Biochemistry2001,40, 403—413 403

Chemical Rescue of Phosphoryl Transfer in a Cavity Mutant: A Cautionary Tale
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ABSTRACT. We have explored the ability of a nucleoside diphosphate kinase (NDPK) mutant in which the
nucleophilic histidine has been replaced by glycine (H122G) to transfer phosphate from ATP to alcohols
of varying K, size, shape, and polarity. This cavity mutant does indeed act as a primitive alcohol kinase.
The rate of its phosphoryl transfer to alcohols varies considerably, with values spanhihG*arange

of 4 kcal/mol, whereas the alcohols have very similar intrinsic reactivities. Analysis of these results suggests
that the ability to carry out phosphoryl transfer within the cavity is not a simple function of being small
enough to enter the cavity, but rather is a complex function of steric, solvation, entropic, van der Waals
packing, and electrostatic properties of the alcohol. In addition, large differences are observed between
the reactivities of alcohols within the nucleophile cavity of H122G and the reactivities of the same alcohols
within the nucleophile cavity of H122A, a mutant NDPK that differs from H122G by a single methyl
group within the cavity. The crystal structures of the two cavity mutants are very similar to one another
and to wild-type NDPK, providing no evidence for a structurally perturbed active site. The differences in
reactivity between the two mutant proteins illustrate a fundamental limitation of energetic analysis from
site-directed mutagenesis: although removal of a side chain is generally considered to be a conservative
change, the energetic effects of any given mutation are inextricably linked to the molecular properties of
the created cavity and the surrounding protein environment.

Previous studies of small molecule rescue of either the We have explored the energetic features of such a protein
reactivity or stability of cavity mutants have provided insights cavity using H122G, a site-directed mutant of nucleoside
into protein energetics. Mutagenesis of the lysine general diphosphate kinase (NDPK)in which the nucleophilic
base of aspartate aminotransferase to an alanine allowedhistidine has been replaced by a glycine. Wild-type NDPK
Toney and Kirsch to investigate the ability of exogenous interconverts NTPs and NDPs by catalyzing successive
amines to restore catalytic activity to this cavity mutaft ( phosphoryl transfers, first transferring a phosphoryl group
Matthews and co-workers demonstrated that a variety of from an NTP to histidine 122 to form a phosphorylated
small, mainly nonpolar ligands stabilize a cavity mutant of enzyme and an NDP, then catalyzing a second transfer
T4 lysozyme 8—10). In both studies, the authors obtained petween the phosphorylated enzyme and another NDP.
an energetic picture of the primarily hydrophobic cavities athough the H122G enzyme lacks a covalent nucleophile,

that were investigated by varying the small molecule that yreyious work has shown that it can be chemically rescued
occupied those cavities. These earlier results suggested thag,, reaction with ATP by exogenous Im, primary amines,
a systematic study of rescue in a more complex cavity that 5,4 water, which act as nucleophiles to form ADP and a
is accessible to solvent and bordered by charged resmue%hosphorylated nucleophile (Figure 1)1f. These nucleo-
could provide information about the energetic features of philes appear to enter the cavity created by the histidine
protein crevices such as those often present at active Sitesmutation and attack ATP in the H122G active site. These
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Ficure 1: Reactions catalyzed by wild-type (A) and H122G (B) NDPK. The enzymes are represented by a thick outline. (A) Wild-type
NDPK catalyzes the interconversion of NTPs via a histidyl phosphate covalent intermediate. The first step of this process, reaction of His
122 and an NTP to form the covalent intermediate and an NDP, is shown. The second step of the wild-type reaction is simply the reverse
of this reaction with a different NDP. (B) Nucleophiles such as Im, shown here, can access the cavity created by the replacement of His
with Gly in the H122G mutant and react with an NTP to form a phosphorylated nucleophile and an NDP.

Rescue of activity is a stringent probe of the surrounding proteins were purified as described previously for H122G
protein context relative to rescue of stability because, after and stored at—20 °C (11). Protein concentration was
entering the cavity, the nucleophile must orient to react with determined using the calculated extinction coefficient at 280
the bound and positioned ATP molecule. By correlating the nm: 9200 M' cm™® (13). Enzyme concentration was
ability of nucleophiles to rescue phosphoryl transfer with expressed as concentration of 17 kDa subunits.

physical characteristics of those nucleophiles, we soughtto Reactions of H122 Mutants with AlcohoReactions of
generate an energetic picture of the H122G cavity. Alcohol H122 mutants and ATP were performed at 25 in the
nucleophiles were selected to probe the mutant cavity presence of a series of alcohol nucleophiles. Typical reactions
because a large number of alcohols of varying,size,  contained M H122G or H122A, 2-15% alcohol, 50 mM
shape, and polarity are readily available. The study of alcohol potassium EPPS (pH 7.8), 5 mM MgChand 100 nM ATP
reactivity was extended to include the H122A cavity mutant, with trace [-32P]JATP. In all reactions, ionic strength was
and reactivity comparisons between alcohol and amine maintained at 0.3 M (KCI). Reaction rates were linearly
nucleophiles with identical R groups were performed for the dependent upon ATP concentration under these conditions,
H122G cavity mutant. Our results indicate that alterations indicating that ATP was subsaturating. The reactions were
in properties of both the nucleophile and the cavity have pH-independent between pH 7 and 9, suggesting that Glu
large and unexpected energetic consequences on rescue. 133, a residue in the proximity of the nucleophile cavity,
The complex energetic picture of the NDPK nucleophile was deprotonated under all conditions investigated. Reaction
cavity that emerges from this study highlights the inherent aliquots were removed at specified times and quenched by
context dependence of energetic effects from site-directedaddition of an equal volume of 20 mM EDTA (pH 8). These

mutagenesis. aliquots were loaded onto an anion-exchange HPLC column
(Dionex Nucleopac PA-100, % 250 mm), and a LiCl
EXPERIMENTAL PROCEDURES gradient (0.01d 1 M in 10% acetonitrile, 10 mM NaOH)

Materials.Im was obtained from Baker, and alcohols were Was used to separate alkyl phosphate products froamé®
from Aldrich and were of the highest purity available. ATP.3%P-Containing substrate and products were quantitated
Ultrapure ATP was from Pharmacia; ADP and GDP were by scintillation counting. ATP and;Peaks were identified
from Boehringer Mannheim. Unpurifiedy[22P]ATP was by comparison to known standards. An additional radioactive
obtained from Amersham. Multiple radioactive bands were peak that eluted prior to Bnd ATP appeared only in samples
detected when radiolabeled ATP was analyzed by PAGE andcontaining alcohol, and the amount formed was dependent
exposed to film (Kodak), so it was purified by elution with on alcohol concentration; this peak was therefore identified
water from 15% nondenaturing polyacrylamide gels prior as the alkyl phosphate product. Alkyl phosphate products
to use in experiments. Water was doubly distilled from an Were only detected in reactions that contained enzyme, and
all-glass apparatus. observed rates for water and alcohol reactions were depend-

Site-Directed Mutagenesisi122G DictyosteliumNDPK ent on enzyme concentration (the relative rate constants for
was prepared by site-directed mutagenesis and characterizegeactions of alcohols with respect to reaction of water
as described previoushi{). H122A was prepared analo- remained constant). The ratio of alkyl phosphate itavés

gously, using the oligonucleotidé-5AAACATCATCGC- constant throughout a particular time course, indicating that

CGGTTCTGATTC-3. T no secondary reactions involving the reaction products were
Enzyme PurificationMutant DictyosteliumNDPKs were occurring.

overexpressed iBscherichia col(XL1-Blue) using plasmid The relative rate constank.) for reaction of a given

pndk as described 1), with minor modifications. Both alcohol with respect to water was determined from the
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Scheme 1 Table 2: Relative Rate Constants for H122G-Catalyzed Reactions
. . Mag2t+ a
&' HOPO,® + ADP* + E + H of Alcohols a;do,:TFF Mg G ”
E v ATPY HOH 15a7 1 )
/"mmr\oﬁ,]L ROPO,Z + ADP® + E + H* (CH3),CHOH 17.2 0.0059+ 0.0002
(CH3),CHCH,OH 16.¥ 0.019+ 0.012
(E represents H122G or H122A) CH3CH;CH(CHs)CH,OH 16-£ 0.090+ 0.011
(CHj3),CHCH,CH,OH 16. 0.31+0.02
CH;CH,CH,OH 16.x 0.025+ 0.002
p Kaon (fraction ROPO,) y [HOH] CH;CH,CH,CH,OH 16.x 0.35+ 0.04
rel = = . CH3CH2CH2CH2CH20H 16.2 3.6+0.2
Kuion [ROH] (1 - fraction ROPOs) CHsCH.CH,CH,CH,CH,OH 16.F 3.2+ 0.4
CH;CH,OH 16.0 0.034+ 0.006
Table 1: Statistics on Crystallographic Analysis H,C=CHCH,CH,OH 159 0.16£0.04
- - CCIH,CH,CH,OH 15.6 1.6+0.3
diffraction data P6.22 H,C=CHCH,OH 155 0.514- 0.02
space group CH;OH 155 0.18+ 0.03
cell parameters (A) HC=CCH,CH,OH 15.3 0.055+ 0.009
a 75.00 HOCH,CH,OH 14.8 0.0064+ 0.0014
b 75.00 CH;OCH,CH,OH 14.8 0.084+ 0.008
c 106.17 CH3CH,OCH,CH,OH 14.8 1.2+0.1
resolution () 1.9 CFH,CH,OH 14.3 0.0077+ 0.0023
me_sured intensities 110 350 CCIH,CH,0OH 14.3 0.013+ 0.006
unique reflections 13910 N=CCH,CH,OH 14.0 0.0033t 0.0019
Ecm)mpl(eo/tggless (%) 6 85-8 HC=CCH,OH 13.6 0.20+ 0.01
Rinerge (% . CH;C=CCH,OH 13.¢ 0.83+0.20
refinement CRHCH,0OH 12.9 0.0049+ 0.0033
Reryst (%)° 16.6 (20.8) CRCHOH 12.4 0.001Gt 0.0002
reflections 13909 PR X —
protein atoms 1142 25bC, 50 mM potassium EPPS, pH 7.8, 5 mM Mg,CldI— 0.3M
solvent atoms 133 (KCI). ® From ref49 unless otherwise note@iFrom ref50. ¢ Alcohols
averaged (A?) 28.6 that are branched at C2 or C3 were assumed to hisyegiues |Qentlcal
geometry to those of their unbranched counterparts; a branch at C1 increases the
bond distances (A) 0.014 PK, of 2-propanol by 1 unit relative to propanol, and branching further
bond angle (deg) 1.9 from the alcohol moiety is expected to have a much smaller effect.
torsion angle (deg) 1.16 Different pK, assignments for the branched alcohols would not affect
— — any of the conclusiong.Pentanol and hexanol were assumed to have
*Ruerge= Jni [1()i — D(M)T3i 1()i. ® Reryst = 3 [1Fol = [Fell/3n pKa values identical to propanol and butanol, as the additional methylene

|Fo| was calculated with CNS on all reflections. The valudgfis in

parentheses. Root-mean-square deviation from ideal values groups several carbons removed from the alcohol moiety are not

expected to perturb thekp. The same logic was used to assign the
. . . known K, of methoxyethanol to ethoxyethanol and to assign the known
alcohol concentration of the original reaction ([ROH]) and  pK, of propargy! alcohol to 2-butyn-1-ol. Different values dpwould
the fraction of total product present as alkyl phosphate, not affect any of the conclusions3-Buten-1-ol differs from allyl alchol
according to the equation in Scheme 1. For each alcohol,in that its substituent is located at C3 rather than at C2. Kisvpas

the samek. value, within error, was obtained for reactions €stimated by multiplying the iy, difference between butanol (parent
e ! . compound) and allyl alcohol by 0.3 and subtracting this value from
performed at different alcohol concentrations. The rate e 1, of butanol. The falloff factor of 0.3 for the movement of the
constants for loss of ATP were within 5-fold in all cases, substituent one methylene group further from the alcohol moiety was
indicating that absolute reactivity was not greatly perturbed determined empirically from measuredgvalues of primary amines
by the solvent changes. Eal value in Table 2 represents 2 Tobee O8 S 8 o e csimated analsgously Using the
an average of at least three separate HPLC runs; the averagg, ~ - - y il
. . . . . a propanol and chloroethanol or butanol and propargyl
includes controls for different reaction pH, different reaction ziconol, respectively, as limits. Different values &twould not affect
times, and different alcohol concentrations, as describedany of the conclusiong. Statistically corrected for the presence of two
above. Values ok measured for individual alcohols varied alcohol groups! Trifluoroethanol and trichloroethanol differ irkg by
over a range of<2-fold in different experiments. only 0.2 units (12.4 vs 12.249). The K, values of fluoroethanol and

. . . difluorethanol were therefore assumed to be the same aKthalues
Reactions of H122 Mutants with Im or Watéeactions of chloroethanol and dichloroethanol, respectively. Different values of

were performed at 2_50 in buffered solutions of ionic  pk, for fluoroethanol and difluoroethanol would not affect any of the
strength 0.3 M (KCI) in the presence of 5 mM MgGind conclusions.

varying concentrations of Im and H122A or H122G {10
500 nM) to obtain Kea/Ku)h' (Scheme 2). Analogous Scheme 2

reactions were carried out without Im to follow the enzyme- (ea KA
catalyzed hydrolysis reaction ki&/Kwm) ﬁ!g; Scheme 2]. E®HO + ATP = Producls
Reaction rates were linearly dependent on enzyme concen- (eat/Kaa)1"
tration. The reaction rates of the mutants with Im were pH Eelm + ATP ————"— Products
independent between pH 7 and 9, so a buffer composition (E represents H122G or H122A)

of 50 mM potassium EPPS, pH 7.8, was routinely used. Im

stocks were adjusted to the reaction pH with small amounts addition of an equal volume of 20 mM EDTA (pH 8) in
of KOH. Reactions were initiated by the addition of substrate 20% glycerol. Reaction rates were linearly dependent upon
ATP (100-500 nM) containing traceyf3?P]JATP and ali- ATP concentration under these conditions, indicating that
quots were removed at specified times and quenched byATP was subsaturating. Radiolabeled substrate (ATP) and
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Scheme 3 Crystallization and Structure Solution of H122A NDPK.
ATP Crystallization occurred in a few days in hanging drops
%" E K\\ containing 10% PEG 600, 20 mM Mg£B0 mM Tris-HCI,
g7 " ’ ENIF &t broducts pH 7.5, and 12.5 mg/mL H122A over wells containing 20%
\ / PEG 600 in the same buffer. The crystals belong to
Ka Eim Kun hexagonal space groigb;22 with cell parametera = b =

75.0 A andc = 106.2 A and have a monomer in their

Im
\ K asymmetric unit.
Ka glm X-ray diffraction data were collected on a rotating anode
Im (Rigaku), using a single crystal that was flash-cooled in liquid
%;’([E]t[lm][ATP]) nitrogen and kept at 100 K during data collection using an

Velocity (subsaturating ATP) = e (Rav i) Oxford Cryosystem. The station was equipped with a

RAXIS-lIc image plate. Data processing was performed with
DENZO (14) and data reduction with ScalePack. Further
processing used the CCP4 program sults).(Statistics are
reported in Table 1.

products (ImP and;Pwere separated by electrophoresis on

15% nondenaturing polyacrylamide gels, and their ratios at
each time point were quantitated with a Molecular Dynamics
Phosphorimager. Data analysis was performed using Ka-

: o The space group of the H122A crystals was the same as
leidagraph (Synergy Software), and exponential fits to the ) . . : .
data typically gaveR > 0.99. for wild-type DictyosteliumNDPK (16). Thus, the orientation

Analysis of Im Binding and Saturation for H122A NDPK of_the molecule was checked by molecular replaceme_nt using
A modest downward curvature was observed in the Im this complex as a search model. An eleqtron dens'ty map
dependence of the H122A reaction with ATP at the highest clearly ShOV_Ved the_ replacement of the H'S. 122 S|qle chain
Im concentrations (see Figure 7 below), as had been see y an Ala S.'de chain. The structure was reﬂr:)ed using CNS
previously in the Im dependence of the H122G reaction with 17). The final model has aR factor of 16.6% at 1.9 A
ATP (11). As in the earlier work, this curvature was resolution _(Table 1).
presumed to arise from binding of an inhibitory Im to the ~ Calculation of Molecular Volumesviolecular volumes
nucleotide base site, in addition to the Im that binds and Were calculated by first building and energy-minimizing the
rescues in the nucleophile site. An inhibitory Im would be Molecules, using the program Chem 3D Pro 5.0 (Cambridge-
expected to bind similarly to the base sites of wild-type Soft). The coordln'ates obtained were used in the programs
NDPK, H122G, and H122A, so a binding constant of 0.45 of C_Z_onnolly (18) with a probe radius of 1.4 A. The atomic
M was assigned to the inhibitory H122A site based on the "adii used were as follows: C, 1.7 A H 12A N, 15 A
Im inhibition of wild-type NDPK (L1). The saturation data O 1.4 A; aromatic C, 1.3 A.
for H122A were then fit to a model with two Im, one that
serves as the nucleophile and one, wit; & 0.45 M, that RESULTS

is responsible for the inhibition, as diagrammed in Scheme  The cavity created by mutation of histidine 122 to glycine
32 The data fit well to this model, wittKq = 1.0 M for in NDPK is accessible to solvent and bordered by the charged
binding of Im to the nucleophile site anéc4/Ku),~ = 8 residue glutamate 133. These properties of the H122G cavity
M-t st for the reaction of H122Am with ATP2 The distinguish it from the largely hydrophobic cavities that have
velocity equation shown below the model in Scheme 3 is a been systematically rescued by small molecules in previous
simplified version of the general velocity equation for this studies (e.g., refg—10). To probe molecular properties of
model that holds when ATP is subsaturating, as was the casehis hydrophilic cavity, the ability of alcohols to rescue
for all experiments reported herein. phosphoryl transfer was examined. Rescue by the alcohols
was then correlated with physical characteristics of the
2 A random binding model is presented, although the data do not alcohols. Rescue is a stringent criterion because it requires

allow it to be distinguished from an ordered binding model for ATP  that the alcohol not only enter the cavity but also become
and Im. One might expect that the H122A reaction follows an ordered : : h
mechanism, with Im binding first and ATP binding second, because appropriately oriented and then react with ATP.

Im may not be able to access the nucleophile cavity after ATP binds. Reactions of Alcohols with ATP and H122&ddition of
However, transfer of the phosphoryl group is slow relative to binding g|cohols to reaction mixtures containing Mg P and H122G

steps, so that all of the enzyrsebstrate complexes depicted reach . . . .
equilibrium prior to reaction; the kinetic measurements therefore do typically resulted in production of the corresponding alkyl

not distinguish between these binding models. The ordered binding Phosphate products. lon-exchange HPLC was used to
model is a special case of the random binding model that is presented.separate alkyl phosphate and gPoducts generated from

The conclusions drawn herein hold whether or not binding is ordered. competing nucleophilic attack on ATP by alcohols and water
3 A caveat to this analysis is that the Im concentration range for '

measurements could not be extended much beyond the apjaréint respectively, so th.at par_titioning between reaction with the
is therefore possible that the downward curvature observed for the Im alcohol and reaction with water could be followed. The
dependence of the H122A reaction with ATP (FlgureAzg represents fraction of alkyl phosphate product was proportional to the
?é‘é’;ﬂ'&ef”éf‘hfé?}\' Wl(f) utur&'sbewﬂgwgﬁirﬁﬁsﬁoévhﬁi?fﬂ)ﬁ“é thivrzltﬁ 4oy Molar fraction of alcohol in the reaction, indicating that alky!
rate constant k) for the reaction of enzyme, ATP, and Im is phosphate_formatlon involved .onlly a single alcohol in all
independent of this caveat, because it represents reaction at subsaturatingdses. This constancy also indicates that there are no
Im concentrations. Comparison of this rate constant for H122A and significant effects on the relative reactivity from changing
H122G reveals thak; for H122G is 16-fold greater than thé for the solvent composition. Because the alcohol and water
H122A. Thus, the caveat described above does not affect the conclusion )

that the reaction of Im in the H122A active site is severely hindered COMPpete for reaction, the relative product formation is
relative to the reaction of Im in the H122G active site. described by the ratio of rate constants shown in Scheme 1
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(19). Thus, the rate constant for reaction of the alcohol
relative to that for reaction of watel, could be calculated
from the fraction alkyl phosphate formed and the molar
concentrations of nucleophilic alcohol ([ROH]) and water
present, according to the equation in Scheme 1. These relative
rate constants are shown in Table 2.

As mentioned above and in the Experimental Procedures,
the amount of alkyl phosphate product was proportional to
the concentration of alcohol present in all cases. Thus, the
alcohol is subsaturating. It should be emphasized that
although there are numerous potential binding modes for the
alcohols within the active site cavity, only the subset of

log ke, H122G-catalyzed >
®

L 1
-0.75 -0.5 -0.25 0 0.25
log ke, uncatalyzed

binding modes that allow reaction are probed in the experi- B .k

ments herein, because the reaction measured is as follows:

E + ROH + ATP — [E-ATP-ROHJ".# This is exactly of __..._G_%_O

analogous to the situation with nonproductive binding, which s |l® o o&

can decreask;,; andKy, but has no effect under subsatu- ﬁ r Ogp O

rating conditions, i.e., no effect da/Km (19). 2Ll 9 9
Below we correlate the measured reactivity of each alcohol o o ° ©

with properties of the alcohol in order to identify properties 3[O

that affect rescue in the H122G cavity. . L , ,
Effect of Solution Reacity and pk, on Alcohol Reactity. A

The reactions of ATP with a subset of the alcohols in Table )
2 have previously been studied nonenzymatica) (The Ficure 2: Dependence of H122G-catalyzed phosphoryl transfer
. p y . y : from ATP on the nonenzymatic reactivity (A) oKp (B) of the
simplest model predicts that the alcohols would react ajcohol nucleophile. Enzymatic data are from Table 2, and
similarly with ATP, relative to water, within the H122G  nonenzymatic data are from reD. The dashed line in panel A
cavity and in solution. We considered this model by plotting represents a model in which the alcohols react similarly with ATP,
the enzymatic and nonenzymatic data together in Figure 2A relative to water, within the H122G cavity and in solution; the line
- hich th o f h alcohol within the H122 "has a slope of one and includes the point corresponding to the
in which the reactivity of each alcohol within the H122G e ction of water. The solid line in panel B is a least-squares fit to
cavity is plotted as a fl_Jnctpn of |_ts reactivity in solutlo_n. If  the nonenzymatic dat®] and gives a slope @Brucieophie= 0.07,
the data fell on a straight line with a slope of one (Figure whereas the enzymatic dat@)(appear to be uncorrelated.
2A, dashed line; note the different scales on the axes), this
would suggest that a given alcohol reacts analogously within
the H122G cavity and in solution. However, the data appear
to be uncorrelated, indicating that the reactivities of alcohols
within the H122G cavity are altered with respect to their
reactivities in solution. Two additional observations can be ) i ) .
made from Figure 2A. First, the enzymatic rate constants "elationship (Figure 2B; open symbols). Further, there is

encompass a much greater range of values than the solutiorlnnhUCh mqrglscat;[e.r in the Fnlzymha;uc reaPt][‘l"ty data. Thﬁs'
rate constants. Second, the reaction of water is more (N€ reactivities o individual alcohols are influenced by the

favorable than reactions of alcohols in the cavity, despite 122G cavity, and these energetic side effects obscure any
their similar solution reactivities. information about the transition state that may otherwise be

An alternative way to compare the reactivities of alcohols gleaned from this approach.
. . vay P ST . Effect of Size on Alcohol Readty. One anticipated effect
in solution to their enzymatic reactivities is to consider the

respective nonenzymatic and enzymatic Brgnsted reIation-Of requiring alcohols to react with ATP from within a
P y . enzy restricted cavity is steric exclusion of alcohols that do not
ships. A Brgnsted relationship correlates the, walues

(proportional to the standard free energy change of proto- fit inside the cavity. The simplest model predicts that the
prop ) i gy ge ot p alcohols would react similarly to water, as they do in solution
nation) of a series of nucleophiles with Idg (a linear

function of the free energy of activation, whekés the rate (20), up to a certain size cutoff, whereupon they would be
constant for nucleophilic reaction). These data typically fall ﬁ;(gl?gegé{lor? éhev\fﬁgrléy'tgglse;ggifelés gig'?ﬁ% ;Shzgalf::r?
on a straight line for reactions in solution, as the ability of . ' -
anucleo %ile to donate electrons in a bond to a rotma))(/ approximated by the molecular volume of 4-methylimidazole,

P . o P P which represents the deletion from wild-type NDPK in the
tends to be closely related to its ability to donate electrons

to form a partial bond to an electrophile in a transition state H122G mutant
P ; P . . We tested this model by considering the reactivity of the
(log k). The slopes of such linear free-energy relationships

are referred to 48 Values. and thev provide measures unsubstituted primary alcohols from Table 2. The alcohol
nucleophile : yp reactivities are plotted in Figure 3 in order of increasing

molecular volume. Their behavior is more complicated than
* As represented in the reaction in the text, ATP is also subsaturating expected from the simple exclusion model described above.

in these experiments. Nevertheless the same relative reactivities for ~

subsaturating alcohols would hold with saturating ATRPA(EP + ROH Methanol, ethanol, an.d pro.pa.no-l reac{_@. TOId. more.

— [E-ATP-ROHJ¥), as the reaction step: £ ATP + ROH — E-ATP slowly than water, despite their similar reactivities in solution

+ ROH is independent of the alcohol (see also footnote 2). and their small size relative to the size of the cavity. The

of the bonding present in the transition states of reactions
(21—23). The Brgnsted relationship for reactions of alcohols
with ATP in solution is well described bucieophie= 0.07
(Figure 2B; closed symbols20). In contrast, the enzymatic
reactivity data from Table 2 does not follow this linear
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0 30 60 20 120 150

Molecular Volume (A3%)

Ficure 3: Dependence of H122G-catalyzed phosphoryl transfer
from ATP on the molecular volume of unsubstituted primary
alcohols @). Methoxyethanol and ethoxyethanol are included for
comparisonM). The dashed line represents the behavior expected
from a simple size exclusion model, in which the alcohols react
similarly until they approach the molecular volume of 4-meth-
ylimidazole, whereupon they are excluded from the cavity. The
solid line is drawn through the data solely to guide the eye and
does not represent a particular model. The data are from Table 2.
The following molecular volumes were calculated as described in
the Experimental Procedures: water, 26, Aethanol, 36 A
ethanol, 55 & propanol, 74 & methoxyethanol, 81 A butanol,

92 A3; ethoxyethanol, 100 & pentanol, 110 A hexanol, 130 A
4-methylimidazole, 76 A

reactivity of butanol approaches the reactivity of water, while
the reactivities of pentanol and hexanol exceed the reactivity
of water. The observation described below, that the presence
of Ala at position 122 instead of Gly inhibits reaction with
these alcohols, suggests that the alcohols are situated, at least
in part, within the H122G cavity during reaction. Further,
there is no indication from the structure of substantial
flexibility surrounding the cavity for the H122G mutant that
might allow reactivity from an altered active site configu-
ration (L1), and the crystallographic temperature factors
(B values) for residues in the cavity are similar for the H122G
and H122A mutants (data not shown).

A reasonable explanation for the reactivity results is that
the smaller alcohols react poorly because they disrupt
solvation by water inside the cavity. According to this model,
larger alcohols may better occupy the cavity by replacing
water molecules that make suboptimal interactions within k.
the cavity with the added methylene groups, resulting in FiGURe 4: Model of the molecular surface at the active site. (A)

: nucleophile in stick representatiofl). (B) H122G NDPK with
hexanol, alcohols with molecular volumes that clearly surpass  © 0" 0 o e o representatiail), A cleft at the base

the molecular volume of the cavity, react even more of the nucleophile cavity (arrow, top center) may accommodate
favorably than water suggests that these alcohols additionallythe aliphatic tail of long-chain alcohols, allowing them to react with

make favorable interactions with the protein outside of the ATP despite having volumes that exceed the volume of the cavity
cavity. Consideration of the H122G structure reveals a cleft créated by the mutation. This cleft is blocked by His 122 in the
at the base of the mutant active site cavity that may wild-type structure. Created with GRASB.
accommodate the aliphatic tail of long-chain alcohols (Figure alcohols would be more reactive than the corresponding
4). This may allow favorable interactions and reaction with saturated alcohols because their shape mimics the shape of
ATP despite these alcohols having volumes that exceed thethe canonical nucleophile. Alcohols containing double or
volume of the cavity created by the mutation. triple bonds between carbons 2 and 3 (compounel) do
Effect of Shape on Alcohol Reagty. Double or triple indeed react faster than the corresponding saturated alcohols.
bonds and branching affect the shape of alcohols, so weln contrast, alcohols that are unsaturated between carbons 3
analyzed the ability of alcohols that contain these featuresand 4 @, 5) react more slowly than their parent alcohols
to rescue phosphoryl transfer in the H122G cavity. Data for (Table 3, sat. ROH). These results are consistent with the
alcohols with double or triple bonds are combined in Table simple model described above. Alcohols that are unsaturated
3. Histidine, the canonical nucleophile of NDPK, is planar, at proximal positions are planar and compact, like histidine,
and double or triple bonds induce planarity in the alcohols. so they react faster than their parent alcohols. Alcohols that
The simplest model therefore predicts that unsaturatedare unsaturated at distal positions are planar and extended,
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Table 3: Alcohol Reactivity as a Function of Bond Orter

Unsaturated Number of  Position of krel krel Ratio of
ROH carbons unsaturation  (unsat. ROH)? (sat. ROH)° ke values’
x"oH ) 3 2,3 0.51 0.025 20
EOH ) 3 2,3 0.20 0.025 8
T “oH 3 4 23 0.83 035 2
=—""0H () 4 3.4 0.055 035 0.2
A ""0H (5) 4 34 0.16 0.35 0.5

225°C, 50 mM potassium EPPS, pH 7.8, 5 mM MgQl= 0.3 M (KCI). Values ofk. are from Table 2° k. for the pictured unsaturated ROH.
¢ ke for the saturated ROH with the same number of carbons as the pictured unsaturatefl RA@ibl= k. (Uunsat. ROH}, (sat. ROH)

unlike histidine, and are not favored over their parent w CHiCH CHe=CH,-
alcohols; the decreased reactivity may be due to the restricted 20 o o @ / ,
ability of these alcohols to rearrange and minimize unfavor- '§ CHgHT oy Fii"
able interactions or to make favorable interactions. 3 COMCH- _ ® T /
Branched alcohols that were investigated all react more 2 [ crron-g 8O 7
slowly than unbranched alcohols with the same number of 2 orocts 7 /
carbons (Table 2). The deleterious effects of branching range E al ,"HCECCHQ‘ /
from 5- to 100-fold, depending on the number of carbons 3 COIMA(GHy)
and the position of the branch within the alcohol. We have o ot i
already noted how difficult it is for small flexible primary 2 Ll ‘
alcohols to be accommodated for reaction within the cavity, 3 " 5 o
so it is not surprising that reactions of the bulkier and more log krei, alcohol nucleophiles

constrained bra_nched alcohols are even less favorab_le. Ficure 5: Comparison of the reactivities of alcohol (ROH) and
Effect of Polarity on Alcohol Reaefty. The H122G cavity ~ amine nucleophiles (RN# with identical R groups in H122G-
also appears to discriminate against polar nucleophiles. Forcatalyzed phosphoryl transfer from ATP. R groups are depicted
example, fluoroethanol, difluoroethanol, and trifluoroethanol adjacent to the relevant data. The solid line is a least-squares fit to
have reactivities that are4-, 7-, and 30-fold lower than the data with a slope of 0.50 and is drawn solely to guide the eye.

their parent alcohol, ethanol (Table 2). Nevertheless, there:ehgeggﬁnﬁg t:{gep;aeit ioﬁ']‘;‘c’,ﬁng‘;;’;‘f), s\,';ctjermac#édae;n%ii; oint
is one striking exception. Chloropropanol react60-fold Alcohol data are from Table 2, and amine data are fromi fief
faster than its parent alcohol, propanol, and similarly to water
(kel = 1.6). The exceptional reactivity of chloropropanol that there is a differential effect for-OH and —NH..
relative to its parent alcohol and to other polar nucleophiles Solvation effects within the cavity could be responsible for
is presumably due to a fortuitous binding site for the terminal these results, as alcohols and amines have different numbers
chloromethyl group within the H122G cauvity. of hydrogen bond donors and acceptors and form hydrogen
Differential Effect of Substituents on the Reaityi of bonds of different strength24).
Amines and AlcoholsPrevious studies demonstrated that  Sobation within a Restricted Gaty Appears to be an
small amine nucleophiles react with ATP within the H122G Important Determinant of Reaetty. Models based upon
cavity mutant {1). The simplest model predicts that amines nonenzymatic reactivity, steric exclusion, shape, polarity, or
and alcohols with the same R group would rescue phosphorylanalogous effects of identical R groups cannot simply
transfer analogously. This is because an R group would beaccount for the rescue results. The reactivity analysis reveals
expected to pack similarly in the H122G environment that the reaction of water is more favorable than reactions
whether attached to an amine or an alcohol, as-tiaH of alcohols in the cavity, despite the similar reactivities of
and—NH, groups are similarly constrained within the active water and alcohols in solution and the ability of the alcohols
site due to their partial bond to ATP in the transition state to fit into the cavity. This lower reactivity of alcohols
monitored in these experiments. suggests that the alcohols disrupt solvation and that their
Amine reactivity data from the earlier work was combined interactions with the cavity are unable to compensate for the
with the alcohol reactivity data from Table 2 to create Figure loss of interactions of the attacking water molecule with other
5, in which the reactivity of each amine is plotted as a water molecules within the cavity. Furthermore, the absence
function of the reactivity of the alcohol that possesses an of a direct correlation between the reactivities of amines and
identical R group. If the data fell on a straight line with a alcohols with identical R groups may reflect the difficulty
slope of one, this would indicate that a given R group affects of meeting the different solvation requirements for amines
rescue analogously in both amine and alcohol contextsand alcohols within this restricted cavity.
(Figure 5, dashed line). However, the enzymatic data do not The importance of solvation is likely to be related to the
follow this dependence; the different R groups have a larger limited extent to which this cavity is accessible to solvent
effect on alcohol reactivity than on amine reactivity. The and to the proximity of the cavity to the carboxylate of
data thus suggest that the R group and its packing in theglutamate 133, which is expected to interact strongly with
cavity affect the environment about the attacking atom and water. Consider an alcohol that readily fits within the cavity.
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pa Table 4: Rate Constants for Reactions of H122G and H%22A
/ nucleophile H122G H122A ratio
A. (kcallKM)ATP (Mfl sfl)b
\ H.O 1000° 600 2
Im 40 000° 8 5000
B. I(reld
Ala122 CH;OH 0.18 0.006 30
His122 CHsCH,OH 0.034 <0.001 >34
CHs(CH,),OH 0.025 <0.001 >25
Tyrs6 CHs(CH,)sOH 0.35 <0.001 >350
CHs(CH,),OH 3.6 <0.009 >400
CH3(CH,)sOH 3.2 <0.05 >64

a25°C, 50 mM potassium EPPS, pH 7.8, 5 mM MgQl= 0.3 M
(KCI). ® The second-order rate constants are defined in Scheme 2.
¢From ref1l ke is defined in Scheme E.Data are from Table 2.

protein has the same quaternary (hexameric) and tertiary

FIGURE 6: Superposition of the H122A structure (colored by atom structure as the wild-type protein. Overall, the root-mean-

type) with wild-type NDPK (in green)16). Both structures were ~ Sduare distance between equivalent &oms in the two
solved in the absence of nucleotide. In the H122A structure the Structures is 0.19 A. Locally, the mutation has little effect,
presence of the Ala 122 methyl group, only 2.4 A from the as the G position of residue 122 moves by less than 0.8 A
e o e A el o S ocedey and the main-chain corformations of he respeciie
wild-typg NDPK with nucleotide bound, His 59 interacts with the strands are similar (Flg_ure 6)'.AS reported for the H122G
a-phosphate, Phe 64 interacts with the base and ribose, Lys 16Structure, the Glu 133 side chain whose carboxylate accepts
interacts with the ribose and thephosphate, and Tyr 56 interacts @ hydrogen bond from His 122 in the wild-type protein,
with the y-phosphate %1, 53, 54). C, atoms of the respective  helping to orient its imidazole group, retains its position and
structures were used to produce this superposition. conformation in the H122A mutant. Because the H122A and
H122G mutant structures have been solved in different
nucleotide contexts, they are not themselves directly super-
imposable. Nevertheless, the structural similarities between
these proteins and their respective wild-type counterparts
suggest that replacement of His 122 by either Gly or Ala
has little effect on the three-dimensional structure, even

locally.

¥ .

The ground state for the alcohol reaction has water in the
cavity and alcohol solvated in solution. The low reactivity

of the alcohol relative to water suggests that there is an
energetic penalty for positioning of the alcohol in the active
site in its transition state configuration, and the variable
reactivity of the alcohols suggests that this penalty is highly
dependent upon the R group. It is presumably difficult to

accommodate alcohols in the cavity with optimal steric and hWe Igglally e?(amn:]ed the rﬁaé:tlc?n 9f ATP .and Watler |r:j
electrostatic features. Even if water molecules are present!® H122A cavity. The ATP hydrolysis reaction catalyze

to allow improved steric packing and van der Waals DY H122A proceeds with ak(/Kw) i value of 600 M*
interactions, it is unlikely that these water molecules can S - (Scheme 2), within 2-fold of the corresponding rate
make the same number of hydrogen bonds or have the sam&onstant for the H122G reaction (Table 4A). This result
freedom of motion as in the cavity occupied by a reacting SU99€sts that water behaves similarly in the respective

water molecule surrounded by other water molecules. cavities, despite the presence of an additional methyl group
Comparison of Nucleophile Readities within the H122A i the H122A cavity. _
and H122G Caity Mutants If properties of the cavity have Quite different results were obtained, however, when the

profound effects upon rescue, as the reactivity results reactions of the mutant enzymes with Im as a nucleophile
described above suggest, then changing the cavity shouldvere compared. Addition of Im to reaction mixtures contain-
change the rescue profile. We turned to H122A, a seconding ATP and H122A resulted in formation of an ImP product,
nucleophile cavity mutant of NDPK, to investigate this but preliminary observations suggested that the amount of
possibility. H122A differs from H122G only by the presence ImP formed was dramatically less than it had been for
of an additional methyl group in the cavity. Because these identical reactions containing H122@1j. To quantitate this
mutant proteins are structurally similar (see below) and difference kcalKM)ﬁZg for H122A was measured, which
possess nucleophile cavities of similar sizes, they are a usefurequired that the enzyme be saturated by Im (Scheme 2).
pair for investigating the energetic effects of choosing However, at the highest Im concentrations, a modest
different deletion mutants in site-directed mutagenesis. ~ downward curvature was observed in the Im dependence of
Structural studies of the two mutants reveal that the the H122A reaction with ATP (Figure 7), as had been seen
proteins are essentially superimposable with their wild-type previously in the Im dependence of the H122G reaction with
counterparts. Previous work revealed that the structure of ATP (11). As in the earlier work, this curvature was
H122G with nucleotide bound is superimposable with the presumed to arise from binding of an inhibitory Im, in
structure of wild-type NDPK with nucleotide bound, resulting addition to the Im that binds and rescues in the nucleophile
in a root-mean-square distance between equivalgat@ns site (Scheme 3). Data were treated as described in the
of 0.38 A (11). The H122A structure was solved in the Experimental Procedures and givg.{Ky)f" =8 M~1s1
absence of nucleotide and can be compared with the structurdor the reaction of H122Am with ATP (Figure 7; Table
of unliganded wild-type NDPK (Figure 6)16). The mutant 4A).2 This rate constant is 5000-fold less than the value of
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presumably because Im is sterically excluded from the
H122A cavity. We expanded the reactivity comparison to
include nucleophiles that are intermediate in size between
water and Im by investigating the ability of H122A to
catalyze phosphoryl transfer from ATP to a series of alcohols,
using the same approach described above for H122G
(Scheme 1).

The data for reactions of alcohols with ATP in the H122A
active site are summarized in Table 4B. Surprisingly,
05 1 15 considering that the reactivity of water is similar in the two

{im], M mutant contexts (Table 4A), tHe, for methanol is 30-fold
Ficure 7: Im binding and saturation for HL22A NDPK. Different  smaller in the H122A context than in the H122G context.
symbols represent data from independent experiments. Data are fitOnly limits could be obtained for the reactions of larger
to the two Im model shown in Scheme 3, withfor the inhibitory — 5165h0]s in the H122A context, even though their reactions
Im set to 0.45 M as described in the Experimental Procediigs; . X
= 1.0 M for the functional Im andka/Ku),' = 8 M~ st are were readily detected in the H122G context (Table 4B).

) . There is no simple structural basis for discrimination against
obtained® The data in the plot does not reach thiga{Ku)m" P 9

plateau because the rate increase corresponding to saturation of théhe€ smaller alcohols by H122A, as the H122A cavity is large
nucleophilic Im is masked by inhibition from the second site Im, enough to accommodate alcohols smaller than pentanol.

which also results in the downward curvature at high Im concentra- (Pentanol and hexanol may be sterically excluded from the

-
N
—T
[ ]

[=) —
o [N

I
kY

(kcalle)ATp’ app, Mis

0 1 1

tions. H122A cavity, as described above for Im.)

Scheme 4 The cavities of H122A and H122G differ by only a single
W o Hoo Ho O methyl group, yet the rescue profiles of the two mutants differ

/N\T)J\ __N.H /N\IH)L greatly. This observation supports the conclusion that proper-
K‘\ H.o-H ties of the cavity, beyond simple steric constraints, have

H-C-H substantial effects upon rescue. As described below, the
N N% Iv% different rescue profiles for the two mutants also warn that
L Y NH LNH interpretation of the results of site-directed mutagenesis is

not as straightforward as it is sometimes presented.
NDPK H122G + Im H122A + Im

DISCUSSION

(kealKn)© measured for reaction of H1221& with ATP
(Table 4A). Modeling of Im within the H122A cavity Implications for the Eolution of an Alcohol Kinase.
suggests a straightforward reason for the low reactivity of Lacking the histidine nucleophile of wild-type NDPK,
Im: steric clash prevents the methyl group of H122A and H122G is able to catalyze the phosphorylation of a variety
Im from simultaneously occupying the cavity, as represented of small molecules by ATP. Thus, the H122G cavity mutant
in Scheme 4. can be considered a model for a primitive kinase. Unexpect-

Similar results have been obtained in related systems.edly, this kinase exhibits moderate specificity for particular
Hexose-1-phosphate uridylyltransferase catalyzes the inter-alcohol nucleophiles. For example, H122G can discriminate
conversion of UDP-galactose and glucose-1-phosphate tobetween alcohols as similar as chloroethanol and chloropro-
UDP-glucose and galactose-1-phosphate via a covalentpanol by 3 kcal/mol (Table 2). As described above, steric
histidine intermediate. Frey and co-workers replaced the effects, solvation within the cavity, van der Waals packing,
histidine nucleophile with glycine (H166G) or alanine and fortuitous interactions with certain alcohols appear to
(H166A) in this transferase, and Im rescued the mutant confer specificity upon this kinase. Indeed, a single methyl
enzymes for reaction with UDP-glucosgs(-27). Compari- group influences specificity, as H122G and H122A have the
son of the rate constanky/Ky)YPP-glucose for Im-rescued  same reactivity with water, but only H122G exhibits robust
H166G and Im-rescued H166A transferases [analogous toreactivity with a number of the alcohols tested (Table 4B).
(kca/KM)ﬁnTP for H122GIm and H122Alm; Scheme 2] Although phosphorylation specificity appears to arise readily
revealed a 1200-fold advantage for the H166G variant, from properties of the cavity and the surrounding protein
similar to the 5000-fold advantage for Im-rescued H122G environment, H122G is limited by its failure to simulta-
NDPK relative to Im-rescued H122A NDPK (Table 4A). neously eliminate the competing reaction of water with ATP.
These authors also concluded that additional steric bulk in This engineered kinase illustrates the challenge that a
the vicinity of the 8-carbon of the nucleophilic histidine ~ primitive enzyme must overcome as it evolves to favor
hindered rescue of the alanine mutar®7)( Likewise, substrates other than solvent.
chemical rescue of glycine mutants but not of the corre- Implications for Enzymatic Linear Free-Energy Relation-
sponding alanine mutants has been observed for replacemerghips.It has previously been noted that properties of enzyme
of a histidine in myoglobinZ8, 29) and a lysine in rhodopsin  active sites are likely to influence the reactivity of individual
(30). nucleophiles, complicating interpretation of enzymatic Brgn-

The reactivity results for Im and water as nucleophiles in sted relationshipsl(, 31, 32). This limitation is exemplified
the H122G and H122A reactions represent two extremes.by the H122G results depicted in Figure 2B. The absence
The two enzymes catalyze the reaction of water and ATP of anticipated steric clash is not sufficient to justify the
by essentially the same amount, but H122G is a much betterinterpretation of linear free-energy relationships in enzyme
catalyst of the reaction of Im and ATP than is H122A, active sites, as properties including solvation, shape, and
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polarity may also have profound effects on reactivity. These Scheme 5
results underscore the need to exercise caution when applying

physical organic chemistry to the study of enzymes. From a H122G-H,0 AN H122G-CH3OH
practical standpoint, it is necessary to investigate a large

number of reactants that vary widely in their properties to Wl l1/5°
determine whether site effects distort apparent Brgnsted

relationships. H122A‘H,0 —= H122A-CH30H

Implications for Site-Directed Mutagenesi® determine 170

the importance of a molecular interaction within a protein,
an amino acid that participates in the interaction is typically
replaced by an amino acid that cannot recapitulate the
interaction. Replacement of one amino acid by another with
a smaller side chain, such as removal of the amine moiety
of lysine by mutagenesis to alanine, is generally viewed as

a conservative change for such studies. A relevant thermo- ; X . .
dynamic or kinetic parameter is then measured for both the energetics of enzyme-catalyzed reactions. First, the deletion

original protein and the mutant, these measurements argnutant itself can change the energetic consequences, as
converted to free energieAG), and the difference in free illustrated by Scheme 5 and by the additional examples of

energies between the two proteinsAG) is interpreted to large differences in reactivities of identical alcohols within
be the energetic contribution of the interaction of interest (€ nucleophile cavities of H122G and H122A found in Table

(e.g., refs33 and34). A AAG value obtained from such a 4B. More fundamentally, delet.ing a side F:hain in order t'o
comparison, however, includes not only the effects from Measure an absolute energetic contribution from that side

removal of the specific interaction, but also unavoidable and CN&in is problematic. This is because the energetic effect from
variable effects that are determined by the nature of the .'emoval” of an interaction inherently depends on what the

surrounding protein environment and rearrangements of thatiNteracting group is changed to and on the surroundings (i.e.,
protein environment, including creation of a cavity or the contextf. Recent related work has demonstrated the

inclusion of solvent molecules3%, 36). These effects importance C.’f context if-sheet propensiM@—46) and to .
sometimes result in free-energy changes from double muta-th€_energetic consequences of substituting hydrophobic

tions that do not match the sum of the free-energy changes€Sidues for polar residues azhelices 47, see also res).
from the individual single mutations. Context-dependent Indeed, the context and positioning created by folding endow

explanations are then sought for this nonadditive behavior @ Protéin with its functional properties. Thus, context-

(see, for example, ref87—43). However, even if the free depend('ant'effepts presumably re_presentafundamental feature

energies from double mutant cycles are additive, the protein ©f Protéin interiors and active sites.

context still exerts a profound influence on the observed

energetic effects. A simple example is the common observa-

tion of large energetic consequences from mutations within ~ We thank Jim Havranek for assistance in determining

a protein’s core versus small effects from identical mutations molecular volumes of alcohols. We are grateful to members

at the protein’s surface. of the Herschlag laboratory for comments on the manuscript.
In the present study, the conclusion that energetic effects
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