electrophilic catalyst can be rationalized in that the enzyme may
partially from hydrogen bonding to Ser-284, while the remaininigave evolved to match theKp for ionization of neutral His-

contribution is undetermine@6). 95 to its conjugate imidazolate anion base with tikg pf the
intermediate enediol(ate), facilitating the formation of a short,
N-Terminus of a o.-Helix strong hydrogen bondiB, 44).
Thea-helices found in peptides and proteins haveacro- Thioredoxin Family. Substantial i, perturbations are ob-

scopicdipolar character arising from the parallel alignment cferved in the active sites of proteins in the thioredoxin family:
the dipolar peptide bonds of the heli#8). The alignment is thioredoxin (TRX), glutaredoxin (GRX), DsbA, DsbC, and two
such that the oxygens of the backbone carbonyl group€X)C domains of the protein disulfide isomerase (PDI) (Table 2). All
are oriented parallel to the helix and point to tiéerminus of of these enzymes have similar folded conformations with active
the helix, whereas the protons of the backbone amide groigies containing two cysteine residues, separated by two other
(H—N) are hydrogen bonded to the backbone carbonyls aresidues in the sequeneeCXYC—, that catalyze reversible
point back towards thal-terminus. The array of small dipolesdisulfide bond formation with target proteins. Although the vari-
along the helix backbone can be viewed as a purely electrostatics members of the thioredoxin family have been shown to pos-
effect whereby a partial net charge exists at the helix termisiess very similar active-site structures, the stabilities of these
and nearby groups are perturbed by this field. In this sense, it kigsulfide bonds differ greatly. Stabilization of the reduced or
been estimated that the effect of thdaelix dipole to be that of a thiol(ate) forms of these active site cysteines results from per-
+0.5 elemental charge at theterminus plus a-0.5 elemental turbation of the K, of Cysy from its intrinsic value of 9.1
charge at th€-terminus 49). In addition, the tweendsof a he- (Table 1A) to lower values ranging from &p near 7.5 for
lix differ in their hydrogen-bonding properties. Thieterminal thioredoxin to K, values of<5.5, 4.5, and 3.5 for glutaredoxin,
backbone amide and tl@&terminal backbone carbonyl groupsprotein disulfide isomerase, and DsbA, respectively (Table 2).
are available to function as hydrogen-bond donors and acceptiwgjzation of the solvent exposed GySH to Cys-S-, which
respectively, to affect thelp, of its hydrogen-bonded partner. can be monitored by ultraviolet spectroscopy and chemical mod-
Triosephospahte IsomeraseTriosephosphate isomeraséfication, is necessary for all enzymes in this family to initiate
(TIM, Table 2) catalyzes the reversible tautomerization of dihywucleophilic attack for either subsequent reduction of its target
droxyacetone phosphate and glyceraldehyde 3-phosphate, witulfide (e.qg., thioredoxin) or reoxidation of itself (e.g., glutare-
Glu-165 removing the pr& proton from C1 of dihydroxy- doxin, protein disulfide isomerase, and DsbA). The range of de-
acetone phosphate and His-95 polarizing the carbonyl grooygased K, values of Cyg residues in the thioredoxin family
of the substrate. It was commonly believed that thé, pf (Table 2) indicates thatthese enzymes provide different amounts
His-95 should be elevated so that it would retain positive chargéstabilizing interaction to the negative charge of the thiolate
at neutral pH, which would enhance its ability as an electrophilanion.
catalyst to promote enolization of its substrate. Using NMR and One mechanism of thiolate stabilization, common to all mem-
13C- and'®N-specific labeling, Lodi and Knowle$) unam- bers of the thioredoxin family, involves the structural placement
biguously demonstrated that th& pof His-95 is<4.5 so that of Cysy at theN-terminus of anx-helix (Table 2). InE. coli
it is surprisingly lowered by at least 2 units. The NMR studiethioredoxin (bTRX, Table 2)15), the electrostatic effect of hav-
further showed that the A\nitrogen is protonatedb()), consis- ing a net partial positive charge at tReerminus of the helix can
tent with the X-ray structureb(l) showing the M nitrogen to be account for the slight stabilization of GysS~ (ApK,= —1.6).
hydrogen bonded to the backbone amide of Glu-97 so that tHewever, the increased amount of stabilization of (& in
Ne—H bond vector is oriented to the substrate carbonyl. other members of this family requires additional interactions
The X-ray structureJ1) further showed that the hydrogensuch as hydrogen bonding or proximity to cationic residues.
bond to the amide of Glu-97 is facilitated by the placememh human thioredoxin (hTRX, Table 2), the increased stabiliza-
of His-95 at theN-terminal end of a shor&-helix (residues tion of Cys,-S~ (ApK, = —2.8) appears to be provided by
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the presence of a hydrogen bond with the backbone amideMVal-66 was replaced with either a lysing3( 54) or a glutamic
Cys (16). In glutaredoxin, the increased stabilization of Gys acid 65). Equilibrium pH titrations of the V66K and V66E mu-
S~ (ApKa = >—3.6) appears to be provided by the presendants revealed that theKp of Lys-66 decreased 4.9 units and
of a hydrogen bond with CysSH (17). The assignments of that the K, of Glu-66 increased 4.3 units, favoring the un-
these hydrogen bonds were made on the basis of NMR stetiarged state of protonation. According to the Born formalism
ies that showed strong interresidue NOEs from the respect{&8, 57), theseApK,s are energetically equivalent to the trans-
proton donor to the BH protons of Cyg-S. In eukaryotic pro- fer of a charged group from water to a mediumsof 12. In
tein disulfide isomerase\pK, = —4.6) (18) andE. coliDsbA contrast, the static dielectric constants of dry protein powders
(ApKa = —5.6) (19), the additional stabilization of CpsS~ range fromeyor = 2—4 68—60. Similar low values ok are
is provided by positioning it near a cationic histidine residug@redicted by a variety of theoretical calculations on the basis of
which is conserved at the third position of the active site conormal mode analysis and on molecular dynamics simulations
sensus sequenceCXHC—). (61-63. The elevated dielectric constant gf, = 12 can be
Protein Tyrosine PhosphatasesProtein tyrosine phos- rationalized in terms of exposure of buried ionizable groups to
phatases (PTP’s, Table 2) catalyze hydrolysis of phosphosglvent either by global unfolding4, 65) or by the presence of
rosines using a cysteine thiolate anion for nucleophilic attacklairied water molecules in the native structusg)(
the phosphorus and an aspartic acid as the general-acid cataly$h cases where shifts in theKp of an ionizable group in
for protonating the departing tyrosine hydroxyl. This ionized as: protein are determined primarily by the energetics of desol-
partate then abstracts a proton from an attacking water molecuddion, with only minimal contributions by interactions with
thereby activating hydrolysis of the thiophospho-enzyme intesther charged or polar residues, the effective dielectric con-
mediate, and the enzyme is regenerated for the next catalgiant in the protein interiorefro) can be estimated using a
cycle. Members of the protein tyrosine phosphatase family casimple Born formalism g6, 57), which relates the Gibbs free
tain a characteristic motif (H/V)C3R(S/T), which constitutes energy A G° = 2.3RTA pK,) for transferring an ion of valence
the phosphate binding loop (P-loop), utilizing backbone amideand cavity radiusc,, (A) from water into the protein interior.
groups and the guanidinium group of the arginine residue to decause the cavity radius differs among the various ionizable
ordinate the nonbridging or equatorial oxygens of the phosphat®ups, a giver\pK, value will yield different values oo
group during substrate binding and catalysis. TKHg palues of depending on the particular group.
the nucleophilic cysteine are perturbed downward to values of Ketosteroid Isomerase.Ketosteroid isomerase (KSlI,
4.7 in YersiniaPTP (yPTP, Table 2)20), 5.6 in human PTP1 Table 2) catalyzes the conversion &f- to A*-3-ketosteroids
(hPTP1, Table 2)34) and 6.7—7.5 in bovine liver low molecularby sequential enolization and ketonization reactions. Asp-38
weight PTP (bImPTP, Table 229). acts as a general base to remove a proton from C4 and sub-
As noted before for the thioredoxin family, this broad rangsequently return it to C6. Recent structural studies indicate that
of downwardly perturbed g, values for cysteine results fromboth Tyr-14 and Asp-99 act as hydrogen-bond donors to stabilize
various combinations of structural features. Slight stabilizatiadhe negatively charged O3 oxygen of the dienolate intermediate
of the thiolate anion is provided by placement of the active-si{66). In accord with the proposed role of Asp-99 being such a
cysteine at th&l-terminus of ax-helix in all PTPs. The hydroxyl hydrogen-bond donor, theKp, of Asp-99 has been estimated
group of the serine or threonine residue in the signature muwy native gel electrophoresis and kinetic studies of mutants of
tif provides additional stabilization through hydrogen bondingketosteroid isomerase to be9 (Table 2) (0). Although not
Mutagenesis studies indicate that the adjacent histidine residig@rously tested, the X-ray66) and NMR structuresg(7, 68)
in yPTP @3) and hPTP1Z4) provides the greatest and remainef ketosteroid isomerase suggest that the unusually high p
ing thiolate stability, although it has not been firmly establisheaf Asp-99 is due to its location in a hydrophobic environment
whether the histidine exists in its cationic form as demonstat@dPE) as well as its proximity to the general base Asp-38. Con-
in the disulfide isomerases and cysteine proteinases. The siatent with a hydrophobic active site environment, thg for
line residue found instead of the histidine in the low moleculdlyr-14 is also increased, and using the Born formalisms, yields
weight PTPs likely results in the observed high&rwalues of an effective or local dielectric constant gfioi= 18 & 2, (28).

the nucleophile. The increased g, of Tyr-14 may serve to match theé<p of the
dieneolate oxygen of the reaction intermediate, facilitating for-
BORN OR DESOLVATION EFFECT mation of a short, strong hydrogen bond for stabilization of the

The Born or desolvation effect arises from the energeticaligtermediate §9).
unfavorable process of transferringiaglecharged group from  4-Oxalocrotonate Tautomerase4-Oxalocrotonate tautom-
an aqueous solvent of high polarity (water= 78) to the hy- erase (4-OT, Table 2) catalyzes the isomerization of uncon-
drophobic interior of a protein in which the dielectric constant isigated «-keto acids such as 2-oxo-4-hexenedioate to its
estimated to be much lower. The effect of burying an ionizabé®njugated isomer 2-oxo-3-hexenedioate through a dienolate
group in the interior of a protein is best exemplified by the clagitermediate. The enzyme uses tRegerminal proline as the
sical studies with staphylococcal nuclease, in which the burigéneral base catalyst for transferring a proton between the two
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different carbon atoms. Pro-1 can function as a general base unTurner and collegues hypothesized that the driving force for
der physiological conditions because of its unusually 6ty pf  the structural changes originate from concerted changes in a
6.4, which is 3 units lower than thé<g of the model compound, number of amino-acid side-chain interactions within the F and
proline amide 70). The X-ray structure of 4-OT7(l) shows that G helices 75). To identify these specific interactions, they have
within a sphere of @ radius, Pro-1 is surrounded by hydrophobegun performing scanning mutagenesis of these regions in the
bic residues, creating a site with a low dielectric constant. D85N mutant of BR T5), which restricts the conformational
addition, Arg-11 and Arg-39 are positioned Aland 7A, re- equilibrium to only the reprotonation of the Schiff base by D96,
spectively, from Pro-1 and are located at opposite sides of thecause the neutral side chain of Asn-85 is effectively a “per-
active site, providing binding specificity to the terminal carboxyhanently” protonated Asp-85 (Fig. 4). Fig. 4A shows the results
groups of the substrate and product. Mutagenesis, NMR, andd&ithese amino acid substitutions, which were obtained using a
netic studies7) indicate that the low [ , of Pro-1 results solely novel spectroscopic screening system. A light scattering integra-
from a low dielectric constant at the hydrophobic active site. tion sphere was attached to an analytical spectrophotometer en-
Antibody Aldolases. The catalytic lysine involved in Schiff abling the ability to collect total reflectance spectra of whole cells
base formation in a number of antibody aldolases (AbAl@xpressing each of the second-site mutants of BR D85N. The re-
Table 2) show downwardly perturbedkp values of 5.5 to 6.0 flectance spectra allow rapid semiquantitative comparison of BR
(35). In contrast to acetoacetate decarboxylase, X-ray structuspectra and pH-dependent spectral changes, without requiring
show that the decreasedpvalues are due to placement in grotein purification. The amino-acid substitutions that caused
hydrophobic microenvironment. significant shifts in the conformational equilibria coupled to the
Bacteriorhodopsin. Bacteriorhodopsin (BR, Table 2) usepK, changes of the Schiff base and D96 are mapped onto the
light energy to translocate protons from the intracellular to thertiary structure of BR (Fig. 4B). The observed patterns of per-
extracellular side of the cell membrane. BR consists of sevambation indicate unique domains of peptide-peptide, peptide-
a-helical transmembrane segments with short interhelical loopipjd, and peptide-water interactions that are energetically cou-
and the chromaphore, retinal, is covalently bound in a Schiffed to the structural transitions that regulate the varidig p
base linkage to Lys-216 near the middle of the seventh hetikanges. These experimental results, together with the results
(72). Absorption of a photon of light causes isomerization aff various computational studies of BR, will provide the first
retinal from theall-transto the13-cisretinal isomer. After pho- and most detailed analysis of the structural basis of perturbed
toexcitation and retinal isomerization, thK pof the Schiff base pKj, values of ionizing groups among the very large and poorly
drops from>13 to 8.3 82, 33), whereas the I§; of Asp-85 in- understood class of membrane-bound signaling and transport
creases from 2.2 to 6.%). These coupled i, changes result enzymes.
in the transfer of a proton from the Schiff base to Asp-85, and
a proton is released to the extracellular side of the membrane.
Next, the Schiff base is reprotonated by Asp-96 when tkg p NUCLEIC ACIDS
of Asp-96, the primary proton donor to the Schiff base, drops The intrinsic K, values of the N1 nitrogens of adenylate
from>12to0 7.1 {). After reprotonation, retinalisomerizes bacKpK, = 3.5) and guanylate (¢, = 9.4) and the N3 nitrogens
to all-trans, and the K, values of the Schiff base and Asp-96of cytidylate (K, = 4.2) and uridylate (K, = 9.4) (Table 1B)
increase back to their initially very high values and Asp-96 &) make them strong candidates for use as catalytic groups in
reprotonated from the intracellular side of the membrane. TRINA and ribonucleoprotein molecules. Although the N3, N7,
initial or ground state is ultimately regenerated when tkg@f  and exocyclic amino nitrogens of adenosine and guanosine are
Asp-85 decreases back to its initial value, causing transfer ofliéss likely candidates due to their very low intrinsi€ pvalues
proton to the proton-releasing group at the extracellular side (@K, < 2) (4), it is plausible that the RNA or ribonucleopro-
the membrane. tein can provide microenvironments that could strongly perturb
The pK, changes that occur during the photocycle result frothese (K, values near to physiological pH. The phosphodiester
protein conformational changes that accompany the individuzckbone, as well as the presence of bound metal ions and the
proton transfer reactions in the photorelaxation process. Hoagueous-like environment found in nucleic acid structures, in-
ever, the specific structural details underlying the large changbsate that electrostatic effects may play a predominant role in
in pK4 remain unclear. Both electroid, 74) and X-ray diffrac- perturbing K, values, as compared to perturbations of protein
tion studies 72) indicate large movements of the F and G helicagroups, which can further provide hydrophobic groups resulting
between the ground state and the intermediate conformatiomedlielectric or Born effects.
state obtained after release of the proton to the extracellularRibosomal Peptidyl Transferase Center (rPTCPDne of the
side of the membrane. It has been generally proposed that thisst intriguing examples is provided by X-ray structuré)(
movement serves to redistribute charges of a complex hydrogand chemical modification studies of the ribosomal peptidyl
bonded network as well as alter solvent accessibility in ordansferase center (rPTC, Table B6) that suggested that
to alter the KX, values of the key groups involved in protorthe solvent-exposed N3 nitrogen of adenosine-2451 had an in-
transport. creased [, 0f 7.6, which could activate it as a general acid-base
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catalyst for peptide bond formation. However, subsequent stud-
ies by Strobel and coworkerg?) indicated that it was actually
the buried N1 nitrogen of A2451 that was modified during the
titration. In addition, the proposed role of A2451 functioning
as the general acid-base catalyst has not withstood the test of
mutation. Replacement of A2451 by other bases in the rPTC
showed little change in catalytic activity§, 79), indicating
that ionization of N1 of A2451 has a less important role in catal-
ysis than in tending to maintain conformational flexibility or an
appropriate structure’7—80.

Hepatitis Delta Virus Antigenomic RibozymeA much
smaller, but noteworthy increasedp value is observed for
the N3 nitrogen of a catalytic cytidine (C76) in thatigenomic
ribozyme (hdvAR, Table 2)37, 81). The X-ray structure of
the homologougenomiaibozyme indicates that a nonbridging
phosphate oxygen of C22 could directly hydrogen bond to the
exocyclic N4-amino group of C75, shifting the equilibrium to
the imino tautomer, which would serve to increase tKg pf
N3. By stabilizing the imino tautomeric form of C76, its N3
nitrogen could then be used as a general-base catalyst to accept
the proton from the 2hydroxyl, activating it for attack of the
bridging phosphate and formation of the pentacoordinated tran-
sition state. Protonated N3 could then be used as a general-acid
catalyst to protonate the departingrydroxyl anion.

SUMMARY

Table 2 provides a comprehensive listing of ionizable, cat-
alytic groups in enzyme active sites in which thévalue is
significantly perturbed. The structural basis for each of the per-
turbed K, values has been analyzed, and the results indicate
that three principle forms of molecular interactions account for
the shifts in Ky

Charge-Charge Interactions. Cationic histidine and anionic
cysteine ion pairs, as found in the cysteine proteases and protein
tyrosine phosphatases, result in the lowering of tkg pf the
Figure 4. Scanning mutagenesis of the F and G helices of tsalfhydryl, which activates it as a nucleophile. Pairs of proximal
D85N mutant of BR to reveal amino acids that regulate trend catalytic lysine residues, as found in acetoacetate decar-
coupled K, changes of the Schiff base and Asp-96)( The boxylase, result in the lowering of thé&p of one of the lysines,
cytoplasmic and the extracellular membrane surfaces are @gtivating it as a nucleophile. Pairs of proximal and catalytic
ented towards the top and bottom, respectively. (A) Phenotypesboxylate groups, as found in glycosidases, ribonucleases, as-
of whole cells expressing the various second-site mutants of iertic proteases, and lysozyme result in the elevation ofikhe p
D85N mutant of BR at pH 7.0. Aliquots of whole-cell sam-of one of the carboxylates, which activates it as a hydrogen-bond
ples, expressing the different mutants, were transferred to nyldonor or a general-acid catalyst.
membranes and then pasted onto the corresponding amino-aci€harge-Dipole Interactions. In addition to interactions be-
position in the two-dimensional representation of BR. The difween fully charged groups, thé&p of a catalytic group can be
ferences in color correspond to changes in the visible absorbasttengly perturbed by interactions with partial charges such as
spectra of BR in whole cells, which reflect changes in the BfRose found in hydrogen bonds. Regulation of hydrogen bond
D85N structure as a result of the second-site mutation. The coftistance and geometry provides a sensitive mechanism for reg-
and position of the D85N single mutant is indicated by the arrowating catalytic events that require systematic cycling of the
in the C helix. (B) Tertiary map of BR showing the amino-acigK, value of a catalytic group that must perform more than
residues (yellow) important in the regulation of the conformasne function such as the histidine in serine proteases, which
tional equilibria, which are coupled td{a changes of the Schiff serves first as a general-base catalyst and subsequently as a
base and Asp-96. The chromophore, retinal, is shown in whigeneral-acid catalyst. Although th&p perturbations are con-
in the interior of BR. siderably smaller, placement of a catalytic cysteine residue near
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the N-terminus of ax-helix is found to be conserved through-11.
out the thioredoxin family as well as the protein tyrosine phos-
phatase family.

Born or Desolvation Effect. The effect of transferring a ,,,
charged group from an aqueous solvent of high polarity to the

hydrophobic interior of a protein provides an alternativacro-
scopicforce that strongly favors the neutral form of a titratable a'*C-NMR study ofBacillus circulansxylanase Biochemistry35, 9958
group. It seems to be a convenient mechanism for enzymes that>2%6:

bind hydrophobic substrates such as ketosteroid isomerasé

Oda, Y., Yamazaki, T., Nagayama, K., Kanaya, S., Kuroda, Y., and
Nakamura, H. (1994) Individual ionization constants of all the carboxyl
groups in ribonuclease H1 froEscherichia coldetermined by NMRBio-
chemistry33, 5275-5284.

2. Mcintosh, L. P., Hand, G., Johnson, P. E., Joshi, M. Brni€f, M., Plesniak,

L. A., Ziser, L., Wakarchuk, W. W., and Withers, S. G. (1996) Thg pf the
general acid/base carboxyl group of a glycosidase cycles during catalysis:

13(.)rLin, J., Cassidy, C. S., and Frey, P. A. (1998) Correlations of the basicity of

His-57 with transition state analogue binding, substrate reactivity, and the

for.Signa“ng and transport enzymes such as bacteriorhodopsin,strength of the low-barrier hydrogen bond in chymotrypsitnchemistry
which are embedded in the membrane.

Finally, it must be emphasized that the regulation &f,p 14

values of catalytic groups rarely results from the effect of one
class of these types of interactions. Rather, a perturlied p, -
is modulated by a combination of these different interactions.
Ligand binding often causes protein conformational changes,
which modulate the balance between electrostatic contributickfs Forman-Kay, J. D., Clore, G. M., and Gronenborn, A. M. (1992) Rela-
from different partially or fully charged groups as well as dielec-
tric contributions arising from the exclusion or accessibility of

water.
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