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Effects of Protein Glycosylation on Catalysis: Changes in Hydrogen Tunneling and
Enthalpy of Activation in the Glucose Oxidase Reaction
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ABSTRACT. Three glycoforms of glucose oxidase, which vary in their degree of glycosylation and resulting
molecular weight, have been characterized with regard to catalytic properties. Focusing on 2-deoxyglucose
to probe the chemical step, we have now measured the temperature dependence of competitive H/T and
D/T kinetic isotope effects and the enthalpy of activation usingHE2-deoxyglucose. The D/T isotope

effect on the Arrhenius preexponential fact8pfAr) is 1.47 ¢0.09), 1.30 £0.10), and 0.89+£0.04) for

the 136, 155, and 205 kDa glycoforms, respectively. The value obtained for the 136 kDa glycoform is
well above the range expected for semiclassictdssical (no tunneling) reactions (upper limit of 1.22).

The abnormalAx/Ay is rationalized by extensive tunneling. The enthalpies of activation aretf}],

11.0 @&0.3), and 13.740.3) kcal/mol for the 136, 155, and 205 kDa glycoforms, respectively. Apparently,
less glycosylation results in more tunneling and a lower enthalpy of activation. The crystal structure,
kinetic analysis, and other studies suggest that the enzyme active site is not conformationally changed by
the degree of glycosylation. Hence, the differences among the glycoforms, which indicate that changes
in the enzyme polysaccharide envelope lead to a significant change in the nature of the hydrogen transfer
step, suggest a dynamic transmission of protein surface effects to the active site.

The detailed origin of the rate acceleration of chemical their biochemical functions” (Gavish & Yedgar, 1995). A
reactions by enzymes is not yet fully understood, despite number of reports purport to link protein dynamics to enzyme
the immense amount of work that has been done in this areaactivity [see Gregory (1995) and references cited therein],
(Jencks, 1987; Fersht, 1985). In addition to the commonly but none of these studies could distinguish effects on the
accepted roles of transition-state stabilization/reactant de-chemical step(s) from effects on protein conformational
stabilization and enzyme conformational changes, the con-changes and the binding and release of substrate/product.
tribution of protein dynamic effects and possibly tunneling  In the present work, we have investigated the kinetic
to the rate enhancement may be of considerable importanceproperties of three forms of glucose oxidase (G@at vary
(Mulholland & Karplus, 1996). in their degree of glycosylation, with the goal of determining

The contribution of quantum-mechanical tunneling to the the contribution of H-tunneling to the-€H bond cleavage
hydrogen transfer step of enzymatic catalysis was first step. Glucose oxidase (EC 1.1.3.4) catalyzes the oxidation
demonstrated for a dehydrogenase and a topa quinoneof glucose to gluconolactone and the subsequent reduction
containing oxidase, and subsequently for a flavin-dependentof oxygen to hydrogen peroxide according to a ping-pong
oxidase [for a review, see Bahnson and Klinman (1995). steady-state kinetic mechanism (Pazur & Kleppe, 1964;
More recently, the unusual properties of the lipoxygenase Crueger & Crueger, 1990):
reaction (Glickman et al., 1994; Hwang & Grissom, 1994)
have been ascribed to extensive tunneling (Jonsson et al., on glucose oxidase on
1996). Hydrogen tunneling may be a general feature of HO% FAD N papy, MO 0
enzymatic catalysis both for reaction of-El bonds and for HO OH HO\Y/S/A
the more general transfer of protons during adidse HO H H02 02 o1 -0
catalysis.

The interaction of soluble proteins with their solvent The enzyme contains one very tightly, but noncovalently,
environment and the effect of this interaction on protein bound FAD cofactor per monomer and is a homodimer with
dynamics and activity have been discussed in some detaila molecular mass of 136820 kDa, depending on the extent
(Gregory, 1995). Many investigators have concluded that of glycosylation. The native enzyme is glycosylated, with
internal molecular dynamics are unlikely to make a contribu- a carbohydrate mass percentage of-26% (Pazur &
tion to catalysis (Kraut, 1988), while others believe that “it Kleppe, 1964; Swoboda & Massey, 1965; Kalisz et al.,
is generally accepted that the structural dynamics of proteins1991). The enzyme has also been cloned (Kriechbaum et
in solution play an important role in achieving and regulating al., 1989; Frederick et al., 1990) and expressed in yeast,
leading to a highly glycosylated form with a carbohydrate
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found that the catalytic activity of the recombinant enzyme

Kohen et al.

Twenty-five milliliters of acetonitrile was added, and the

(Frederick et al., 1990) and the deglycosylated enzyme agueous phase was reextracted twice with acetonitrile. The

(Kalisz et al., 1991) with glucose is similar to that of the

organic phases were pooled and dried under reduced pressure

wild-type enzyme. The three-dimensional structure of a and then lyophilized twice from 50 mL of J® (99.9%) to
deglycosylated form of native enzyme is available as a frame exchange all exchangeable hydrogens. The produced lac-

of reference (Hecht et al., 1993).

tone, 0.894 g (3.38 mmol; 89.5% yield from previous step),

The properties of glucose and 2-deoxyglucose oxidation Was dissolved in 130 mL of £D (99.996%) in a three-neck
by GO have been investigated using both steady-state andlask equipped with a mechanical stirrer and stirred under

pre-steady-state kinetic methods (Bright & Gibson, 1967;
Bright & Appleby, 1969). Although a large deuterium

argon for 10 min. Reduction to [3H]-2-deoxyglucose was
performed by a modification of the procedure of Isbell et

isotope effect was indicated from pre-steady-state measure2l. (1962). The flask was cooled te2 °C in a ice-salt bath,
ments with glucose, the properties of the second-order rateand 10 g of NaH@O, (lyophilized twice from RO) and 23
constant for the steady-state oxidation of glucose implicated 9 of sodium amalgam (5%) were successively added. The

partial rate limitation from substrate binding. By contrast,

reaction mixture was stirred under argon, and the temperature

the oxidation of 2-de0xyg|ucose has been concluded to bewas raised to 4C. After all the lactone was converted to

largely limited by the hydrogen transfer step (Bright &
Appleby, 1969). The value d€,; for oxidation of 2-deoxy-
glucose by GO is 5078 at pH 5.6, 25°C, in comparison to
a value of 1200 ' for glucose (Kriechbaum et al., 1989).

sugar (1 h, by TLC detection), the pH was raised to 10 by
addition of NaOD, ad 1 L of methanol was then added.
The mercury and the precipitated salts were filtered through
a fine sinter-glass, and the volume was reduced to 5 mL;

This led to the choice of 2-deoxyglucose for the isotope effect 500 mL of methanol was added, and more salts were filtered
studies reported herein. As described below, we haveOut. The product was passed through a mixed ion-exchanger
prepared anomerically protonated, deuterated, and tritiated(BioRad, TMD-8; H/HCO;~ form) until the conductivity
2-deoxyglucose, and used these substrates as probes dras similar to that of distilled water, |y0phI|IZEd, and then

hydrogen tunneling in the glucose oxidase reaction.

Our results indicate that the degree of hydrogen tunneling

with glucose oxidase varies with the extent of protein

glycosylation, such that tunneling is greatest with the lightest
(least glycosylated) protein. These findings indicate a link
between modification of the protein envelope and the amount
of nuclear tunneling during catalysis at the active site. The
origin of these differences may reside in different degrees

of protein dynamic mobility among the three glycoforms of
GO.

EXPERIMENTAL PROCEDURES
Materials

[1-3H]-2-Deoxyglucose (10 Ci/mmol), 2-deoxyglucose
(grade IlI), glucose oxidase (EC 1.1.3.4) frohspergillus
niger (VII-S, for synthesis only), and all salts and buffers
(unless otherwise indicated) were from Sigma. [HCI-
2-Deoxyglucose (255 mCi/mmol) was from American Ra-
diolabeled Chemicals, Inc. Bis-tris propane was from
Calbiochem. RO (99.9% and 99.996%) was from Cam-
bridge Isotope Laboratories or Aldrich. Sodium amalgam
(5%) was from Anachima. Glucose oxidase fréspergillus

niger (grade |, 211 units/mg), hexokinase, endoglycosidase-

H, and a-mannosidase were from Boehringer Mannheim.
The recombinant glucose oxidase frokspergillus niger

crystallized twice from hot ethanol to yield 0.502 g of {}
2-deoxyglucose (1.8 mmol, 50.2% overall yield). The
product appeared to be quantitatively deuterated at the
1-position, as determined by loss'6f-NMR signals at 5.23
ppm (d) and 4.78 ppm (dd) and loss of the vicinal anomeric
J-coupling to the 2-deoxy protongi(..x = 9.8Hz atd =

1.37 ppmJi2ax= 3.2 Hz atd = 1.58,J1 2¢q < 1Hz atd =

1.98 ppm, and eq= 3.2 Hz atd = 2.11 ppm as measured
for the protonated sugar). Electrospray mass spectrometry
(MNa* 188.1) detected ndH contamination. Mi-
croanalysis found C 43.49% (calcd 43.68%) and H 7.54%
(calcd 7.33%).

Synthesis of Anomerically Deuterated [MG]-2-Deoxy-
glucose. [UL-%C, 1°H]-2-Deoxyglucose was synthesized
from [UL-%C]-2-deoxyglucose according to the same strat-
egy described above. All the purification steps were
performed by HPLC (Phenomenex C18-Néblumn eluted
with 87% acetonitrile in water); 6%Ci of [UL-4C]-2-
deoxyglucose (250 mCi/mmol) was “diluted” with unlabeled
2-deoxyglucose to a specific activity of 8.4 mCi/mmol and
dissolved in 17QuL of 0.1 M potassium phosphate buffer,
pH 7.2. Ten microliters of catalase (5000 units) and 8 mg
of GO (1600 units) were added. The reaction was quenched
after 14 min by adding 70@L of acetonitrile, and the
precipitated protein and salts were spun down (the pellet
contained uCi of C). Unreacted sugar and the lactone
were separated by HPLC (Altech NHolumn) and pure

expressed in yeast (Frederick et al., 1990) was a generougactone (30 xCi) fractions were pooled and lyophilized.

gift of Dr. Steven Rosenberg from Chiron Co. (Emeryville,
CA). The pH of all buffers was adjusted at the experimental
temperature.

Exchangeable hydrogens were replaced by deuterium by
lyophilizing twice from DO (99.9%). The lactone was
reduced in a similar apparatus to the one described above

Synthesis of Anomerically Deuterated 2-Deoxyglucose. with 750 mg of NaHGO, (lyophilized twice from 99.9%

[1-?H]-2-Deoxyglucose was synthesized from 2-deoxyglu-

D,0) and 2.1 g of sodium amalgam (5%) in 10 mL of@®

cose by oxidation to 2-deoxygluconolactone catalyzed by (99.996%). After 45 min, 50 mL of acetonitrile was added.

GO, followed by sodium amalgam reduction ig@yielding

The mercury and the precipitated salts were removed by

the deuterated product. 2-Deoxyglucose (1 g; 3.78 mmol) filtration through a sinter-glass. The product was purified

was dissolved in | mL of 0.2 M potassium phosphate buffer,

by HPLC, yielding 10.8:Ci of [UL-“C, 1°H]-2-deoxyglu-

pH 5.6. Then 155 mg of GO (25 000 units) was added, and cose (17% overall yield). The deuterium content of radio-

the reaction was stirred gently under oxygen until all the

labeled product was not directly determined. In subsequent

reactant was converted to product (as detected by TLC).experiments, no trend in D/T isotope effect values was
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detected with fractional conversion of substrate. The latter wild-type enzyme at 25C at a few different pH values.
has been seen previously with incompletely deuterated The measured KIE was observed to increase with pH,
substrates (Cha et al., 1989). reaching a fairly constant level at pH 9 (suggesting that the
Deglycosylation of Glucose OxidaseBoth wild-type hydrogen transfer step was closest to being rate-limiting at
(molecular mass 15& 10 kDa) and recombinant (molecular this pH). All further experiments were therefore carried out
mass 205+ 15 kDa) glucose oxidases were deglycosylated at pH 9.0. Prior to kinetic experiments, tritiated at@-
enzymatically to the same glycoform (molecular mass 136 labeled substrates were copurified by the same HPLC
+ 3 kDa). Deglycosylation was conducted under nondena- procedure used in the preparation of labeled compounds (see
turating conditions using a modification of the procedure Materials). Typically, each experiment contained 1.85
described by Kalisz et al. (1990). Since the recombinant of *H and 0.13«Ci of C (about 0.2 mM and 0.6 mM total
enzyme deglycosylation was much faster, and the deglyco-substrate concentration for H/T and D/T KIE experiments,
sylated enzyme from both sources had the same MW andrespectively). The reaction mixture (1.6 mL) was preequili-
activity parameters (data not shown), the recombinant brated in a Neslab waterbati@.1 °C) and three zero time
enzyme was used to produce the deglycosylated GO usedboints ) of 150uL each were removed. The reaction was
below. In a typical experiment, 50 mg of GO was incubated initiated by addition of enzyme, and, in general, seven time
for 24 h in 60 mL of 30 mM potassium phosphate buffer, points ¢ were removed. After incubation overnight with
pH 5.0, with 2.6 units of endoglycosidase H and 80 units of more enzyme, an infinity time pointJ) was taken. All
o-mannosidase. The reaction was followed by SIPAGE samples were quenched withid of 70% HCIO.. The
(Figure 1) until the GO showed a narrowd kDa) band at  sample’s pH was raised to 8.5 by addition of 2l50f 6 M
68 kDa. The reaction mixture was concentrated by ultra- NaOH, and all remaining substrate was converted to the
filtration (Amicon, YM30 membrane). The buffer was 6-phospho derivative by addition of 4 mM MgCD.5 mM
replaced with 100 mM sodium acetate, pH 4.5, the mixture ATP, 90 mM Tris-HCI, pH 8.5, and 30 units of hexokinase
was then loaded on a cation-exchange column (Mono-S, followed by a 1 hincubation? The coupling reaction was
Pharmacia), and the GO was eluted with 100 mM sodium quenched with 0.4 mM Hggland stored at-70 °C until
acetate, pH 4.5. The GO was concentrated by ultrafiltration HPLC analysis. Before analysis, each sample was thawed,
to 3.4 mL in 0.1 M potassium phosphate, pH 7. and tetrabutylammonium hydrogen phosphate was added to
The enzyme activity was measured by a continuous a final concentration of 5 mM, after which precipitated salts
spectrophotometric assay (see Methods), the active sitewere spun down. The HPLC analysis was performed with
concentration was determined by the FAD absorption at 452 a C18 column (Phenomenex, UltraCarb) equilibrated with 5
nm (¢ = 12.83 mMt cm™?) as described by Frederick et al. mM tetrabutylammonium hydrogen phosphate, pH 6.8. After
(1990), and the protein concentration was measured by theinjection of the sample, the same eluent was used for 3.5
Bradford assay (BioRad reagent) with bovine serum albumin min followed by 12 min of 6-30% acetonitrile gradient.
as the standard or by its absorption at 280 nm using aTritiated water eluted at the dead-volume followed by
published factor of 1.67 ODU/mg (Swoboda & Massey, 2-deoxygluconolactone, 2-deoxygluconic acid, and 6-phos-
1965). The specific activity was 430 units/mg, and the pho-2-deoxyglucose. Fractions were collected and analyzed
overall yield of enzyme, based on active site measurementusing a liquid scintillation counter (Wallac). Since the

(452 nm), was about 40%. substrate®H/1“C ratio att, was equal to théH/C ratio in
the products at,, an average of the thregvalues was used
Methods as EH/YC). in eq 1.
Competitie Kinetic Isotope Effect (KIE) Experimentt Analysis of the temperature dependence of KIE's was done

these experiments, a tritiated substrate was mixed@h PV fitting them to eq 2 as described previously [see Bahnson
labeled, protonated (for H/T KIE experiments) or deuterated @"d Klinman (1995) and references cited therein]
(for D/T KIE experiments) substrate. The mixture was
allowed to react in the presence of enzyme, under defined k/ke = AL/A; exp[Er — E))/RT] 2
conditions of pH and temperature, and quenched at different
fraction conversions. The quenched mixtures were analyzedwherek /kr is L/T KIE, A /Ar is the KIE on preexponential
by HPLC and liquid scintillation counting to determine the factors, ander — E_ is the isotope effect on the enthalpy of
fraction conversionf( determined from#C counting) and  activation. The fitted parameters enable comparison of
tritium to C ratio in the products $H/*C}; and PH/**C].. values for theA /Ay to theoretical limits from semiclassical
for the ratio at the time point and the infinity point, models. The semiclassically calculated values range from
respectively). The L/T KIE’s [also denoted ByV/K)_ or 0.6 to 1.6 forAu/Ar and from 0.9 to 1.2 foAp/Ar (Schneider
k./kr] were calculated by eq 1 (Melander & Saunders, 1987): & Stern, 1972; Bell, 1980; Melander & Saunders, 1987).
For proper error analysis, curve fitting was carried out as a
In(1—f) least root mean square fit exponential regression of KIE vs
(1) 1/T (which resulted in larger errors than posttransformation
linear regression). In order to ensure that the calculation of

T / —
(VKL In {1 — f[CHMC) ICHIMC),]}

These experiments W_ere Ca_rrled outin 10 mM buffer. '_I'he 2 Derivatization of glucose to glucose 6-phosphate was found
buffers used were sodium citrate (for pH 4.2), potassium necessary for efficient HPLC separation of reactants and products. The
phosphate (for pH 5.6 and 7.0), bis-tris propane (for pH 9.0), quantitative conversion of unreacted substrate was achieved through
and borate (for pH 10). To determine which pH would be the use of a large excess of hexokinase over initial GO and of ATP

. o . . over 2-deoxyglucose. No regain of glucose oxidase activity could be
the most su!t_able for carrying out a detailed analyS'S_Of GO, detected (using an oxygen uptake assay) in acid-quenched samples that
H/T competitive KIE experiments were performed using the had undergone neutralization prior to the addition of hexokinase.
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0 1 2 3 4 56 7 8 9 kD Table 1: Kinetic Parameters with Glucose as the Variable Substrate
- . = -— 200 for the Three GO Glycofornis
: | glycoform (kDa) Kv (MM) Keat(s73)
o - w— 116
| — - 974 205 28.3{0.7) 498 (7)
: 155 27.9£0.8) 508 {£9)
. R T p— - 66 136 28.5{0.8) 505 (£9)
SO = @ Measured with air saturation oxygen concentration (258 in
] 0.2 M potassium phosphate at 256 by the continuous spectrophoto-
L . — — - — 45 metric assay as described under Methods.
Ficure 1: Analysis of the deglycosylation of recombinant GO by
7.5% acrylamide SDSPAGE gel electrophoresis. Lanes 0 and 9
are the molecular mass standards. Lane 1 is the fully glycosylated
enzyme. Lanes-27 are samples taken from the reaction mixture w
at0.1, 2.5, 5, 12, 21, and 25 h (the upper band is the GO and the <
lower bands are the deglycosylating enzymes). Lane 8 is the =
deglycosylated enzyme after purification. I
the errors inAL/Ar was not algorithm-dependent, the output
from several programs was compared (GraFit, Igor, and 14 . . !
mainly KaleidaGraph). The value of the KIE at each 0.0032 0.0034 0.0036
temperature was an average of two or three independent 1/T
experiments with at least six time points and three zero time ‘ ‘
points per experiment. The standard deviations for KIE’s ?
at each temperature were weighted directly (through the sr B /'( 4
exponential regression) without any transformation. w 29 ¥
Initial Velocity Measurementsinitial velocity measure- ¥ ,5l /{i ]
ments for GO activity (in the course of enzyme purification) =
were performed by a continuous spectrophotometric assay Q27
as described by Lockridge et al. (1972) and modified by 26 & i
Frederick et al. (1990) using a Hewlett-Packard 8452A diode /%
array spectrophotometer equipped with a thermostated cell 25 00‘032 00634 00636
holder. This assay is based on coupling the GO reaction to ' T
that of the hors.eradISh P?rOXId.ase fef"‘C“O” WitDHn the Ficure 2: Temperature dependence of H/T KIE’s (A) and D/IT
presence of Triton-stabilizeotdianisidine. KIE’s (B) for the GO glycoforms: 136 kDa®), 155 kDa @),

Initial velocity measurements used for kinetic experiments and 205 kDaM). Data presented on a semilogarithm scale as KIE
involved monitoring the consumption of oxygen using a Arrhenius plots (see explanation and description under Methods).
Yellow Spring Instruments (1 mL chamber) with fast stirring. Al the experiments were carried out in 10 mM bis-tris propane
For each measurement, the reaction mixture was preequili-bUﬁer’ PH 9.0, as described under Methods.
brated with the desired oxygen/nitrogen mixture. The
oxygen concentration was determined from the known
concentration of dissolved oxygen under conditions of air-
saturated water at a given temperature. The reaction wa
initiated by injecting enzyme into the chamber.

band at 205 kDa for the wild-type and the recombinant
glycoforms, respectively), demonstrating significant hetero-
Sgeneity of their polysaccharide chains (Figure 1). The native
gel (not shown) showed a similar behavior. The number of

Ky andke;and their standard errors were determined by isoelectric forms decreased from about 5 (for the wild-type

; . : . +~_enzyme) or 4 (for the recombinant enzyme) to a doublet with
gc;ggrr\]()ag r least root mean square fit to eq 3 (using Kaleida ap of 4.14 as previously reported by Schmid and co-workers

(Kalisz et al., 1990).

VI[E] = kISI/(Ky, + [S]D) 3) Kinetic parameters for the glycoforms, using glucose as
the variable substrate and air saturation of oxygen a5
wherev is the initial velocity, [E] is the enzyme concentra- are summarized in Table 1. As shown, kinetic parameters

tion, and [S] is the substrate concentration. do not differ significantly among the three glycoforms. This
result is in accordance with two previous reports that
RESULTS compared the wild-type (Kalisz et al., 1991) and recombinant

Comparatie Characterization of the Glucose Oxidase [0rms (Frederick et al., 1990) of enzyme to their deglyco-
Glycoforms. The deglycosylated enzyme shows a narrow sylated forms. This is the first comparative characterization
(3 kDa) band on SDSPAGE at 68 kDa, suggesting a high ©f the 136, 155, and 205 kDa GO glycoforms.
homogeneity (Figure 1). The apparent molecular mass of Temperature Dependence of H/T and D/T Kinetic Isotope
the deglycosylated monomer differs (by 1.5 kDa) from the Effects. The H/T and D/T KIE'’s for the three GO glyco-
calculated molecular mass of the glucose oxidase polypeptideforms were measured with the substrate 2-deoxyglucose (as
chain plus FAD cofactor, which is in accordance with six described under Methods). The temperature was varied from
N-acetylglucosamine and two mannose remaining (Hecht et0 to 45°C, and the results are presented in Figure 2. Values
al.,, 1993). This is in contrast to the wide bands for the for the KIE's in the limit of infinite temperature are listed
glycosylated forms (20 kDa band at 155 kDa and 30 kDa in Table 2.
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Table 2: Values folw/Ar and Ag/Ar values is rather narrow (2.82.98), suggesting a small
oof D AIAT A/A temperature dependence for the exponents. All the exponents
glycoform (kDa) il il are somewhat less than 3.0 and fit eq 4 above. The observed
igg g-gg fég-fgg i-gg ig-ggg HIT isotope effect, Ki/kr)qps, may thus be smaller than the
205 146 &0:20) 0.89 ¢0:04) intrinsic effect, ka/kr)int, according to eq 6 (Northrop, 1977):
Nonlinear least root mean square fitted Arrhenius preexponential (kH/kT)obs= [(kH/kT)int + CH]/(:H'CH) (6)

factors and their standard experimental error (calculated as described
under Methods)? The semiclassically calculated values range from 0.6 ) ) . . ]
to 1.6 for Aw/Ar. ¢ The semiclassically calculated values range from whereCy is the commitment to catalysis, defined as the ratio

0.9 to 1.2 forAp/Ar (Schneider & Stern, 1972; Bell, 1980; Melander  of rate constants for the chemical step versus dissociation
& Saunders, 1987). of substrate or product from the enzyme. The valu€ef
for protonated 2-deoxyglucose at 26 is estimated to be

3.1 : :

0.5 from eq 6, using the observed D/T KIE to calculate the
g sl ] intrinsic H/T KIE from eq 5. This calculation assumes that
£ I é % ] the commitment for the D/T KIE is insignificant, consistent
E Lol i % %‘ with the magnitude of the D/T KIE at 28 which is larger
fg I + ] | than predicted from semiclassical considerations (Melander
o 28l %- & Saunders, 1987). For reactions with moderate commit-
s . ments and large primary KIE's, the contribution Gf to
2.7 (I) 1‘0 2»0 3‘0 4‘0 ~ (ko/kt)obsbecomes quite small [cf. Grant and Klinman (1989)].

The value forCy could be greater than 0.5 if extensive
temperature [*C] tunneling is present for the protonated substrate (Cha et al.,
FiGure 3: In (H/T) to In (D/T) ratio (the exponent of eq 5) as a 1989). In the case of such tunneling, deviations off 4
function of temperature (in degrees centigrade). The exponents arefrom classical Arrhenius behavior, as well as deviation of
g”l;fcgl?g'r?nsbg:‘gimv\?na?s flrggnklljzlog)tlr&szlfbg' @')A‘;%cgdz'g%k’b;he exponents from their semiclassical value, are expected to be
). masked by the kinetic complexity. This is almost certainly
the case for the H/T KIE data reported herein.

From the data presented in Figure 2A for the H/T KIE,  The possibility that the higlo/Ar preexponential factor
the differences among the three glycoforms appear to befor the 136 kDa glycoform is an artifact caused by a
small and close to experimental error. The magnitudes of temperature-dependent commitment can be ruled out by
KIE’s on the Arrhenius preexponential factors (Ar) are following the trend in exponents at increased temperature.
all within the range for semiclassical calculated values (Table From Figure 3, it is clear that the commitment increases
2). By contrast, significant differences can be seen among (exponent decreases) with increasing temperature for the two
the glycoforms for the D/T measurements (Figure 2B). The lighter glycoforms (136 and 155 kDa). That should cause a
Ap/Ar for the heaviest GO glycoform (205 kDa) is at the steeper Arrhenius slope and a lower observed KIE on the
lower semiclassical limit (0.9). The ratio for the wild-type preexponential factor. In other words, the observed D/T KIE
enzyme (155 kDa) is slightly above the upper semiclassical on the pre-exponential factor for these two glycoforms could
limit (1.22), and the preexponential KIE ratio for the lightest, be lower then the intrinsic one. Interestingly, the opposite
deglycosylated form (136 kDa) is significantly above this trend in exponents occurs for the heavy (205 kDa) glycoform
limit (Table 2). This latter observation is quite rare but has such that the observed preexponential factor D/T isotope
been predicted and observed for reactions characterized byeffect may be larger than the intrinsic value. Overall, the
substantial amounts of tunneling (Jonsson et al., 1996).  contribution of a small, temperature-dependent commitment

Kinetic Complexity. The different trends observed fap/ to the observed D/T isotope effects would only increase the
Ar andAp/Ar among the three glycoforms suggest that kinetic differences seen among the three glycoforms.
complexity contributes to the H/T KIE's. Comparison of From Figure 2A, it is noticeable that the plot for the H/T
the experimental magnitude of H/T to D/T KIE between 0 isotope effect with the lightest glycoform is curved at low

and 45°C indicates the following relationship: temperatures (under 1%), indicative of a change in the
rate-limiting step. Since the exponents for the 136 kDa
kefky < (kofkq)>2833 (4) glycoform decrease with increasing temperature, the chemical

step appears to be more rate determining at low temperature.
whereky/kr andkp/kr are H/T and D/T KIE, respectively.  Using only the low-temperature region of the curve in Figure
As previously discussed (Cha et al., 1989; Bahnson et al.,2A, a KIE on the preexponential factor of 5.23%.2) is
1993; Bahnson & Klinman, 1995, and references cited calculated. This value is significantly higher than the value
therein), the behavior of eq 4 differs from the semiclassical of 0.8 obtained with the full data set. Thus, the intrinsic

relationship (Swain et al., 1958; Saunders, 1985): value of Ay/Ar may be considerably in excess of 1.6 (the
upper limit of the semiclassical range).
kyfky = (Kolkq)3287334 (5) Enthalpy of Actiation for Oxidation of [12H]-2-Deoxy-

glucose. The enthalpy of activation for the oxidation of
and suggests that some kinetic complexity “masks” the [1-?H]-2-deoxyglucose was determined with the three gly-
intrinsic H/T KIE. coforms. As argued above, the rate-determining step with
The magnitudes of the exponential relationship between anomerically deuterated 2-deoxyglucose is fully (or close to
measured H/T and D/T KIE are plotted in Figure 3 as a fully) rate-limited by C-D bond cleavage, whereas—¢i
function of temperature. The distribution of the exponent bond cleavage is only partially rate-determining. We
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Table 3: Ky Values for Q and 2-Deoxyglucose with GO 1.6 : : — 16
glycoform mass (kDa) &Km (M)  2-deoxyglucos&y (mM) o 4l { i r 14 a
[25°C] ° % >
205 86 (£5) 29 (£2) < 10 i L1z
155 87 (:6) 31 @3) N i H
136 93 {-4) 30 @2) < 0 &
‘I .04
[45°C] . , 2
205 280 (20) 60 (-4) i % -
155 280 £10) 60 (:5) 0.80-
136 270 (30) 60 &7) ——— 6
120 140 160 180 200 220
2 Oz-saturated concentration at 26 and 45°C was 1150 and 920 )
uM, respectively. 2-Deoxyglucose concentration was 500 mM. molecular weight [kD]

Ficure 5: Relationship between the KIE on the Arrhenius
preexponential factorsp/Ar (@ andO), and enthalpies of activation
for [1-2H]-2-deoxyglucose4). All the experiments were under the
same experimental conditions (see Methods). Aki@\r semiclas-
sical calculated range is 0:4.22 (see text). For the 155 and 205
kDa glycoforms, two independent measurementsAgfAr are
shown P are from Jonsson (1994)]. The earlier measurements of
Ap/Ar (O) are within experimental error of more recent measure-
ments ofAp/Ar (@), although the magnitude of individual isotope
effects was smaller by 2625%.

-1
Keat [S7]

envelope on the surface of the GO glycoforms. The
enthalpies of activation are plotted in Figure 5, together with
the observed values fé/Ar. There is a clear trend in these
data, whereby thép/Ar takes on increasingly larger values

0.0032 0.0034 0.0036
1/T

Ficure 4: Arrhenius plot of [12H]-2-deoxyglucose oxidation rates 55 the enthalpy of activation gets smaller. These trends are

(Kea) With the three GO glycoforms: 136 kD®), 155 kDa @), . : .
and 205 kDaM). All experiments were carried out in 10 mM bis- ascribed to different degrees of tunneling for the three

tris propane buffer, pH 9.0, with 0.5 M substrate and under pure glycoforms of GO, as discussed below.
oxygen as described under Methods.
DISCUSSION

therefore synthesized BH]-2-deoxyglucose on a gram scale
(see Materials). Initial velocities for its oxidation with the ~ Contribution of Hydrogen Tunneling to Glucose Oxidase
three GO glycoforms were determined at different temper- Catalysis. The isotope effects on the Arrhenius prefactors
atures by following the rate of oxygen consumption using (Aw/Ar andAo/Ar) for the deglycosylated (136 kDa) glyco-
an oxygen electrode (see Methods). form of glucose oxidase appear to be significantly larger than

An unambiguous determination of the enthalpy of activa- unity. The experimental value @b/Ar of 1.46 is essentially
tion on the G-D bond cleavage step requires that measure- free of complications due to multiple rate-determining steps
ments ofk., be under full substrate saturation over the and is clearly larger than the upper limit of 1.2 possible

experimental temperature range. Value&gffor 2-deoxy- ~ Without tunneling (Bell, 1980). In a recent study, it has been
glucose and oxygen were therefore determined at 25 and 45°Proposed that hydrogen tunneling in enzyme reactions can
°C and are summarized in Table 3. TKg values for lead to several types of temperature dependencies for rates

2-deoxyglucose were found to be 360 mM, such that and isotope effects. A diagram, based on earlier experi-
saturation with this substrate could be ensured by maintainingmental and computational results of others (Bromberg et al.,
its concentration at 0.5 M (there was no indication for any 1970; Stern & Weston, 1974; Glickman et al., 1994; Hwang
substrate inhibition). In the case obQheKy is seen to & Grissom, 1994), was proposed to encompass the range of
rise to 276uM at 45°C. Since saturation with pure,ds biological observations (Jonsson et al., 1996). Reproduced
0.9 mM at this temperature, it was not possible to fully in Figure 6, this diagram shows In (rate) as a function of
saturate enzyme with oxygen at elevated temperatures (undeinverse temperature for two arbitrary isotopesahd Lo (any
atmospheric pressure). A simple Michaelis factor was combination of H, D, and T), where 1 represents the lighter

therefore applied to correct thie, values at increasing isotope and 2 the heavier one. Curvature is a consequence
temperature: of increasing hydrogen tunneling, which in this simplified

picture can lead to a temperature independence of both rates
kcat= Vmax(obs(KM + [S])/[E][S] (7) and iSOtOpe effects.

In reality, due to various experimental complications,
where Vmax(obs) iS the observedVma, [S] is the oxygen measurement of rates and isotope effects is usually limited
concentration, and [E] is the enzyme concentration. This to a fairly narrow temperature range. In the case of
follows from the ping-pong steady-state kinetic mechanism enzymatic reactions under physiological conditions, the
of GO (Swoboda & Massey, 1965; Bright & Gibson, 1967). typical experimental range is<50 °C. In such a narrow
The overall correction to the Arrhenius slope was less than temperature range, curvature due to tunneling is unlikely to
a factor of 1.14 for all glycoforms, and the trend among them be observed. Apparent isotope effects on Arrhenius pre-
was not affected. From Figure 4, it is visibly apparent that factors, extrapolated from the accessible temperature range,
the Arrhenius slopes (and subsequently the enthalpies ofgive information about the position of the experimental
activation) increase with the size of the polysaccharide system on the diagram of Figure 6. Classical behavior
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Correlation between the Degree of Tunneling and Reaction
Rate. It might be expected that an increased degree of

\ tunneling would lead to an increased turnover rate. Inspec-

1 ] 1] v

tion of Figure 4 shows that at 2&, the deglycosylated (136
b kDa) variant of glucose oxidase haska: roughly 3-fold

‘\\\\\\-
\ higher than the highly glycosylated recombinant form (205

In(rate)

kDa). While this is not a large difference in turnover rates,
it can be understood in the context of Figure 6. The
\ L2 experimental values fa%/A; represent tangents to the curves
of Figure 6. In regions where Ik vs 1/T is close to linear,
parameters that pertukg,; may lead to imperceptible changes

. . ) . in AYJA,. By contrast, when Inkj vs 1/T begins to curve
FiIGURE 6: Schematic representation of models suggesting various P BY H 9

AJ/A; values associated with different degrees of tunneling. In this appreCIa_ny_ (reglon_ ), relatl\(ely Sma!l changeskia: may
diagram, systems are shown that include no tunne“ng\gAZ = Iead to S|gn|f|cant d|ﬁ:erences mj_/Az Wh'Ch C0u|d then Vary

1; a moderate tunneling contribution (IB/A; < 1; and more from inverse to normal [cf. Jonsson et al. (1996)]. We
extensive tunneling (lIHAY/A; > 1; and (IV),A/A; > 1. The plot believe this latter behavior pertains to GO.

is an ordinary Arrhenius plot of In (rate) versus reciprocal absolute |4 addition to the studies on 2-deoxyglucose oxidation,

temperature (TI7; experimentally, the temperature range is generally . .
restricted to between 0 and 8Q for enzyme reactions. The upper catalytic parameters have been determined for the three

line represents the light isotope behavior)(land the lower line  glycoforms of glucose oxidase using the natural substrate
represents the behavior of the heavy isotopg. (L glucose under optimal conditions (pH 5.6) (Table 1). As

discussed earlier, 2-deoxyglucose was chosen as substrate
(region 1) leads to a linear behavior of In (rate) or In (isotope for isotope effect studies, as there was evidence that the
effect) vs inverse temperature, and valuesAgdA; close to oxidation of glucose was controlled (at least in part) by steps
unity. Tunneling of the lighter isotope to a greater extent other than hydrogen transfer. The rate parameters measured
than that of the heavier one is expected to leathtd, values for the oxidation of glucose (Table 1) are essentially identical
less than unity (region 1l). This type of behavior has been for the three glycoforms. This is an intriguing result,
observed in many small molecule reactions in solution [see suggesting that substrate binding and/or product release steps
Bell (1980) and Melander and Saunders (1987) for overviews] have not been affected by the degree of glycosylation of the
and also recently in the reactions catalyzed by bovine serumenzyme. The different behavior of the substrates glucose
amine oxidase (Grant & Klinman, 1989) and monoamine and 2-deoxyglucose supports our interpretation that the effect
oxidase B (Jonsson et al., 1994). More extensive tunneling of glycosylation is on the hydrogen transfer step.
(regions Il and IV) is expected to givA/A, values that Structuralversus Dynamic Effects of Glycosylatiohe
vary from less than unity to significantly larger than unity, above findings imply that glycoforms modify the nature of
depending on the curvature in the accessible temperaturéhydrogen transfer in the glucose oxidase catalyzed reaction.
range. In an extreme case, rates and isotope effects are closéhe polysaccharide envelope could cause two basic changes
to temperature-independent (i.e., the process is close toaffect the hydrogen transfer, either changing the active site
activationless), and the entire isotope effect can be expressetructure or modifying enzyme dynamics that alter the
in the Arrhenius prefactor. Behavior of this type has recently tunneling probability. Unfortunately, an X-ray structure is

been proposed for the soybean lipoxygenase reaction at roonPNly available for the deglycosylated form of GO (Hecht et
temperature (Jonsson et al., 1996). al., 1993), precluding a comparison of three-dimensional

. - . . structures among the glycoforms. However, three ap-
.HO.W do th? glu_c_ose OX'dase data fit m_to this description? proaches enable us to evaluate the effect of surface glyco-
Within the simplicity of Figure 6, the different nature of

hvd ter for the th veof b sylation on the active site conformation. First, the catalytic
ydrogen transfer for the three GO glycoforms can be ,oameters for the three glycoforms of glucose oxidase using

rationalized. According to this diagram, the heaviest gly- g cose as substrate (Table 1) show no significant difference,
coform (recombinant GO: 205 kDa) is represented by system g, gqesting that substrate binding and/or product release steps
Il (or I, tending toward a system Il behavior). The 155 phave not been affected by the degree of glycosylation.
kDa wild-type glycoform suits a system between lll and IV, - gacong, the crystal structure of the 95% deglycosylated wild-
and the lightest glycoform (deglycosylated GO: 136 kDa) type GO (Hecht et al., 1993) indicates that all the glycosy-
is represented by system IV. The above description predicts|ation sites are on the surface of the protein, opposite to the
a correlation between the enthalpy of activation and the gimer interface and at least 23 A away from the active site.
extent of tunneling. Using 2-deoxyglucose to study theDC  Thijrd, numerous glycoenzymes have been examined by a
bond cleavage step directly, the enthalpy of activation is variety of techniques (X-ray crystallography, NMR, CD,
found to correlate with the degree of protein glycosylation etc.). Most of the enzymes show a very small interaction
(Figure 4). Most significantly, a decrease in protein glyco- of the polysaccharide with the surface of the protein and no
sylation is found to lead tbothan increase ifo/Ar and a  conformational effect of polysaccharide on the interior
decrease in the enthalpy of activation. The smaltegfy regions (Varghese et al., 1995; Shaw et al., 1993; Puett, 1973;
value (approximately 0.9) is accompanied by the largest Williams et al., 1987; Wlodawer et al., 1988; Terashima et
activation enthalpy (13.6 kcal/mol), while the largéstAr al., 1994; Rudd et al., 1994; Mer et al., 1996). On the other
value (approximately 1.5) is accompanied by the smallest hand, for some enzymes, the glycosylation may play a role
activation enthalpy (8.2 kcal/mol). It appears that decreasedin the enzyme globular folding and may have a major effect
glycosylation leads to an increase in the degree of tunnelingon the protein structure, in the event of glycosylation-
for the oxidation of 2-deoxyglucose by glucose oxidase. dependent misfolding (Grochulski et al., 1994; Hickman et

T
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al., 1977; Riederer & Hinnen, 1991; Marquardt & Helenius, (Matko et al., 1980), X-ray crystallography (Lumry, 1995),
1992; Wyss et al., 1995). The last examples are probably Rayleigh scattering of Mossbauer radiation (Goldanskii &
not relevant to GO since there is no evidence that glycosy- Krupyanskii, 1995), volumetric measurements (Timasheff,
lation causes a major change in protein structure. The 1993), ultrasonic absorption (Preiv et al., 1996), kinetic
polysaccharide chains of GO most likely do not interact studies (Gavish & Werber, 1979), flash photolysis (Beece
directly with the protein surface or the active site, undergoing et al., 1980), fluorescence lifetime studies (Farnum et al.,
their primary solvation by water. 1991), and NMR and site-directed mutagenesis (Li et al.,
An alternative explanation for the effect of glycosylation 1992). Many of these studies conclude a link between
on GO catalysis is through changes in protein dynamics. protein dynamics and reaction rate, but none could distin-
Recently, several works have reported that glycosylation canguish effects on internal enzymsubstrate rearrangements
modify the dynamic stability and functional activity of an or product release steps from effects on the chemical step.
enzyme (Mer et al., 1996; Rudd et al., 1994). In the latter By using isotope effects, we have provided evidence that
studies, comparative X-ray crystallographic studies, CD and the hydrogen transfer step in an enzyme-catalyzed reaction
NMR techniques, and NHND exchange data were used to is modified by remote changes in glycosylation on the surface
demonstrate that the three-dimensional structure of ribonu-of the protein. Thus, our results may provide the first
clease was unaffected by glycosylation whereas dynamicinstance of a connection between protein dynamics and an
fluctuations had changed. In this study, enzyme activity was isolated chemical step of an enzyme reaction. Work is
found to correlate with decreased glycosylation and protein underway to test the validity of this suggestion by assessing
rigidity. Due to the nature of the catalyzed reaction, the effect of protein glycosylation on GO mobility. Ad-
however, it was not possible to distinguish which steps of ditionally, we plan to alter the surface properties of GO by
the reaction (binding, chemical steps, etc.) were being chemical modification and to investigate the consequence
affected by glycosylation. By contrast, the results on GO of these changes to the hydrogen transfer step.
reported herein demonstrate an effect on the isotopically
sensitive hydrogen transfer step. This implies that protein ACKNOWLEDGMENT
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