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ABSTRACT. An earlier investigation of the temperature dependencies of rates and kinetic isotope effects
(KIEs) in glucose oxidase (GO) used variants that differed in the extent of glycosylation at the surface of
the protein. Kohen et al. [Kohen, A., Jonsson, T., and Klinman, J. P. (1IB@cthemistry 362603—

2611] presented evidence that the KIE on the Arrhenius prefactor varied as a function of protein
modification, concluding that the degree of hydrogen tunneling at the active site was dependent on changes
in mass at the surface. We now examine GO proteins containing polyethylene glycol (PEG) at their surface
and a more extensively glycosylated form of GO, to distinguish simple mass effects from other sources
of altered catalytic behavior. One PEG variant was created by modifying deglycosylated GO with short
PEG chains (average of 350 Da each), while another contained a smaller number of long PEG chains
(average of 5000 Da each). The light (146 kDa) and heavy (211 kDa) PEG variants and the
hyperglycosylated variant display isotope effects on the Arrhenius prefactor that are shvilar €
0.55-0.62), while the unperturbed wild-type GO (WT-GO) is found to havé\aiAr that is reassessed

as being close to unity. It appears that any modification of the protein surface away from that of the wild
type gives rise to altered behavior for hydrogen transfer in the active site. We have also compared the
effect of enthalpies of activation on bokg./Kyu andk. for the variants, introducing a new method to
extract thek.a/Km rate constant and enthalpy of activation for the tritiated substrate from competitive
KIE experiments. We find similar trends ikH* for both competitive and noncompetitive parameters and

a smaller trend ifkocthan reported earlier. Correlations are observed betwgk and both the enthalpies

of activation and the thermal melt temperaturgg)(of the GO isoforms. In addition to the present study,
there are now a number of examples where a perturbation of enzyme structure away from that of the wild
type causes the observed KIE to become more temperature-dependent. The implications of these findings
are discussed in the context of hydrogen tunneling and the relationship of protein structure and dynamics
to this process.

In recent years, this laboratory has become engaged in arecules of cholesterol oxidase by Xie and co-workelrg) (
investigation of a possible role for protein conformational involved the simultaneous monitoring of reaction and con-
dynamics in enzymatic bond cleavage eveits3). There formational dynamics, showing that a motion slower than
are currently many methods available for studying the time catalysis was altering the flavin reduction step. We are
evolution of motions within a protein, including multiple-  particularly interested in what role, if any, protein motions
photon echo spectroscopy6), single-molecule techniques  faster than the catalytic rate may play in modulating the
(7, 8), neutron scattering method (L0), and time-resolved  energetic barrier in the chemical step. This type of participa-
X-ray crystallography 11). The characterization of the  tjon of conformational dynamics can be distinguished by the
dynamics of the chemical step in enzyme reactions can alsotgrms “passive dynamics” and “active dynamics”, with the
be achieved, once .it is possiblle to eliminate partial Iimjte_uion former representing a sampling of multiple energy minima
by other steps during catalytic turnover. The most difficult 5 the conformational landscape and the latter allowing the
challenge is to establish a definitive correlation between giainment of specific nonequilibrium configurations that

chemical dynamics and some critical element of protein or ¢4 ijitate catalysis 13—25). While it has been argued that
solvent conformational dynamics. A study of single mol- yhe contribution of conformational dynamics to enzyme

tThi h b o S—— reactivity is unlikely to differ from effects in solutior26),
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reaction coordinate. The primary experimental tools for the ampules) was from Fluka Chemika. The pH of all buffers
detection of tunneling include the Swain-Schaad exponentwas adjusted at the experimental temperature.

(27), which describes the relationship among the rates for  Endoglycosidase H (EndoH100 units/mL) was pur-
all three isotopes of hydrogen, and the measurement of thechased from New England Biolabs. Hexokinase (3000 units/
temperature dependence of kinetic isotope effects (KIES) mL suspension)y-mannosidase (50 units/mL suspension),
(2, 28). These can be determined at the same time usingand glucose oxidase from niger(296 units/mg) were from
various isotopic combinations in a doubly radiolabeled Boehringer Mannheim. Recombinant glucose oxidase was
competitive KIE experiment2Q). Observed experimental prepared by A. Kohen using a yeast expression sys8n (
parameters that deviate from the predicted limits of classical provided by S. Rosenberg, formerly of Chiron Corp. (Em-
behavior have been previously documented in the literature eryville, CA). The exact plasmid,of50-1, used to produce
(2). Although the theoretical basis for understanding the the Rec GO with an approximate molecular mass of 205
nature of hydrogen tunneling in enzymes is not fully kDa employed in the previous study was no longer available,
resolved, it is clear that these characterizations can give aand in its place we used plasmid pSGO2, also characterized
far more detailed description of the nature of the chemical in ref 34. Expression with this plasmid yielded a protein with
step than was previously available. an average molecular mass of 320 kDa which was used as
As we describe in this paper, we have altered the surfacethe parent protein in all preparations described in the current
of a protein and examined its effect on hydrogen transfer at study. We note this distinction by referring to this protein
a site far removed from the modification. The initial work as Rec320 GO and that in the previous study as Rec205 GO.
of Kohen et al. {, 30) examined the influence of varied Deglycosylated recombinant GO and {¢G,1°H]-2-deoxy-
degrees of glycosylation at the protein surface on the glucose were prepared and characterized following the
oxidation of 2-deoxyglucose by glucose oxidase (GO). Wild- procedure described by Kohen et al) @nd references
type glucose oxidase fronAspergillus niger(WT) is a therein, the exception being that the deglycosylated GO was
homodimer with a molecular mass 155 kDa and catalyzes from Rec320 (denoted Degly320 GO throughout).

the oxidation of glucose to thé-gluconolactone using a Synthesis of [BH]-2-DeoxyglucoseThe cold deuterated
tightly bound FAD cofactorgl, 32). Use of 2-deoxyglucose  sybstrate was prepared by the bromimeter oxidation of
as a substrate allows kinetic access to a largely rate-limiting 2-deoxyglucose to thé-lactone 85), followed by sodium
H-transfer step31). In the study presented here, additional horodeuteride reduction back to the sug#) (accomplishing
surface variants of recombinant GO have been prepared andhe net exchange of H for D in the anomeric position. This
characterized, in particular, those that contain the artificial method was substituted for the published procedijyag it

polymer polyethylene glycol (PEG). As we now show, all avoids the generation of mercury. The details of this synthesis
surface modifications of GO beyond that of the wild-type are included in the Supporting Information.

enzyme give r_ise to altered behavior for hydrogen transfer Preparation of Polyethylene Glycol-Modified Deglycosyl-
in the active site such that the KIE becomes more temper- 5ta4 Glucose OxidaseSurface-accessible primary amines
ature-dependent upon perturbation. This trend is dlscussed(15 lysines and the one N-terminus per monomer, all on the

in the context of two other classes of enzyme reacti@ns ( gyrface at least 15 A away from the active site) of Degly320
33), where deviations from wild-type conditions have been G5 were reacted with two different PEG functionalizing
found to lead to a S|m|Ia_1r increase in the temperature reagents, differing only in the average length of the polymer
dependence of measured isotope effects. chain. The reaction of MSSA-PEG-350 with Degly GO was
conducted as follows. To 2 mL of 5M Degly GO (800
EXPERIMENTAL PROCEDURES uM in primary amines) in 100 mM KRpH 8.8) was added
Materials 40 uL of mMSSA-PEG-350 (an at least 100-fold molar excess).
The pH was checked immediately and was returned to 8.8
[1-H]-2-Deoxyglucose (10 Ci/mmol) was purchased from with several JuL additions ¢ 6 M NaOH. The reaction was
Amersham Pharmacia Biotech. [¢£]-2-Deoxyglucose (340  allowed to proceed for 20 min, and the mixture was then
mCi/mmol) was from American Radiolabeled Chemicals, dialyzed overnight against 100 mM K@H 6.5) using a 10
Inc. Methoxy-PEG succinoyloxysuccinimide (MSSA-PEG) kDa cutoff Slide-A-Lyzer (Pierce Chemical Co.). The
reagents, mSSA-PEG-350 and mSSA-PEG-5000, were pur-reaction of mSSA-PEG-5000 with Degly GO followed the
chased from Shearwater Polymer, Inc. Fluorescamine, cy-same procedure, except that 80 mg of the solid mSSA-PEG-
clohexene, and bromine were from Aldrich. 2-Deoxyglucose 5000 reagent (100-fold molar excess over primary amines)
(grade IIl) and bis-tris-propane were from Sigma. Sodium was used. The extent of modification of available sites on
borodeuteride (99.83% D) was purchased from Cambridge the surface of the protein was determined for both generated
Isotope Laboratories. Tetrabutylammonium dihydrogen phos- proteins using the fluorescamine assay—39). It should
phate concentrate (ion pair chromatography grade in sealectbhe noted that all modified GOs examined in this study or in
previous studies from this laboratory are expected to reflect
1 Abbreviations: GO, glucose oxidase: H, protidt). D, deuterium a mixture of forms, due to the nature of the derivitization

(?H); T, tritium (H); L, either H or D;R, gas constant; KIE, kinetic ~ processes. The properties reported reflect those of the
isotope effect; PEG, polyethylene glycol; Rec320 GO, recombinant GO ensemble in each case.

with a mass of 320 kDa; Rec205 GO, recombinant GO with a mass of
205 kDa; Degly320 GO, deglycosylated GO from the Rec320 GO
parent protein; Degly205 GO, deglycosylated GO from the Rec205
GO parent protein; PEG-350 GO, Degly320 GO modified with PEG .
chains with an average size of 350 Da; PEG-5000 GO, Degly320 GO I general, the methods used for enzyme concentration
modified with PEG chains with an average size of 5000 Da. determination, competitive KIE experiments, initial velocity

Methods
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measurements, and temperature dependence analyses weamd signal averaging for 40 s. THg, was determined as

described in Kohen et all) with the specific additions and
modifications as listed below. All GO concentrations are

described in re#5 for two different pHs.
Determination of the Enthalpy of Aettion on ki/Kwu

given per active site (per monomer), although the functional from Competitie Isotope Effect Datal' he fractional conver-
protein is a dimer. Data fitting was performed using sion for the reaction of both isotopes versus time was
KaleidaGraph by Synergy Software. All errors are one determined for all competitive KIE experiments. For lower

standard deviation.
Competitve Kinetic Isotope Effect Experimentshis study
involved a careful examination of the influence of protium

temperatures, the data fit a single-exponential increase with

a rate constantkae equal tok./Ky times the enzyme
concentrationk,. At higher temperatures, some slow kinetic

contamination in the deuterium substrates, using the methodsnactivation of the enzyme was indicated by non-single-

described in refs40 and 41. Several refinements to this

exponential behavior and the incompleteness of the reaction

method and the competitive KIE experiment were made and at infinite time. If we assume the decrease in enzyme

are discussed in detait?). As shown in the Supporting

concentration is a first-order process with the rate constant

Information, a very large number of KIE measurements were kinaer, the kiae can still be determined by fitting fractional
determined for each enzyme form as a function of temper- conversionf, versus timet, using eq 3:

ature varying from 24 measurements (wild type) to 121

(Degly320).
Temperature Dependence of Compe¢itKinetic Isotope

Effects.Instead of ecological regression being performed,
i.e., regression on the average KIE at each temperature with

weighting from the standard deviation of each, all the
determinations at each temperature were plotted diretBy (

The data were fitted two different ways. First, the data were
analyzed by nonlinear regression to the Arrhenius KIE

equation as previously done:

KIE(E) _ (ﬁ) PAHET_L/RT

T Ar (1)

where the KIE is a function of temperatu®AH*r_, the

difference in the enthalpy of activation between the heavy

isotope (T) and the light isotope (H or D), akd/Ar the

apparent isotope effect on the Arrhenius prefactor. Second,

the Lowess method7@), which finds a moving average

through the data rather than a fit to an assumed mathematica
model, was also used to assess deviation from a simple

exponential relation.
Determination of the Enthalpy of Agtition on k, for
[1-2H]-2-Deoxyglucose The anomerically deuterated ana-

kra e —k;, *t

_k. te (1 g~ Kinact ) 3)
f =1—¢ "nact

The derivation of this equation is provided in the Appendix.
In this manner, the value &f./Kn could be determined for
H, D, and T substrates as a function of temperature, and
AH¥ could be determined from the fit of nonlinear regression
to the Arrhenius equation;
—E,/RT

rate= (A)e (4)

whereE, is the activation energy amiH* = E, — RT. The

errors inke/Ky at each temperature were taken from the fit
to eq 3. The determination of th&, for each protein
indicated a significant fraction of the unfolded state at the
highest temperatures in the experimental range. For this
reason, all temperatures with any significant loss of initial
pnzyme concentration due to thermal denaturation were
excluded from the fit.

RESULTS

Generation and Characterization of Surface Variants of

logue of 2-deoxyglucose was synthesized as described aboveGlucose Oxidaselhe primary intent at the beginning of this
Using a YSI model 5300 oxygen uptake monitor, the steady Study was to create a parallel series to the initial study of
state initial velocity was determined for eight temperatures variably glycosylated GOsdlf, by the addition of an artificial

from 4 to 45°C under oxygen saturation with pH]-2-
deoxyglucose at approximately 10-fold over its appakgnt
Usingk.a/Ky data for both oxygen and 2-deoxyglucose from
this work and the previous study from this lal),(the
measurements were corrected to give the tkue (both

polymer (polyethylene glycol) to the surface of GO. Deg-
lycosylated GO (Degly GO), obtained from the parent
recombinant protein (Rec GO), was used to generate PEG-
modified variants. The Rec GO used in earlier studiBs (

was unavailable for the generation of Degly GO. Thus, Degly

substrates at infinite concentration) using the appropriate GO in this study is derived from a larger variant, Rec320

equation for a ping-pong mechanisdwy:

_ 1 _ 1 _
a (V/[enz])obs (kca/KM)suga[SuQar]
1 -1
[kealKin)o,[O]

Measurement of the Thermal Melting Temperaturke
thermal melting temperaturdyj) was determined for each
of the five proteins in this study using an Aviv 62DS
instrument to monitor the change in circular dichroism (CD)
signal at 220 nm, heating from 3 to 8C in 1.5°C steps at
1 °C/min followed by equilibration for 1.5 min at each step,

Koat
(2)

GO, and is denoted Degly320 GO. N-Terminal and DNA
sequencing indicated that the Rec320 GO differed from the
Rec205 GO solely in the extent of glycosylation on the
surface. While Rec320 and Rec205 are clearly physically
different, the Degly proteins derived from the parent proteins
look similar on gels and are assumed to be almost identical.
The origin or method of construction of each of the five
proteins examined in the present study is listed in Table 1.
The characterization of the PEG-5000 GO and the PEG-
350 GO with the fluorescamine assay (cf. Experimental
Procedures) indicated modification of ca. 50 and 85% of
available primary amine sites on the surface of GO (15
lysines and the N-terminus, leading to 32 primary amines
per dimer), respectively. This translates into resultant average
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Table 1: Description and Properties of Surface Variants of Glucose Oxidase

D/T KIE¢ Keat (S7H)°

enzyme origin or construction MW (kB8 no. of sites/MW of group at 33°C at 33°C
Rec320 GO recombinant expression in yeast BA 10/19 2.23+ 0.07 6.1+ 0.3
Degly320 GO deglycosylated Rec320 GO 1B@° 10/0.30 2.26+ 0.05 5.9+ 0.3
PEG-350 GO Degly320 GO with PEG-350 reagent 146 27/0.35 2.22+ 0.09 6.3+ 0.3
PEG-5000 GO Degly320 GO with PEG-5000 reagent 2120 15/5.0 2.25+ 0.06 5.5+ 0.3
WT GO A. niger 155+ 1¢° 10/1.9 2.24+ 0.04 5.2+ 0.3

a Reported per dimeric unit. The average MW as determined by-SD5E for the glycoforms and using the fluorescamine assay for the PEG
proteins.” The reported range approximates the MW distribution as seen on th&Tdwl.average number of occupied attachment points on the
surface of the protein, reported per dimeric unit. The number of glycosylation sites is from the crystal structure of Degly GO. The number of
occupied sites for PEG proteins as determined by the fluorescamine assay. The second number reports the average MW of the attached group in
kilodaltons. D/T KIE from competitive KIE experiments in 10 mM bis-tris-propane at pH 9Measured by the rate of Qiptake with [12H]-
2-deoxyglucose at pH 9.0 in 10 mM bis-tris-propane.

A B A -200 2.5
200- | — - 116 2.4
—_— -974
' e e ™. w23
y X
k22
116- & - -45 o
T—z_ 1 2 3 4 5 21
Ficure 1: SDS-PAGE protein gels (6.87% acrylamide). (A) Lane
1, MW standards; and lane 2, PEG-5000 GO. (B) Lanes 1 and 2, i o
Degly320 GO; lane 3, MW standards as indicated at the right of INETE EETI FETE FETE FETE FETE FEUN
the gel; and lanes 4 and 5, PEG-350 GO. 0.00312  0.00328 0.00344  0.0036

1/T

molecular masses of 211 kDa for PEG-5000 GO and 146 g re 2: Example of detection of deviation from linear Arrhenius
kDa for PEG-350 GO. SDSPAGE indicated that the larger  behavior. The D/T KIE for Rec320 GO is shown in logarithmic
PEG protein is a rather broad distribution of masses, asscale vs the inverse absolute temperature. The straight line is a fit
shown in Figure 1A, with an apparent average subunit to the Arrhenius isotope effect equation. The other fit is a Lowess
molecular mass of ca. 160 kDa. This type of behavior, in regression, as described in Experimental Procedures.
which one observes a broad distribution of bands that run at|og-scale plots of KIE were not completely linear versus 1/
an “aberrant” molecular mass, has been previously reportedsng instead showed some downward curvature at low
for proteins modified with PEG4@). The smaller PEG  temperatures. The most obvious cause of curvature in these
protein was found to be much more homogeneous, as shown,ots would be the onset of kinetic complexity at one end of
in Figure 1B. The average molecular mass and estimatedine temperature range, attenuating the observed KIE at that
range, as well as estimates of the number and size ofgnq of the range below the intrinsic KIE and shifting the
modifying groups on each of the five proteins studied in the opservedy /Ar away from the true value. To assess curvature
present work, are given in Table 1. Also presented in this jn an unbiased fashion, the data were fitted by Lowess
table are representative rates and KIEs for each of the Goregression which finds a moving average through the data
variants (at 33C). Note that all the variants have KIEs that (74), rather than regression to a mathematical model. We
are within experimental error of one another, with differences | 5eq this fitting approach only to diagnose curvature, and
among the enzymes only becoming statistically meaningful no numerical results were derived from the Lowess fit. A
in the temperature dependencies of the KIEs when acomparison of a linear fit and a Lowess regression is shown
substantial amount of data is examined. These differencesiy Figure 2 for Rec320 GO. In retrospect, careful inspection
are quite reproducible, as demonstrated and discussed in reff the data shown in Figure 2 in an earlier publicatidj (
42. The temperature dependencies of all the D/T KIEs are 3|50 reveals the suggestion of some downward curvature at
available in the Supporting Information. low temperatures in both the H/T and D/T KIEs for some

Curvature in the Temperature Dependence of Competiti  of the glycoforms. However, only with the greater amount
KIEs. Full sets of data were collected fki/kr andkp/kr as of data reported here could curvature be resolved with
a function of temperature using each of the enzyme forms certainty. This subsequent detection of curvature serves to
in Table 1. As discussed in earlier work, data kefkr can emphasize that the statistical approach of doing many
have significantly reduced kinetic complexity in relation to repetitions of a small number afvalues is only appropriate
ka/kr (47, 48). We noted that while the quantity of data when the model describing the data is known with certainty.
obtained for some of the enzyme forms in this study was This may not be the case in a temperature dependence study,
nearly double that acquired in the previous studies, analysisdue to the number of parameters that can change with
of data according to eq 1 did not decrease the errdih temperature. The alternate approach of measuring many
Ar. This suggested that the choice of model to fit the data different temperature values is clearly preferable when the
might be wrong. It became visibly clear that some of the model may be equivoca#9).
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Change in Kinetic Complexity with Temperatul®&ith the observedk.,: at several temperatures with WT GO has
curvature in plots of KIE versus T/stablished for some of indicated that the observégl, for [1-*H]-2-deoxyglucose is
the enzyme forms, we attempted to distinguish which end virtually dominated by, in Scheme 1, with the second half-
of the temperature range was more altered by Kkinetic reaction causing little limitation3(, 55) of the expression
complexity and which was closer to the intrinsic behavior for k.o« Making the reasonable assumption that this is also
of the chemical step of the reaction. The following ping- true for the kinetically similar Degly320 GO, we compared

pong mechanism can be written for GO wheig &d Eeq the temperature dependence of noncompetitive deuterium
isotope effects for Degly320 to the competitive H/T KIE.
Scheme 1 This analysis shows a reproducible break in the H/T KIEs
K k, ks with temperature, as well as a closer correspondence of the
Eox +8 ~ EorS = BrgP — Erg + P high-temperature H/T data to they data @2). Since the
only rate constant that is common kg, and kea/Kw is ko,
| S o Erq*O2 LI E,, + H,0, this implies that,/k—; is smaller at high temperatures, i.e.,
ke that the high-temperature region of the competitive KIE data

approximate,.

The presence of a small commitment at lower temperatures
implies thatAH* of k-, is greater than that fok.. As will
be discussed later, theH* on k; is similar among all the
enzyme forms, as inferred from th&H* on ke Thus,
differences in the extent of change in commitment with
temperature among the enzyme forms are expected to be
controlled by differences inAH* of k_; such that an
increasing level of alteration of the surface may increase the
enthalpic barrier for substrate dissociation. In support of this
notion, WT GO was found to have the least curvature in an
Arrhenius plot of the D/T KIE, appearing close to perfectly
linear (1). Additionally, the Swain-Schaad exponents for the

are the oxidized and reduced forms of the enzyme, S is the
first substrate (2-deoxyglucose), and P is the first product
(2-deoxygluconolactone). The macroscopic kinetic parameter
keafKm for the first half-reaction will encompass all steps
up to and including the first irreversible steg). No reverse
reaction of the chemical stefy, has ever been detectelil),

S0 keaf K for the sugar can be written in terms lkof k-,
andks [Keal Kmsugan = Kiko/(K-1 + ko)]. As competitive KIEs

are always ork../{Ky (50), the attenuation of the observed
competitive KIE below the intrinsic KIE on the chemical
step ko) due to kinetic complexity is described by the
following relationship $1):

k k WT are found to be nearly flat with temperature when
A, A examining data from JonssoB6), Kohen et al. {), and the
k. k2T k_; present work. The PEG proteins, seen as the most drastically
(k_) A (5) modified away from the WT, show the most apparent
T/ obs A curvature in Arrhenius KIE plots of KIEs and small
k., downward trends in the Swain-Schaad exponents at lower

temperatures. Overall, the data imply that the WT has very
where k/kt)obs and ko1 /ko7) are the observed and intrinsic  little change in commitment with temperature, while the
isotope effects, respectively. altered forms of GO show varying degrees of onset of kinetic

The temperature dependence of the observed Swain-complexity ink../Km at low temperatures.

Schaad exponent can be used to ascertain the change in Trend in A/Ar among the Enzyme Form¥he Ap/Ar
kinetic complexity with temperature, assuming the intrinsic parameters measured from the plots of D/T KIE versds 1/
value of the exponent is temperature-independent. In theare listed in Table 2 for each enzyme using the full
classical limit, depression of the observed exponent below temperature range {660 °C). On the basis of the above
the predicted value for (Iku/kr)/(In kp/ky) of 3.3 indicates analysis of the change in commitment with temperature, we
kinetic complexity 62). In fact, the four enzyme forms that  also report thédp/Ar determined using only the higher two-
showed curvature in the temperature dependence of their D/Tthirds of the temperature range (250 °C) for the artificial
KIEs (Degly320 GO, Rec320 GO, PEG-350 GO, and PEG- variants of GO (second column of Table 2). The apparent
5000 GO) also indicated a small decreasing trend with trend in Ap/Ar is as follows: WT GO and Degly GG
decreasing temperature in their observed exponents [e.g.Rec320 GO, PEG-5000 GO, and PEG-350 GO. The order
from 3.31 at 45°C to 3.20 at 0°C, for Rec320 (data not  of this trend is the same regardless of whether the full or
shown)]. Thus, in the classical picture, these data suggest dimited temperature ranges are used. The trend is, however,
small contribution of kinetic complexity at lower tempera- more exaggerated in the latter case. In all further discussion
tures. We note that a change in kinetic complexity is not the and analyses, we use the estimates of the intriAsiéy,
only behavior that can modulate the Swain-Schaad exponent/isted in the second column of Table 2.
and the observation of an exponent inflated above the Table 2 also includes the results from two earlier studies
classical value has been taken as evidence of the involvemenbf GO glycoforms analyzed in a similar fashion. The data
of tunneling @, 47, 52—54). However, in each of the from both are slightly different from those reported previ-
experimental examples where sizable deviations from the ously, as a result of being corrected for H contamination in

classical Swain-Schaad exponent are obser8e82—54), D substrates. With the data of Kohen et 4, ¢he trend in
these appear in secondary isotope effects and not in thethe Ap/Ar values is altered such that the Degly205 GO now
primary values such as those measured in this study. lies below, as opposed to above, the WT GO. Although the

This analysis of kinetic complexity was focused on the Ap/Ar values in Jonssorb6) agree very well with the present
enzyme form with the greatest amount of data, Degly320. study upon correction, the data from Kohen et &).do not
Comparison of single-turnover measurementgk.o¥ersus agree in absolute value. They do, however, agree very well
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Table 2: Temperature Dependence Studies for Surface Variants of Glucose Oxidase

enzyme data set Ao/Argu Trangel!  AolAtint estf®  AHF(KealKm, T AH¥*(keasD)*  Tm (pH 8.3)  Tw (pH 7.5)
WT GO present study 0.98 0.18 0.984+ 0.18 5.5+ 0.9 11.5+ 0.3 449+ 1.1 58.5+ 1.0
40 0.97+ 0.07 0.97+ 0.07
1 1.25+ 0.04 1.25+ 0.04
Degly320 GO present study 0.900.05 0.81+ 0.08 5.0+ 0.4 11.14+ 0.3 47.8+ 1.0 58.3+ 1.1
Degly205 GO 1 1.13+ 0.05 1.04+ 0.08
Rec320 GO present study 0.830.05 0.62+ 0.07 4.4+ 0.6 10.9+ 0.3 48.8+ 0.8 59.4+ 1.3
Rec205 40 0.634+ 0.05 0.574+ 0.06
Rec205 1 0.894+ 0.04 0.814+ 0.08
PEG-5000 GO present study 0.£30.04 0.55+ 0.05 4.1+ 0.3 10.8+ 0.3 48.5+ 0.8 60.2+ 1.1
PEG-350 GO present study 0.#60.04 0.55+ 0.05 4.8+ 0.6 11.3+ 0.3 43.4+ 0.9 56.5+ 2.3

aBased on D/T KIE data corrected for protium contamination as appropbiatedescribed in the text, the best estimate of the intrinsic value
of Ap/Ar based on interpretation of the change in kinetic complexity for the particular enzyme. For all but WT GO, data from & twé&e
used. The full temperature range was used for WT GEnthalpies of activation are reported in kilocalories per mole, where T refers-ib C
cleavage and D refers to<D cleavage? The thermal melting temperature is reported in degrees Celsius, and the pH that is reported was measured
at 40°C.

with the trend among the three glycoforms. We tentatively
attribute the upward shifting of values fég/Ar in Kohen

et al. (1) to a difference between the solute-to-scintillant ratio
used in experiments versus the calibration curve for the
scintillation counter 42).

Correlation between AAr and Enthalpy of Actiation on
keafKnm. To understand better the difference\siAr caused
by variations at the surface of GO, we looked for correlations
with other catalytic and physical parameters. Examination
of the temperature dependence fqr/Ky allows direct
comparison with the H/T and D/T KIEs, which are a measure
of keo/Ku ratios for the light versus heavy isotope. As

presented in Methods and derived in the Appendix, it is 0.0032 0.0034 0.0036
possible to extradi../Ky rate constants from the competitive 1T

KIE e_x.periments. This becpmes particularly impor_tant for Coure 3- Validation of the method: kea/Kn for [1-H]-2-

the tritiated substrates, which are generally unavailable by geoxyglucose for Degly GO extracted from competitive KIE
other means. In this method, the fractional conversion of eachexperiments®) vs measurement by oxygen uptald)(

isotope is plotted versus time for each experiment performed.

The data are then fitted to the appropriate equation to give Figure 4A examines the correlation between thi$(K.of

the rate at time zero, the initial velocity. At higher temper- Ky, T) andAp/Ar. Although the differences in the enthalpy
atures, it was found that the reaction did not go to complete of activation are quite small, and the error bars are large, a
conversion due to inactivation of the enzyme over the severalcorrelationR of 0.998 is found in a linear fit to all the
hour duration of the experiment. Nonetheless, the apparentenzymes except the PEG-350 GO.

first-order rate constant, which is equal to the initial enzyme  Correlation between A and the Enthalpy of Actation
concentration timek../Ky, could be determined by assuming  on k.. The enthalpies of activation were also measured on
the inactivation of the enzyme was a first-order process (eq k. using [12H]-2-deoxyglucose and each of the available
3). A comparison ok:/Ku measured for [fH]-2-deoxy-  enzyme forms (Table 2). A possible significance of these
glucose using this new method, versus the value determineddata was initially disregarded, as it was found that the large
via oxygen uptake kinetics, is shown in Figure 3, demon- differences among the enzyme forms reported in Kohen et
strating that the method works quite well. Note that for this al. (1) were due to a mixing artifaétwith experimental
method to be applied, the amount of substrate in 8 E trends being much smaller. However, after finding small
complex must be very small relative to the total enzyme differences among the enzyme forms in thid* for kea/Ku
concentration (although this is not required to obtain a KIE and an apparent correlation AH* to Ap/Ar, we proceeded

on keafKyv). The advantages of this method are (i) that to examine whether a similar trend would be presemt#it
competitive KIE experiments can be used to monitor

sllmultaneously.rate and KIE dat,a’ with only Sl!_bt'e modifica- 2 There is an initial artificial burst in the rate when injecting a sample
tion of the design of the experiments, and (ii) that/Ku at an~5-fold lower air oxygen concentration into an oxygen-saturated
can be assessed for the tritiated substrate. This substratesolution. The amplitude of this burst is proportional to the volume of
having the slowest rate among the three hydrogen isotopesihe et The ock st ne e nzyes 1 e v
will be the least masked by kinetic complexity. Therefore, volumes were injected in kinetics runs. This resulted in an arifical
differences in its temperature dependence among a series O§eparation of the rates among the three enzyme forms at low
modified enzymes will report most clearly on differences in temperatures, where the real rates were unfortunately on the same order

; ; i + as the magnitude of this burst. Remeasurement of the exact enzymes
the behavior of the chemical step. Table 2 lists thid used in that study found the differences in the rates to be very small at

determined for each enzyme form with $#]-2-deoxyglu- both low and high temperatures. We have taken great care to avoid
cose as a substrate. this problem in the present study.
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Ficure 4: Correlation analyses among measured parameters. Fittings are weighted linear fits for all enzymes except PEG-350 GO: WT

GO (©), Degly GO ©), Rec GO @), PEG-350 GO %), and PEG-5000 GQ). (A) AH* on kea/Ky for [1-2H]-2-deoxyglucose vép/Ar.

(B) AH* on k.4 for [1-2H]-2-deoxyglucose v&s/Ar. (C) Average deviation from the mediy vs Ao/Ar. The points are the averages of the
deviation from the respective mediy at each pH, as reported in Table 2. The m&ardata are for the four correlating enzyme variants
and do not include the value for PEG-350 GO.

for ke As shown in Figure 4B, the enthalpy of activation forms for the three determinations summarized in panels
for keat also shows a correlation thp/Ar (R = 0.985) for A—C of Figure 4.

WT GO, Degly320 GO, Rec320 GO, and PE-5000 GO; once

again, the results for PEG-350 GO are off the line. The fact DISCUSSION

that we see similar trends in panels A and B of Figure 4

. . Effects of Surface Modifications on G® previous study
suggests that these (_)t_)servatlons reflect a functionally relevant0 f the temperature dependence of KIEs with GO found an
property of the modified enzymes.

) . ) unexpected difference between WT GO and Rec205 GO

To quantify the extent to which the trendsAii* observed  (56). This prompted the preparation and characterization of
for the two independently determingda versuskafKn  Degly205 GO, and the proposal of a role for surface changes
parameters are similar, we analyzed the linear correlation i modulating active site hydrogen tunneling. In the work
between the two parameters for all five enzyme forms and of Kohen et al. 1), the trend inAp/Ar observed among the
found anR of 0.939 (data not shown). The high correlation gjycoforms of GO suggested that the changes in this catalytic
despite the inclusion of PEG-350 GO means that this form parameter were correlated to the overall mass of protein.
is consistently aberrant in panels A and B of Figure 4. Since However, with the benefit of the additional data and analyses
the chemical step is the only microscopic rate constant found presented herein (Table 2), it is clear that simple mass effects
in both kea/Ku and kear [assuming the chemical step is |l not suffice to explain the observed effects. The general
irreversible 81)], and because the chemical step dominates picture that emerges is that the WT and Degly GO have an
both of these parameters as evidenced by the large KIES,a /A; near to unity, and that all heavily glycosylated or
we conclude that there are quite small but likely significant PEGylated surface variants hatg/Ar values below unity.
differences in the enthalpy of activation for-®& bond  Assuming the “perfecting power” of evolutionary pressure,
cleavageK;) among the enzyme forms. Differential stability e postulate that the surface environment of the WT protein
of the enzyme forms is an unlikely source of the observed js Jikely to be the most optimal for catalysis. In this context,
tl’endS, because tH%at measurements are initial velocities the deviation of the properties (e%/AT) for surface-
while the kea/Kv values are conducted over longer time modified variants of GO is proposed to reflect the extent to
periods. Additionally, data near tfig, (see below) have been  which the surface environment is altered from that of the
excluded. WT.

Correlation between AAr and Thermal Melting Tem- This hypothesis can be examined with Table 1, which
perature The apparent thermal melting temperature was summarizes the number of modified sites and the average
measured at two different pH values for each of the enzyme size of the group attached at each site for the GO variants.
forms. The unfolding was found to be irreversible, as WT GO has rather small polysaccharide chains, the average
expected for an enzyme the size of GO. Nonetheless, thesdength being~10 sugars, and is the reference surface
data show a very similar trend among the four enzyme environment. Upon removal of most of these sugars in Degly
variants for whichAH* and Ap/Ar are found to correlate. GO, approximately two sugars remain per attachment point.
The correlation ofTy and Ap/Ar is very similar at pH 7.5  As the first few sugars are believed to be the ones most
and 8.3 (Table 2). To illustrate the correlation of fhgto strongly interacting with the proteis{), conversion of WT
Ap/Ar at different pHs, we have taken the mean of the four GO to Degly GO is not a drastic change. Both Rec205 GO
enzymes (excluding PEG-350 GO) that correlate well at eachand Rec320 GO have enormous polysaccharide chains
pH and then averaged the deviation from the respective meancompared to the WT protein (4 and 10 times the size,
for each enzyme. Figure 4C shows a plot of these averagerespectively). Both recombinant proteins may exceed some
deviations from the meaifly; a weighted linear fitting to  threshold such that their polysaccharide chains are large
the data gives a correlatidR of 0.993. The data for PEG- enough to have substantial interaction with the surface of
350 GO have been included in the graph to show the the protein or with other sugar branches. This may explain
consistency of their deviation from the remaining enzyme their almost indistinguishable behavior. The surface of both
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PEG proteins can also be viewed as being far more differentpoint energy differencess(0). Much of the early evidence
from the WT GO than Degly GO, which is the starting point for tunneling in enzymes came from nonclassical relations
for the addition of the polyether. The fact that PEG has less between H/T and D/T KIEs, termed deviations from the
hydrogen bonding capacity than water or sugar is expectedSwain-Schaad relationship, which stat&s/Kr)32 = ky/ks

to increase the divergence of the surface environment ofin the absence of tunnelin®,(54, 61, 62). Other reports
PEGylated proteins from the WT. Additionally, linkage of have been focused on deviations from the expected temper-
PEG to protein converts positively charged lysines to ature dependence of KIEs, in particular, the failure to observe
uncharged amide linkages. It is significant tiigtcorrelates the predicted KIE of close to unity on the Arrhenius prefactor
with changes inAp/Ar (Figure 4C). Although thélys are (3, 33, 63) [with a lower semiclassical limit of 0.6 for H/T
not reversible and do not, therefore, measure thermodynamicKIEs and 0.9 for D/T KIEs §4, 65)]. All of these deviations
parameters, the trend ify reflects the different kinetic  from expected behavior were originally rationalized by
susceptibility to denaturation. Since the only changes amongadding a correction for tunneling to TS®4).

the GO variants are at the surface, these data can be taken Based on a semiclassical view of KIEs that allows for a

as evidence that surface perturbations are altering a physitunneling correction, plots of the temperature dependence
cochemical aspect of the protein, which causes proportionateof the KIE have been divided into four regions of phenom-
changes in the catalytic paramet&s/Ar. The PEG-350 GO enological behavior that differ in the degree of tunnelig (
does not fit this correlation, nor does it fit the correlations 67). when we start at the high-temperature limit, the KIE in
to the measured enthalpies of activation, as shown in paneshe Arrhenius prefactor is the semiclassically predicted value
A and B of Figure 4. This is likely to be rooted in the fact of unity. When we move toward lower temperatures and the
that this variant has far more modifying groups attached to onset of a tunneling contribution for the lighter isotope, the
its surface than the other protein variants (Table 1), due toK|E on the Arrhenius prefactor can go significantly below
greater steric access of the smaller PEG reagent. The extengne. It then “recovers” and becomes greater than unity, as
of labeling of PEG-350 GO may “lever” open the protein, the tunneling contribution to the transfer of the heavy isotope
affecting the polypeptide structure in such a way as to impact hecomes substantial. Finally, at the extreme limit of low
both AH* and Ty. temperatures, tunneling dominates for both isotopes, and the
An uncertainty is how changes at the protein surface are KIE becomes independent of temperature. It was in the
transmitted to the active site of GO. One possible mechanismcontext of such a picture that the original data on G (
of transmission is a subtle alteration in the static structure were interpreted.

of the enzyme. This must be a very small change because \;qqgern theories of hydrogen transfer are much closer to
the ke values at 33C (Table 1) are almost unchanged. A e Marcus theory for electron transfég]. Beginning with
second mechanism for the transmission of changes at thne work of Dogonadze, Levich, and Kuznets®g){ we

surface_ to the 'active site is an alteratio_n of conformationa}l can view the energetic barrier to the hydrogen transfer as
dynamical motions that span a substantial part of the protein ysing from heavy atom rearrangements that achieve the
and contribute to the reaction coordinate. Both the PEG a”drequisite degeneracy between the donor and acceptor hy-

polysaccharide act as viscosogens that behave at an exceedogen wave functions for tunneling to occur. In this picture,
ingly high effective concentration on the surface of the he hydrogen movement is always quantum mechanical and
protein. Altering the surface environment from that of the ¢ rs along a separate reaction coordinate from the heavy
WT may misalign the evolutionarily refined motions; i.€., a10ms. One feature that clearly distinguishes hydrogen from
the altered “microviscosity” on the surface may act as a gjectron tunneling is the much larger mass of the former.
frictional drag, affecting rates of hydrogen transfer in an g has led to the incorporation of an additional term for
isotope-dependent manner. The transmission of motion from hydrogen ransfer, the distance dependence between the donor
the surface may arise from slower, large-scale motions that 4, acceptor heavy atoms. Johnson and R&® first
affe_ct faster motions at the active site. Descriptions with two suggested the importance of integrating over various possible
environmental coordinates have been presented by Bialekyistances to the rate of hydrogen transfer (as discussed in
and Onuchic$8), Ulstrup and co-workerss@), and Borgis et 19). There are now many theoretical treatments that
and Hynes15,18). , _ include this feature(3, 15, 17—25).

The key observation in this study is the trendAp/Ar In the context of the present work, it is important to

among the enzymes (WT G& Degly GO > Rec GO=> consider the expected temperature dependencies of hydrogen
PEG-5000 GO), which we ascribe to an increasing level of pect P P yarog
KIEs for full tunneling models. Such a treatment has been

deviation of the environment at the enzyme surface from ublished recently by Kuznetsov and Ulstr@s)(and is most
that of the optimized WT protein. As will be discussed below, pub? ty Dy ; L o

. : straightforward in the nonadiabatic limit when there is little
two other enzymatic systems have been described (a ther-

mophilic alcohol dehydrogenase and soybean Iipoxygenase)coummg between the donor and the acceptor wave functions.

where deviation from WT protein causes the temperature According fo their treatment, two temperature-dependent

. . terms can modulate tunneling. The first of these terms reflects
dependence of KIEs to yield a decreased isotope effect the heavy atom reorganization that matches the energies of
the Arrhenius prefactor3( 33). y 9 g

Theories of Hydrogen Tunnelinumerous reports of the reactant and product wells and which is largely isotope
occurrence of hydrogen tunneling in enzymatic reactions
have been based on the observation of behaviors that are S The term “semiclassical” unfortunately is used two different ways
inconsistent with the “semiclassicaltheory of isotope with opposite implications. Here we use it to mean a classical view

. . . that includes the one quantum feature of zero-point energy differences
effects, a version of classical transition state theory (TST) pyt no tunneling. The more common usage of the term refers to a type

that takes into account the quantum feature of isotopic zero-of approximation for a tunneling reaction.
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independent. In the absence of additional factors, the isotopeprotein is optimal and flexibleA./As > 1) and that reduction
effect comes from the nuclear overlap term, which is close in temperature, with its concomitant stiffening, introduces
to temperature independent. This leads to isotope effects thathe need for a specific gating mode(&){A> < 1). However,
change relatively little with temperature and produce values the decreasing magnitude of the exponent relating secondary
for Ai/A; larger than unity. D/T and H/T isotope effects with decreasing temperature is
A more sophisticated model is one in which the distance opposite to that predicted by KrishtaliR¥), who estimates
between the donor and acceptor changes (gating). The actuathat an increased level of gating will elevate the primary
transfer distance is a compromise between the increasedexponent relating the D/T and H/T isotope effects.
probability for tunneling at reduced distances and the Thus, with the theories in hand, it is not possible to explain
energetic cost of achieving the reduced distance. Two the trends in both competitive and noncompetitive KIEs for
significant features of this model are that (i) the actual TADH within a full tunneling model and different degrees
transfer distance is different for the light and heavy isotope of dynamical gating. Since there is a clear correlation
effect (o < rp), and, consequently, (iNGp* > AGH*. between protein flexibility and tunneling, it is also not
Depending on the importance of gating to the hydrogen possible to apply fully static models for tunneling to interpret
transfer, the isotope effect on the Arrhenius prefactor can the observed trends in behavior. It is for this reason that the
be reduced to unity, and then further reduced to values data are best viewed in the context of close to full tunneling
significantly less than unity as gating predominat28— behavior at elevated temperatures, which is the physiological
25, 33). range of enzyme activity. A reduction in temperature
Trends in Isotope Effects on the Arrhenius Prefactor for compromises the ability of the protein to create the same
Thermophilic Alcohol Dehydrogenase and Lipoxygenase. reaction coordinate, and the proton must now “mount” a
Previously published examples of isotope effects on the more classical barrier, with the attendant increase in the
Arrhenius prefactor that decrease as a protein is modified observed energy of activation for both H and D. The inverse
away from a nativelike structure are found with the ther- isotope effect on the Arrhenius prefactor would then result
mophilic alcohol dehydrogenase (TADH3)(and soybean  from the greater ease of tunneling beneath the classical barrier
lipoxygenase (SLO)3J3). The WT SLO reaction is rare for the lighter isotope.
among enzyme-catalyzed—& cleavage processes in that Origin of the Relation A/Ar < 1 with Surface-Modified
the observed hydrogen and deuterium transfer rates are clos&0O. Analogous to SLO and TADH, GO shows an isotope
to temperature independent and the isotope effects are hugeffect on the Arrhenius prefactor that becomes more inverse
(in the range of 100 at room temperature). This hydrogen as the behavior of the protein moves away from its optimal
atom transfer reaction is probably the best example of a purestate. One possible interpretation for this behavior is in the
tunneling process within an enzyme-catalyzed reaction. context of SLO. In this model, the modification of the outer
Recent modeling of the WT form of SLO indicates that the envelope of GO would have its impact on the initial distance
data can be fit by a sizable environmental reorganization between the donor and acceptor atoms involved in hydrogen
term, together with a frequency for gating that is highy (  transfer at the active site. The WT protein is viewed as being
= 400 cm?) in relation to room temperatureky{ = 200 optimal, requiring some gating to achieve the correct distance
cm1). This behavior has been interpreted in terms of a tightly for efficient tunneling and to bring the isotope effect on the
packed enzyme active site where the configuration of the Arrhenius prefactor below the observed values for the isotope
bound substrate is controlled by numerous hydrophobic sideeffects. Changes in the envelope of the protein shift the
chains. Mutation of hydrophobic side chains within this achievable distance between the donor and acceptor atoms
active site has the effect of decreasingAr. Modeling of to a small extent, reflecting a propagation of structural effects
the mutant data shows a trend of decreasing gating frequencyfrom the outer surface of the protein to the active site. This
indicative of increased protein flexibility and a greater change in positioning is best tolerated for protium, with its
contribution of protein gating to hydrogen transf&8B); longest wavelength and greater capacity to tunnel over long
In the case of the TADH, two regions of temperature- distances. The isotopes D and T are no longer capable of
dependent behavior have been identified, one at elevatedefficient tunneling and must undergo a greater degree of
temperatures near the physiologically relevant temperaturegating than protium, with the gating in the following order:
and one at reduced temperatures, where the rate of enzymati@ > D > H. This produces a larger energy of activation for
turnover falls off. This system shows the paradoxical T than for D and the observed trend in decreagigbf\r for
behavior of tunneling at elevated temperatures, attributed toprotein variants. A difficulty that arises in applying this
a role for dynamics in the efficient barrier penetration by tunneling interpretation to GO is that gating leads, in general,
hydrogen. In this instance, an important tool for assessingto an increase in the energy of activation of the reaction. In
tunneling was the magnitude of the exponent relating the contrast, the experimental data in Figure 4 indicate that
secondary H/T and D/T isotope effec8,(which was found deviation ofAp/Ar from unity is accompanied by very small
to be more deviant from classical behavior at high than low changes or decreasesA*.
temperatures. In analogy to TADH, an alternate view is that GO
Examination of noncompetitive KIEs also indicated a undergoes a transition in the properties of its reaction co-
pattern wheréAy/Ap > 1 in the region of optimal temper-  ordinate as the protein surface is modified, e.g., via stiffen-
ature, which changed #,/A, < 1 at reduced temperatures. ing, as suggested by the increadgdfor the protein that is
If we were to apply the full quantum model of Kuznetsov either extensively glycosylated or modified with PEG-5000.
and Ulstrup to explain the pattern of the temperature In the WT enzyme, dynamical motions lead to sampling
dependence of the KIEs with TADH, we would conclude among different ground state geometries with varying
that there is less dependence on gating modes when thealistances between reactant and product energy wells. As the
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distance between the donor and acceptor is reduced, theAPPENDIX
height of the hydrogen transfer barrier is also reduced,
creating a state that allows a close to over the barrier,

adiabatic hydrogen transfer. When the motions that permit conversion versus time from competitive KIE experiments
sampling of multiple ground state geometries are modified The goal of the fitting is to extract thew/Kw values from

in response to protein surface changes, the reduction inthese data for the individual isotooes. Bv analvsis of
barrier height that accompanies ground state sampling may pes. by y

become more difficult to achieve. The transferred hydrogen Z)c(ﬁ\(/ez:t?;ininoggroﬁt:ilggg fgfr ;im?)?;ﬁfauirsst,othigaﬁmlgilgé (;’f
encounters an elevated-El barrier through which it is now y pically

forced to tunnel 71). The very small decreases in the substrates, including tritium. Although irreversible inactiva-

enthalpy of activation for all isotopes may reflect a balance :Iotz %Erset;nrlzy(rt?]ee hlglsz)n c;t'r\::ilhj ?:ﬁfe?]rgéhtierago gr;ﬁt?gt'g
between the increased height of the barrier and the decreaself’ ’ . PP .
constants K../Ku) of the separate isotopes. Thus, this

enthalpy of activation that accompanies an increased IeVe'inactivation must be taken into account to arrive at the correct
of tunneling. In this instance, the inverse isotope effect on

the Arrhenius prefactor reflects the greater ease for the Iightergi:zgig?ifm -LZ? ?é?nseggiu?;smgCt':/haé'c;gil\fjvfes t(;le;rtlgin
isotope to move under the barrier. Note that while this 9 P y

explanation is similar to that for TADH, the hydrogen complete conversion of the substrate to product at infinite

transfer for WT GO is closest to classical behavior, only t'mv\e/é beain by noting that enzvme and substrate concentra-
moving into a more tunneling-like regime when protein gin by 9 y

dynamical modes are altered as a result of extensive surfacet'onS typllcally used in the competitive KIE experiments
modification. reported in this paper were as followsz0.25uM enzyme,
~1.3uM [1-1H]-2-deoxyglucosex4.7 uM [1-2H]-2-deoxy-
CONCLUSIONS glucos_e, and-0.0044uM [1-3H]-2-deoxyglucose in H/_T KIE
experiments ane-0.028uM [1-3H]-2-deoxyglucose in D/T
Surface-modified glucose oxidases, containing varying KIE experiments. The highest sugar substrate concentrations
degrees of glycosylation or PEGylation, display similar \ere at least 3 orders of magnitude below the lowégt
alterations in the temperature dependence of kinetic isotopemeasured for that substrate’X7 mM at 5°C). In all the
effects. Unexpectedly, the observed changes in kinetic experiments, the oxygen concentration was at |easmo
behavior for hydrogen transfer are independent of either theand effectively constant throughout the reaction since the
mass or chemical nature of the group appended to the proteinsygar is the limiting reagent. The measutég value for
surface. We conclude that deviations in the structure of the oxygen as a function of temperature with saturating substrate
protein-solvent interface from that in native protein impact ranged from 20 to 30@M; however, according to eq 2 in
subtle but essential interactions of protein dynamical motions the paper, the appareii, for O, at low sugar concentrations
with the chemical reaction coordinate. The quantum nature will be far smaller than these values. Therefore, all experi-
of hydrogen transfer and its resulting sensitivity to heavy ments occur in the ©saturated regime, as well as far below
atom motions provide a sensitive probe for the interaction theK, for sugar, and we can assume the second half-reaction
of distal protein structural changes on active site chemistry. jn Scheme 1 is always extremely fast compared to the first
half-reaction. An equation for the first half-reaction that

Derivation of eq 3 in the TextHere we present the
derivation and validation of the equation used to fit fractional
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i.e., that enzyme exists only in two forms: the active, free numerator in the exponent goes to zero more rapidly than

enzyme, ke, and the inactive enzymegkq Similarly, we
can assume that the initial concentration of S,0,[S$
effectively partitioned into either S or P at some timend
allows us to assume d[S}/d= —d[P]/dt. Under these

conditions, the partitioning of the initial concentration of the

enzyme ([E} ) between k.. and Eaqis independent of the

the denominator, leading to eq A-11 in the absence of any
inactivation of enzyme

lim f(t) = 1 — e ad (A-11)

inact™
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