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Figure 1. The correlation between log P and the measured toxicity values of chemicals used in
KATE as a daphnia end-point. The dotted-dashed, dashed and bold lihes are the QSAR equations
of amines aromatic or phenolsd4, amines aromatic or phenols5, and neutral organics, respectively.

number of chemical substances in the wunacceptable group. For example, the fish
hydrocarbons aromatic class had 43 reference data, > =0.826, RMSE =0.368, and only
one unacceptable chemical. In other words, 98% of the chemicals were classed as
acceptable. On the other hand, the fish dinitrobenzene class contained 12 reference data,
*=0.331, RMSE =0.669, and three unacceptable chemicals. In this case, 75% of the
chemicals were thus acceptable. , .

As shown in Tables 1 and 2, each of the classes with #*> 0.7, RMSE < 0.5, and n> 5,
e.g., the fish hydrocarbon aromatic class, had a sufficiently high ¢°. Such classes showed
QSAR equations similar to those of reutral organics. Thus the toxicity of such classes
could be explained mainly by the narcotic effect of the chemicals. However, the daphnia

* amines aromatic or phenols4 and amines aromatic or phenols5 groups had a larger intercept
b in the QSAR equations than neutral organics with a small log P value (see Figure 1).
~ These classes can be explained in terms of polar narcosis or narcosis IT [17]. Narcosis IT
is known to be more toxic than baseline toxicity, i.e., than neurral organics, non-polar
narcosis, narcosis I, or less inert, as explained by Verhaar et al. [18].
In some cases the ¢* values were much smaller than those of >, QSAR equations based
on fewer than six reference data require a greater number of reference chemicals.

4.2 External validation

Tables 3 and 4 list the statistical data of the TIMES, ECOSAR, and KATE with or
without the applicability domains. The complete results are given in Appendix 5 of the
supplementary material. First, we will focus on the TIMES, ECOSAR, and all the KATE
results, without considering any applicability domains. In fish, the determination
coefficient, >, and RMSE using KATE (r?f: 0.868 and RMSE =0.658) were larger and
smaller, respectively, than those using TIMES (+*=0.751 and RMSE =0.935) and than by
ECOSAR (+*=0.790 and RMSE =0.869). For daphnia, RMSE using KATE (0.993) was
smaller than that using TIMES (1.404) and ECOSAR (1.364). However, ° using KATE
(0.662) showed no noticeable advantage over that by TIMES (0.668) or ECOSAR (0.699).
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Table 3. Statistical information comparing measured and calculated fish log(1/LCso[mM]) of 287
test set compounds. The complete results are shown in Appendix 5-1.

KATE"?

, log P**  log P
TIMES® ECOSAR® Al log P C(1)*> C(2)* C(1)* C(2)*

Chemicals”? 274 242 274 207 152 192 111 144
Predicted™® 274 259 318 252 187 233 145 179

I 0751  0.790 0.868  0.833 0901  0.890  0.886  0.866
RMSE 0.935 0.869 0.685  0.641  0.644  0.655  0.588  0.617
Under*® [%]  11.3 10.0 4.7 5.2 53 5.6 2.8 3.9
Over™'° [%] 5.1 8.1 7.2 6.7 8.0 6.9 8.3 73 .
Notes:

'Each chemical is identified by one QSAR class.

“*When a chemical is found to belong to more than one QSAR class, all the estimated -data are

adopted. If only the name of the class is available, such data are omitted.

**Both in-domain and out-of-domain data for logP and C-judgements are included.

““In-domain of log P- Judgement

“*In-domain of C- Judgement is defined as all substructures of a test chemical bemg found in

reference chemicals in the class.

*‘Tn-domain of C-judgement defined as all substructures of a test chemical being in reference

chemicals in eithef Neutral organics or the class.

*"The number of compounds that can be predlcted

*The total number of the predicted values by using the training sets. Some chemicals belong to more .

than one class, and thus Predicted is larger than Chemicals. >, RMSE, Under and Over were

calculated based on the Predicted number.

*9Fractions (%) of the underestimated chemicals. Underestimation is defined as [calculated
%(1 /LCsq)y — measured log(1/LCso)]<—1. :
“Fractions (%) of the overestimated chemicals. Overestimation is defined as [calculated

log(1/LCsp) — measured log(1/LCsy)]> 1. i

Table 4. Statistical information between measured and calculated Daphnia Iog(l/EC5()[mM]) for 98
test set compounds. The complete results are shown in Appendix 5-2.

KATE™

TIMES*' ECOSAR® all* logP* C(1)* C(2)*° log P*'C(1)"* log P*'C(2)"

Chemicals™ 93 82 %4 58 43 55 25° 33
Predicted® 93 85 102 66 46 61 3] 39
I 0.668 0.699 0.662 0.732 0.793 0.686 0.807 0.801
RMSE 1.404 1.364 0.993 0.784 0.799 0.968 0.639 0.689
Under® [%] 215 14.1 98 15 65 82 0.0 0.0
Over*'? [%] 11.8 18.8 147 152 65 115 6.5 10.3

Notes: As in Table 3.

Since reference data for the daphnia end-point (258 chemicals) numbered only half of
those for fish (535 chemicals), the reference data for each QSAR equation for daphnia
would therefore be less satisfactory for predicting toxicity. The addition of reference data
and a change in the classification rules can recover the values of the statistical data.
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A fraction of log(1/LCs;) with an underestimation of less than —1 indicated that,
compared with KATE, TIMES and ECOSAR tended to underestimate the toxicities of
both fish and daphnia. On the other hand, a fraction of log(1/LCsy) showing an
overestimation of more than 1 indicated that, compared with TIMES, ECOSAR and
KATE tended to overestimate toxicity in both fish and daphnia. Considering these under-

- and over-estimation fractions, we find that KATE gives a higher predictive ability in acute
Oryzias latipes and Daphnia magna toxicity tests than does TIMES or ECOSAR. If the
alert: Out of domain, in TIMES, and the applicable log P range in ECOSAR are considered
rigidly, the correlation between measured and calculated toxicity is improved in TIMES
and ECOSAR.

Secondly, in fish, the RMSE of one of any in-domains was smaller than if domains
were not considered. However, the ° in-domain of log P ‘showed no particular
improvement. For daphnia, r* and RMSE for one of any in-domains were larger and
smaller, respectively, than those without considering domains. In the present study, either
the descriptor and/or structural domains were related to the reduction of RMSE and the
fraction of underestimated chemicals, especially if both domains were considered
simultaneously. Additionally, the stricter structural domain C(1) (shown in Tables 3
and 4) demonstrated better predictive performance than the structural domain C(2). The
systematic study of the domain based on the atom-centred fragment (ACF) approach by
Kuhne et al. [14] showed that the ACF varied with respect to its size in terms of the path
length, and the ACF match mode was specified in terms of degree of strictness. They also
demonstrated a clear relationship between predictive performance and the levels of the
ACF definition and match mode [14]. Even though the definition of substructures for
the domain are different, the improvement by using C-judgement is similar in concept to
that using the ACF approach. Thus, the log P range of the equation and C-judgement are
useful for assessing the applicability of the QSAR results.

5. Summary

We have reported on the KATE system, encompassing a full list of-classifications of the
QSAR equations and KATE validations. In the KATE system chemicals are classified by
their substructuré. The QSAR equations express the correlation between log P and
log(1/LCsp) or log(1/ECsp) of a chemical by simple linear regression analyses. The classes
of QSAR equations are characterised by fragments of chemicals, except for the neurral
organics class. The descriptor and structure domains, log P and C-judgements, in KATE
were also introduced.

The cross-validation of the KATE system showed that QSAR equations with higher
and lower RMSE with 7> 5 gave a reliably higher ¢ than the other QSAR equations in
KATE, meaning they had better predictive ability. A comparison of KATE, TIMES, and
ECOSAR revealed that KATE was more accurate, due to end-point dependence. The use
of log P and the C-judgement improved the statistical data. Thus the KATE system is a
powerful tool for predicting acute toxicity in Oryzias latipes and Daphnia magna when the
log P and C-judgement can be confirmed. Also, KATE has the potential to be useful in
risk assessment.

The next topics in QSAR development will be to consider the reactivity of chemicals,
and to include multi-regression analysis. The quantum chemical parameters, such as
partial charges, are candidates for additional descriptors. Other ways of significantly
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increasing the 1’eliabi1ity of toxicity prediction will be to improve the classification of the
substructures, increase the reference data in a QSAR equation, and to refine the
C-judgement.
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The activity of 5- to 6-year-old Japanese children (n=29) was monitored for 3 consecutive days, including
one weekend day, using an ActivTracer tri-axial accelerometer. The daily inhalation rate and time spent in
sedentary, light, or moderate to vigorous levels of physical activity (MVPA) were estimated from the .
accelerometer measurements based on previously developed regression equations. The 3-day mean daily
inhalation rate (STPD) was estimated at 83+14m’day™' in 10 subjects who completed 3 days of
monitoring. The time spent in sedentary, light, or MVPA each day was 320, 415, and 81 min day™!,
respectively. Analysis of between-day reliability indicated that 3 days of monitoring with the ActivTracer tri-
axial accelerometer provided an acceptable estimate of daily inhalation rate (intra-class correlation
coefficient [ICC]=0.892), but low to moderate reliability for the time spent in different levels of activities
(ICC=0.43 to 0.58). We observed a significant difference in the daily inhalation rate between weekdays and
the weekend day, possibly due to differences in time spent in MVPA. This finding suggests that a weekend day

should be included to obtain more reliable estimates of daily inhalation rate using an accelerometer.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The inhalation rate is an essential factor for estimating the inhaled
doses of air pollutants. In recent years, consideration of particular
vulnerability and patterns of exposure in children has been an issue in
the assessment of health risks associated with hazardous environ-
mental pollutants (WHO, 2006). The average daily inhalation rate of
8.7 m*>day™ established for U.S. children aged between 1 and
12 years (U.S. EPA, 1997) is currently proposed for health risk
assessment in Japanese children to calculate the inhaled doses of
pollutants (MHLW, 2007). However, differences in body size and daily
food intake -between American and Japanese children would be
expected to introduce bias in estimations of daily inhalation rate in
Japanese children. An approach based on energy intake rate has also
been reported to overestimate the daily inhalation rate in younger age
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groups by 7% to 35% compared with those evaluated by the doubly-
labeled water (DLW) method (Brochu et al., 2006b).

The metabolic energy expenditure approach and the time-activity-
ventilation (TAV) approach are the methods used to estimate daily
inhalation rate in humans (Arcus-Arth and Blaisdell, 2007; Stifelman,
2007; Brochu et al., 2006a; U.S. EPA, 2006; Allan and Richardson, 1998;
Layton, 1993; ICRP, 1975). Of the energy expenditure approaches
available, a physiological approach that uses daily energy expenditure
measured by the ‘gold standard’ DLW technique (I0M, 2005) provides
the most accurate estimate of the daily inhalation rate in individuals
during daily life. However, the 0 isotope used in this technique is very
expensive and collection of urine samples over a 2-week period is
usually required, resulting in the test being unsuitable for studies with a
large number of subjects. On the other hand, the TAV method is a
traditional approach that estimates the daily inhalation rate using
existing data of minute respiratory ventilation rate (Vg) of various
physical activities performed during daily life. While the advantage of
this approach is that the Vg data used in the calculations are actual
measurements, a critical issue is the limited availability of data on V¢
values for a variety of children's activities. In order to fill these gaps in
the data, Layton (1993) developed a time-activity energy expenditure
approac’:h‘ that calculated daily inhalation rate using metabolically
derived Vg as a product of basal metabolic rate (BMR), metabolic
equivalent (MET) for an activity of interest, ventilatory equivalent (VQ),
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and oxygen uptake rate. The strength of this “MET approach” is that
it uses a Vg that corresponds to a variety of physical activities that people
engage in during daily life, which can be estimated from MET values
abundantly available in the literature. However, the limitation of this
approach isthat the MET value should not be used to calculate the cost of
the children's activities (Torun, 1983; Puyau et al,, 2004). Self-report
based time-activity data used in the TAV and MET approaches (Allan
and Richardson, 1998; U.S. EPA, 2006) also have limitations in
objectivity and accuracy, especially in young children (Bender et al,
2005; Lichtman et al., 1992).

To overcome the issues described above, we introduced a new
approach in a previous study that used an accelerometer to estimate
Vg that corresponded to a range of physical activity levels in children
during daily life (Kawahara et al,, 2011). In the present study, we
conducted 3 days of continuous monitoring of physical activity in
preschool children during daily life. Using the regression equations
developed in our previous study we estimated daily inhalation rate
and time spent at different levels of physical activity intensity from
minute-by-minute ActivTracer accelerometer measurements. The
objective of the present study was to examine the between-day
reliability of these summary variables over 3 days, including one
weekend day. We also assessed the magnitude of under- or over-
estimation of our daily inhalation estimates by comiparing the values
with published daily inhalation rates derived from daily energy
expenditure measured by the DLW method.

2. Methods
2.1. Subjects

The participants in the present study were 29 Japanese preschool
children aged 5 to 6 years (mean+SD, 6.2+ 0.2 years; range, 5.9~
6.8 years). The boys (n=16) and girls (n = 13) were recruited from a
single kindergarten class in a suburb of Tokyo. Of those participants,
26 children had participated in our previous laboratory exercise test,
in which we calibrated measurements with the ActivTracer tri-axial
accelerometer against Vy measured with the Douglas bag method
(Kawahara et al,, 2011). The mean height of the participants was
11645 cm (range, 103-125 cm) and mean body weight was 20.0 &
2.3 kg (range, 16.3-25.5 kg). No significant gender differences in
body weight or height were observed (t-test, P<0.05). The exper-
imental procedures and purpose and protection of personal informa-~
tion were explained thoroughly to the parents of each participant, and
written consent was obtained before monitoring was initiated. The
experimental protocol was approved by the ethics committee of the
National Institute for Environmental Studies.

2.2. Data collection

The physical activity of the children was monitored for 3 consecutive
days, including one weekend day (ie., from Thursday morning to
Sunday morning) during the period December 2006 to March 2007. The
monitoring period was determined based on the results of previous
studies (Trost et al, 2000; Janz et al., 1995) thatindicated a 3-day period
was the minimum duration required for reliable estimates of typical
physical activity in children using an accelerometer. In addition, Trost et
al. {2000) suggested including weekend days to ensure reliable
assessment of physical activity in children using an accelerometer. In
the present study, Thursday (day 1) and Friday (day 2) served as the
weekdays, and Saturday (day 3) served as the weekend day. On
weekdays during the monitoring period, the children attended
kindergarten as usual. Their activity was monitored with an ActivTracer
tri-axial accelerometer (AC-210A, 50 mmx 70 mmx 20 mm, 60 g, GMS
Inc,, Tokyo, Japan). The ActivTracer detects movements in the
anteroposterior (x-axis), mediolateral (y-axis), and vertical (z-axis)
directions. The output measure of the ActivTracer is the average of

absolute values for acceleration in each direction and the synthetic
values of the 3 axes (vector magnitude) for a time interval defined by the
user. The monitor was set to record body acceleration at 60-second
intervals, and was contained in a small nylon pouch worn on the
subject’s hip attached to an adjustable belt. The subjects were allowed to
detach the monitor when sleeping, bathing, showering, and swimming.
The parents were instructed to help their child wear the monitor
continuously during all waking hours for 3 consecutive days. They
were also given a time-activity log sheet to record the time the
subjects detached the monitor and the activities the subjects engaged
in while monitoring was discontinued. During the time the subjects
were at the kindergarten, the time-activity log was completed by the
study staff.

2.3. Data reduction

Periods of 5 min or longer of continuous non-detection of body
acceleration and no record of the monitor being detached were
considered as non-wearing times and were not included in the
calculation of total minutes of monitoring. Subjects who had non-
wearing times longer than 60 min per day, with the exception of times
for sleeping, bathing, showering, or swimming, were regarded as
poorly compliant with the monitoring protocol. Only subjects with 3
complete days of monitoring data were included in the estimation of
daily inhalation rate and time spent at different levels of physical
activity.

24. Estimation of the daily inhalation rate

The daily inhalation rate (Standard temperature, Standard Pres-
sure, and Dry, STPD) was calculated by summing the Vg_grpp for each
minute estimated from the ActivTracer measurements during the 24
hour period. V. stpp for each minute was estimated from the synthetic
acceleration (AC,y,) using the following Eqgs. (1) and (2) developed in
our previous study based on data obtained from 5 to 6 year-old
children including subjects in the current study

Vg stepi = 0.00086 x AG,,, + 0.20 1)
VE. STPDi other than walking — 0.00094 ACxyz +035 (2)

One of the two equations specific for the type of physical activity
was used. This is because there are different accelerometer measure-
ments — Vg relationships by the type of activity. The details of these
procedures have been reported elsewhere (Kawahara et al,, 2011).
Eq. (1) was used as the default equation to estimate Vg srpp. If the
synthetic acceleration of the activities of interest was within the range
of 96-754 mG min ™', the activities were classified as either ‘walking’
or ‘other than walking' types using the discriminating Eq. (3)
described below:

F=—331+598x (AC,/AC,,) — 0.017 x AC 3)
- 'z Xy Z (

In this equation, F is a discriminant function, AC, is vertical

~ acceleration, and AC,, is horizontal acceleration measured with the

ActivTracer. If Fwas <0.207, the activity was classified as a type ‘other
than walking'. For such an activity, Ve smpp was estimated from the
synthetic acceleration using Eq. (2). For activity classified as ‘walking,’
VE! stpp Was estimated using Eq. (1).

Based on the previous study (Kawahara et al., 2011), the values of
VE: stpp during periods when the subjects had detached the monitor
were assumed to be as follows: During sleeping, 0.16 Lkg™! min™",
derived by dividing 0.18 L min™" at rest and lying quietly by 1.1,
on the assumption that the metabolic rate during sleep is 10% lower
than at'rest (IOM, 2005), during use of the toilet and watching TV,
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0.21 Lkg~! min~"; during eating, 0.25 L kg~ min™"; during dressing/
undressing and bathing/showering, 0.51 Lkg~' min~'; and playing
board games, 0.26 L kg™ min~!(Kawahara et al, 2011). As reliable data
regarding V values or the physical activity ratio (PAR) for swimming in
young children are not currently available, data for subjects who swam
during the monitoring period were excluded from the analysis in the
present study.

2.5. Estimation of time-physical activity distribution

The daily duration spent either sedentary, in light level of physical
activity (LPA), or in moderate to vigorous level of physical activity
(MVPA) was estimated based on minute-by-minute accelerometer
measurements and partly on the time-activity records. As a measure of
the intensity of physical activity, we used PAR, the energy cost of an
activity per unit time, which is defined as a multiple of BMR per minute
(FAO, 2004). According to the classification of Puyau et al,, 2004, PAR
<1.5=sedentary, PAR>1.5 and <3.0=LPA, and PAR>3.0=MVPA.
The cut-off levels between sedentary and LPA and LPA and MVPA were
71 mG min~" and 412 mG min ™", respectively, and for types of activity
‘other than walking,’ the cut point between LPA to MVPA was
218 mGmin~! (Kawahara et al, 2011). Physical activity including
using the toilet, watching TV, eating, and playing board games was
considered sedentary (Tanaka et al,, 2007; Kawahara et al., 2011), while

" dressing/undressing and bathing/showering were classified as LPA
(Taylor et al.,, 1948; Yamamura et al., 2003).

2.6. Statistical analysis

“Intra-class correlation coefficients (ICC) were calculated using
repeated measures analysis of variance (ANOVA) in order to evaluate
the between-day reliability of daily inhalation rate, and the average
time spent over the 3 days either sedentary, in LPA, or in MVPA.
Repeated measures ANOVA was carried out to detect significant group
mean differences in average daily inhalation rate and time spent in
each level of physical activity among the 3 days of monitoring with
day of monitoring as the within-subject variable. If the result of the
analysis was significant, Tukey's test was used to determine which
days were different. Bland-Altman plots (Bland and Altman, 1986)
were prepared to assess the agreement in daily inhalation rate
between weekdays and the weekend day. Statistical significance was
defined as P<0.05. All statistical analyses were performed with SPSS
(ver. 15.0 for Windows, SPSS Inc. Tokyo, Japan).

3. Results

Of the total of 87 days of monitoring, complete 1-day data were
available for 60 days. Complete 3-day monitoring data sets were
obtained from 15 subjects. Of these, 5 subjects reported they had
carried out swimming activities for 6029 minday™! during the
monitoring period. The 3-day mean monitoring time for the 10 subjects
with complete 3-day monitoring data was 77951 min day~’, and
the daily inhalation rate (STPD) was estimated at 8.3+ 1.4 m>day ™.
The 3-day mean daily times spent sedentary, in LPA, or MVPA were
. 320451 minday™', 415447 minday~', and 81434 minday~},
respectively (Table 1). The ICC for the average daily inhalation rate
(STPD) for 3 days was 0.961 (P<0.001). The single-day reliability
coefficient for the daily inhalation rate (STPD) was 0.892 (P<0.001).
The average daily inhalation rates (STPD) were significantly different
between the 3 days (P=0.01). Fig. 1 shows the Bland-Altman
plots of the differences for each subject against the mean daily
inhalation rate (STPD). The mean difference in daily inhalation rate
(STPD) between days 1 and 2 was 0.1 m® day~' (95% CI: —1.03 and

1.23 m* day™"). The mean difference in the daily inhalation rate

(STPD) between days 1and 3 was 0.63 m? day ™! (95% CI: —0.56 and
1.73 m® day™") and 0.54 m® day ! (95% Cl: —0.58 and 1.65 m> day™")

Table 1

Mean (SD) for acceleration measurements, daily inhalation rates (STPD), and time
spent in various activities estimated from accelerometer measurements in subjects
with 3 complete days of monitoring data (N=10).

3'da’ys mean

Variable Day 1 Day 2 Day 3

Average acceleration 155453 161459 111440 137146
(mG min™")?

Daily inhalation rate 87+16 86+18 7.8+08" 83+14
(m® day™") :

Daily time for sleeping 60927 614440 6484507 624433
(min day™") -

Daily time for sedentary  309::61 311£72 3417777 320451
(min day~") .

Daily time in a light LPA 430479 418 £51 399457 415447
(min day™")

Daily time in MVPA 92 +47 98 £52 53+£38 81434
(min day™")

* Average acceleration =3, acceleration measurement/number of monitored minutes.
* Significantly different from day 1 (P=0.02) and day 2 (P=0.03) based on
ANOVA followed by Tukey test.
** Significantly different from day 1 (P=0.02) and day 2 (P=0.04).
#*% Significantly different from day 2 (P=0.04).

between days 2 and 3. The between-day reliability for mean daily time
spent in LPA was acceptable, with an ICC=0.63 (P=0.03), while it was
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Fig. 1. Bland-Altman plots for the difference in daily inhalation rate (STPD) against
mean daily inhalation rate (STPD) by weekday and weekend day. A: difference between
days 1 and 2 against mean by days 1 and 2. B: difference between days 1 and 3 and days
2 and 3 against mean by days 1 and 2 and days 2 and 3.
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low for sedentary, (ICC=0.53, P=0.07) and for MVPA (ICC=0.42,
P=0.149).

4. Discussion

Our results indicated that between-day reliability was high for
average daily inhalation rate estimated from ActivTracer measure-
ments collected over 3 days, including a weekend day. However, in
order to obtain a reliable estimate of daily time spent at different
levels of physical activity, more than 3 days is needed. The between-
day reliability of daily time spent at different levels of physical activity
in this study was low compared with the study of Janz et al. (1995). In
that study, the ICC for the percentage of the day spent in sedentary,
moderate, or vigorous levels of activity monitored over 3 days in 7- to
15-year-old children using a CSA uni-axial accelerometer were 0.73,
0.70, and 0.71, respectively. This variability between the studies may
be due to differences in evaluation of physical activity of children
using tri-axial or uni-axial accelerometers (Kawahara et al,, 2011) and
also differences in the study subjects. '

Fig. 2 shows comparison of mean daily inhalation rate (STPD) and
distribution of the volume for the 4 categories of physical activity
intensity in our subjects by day. Daily inhalation rate in the weekend
day was on average 7% lower than during weekdays. The observed
difference in the daily inhalation rate between weekdays and
weekend days may be due to transition of time spent in MVPA to a
lower level of physical activity on weekend days. We consider this
result indicates that activity data also needs to be collected during
weekend days in order to obtain a more reliable estimation of daily
inhalation rate.

Table 2 shows comparison of mean daily inhalation rate expressed
at body temperature, ambient pressure, and saturation with water
vapor (BTPS) derived from daily energy expenditure measured with
the DLW method in previous studies and current study. For
comparison with estimates reported in earlier studies, our estimate
. of the daily inhalation rate of 8.3 m3day™' expressed at STPD,
corresponds to 10.1 m>day~! (BTPS). Based on published data on
daily energy expenditure measured with the DLW technique, Brochu
et al. (2006a) estimated the daily inhalation rate (BTPS) of 5- to 6~
year-old boys and girls as 8.6 m®day~! (0.42m®kgday™ ') and
8.2m>day™! (0.40m>kgday™'), respectively. Stifelman (2007),
using the same approach as Brochu et al,, reported the daily inhalation
rate (BTPS) for 6-year-old boys and girls in an active day (physical

100

oo
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6.0

4.0

2.0

Daily inhalation rate (STPD, m*- day™')

0.0

Dayl

Day2

B MvPA  Olight
sedentary B sleeping

Fig. 2. Daily inhalation rate (STPD) and distribution of the volume for the 4 categories of
physical activity intensity: sleeping, sedentary, light level of physical activity (LPA) and
moderate to vigorous level of physical activity (MVPA).

Table 2

Comparison of the daily inhalation rate (BTPS) estimated in the current study with
published values derived from daily energy expenditure measured with the DLW
method.

Study Age Gender Daily inhalation rate (BTPS)*
(years) (m® day) (m®kg day™")
Brochu et al. (2006a,b)" 5-6 Boy 11.2 (8.6) 0.53 (0.42)
5-6 Girl 10.6 (8.2) 0.51 (0.40)
Stifelman (2007)" 6 Boy 12.7 (9.8) 0.57¢
) 6 Girl 12.1(9.3) 0.57¢
This study 5-6 Both 10.1 0.51

2 Values of daily inhalation rate (m®day™') and normalized daily inhalation rate
(m® kg day™') in Brochu et al. and Stifelman are corrected with multiplying 1.3 in an
assumption that the values in those studies are underestimated by 30% due to bias from
the use of adult derived VQ values. Values in original article are in parentheses.

Y Brochu et al. and Stifelman estimated daily inhalation rate by using physiologial
approach using daily total energy expenditure measured with DLW method.

¢ Estimated by dividing the daily inhalation rate by the hypothetical body weight of
6-year-old boys and girls 22.1 and 21.3 kg, respectively.

activity level=1.6 to 2.5 (IOM, 2005)), as 9.8 and 9.3 m*day™',
respectively (0.57 m”kgday™' for both genders; body weight of
22.1 kg for boys and 21.3 kg for girls (U.S. EPA, 2008)). It should be
noted that these studies used a VQ value of 27 derived from adult data
(Layton, 1993) for estimating the daily inhalation rate of children. The
VQvalue is evidently lower than the observed value of 30 to 40 during
sedentary to vigorous levels of physical activity in 6-year-old children
(Kawahara et al,, 2010). If we consider that the use of an adult VQ
value would lead to a 30% under-estimation of the daily inhalation
rate in young children, our estimation is therefore comparable to the
rate measured in 5- to 6-year-old children by Brochu et al.

While the strength of the approach we used in this study was to
estimate the daily inhalation rate using an objective measure of
physical activity, time-activity logs during periods when the
accelerometer was not worn were still necessary to supplement this
missing data. Our approach was also limited by the availability of Ve
data in children. More data on Vg corresponding to a variety of
physical activities observed during daily life in children will provide a
more reliable estimate of their daily inhalation rate.

In conclusion, we obtained high between-day stability of the daily
inhalation rate estimated from ActiveTracer measurements over
3 days, including one weekend day. However, more than 3 days are
required to improve the between-day reliability of daily time spent in
different levels of physical activity in preschool children when using
ActivTracer. The daily inhalation rate of preschool children in the
current study is possibly comparable to that estimated from the daily
energy expenditure measured with the DLW method with consider-
ation of potential bias from a physiological parameter derived from
adults.
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Escherichia coli MutT hydrolyzes 8-oxo-dGTP to 8-oxo-
dGMP, an event that can prevent the misincorporation of
8-oxoguanine opposite adenine in DNA. Of the several
enzymes that recognize 8-oxoguanine, MutT exhibits high
substrate specificity for 8-oxoguanine nucleotides; however,
the structural basis for this specificity is unknown. The crys-
tal structures of MutT in the apo and holo forms and in the
binary and ternary forms complexed with the product 8-oxo-
dGMP and 8-oxo-dGMP plus Mn?*, respectively, were deter-
mined. MutT strictly recognizes the overall conformation of
8-0x0-dGMP through a number of hydrogen bonds. This rec-
ognition mode revealed that 8-oxoguanine nucleotides are
discriminated from guanine nucleotides by not only the
hydrogen bond between the N7-H and 08 (N119) atoms but
also by the syn glycosidic conformation that 8-oxoguanine
nucleotides prefer. Nevertheless, these discrimination fac-
tors cannot by themselves explain the roughly 34,000-fold
difference between the affinity of MutT for 8-0xo-dGMP and
dGMP. When the binary complex of MutT with 8-oxo-dGMP
is compared with the ligand-free form, ordering and consid-
erable movement of the flexible loops surrounding 8-oxo-
dGMP in the binary complex are observed. These results indi-
cate that MutT specifically recognizes 8-oxoguanine
nucleotides by the ligand-induced conformational change.

Although spontaneous mutations are indispensable to the
evolutionary process of living organisms, they can also be lethal
to the organism. Among the various modified bases in DNA,
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RNA, and nucleotides, 8-0xdguanine (8-0x0G),> a damaged
form of guanine (G) generated by reactive oxygen species, is
known to have highly mutagenic potency because of its mis-
pairing with adenine. Therefore, organisms have an error
avoidance pathway for preventing mutations caused by
8-0x0G. The Escherichia coli MutT protein (129 amino acids,
M, = 14,900) hydrolyzes 8-oxo-dGTP and 8-oxo-GTP to their
corresponding nucleoside monophosphates and inorganic
pyrophosphate in the presence of Mg* (1, 2). Because 8-oxo-
dGTP and 8-0x0-GTP can be misincorporated opposite ade-
nine by DNA and RNA polymerases, the hydrolysis of the
damaged nucleotides by MutT can avoid replicational and tran-
scriptional errors. In DNA, 8-0x0G paired with cytosine is
excised by MutM, an 8-oxoG DNA glycosylase, whereas MutY,
an adenine DNA glycosylase, removes adenine paired with
8-0x0G (3-6).

The substrate specificities of enzymes that recognize 8-0x0G
are quite varied. MutT exhibits high substrate specificity for
8-0x0G nucleotides; that is, the K,, for 8-oxo-dGTP is 14,000-
fold lower than that for dGTP (7). In contrast, human MutT
homologue 1 (h(MTH1) hydrolyzes not only 8-0xo-dGTP but
also several oxidized purine nucleotides such as 2-oxo-dATP,
2-0x0-ATP, 8-ox0-dATP, and 8-0x0-ATP. In terms of the hy-
drolysis of 8-0x0-dGTP, the K,,, of hMTH]1 for 8-0xo-dGTP is
only 17-fold lower than that for dGTP (8, 9). The solution struc-
ture of hMTH1 as determined by NMR has revealed its overall
architecture and possible substrate-binding region (10); how-

‘ever, the broad substrate recognition mechanism of hAMTH1

remains to be elucidated. MutM and MutY also have low spec-
ificity for 8-0xoG. For example, MutM can recognize a variety
of damaged bases such as formamidopyrimidine, 5-hydroxycy-
tosine, and dihydrouracil in addition to 8-oxoG (11-13), and
MutY shows a kinetic preference for A:8-oxoG that is only
6-fold greater than that for A:G (14).

The crystal structures of OGG1, MutM, and MutY com-
plexed with 8-oxoG-containing DNA (13, 15, 16) have revealed

2The abbreviations used- are: 8-oxoG, 8-oxoguanine; Nudix, nucleoside
diphosphate linked to some other moiety, X; SLHL, strand-loop-helix-loop;
r.m.s.d., root mean square deviation; AMPCPP, adenosine 5'-(a, 8-methyl-
enetriphosphate); SeMet, selenomethionine; h(MTH1, human MutT homo-
logue 1.
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that, interestingly, OGG1 and MutM do not recognize the O8
atom, which is the most characteristic feature of the 8-0x0G
moiety, and the interaction observed between the O8 atom and
the main-chain atom of MutY is relatively weak. Alternatively,
0OGG1, MutM, and MutY commonly discriminate 8-oxoG
from G by the protonation at N7 accompanied by the oxidation
of C8. Structural studies on various enzymes that recognize
8-0x0G have succeeded in explaining the mechanism by which
8-0x0G is discriminated from normal G in DNA, but one of the
most interesting questions to be elucidated is the mechanism
by which MutT acquires extremely high substrate specificity
for 8-0x0G compared with the other enzymes.

MutT belongs to the Nudix (nucleoside diphosphate linked
to some other moiety, X) hydrolase family (17). Nudix family
members have a highly conserved MutT signature (Nudix
motif); ie. GX;EX,REUXEEXGU, where U is a hydrophobic
residue and X is any amino acid. Current genome analyses have
found a large number of open reading frames containing the
MutT signature, but their functions, i.e, their substrates, are not
identified in the case of almost all these proteins because of a
lack of homology outside the MutT signature. MutT is the most
examined protein in this family. Its structure was first deter-
mined by NMR (18) and has greatly contributed to the study of
the Nudix hydrolase family. NMR studies of MutT with its
product, 8-oxo-dGMP, have predicted several recognition
models of 8-oxo-dGMP (19). However, the precise recognition
mechanism of 8-0xoG nucleotides remains unclear. Therefore,
it is necessary to determine the crystal structures of MutT to
explain the extremely high substrate specificity of MutT for
8-0x0G nucleotides,

Here, we present x-ray crystallographic analyses of the apo
enzyme; the Mn®>"-bound holo enzyme (MutT-Mn2*); the
* binary complex with 8-oxo-dGMP, a reaction product (MutT-

8-0x0-dGMP); and the tertiary complex with 8-oxo-dGMP and -

Mn®* (MutT-8-0x0-dGMP-Mn2*). These structures have
revealed the mechanism of the extremely high substrate speci-
ficity of MutT for 8-0x0G nucleotides and have allowed us to
propose the exact roles of some conserved residues in the MutT
signature.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The E. coli strain BL21
(DE3) harboring a newly constructed pET8c/MutT plasmid
was used for the expression of native and selenomethionine
(SeMet)-substituted MutT's. Native MutT .was overexpressed
in Luria-Bertani (LB) broth, and SeMet MutT was overex-
pressed in LeMaster broth containing seleno-pL-methionine
instead of methionine with sufficient amounts of isoleucine,
lysine, and threonine to inhibit the methionine pathway (20,
21). This condition was also present in the overexpression of
SeMet hMTH1 (22). Purification of MutT was carried out by
almost the same procedure (except that the hydroxyapatite col-
umn chromatography step was skipped), as described previ-
ously (23). DEAE-Sepharose and the HiPrep 16/60 Sephacryl
5-200 HR column were substituted for DEAE-Sephacel and the
Sephadex G-75 column, respectively. The purified protein solu-
tion was concentrated to ~6 mg/ml.
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Structures of MutT in Apo and Complex Forms

Crystallization—The native and SeMet-substituted ‘apo
forms and all complexes were crystallized by hanging drop
vapor diffusion at 288 K. Crystals of native and SeMet-substi-
tuted forms were obtained from a droplet containing 3 mg/ml
protein, 10 mum Tris-HCl (pH 7.5), 0.5 mM EDTA, 2.5% glycerol,
0.5 mM 2-mercaptoethanol, 0.7 M potassium sodium tartrate,
and 44 mm HEPES-NaOH (pH 7.5) equilibrated against a res-
ervoir containing 1.4 M potassium sodium tartrate and 87 mm
HEPES-NaOH (pH 7.5). Crystals of MutT-Mn?* were obtained
in the same manner, as described above, except that 10 mm
MnCl, was added to the droplet. The crystallizations of MutT-
8-0x0-dGMP and MutT-8-0x0-dGMP-Mn?* were described
previously (24). The crystals were transferred to a cryosolution
of each reservoir containing 30% sucrose and were then flash
frozen. , :

Data  Collection, Processing, Phasing, and Structure
Refinement—Diffraction data were collected at 100 K on beam-
line 18B of the Photon Factory (Tsukuba, Japan) and on beam-
lines 41XU, 44XU, 38B1, and 40B2 of SPring-8 (Harima, Japan).
The data for native and SeMet derivative forms were processed
and scaled by DSP/MOSFLM and SCALA (25). The data for
MutT-Mn** were processed and scaled by DENZO and
SCALEPACK (26). There are two molecules in the asymmetric
unit with Vy; of 2.2 (native MutT) and 2.5 (MutT-Mn2*)
A3Da™1(27) . Data collection statistics of the best data used for
structure determination and refinements are listed in Table 1.
Data collection statistics of MutT-8-oxo-dGMP and MutT-8-
0x0-dGMP-Mn** are quoted from the reference by Nakamura
et al. (24).

The positions of eight selenium atoms were determined
using SOLVE (28). The initial phases were calculated using
MLPHARE (29) and improved using DM (30). The initial model
was built using TOM (31) and O (32). The model was refined
using X-PLOR (33) and CNS (34). Using the model of the SeMet
derivative, the successive refinement of native MutT converged
atan R valué of 20.4% and an Ryyee 0£23.1% for reflections in the
resolution range 20-1.8 A. The structure of MutT-8-oxo-
dGMP was solved by molecular replacement with AMoRe (35)
using the structure of the native apo form as a search model.
The 2F, — F_ maps after CNS refinements clearly showed the
density for 8-oxo-dGMP and the conformationally changed
loop regions (L-A and L-D). These regions were manually built
and fitted into the density with O. The structure of MutT-8-
0x0-dGMP-Mn?* was refined starting with the coordinates of
the MutT-8-ox0-dGMP. The structure of MutT-Mn2" was
solved by molecular replacement with AMoRe by using the
structure of the apo form as a search model. The stereochemi-
cal qualities of the structures were checked by PROCHECK
(36); the refinement statistics are listed in Table 2. Superposi-
tion of MutT structures were carried out using Lsqkab (37). All
molecular graphics were prepared using PyMOL (38).

RESULTS AND DISCUSSION

Overall Structures of MutT and MutT-8-ox0-dGMP—The
crystal structures of the MutT apo and MutT-8-oxo-dGMP
complex forms were determined at a resolution of 1.8 and 1.96

A, respectively. MutT is composed of two a-helices (a-1 and
-2) and six B-strands (B-1 to 3-6) (Figs. 1 and 24); it adopts an
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Structures of MutT in Apo and Complex Forms

"TABLE1 )
Data collection statistics

Values in parentheses correspond to the highest resolution shell.

Diffraction data - MutT MutT-8-0x0-dGMP  MutT- 8-oxo-dGMP-Mn?**
Native Peak Edge Remote
Beam line SPring-8 BL41XU ) PFBL18B SPring-8 BL41XU SPring-8 BL40B2
‘Wavelength A) 0.7080 0.9793 0.9791 0.9500 0.9000 1.296
Space group P2, P2, P2,2,2, P2,2,2,
Unit-cell lengths (A, °) a=33.9 a =341 a =379 a=382
h=171.6 h=711 h=56.0 h=56.0
c¢=558 c=55.7 ¢ =594 c=593
)  B=99.0 B =987 )
Resolution range (A) 20.0~-1.8 (1.9-1.8) 20.0-2.2 (2.3-2.2) 20.0-1.96 (2.08-1.96) 18.56~2.56 (2.72-2.56)
No. of observed reflections 85,618 49,308 49,226 50,094 54,195 26,502
No. of unique reflections 24,217 13,041 13,015 13,147 9,344 4,395
Completeness (%) 99.7 (99.7) 97.2 (97.2) 97.3(97.3) 98.3 (98.3) 97.6 (93.2) 99.2 (95.7)
Rinergs” (%) 3.1 (9.4) 3.9 (12.1) 3.8(12.3) v 39 (12.1) 6.5 (18.1) 7.7 (15.2)
i) 15.8 (7.9) 8.8 (3.3) 9.4 (5.0) 8.8 (5.6) 29.6 (6.2) 45.9 (22.6)
MutT-Mn**
Beamline PF BL18B
Wavelength (A) 1.000
Space group P2,
Unit-cell lengths (A, °) a=35.8
b =56.0
c=741
) B=964
Resolution range (A) 40.0-2.0 (2.03-2.00)
No. of observed reflections 77,213
No. of unique reflections 19,810
Completeness (%) 98.1 (96.2)
Rperge” (%) 42 (6.4)
{Ila). 28.6 (18.6)
#Rinerge = 100 X g — Gl Ehaa ) is the mean value of Iy
TABLE 2
Refinement statistics
Diffraction data MutT MutT-8-oxo-dGMP MutT- 8-ox0-dGMP-Mn** MutT-Mn**
Resolution range (A) 20.0-1.8 20.0-1.96 18.56-2.56 20.0-2.0
Number of reflections used 24,213 9,280 4,394 19,386
Number of atoms
Protein 2,025 1,038 1,029 2,010
Water 190 136 92 ’ 131
Nucleotide 0 24 24 0
Mn** ion . 0 0 1 4
Other 11 34 5 ‘ 32
Completeness (%) 99.1 97.3 99.9 98.1
Rerysel Recee? (%) 20.4/23.1 17.8/20.1 19.3/24.2 19.2/22.7
Ramachandran plot (%) . '
Most favored 93.0 91.5 87.6 94.9
Additional allowed 7.0 8.5 124 5.1
Generously allowed 0 0 0 ) 0
Disallowed 3 0 0 0 0
r.m.s.d. in bonds (A) 0.005 0.005 0.007 0.005
r.m.s.d. in angles (%) 12 1.3 13 12
“ Two ions per monomer.

bRcryst
a-B-a sandwich structure that is conserved among members of
the Nudix family. The Nudix motif (23 residues from Gly-38
ie the MutT signature (GX,EX,REUXEEXGU), adopts the
characteristic strand-loop-helix-loop (SLHL) structure formed
by 8-3',L-B, a-1, and L-C (39, 40). The crystal of the apo form
contains two protein molecules per asymmetric unit, and they
are very similar to each other with root mean square deviation
(r.m.s.d.) of 0.5 A for the corresponding 121 Ca atoms. For
simplicity, only one molecule will be referred to in all further
discussions. MutT exists as a monomer, which is found in the
MutT-8-oxo-dGMP crystal.

In the apo form, the electron densities of L-A connecting 3-2
and $-3 are not available, indicating that the L-A loop region
has a highly flexible conformation (Fig. 24). On the other hand,
in the MutT-8-0x0-dGMP complex, the ordering of the flexible
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=100 X S||F,| — IF,"/E[FJ R Was calculated from the test set (5% of the total data).

L-A loop by interactions with 8-oxo-dGMP was observed (Fig.
2,Band C). The plot of the displacement between the Ca atoms
of the apo and complex forms is shown in supplemental Fig.
S1A. The movements of the L-A and L-D regions are large
(~8-10 A) (Fig. 2C and supplemental Fig. S14). Except for
these loop regions, the two forms have a similar structure with
an r.m.s.d. of 0.9 A for the corresponding 101 Ca atoms.

A structural similarity search performed using the DALI
server (41), with the coordinates of MutT-8-0xo-dGMP, indi-
cated that 62 proteins (154 Protein Data Bank (PDB) ID num-
bers, 278 protein chains) are structural homologs of MutT with
Z-scores of >6.0 and belong to the Nudix superfamily with the
Nudix fold. The MutT structure, with two a-helices and six
B-strands, comprises the smallest structural unit among mem-
bers of the Nudix superfamily. Of 62 proteins, half have
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Structures of MutT in Apo and Complex Forms

. coli

Y.pestis
P.mirabilis(37~164)
P.rustigianii
V.cholerae’
P.aeruginosa (1-136)
E.eoli OrfL3s
human MIHL(1~137)
B, subtilis T€kD

B.eoli

Y.pestis .
P.mirabilis(38-164)
P.rustigianii
V.cholerae
P.aeruginosa (1-136)
#.coli Orf135 R--ITHLHANHY PDFHGTL

human MPHL{1-137)} EPELMDVHVFCTDSIQQT&VESDEM-RP
B.subtdlis ¥YtkD

KVIVENIYFADIEKLERQADYFETKGEVLFHELPENL

IPLLEAFMALRAARPAD

E2h

LDQ~~~~IPFREMWEDDSYWE PLELORKRFHG YF

SRNKKFSFIMKDSVLPISLRKLKESGWIE

FIGURE 1. Sequence alignment of MutT family proteins. Amino acid sequences of MutT family proteins were aligned using ClustalW (72). MutT homologs
from species related to E. colf, which share high sequence similarity, were chosen and are listed. They are from E. coli (CAA28523), Yersinia pestis (NP_670913),
Proteus mirabilis (ZP_03840798), Providencia rustigianii (ZP_03315124), Vibrio cholerae (NP_232022), and Pseudomonas aeruginosa (ZP_04932260). In addition
to E. coli MutT, E. coli Orf135 (BAA15549), human MTH1 (BAA07601), and B. subtilis YtkD (NP_390941), which have 8-oxo-dGTPase activity in vitro, were'added
and are shown in red. Absolutely conserved residues are shown inred, and identical residues are in pink. The green asterisks on the £, coli MutT sequence indicate
amino residues that participate in the recognition of 8-oxoG and the ligand-induced conformational change. The secondary structure of £. coli MutT in the apo
form is shown at the top. The a-helices, B-strands, and 3,, helices are represented as red bars, blue arrows, and pink bars, respectively.

unknown functions. Structures that are highly similar to the
MutT complex form are the monomer structures of Bdellov-
ibrio bacteriovorus RNA pyrophosphohydrolase; i.e. BARppH
in the ternary and binary forms complexed with GTP and Mg>*
(BdRppH-GTP-Mg**, 3FFU, rm.s.d. = 1.8 A, Z = 19.0) and
with dGTP (BdRppH-dGTP, 3EF5, rm.s.d. = 1.9 A, Z = 18.3)
(40) and unknown proteins from Bartonella henselae (3HHJ,
rms.d. = 1.8 A, Z = 19.8) and Methanosarcina mazei (3GRN,
rms.d.=214,2=175), respectively. In MutT, the r.m.s.d. is
rather large: 3.3 A for 120 Ca atoms between the x-ray and
NMR structures in the ligand-free form and 3.5 A for 127 Ca
atoms between structures in the complex form (PDB IDs:
IMUT and 1PUS) (18, 19).

Recognition Scheme of 8-0x0-dGMP by MutT—When 8-oxo-
dGMP binds to MutT, large ligand-induced conformational
changes occur in the L-A and L-D regions, namely, the ordering
of the flexible L-A loop and considerable movement of L-A and
L-D to the surrounding 8-oxo-dGMP (Figs. 2C and 3A). The
side chains of Arg-23 and His-28 on L-A form hydrogen-bond-
ing interactions with phosphate and sugar moieties of 8-oxo-
dGMBP, respectively, whereas Arg-78 interacts with the sugar
moiety through a water-mediated hydrogen bond. Asp-77 and
Arg-78 make two hydrogen bonds between their side chains.
The conformational change of the L-A and L-D regions also
produces the water molecule-mediated interaction between
His-28 and Asp-77 and the CH-1r interaction between His-28
and Phe-75 (Fig. 34 and supplemental Fig. S2). Thus, the loops
L-A and L-D connect to each other, resulting in the formation
of a cave composed of 8-1, 8-3, B-3', B-5, and a-2 for substrate
binding (Fig. 3B). 8-Oxo-dGMP is inserted deeply into the cave
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in which the wall on one side is filled with hydrophobic residues
(Leu-4, Ile-6, Val-8, Ile-80, and Leu-82), and the other side and
bottom include some polar residues (Arg-23 and Asn-119). The
8-0x0G base and the deoxyribose are perfectly buried, and the
phosphate group faces the solvents (Fig. 3B). The glycosidic
conformation of 8-0x0-dGMP bound to MutT is syn. This fact
is consistent with the first suggestion by Bessman et al. that
MutT may recognize the syn conformation, because the 8-sub-
stituted purine nucleotides were better substrates compared
with the normal purine nucleotides (42). The sugar ring puck-
ering and the sugar-phosphate backbone conformation of
8-0x0-dGMP are C2'-endo and gauche™-trans, respectively.
These conformations are generally observed in 8-substituted
purine nucleosides and 5'-nucleotides (43).

These ligand-induced conformational changes result in the
strict recognition of the overall structure of 8-oxo-dGMP by
MutT through a number of hydrogen bonds (Fig. 3C). The
characteristic features of the 8-0xo0G base are the oxygen atom
(O8) at C8 and the hydrogen atom (N7-H) at N7 accompanied
by oxidation. MutT recognizes N7-H of 8-0xoG by a hydrogen
bond with O8 of Asn-119 (Fig. 3C, a red dashed line). The
8-0x0G base is also recognized by hydrogen bonds with Asn-
119 and Phe-35; i.e. the N& of Asn-119 forms a hydrogen bond
with O6 of 8-0x0G, and the main-chain atoms of Phe-35 par-
ticipate in three types of hydrogen bonds with N2-H, N1-H, and
06. On the other hand, the O8 atom does not form hydrogen
bonds with any amino acid residues, although it does partici-
pate in the weak C-H-O interaction with the phenyl ring C-H
of Phe-75 (C-O distance, 3.4 A) and the van der Waals interac-
tions with the side-chain C-H moieties of Phe-75, Pro-116, Leu-
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Structures of MutT in Apo and Complex Forms
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FIGURE 2. Crystal structures of MutT apo and MutT-8-oxo-dGMP complex
forms. A, overall structure of MutT. a-Helices are in pink, and B-strands are in
slate. Amissing region of L-Ais shownasa graydashed line. B, overall structure
of MutT-8-oxo-dGMP. 8-Oxo-dGMP is shown in'ball and stick representation.
C, comparison of the structures of the apo and complex forms. Apo and com-
plex forms are shown in gray and slate, respectively. L-A and L-D regions in
MutT-8-oxo-dGMP adopt a closed conformation as compared with those in
the apo form.

82, [le-80, and Ala-118 (Fig. 3D). In addition, the carbonyl oxy-
gen of Gly-37 forms water molecule-mediated hydrogen bonds
with N2-H of 8-0x0G and the phosphate oxygen. The side chain
of His-28 is directly hydrogen-bonded to the O3’ atom of the
deoxyribose. The O3’ atom also forms a hydrogen bond with a
water molecule, binding to the side chain of Arg-78. The phos-
phate group forms a hydrogen bond with the side chain of
Arg-23 and a water molecule-mediated hydrogen bond with the
main chain of Lys-39. In summary, 8-oxo-dGMP is surrounded
by 12 types of hydrogen bonds. The hydrogen-bonding interac-
tions with the pyrimidine moiety and the a-phosphate group in
MutT-8-0xo-dGMP are similar to those with the correspond-
ing pyrimidine moieties and a-phosphate groups in the struc-
tures of BARppH-GTP-Mg®* and BdRppH-dGTP (BdRppH-
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(d)GTPs) (40). The positions of the base moieties of (d)GTPs
with the syn conformation in BARppH-(d)GTPs accord with
that of 8-0xo-dGMP in MutT-8-oxo-dGMP with an r.m.s.d. of
0.6 A for the corresponding 11 atoms when proteins are super-
imposed. BARppH with Arg-40, Phe-52, and Asn-136 residues
corresponding to Arg-23, Phe-35, and Asn-119 of MutT,
respectively, recognizes N1-H, N2-H, and O6 of the pyrimidine
moiety by four hydrogen bonds with Phe-52 and Asn-136;
Pa-O of the a-phosphate group is recognized by a hydrogen
bond with Arg-40. This recognition mode is the same as that

- observed in MutT. Apart from the similarities, differences are

found in recognition of the imidazole moiety of the base and the
sugar moiety as well as in the ligand-induced conformational
change. The imidazole and sugar moieties of (d)GTPs in
BdRppH-(d)GTPs do not form hydrogen bonds with any resi-
dues in BARppH. In addition, although ligand-induced confor-
mational change with loop ordering is observed in BdRppH, the
change is significantly small (~2-4 A) as compared with that in
MutT, The large ligand-induced conformational change
observed in MutT does contribute to its high afﬁmty for
8-0x0G nucleotides, as discussed below. There is a large dis-
crepancy between the K, values of 0.081 and 268 uM for the
hydrolysis of 8-0x0-dGTP by MutT and of dGTP by BdRppH,

respectively (7, 44). This may derive from these structural dif-
ferences, in addition to the unfavorable syn conformation of
(d)GTPs in BARppH-(d)GTPs.

As a result of the strict recognition of 8-0xo-dGMP with the
large conformational change, there are low B factors and unam-
biguous electron densities around 8-oxo-dGMP (supplemental
Fig. S1B and Fig. 3E). The average B factor of 8-oxo-dGMP is
12.4 A? and that of the residues involved in the recognition of
8-oxo-dGMP, Arg-23, His-28, Phe-35, Asp-77, Arg-78, and
Asn-119is 13.6 A2 These low B factors and unambiguous elec-
tron densities represent the small thermal motion and/or the
ordered positioning of 8-oxo-dGMP and the residues of the
active site in the crystal lattice. This phenomenon explains iso-
thermal titration calorimetry experiments (45), indicating that
the tight binding of 8-ox0-dGMP to MutT (AG = —9.8 kcal/
mol) is driven by a highly favorable enthalpy (AH =
mol) with an unfavorable entropy (— TAS = 29.2 kcal/mol). The
unfavorable entropy would be a result of the conformational
rigidity generated from the connection of loops L-A and L-D
with large ligand-induced conformational changes. On the
other hand, the more favorable enthalpy would be produced by
the large number of hydrogen bonds and van der Waals inter-
actions formed between 8-oxo-dGMP and MutT; this is suffi-
cient to compensate for the unfavorable entropy and to bind
tightly.

Furthermore, the hydrogen bond-mediated recognition
mode found in MutT-8oxo-dGMP is comparable with the
results of mutational studies in which it was found that the
R78A,N119D, and N119A mutants show 7-, 37-, and 1650-fold
decreases in affinity for 8-oxo-dGMP in comparison with the
wild type and that they lose binding free energies (AAG) of 1.1,
2.1, and 4.3 kcal/mol, respectively, as measured by the increases
in K (46). According to previous. reports, the contribution of
the hydrogen bond to protein stability can be estimated as ~2
and 1.2 kcal/mol for hydrogen bonds between protein residues
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FIGURE 3. Recognition of 8-oxo-dGMP by MutT. A, hydrogen bonding interactions between 8-oxo-dGMP
and loop regions (apo in gray and MutT-8-oxo-dGMP in slate). Aminp acid residues involved in the hydrogen
bonding interactions are shown in ball and stick representation, Water molecules are in red. Hydrogen bonds are
shown as yellow dashed lines. B, the hydrophobic cave composed of 5-1, B-3, B-3', B-5,and a-2 is represented
as a translucent surface (carbon in white, nitrogen in cyan, and oxygen in pink). C, interactions for the syn
conformation of 8-oxo-dGMP. The hydrogen bond between 08 of Asn-119 and N7-H of 8-0x0G is shown as a
red dashed line. D, van der Waals interactions around the O8 atom. Amino acid residues recognizing O8 are
shown in ball, stick, and translucent surface. £, a 2F,, — F. electron density map around 8-oxo-dGMP contoured

at 1.5 o (stereo view).

and for those between a water molecule and a protein residue,
respectively (47, 48). Judging from the MutT-8oxo-dGMP
structure, the N119D and N119A mutants lose one hydrogen
bond between the O6 of 8-0xo-dGMP and the N§-H of Asn-119
and two hydrogen bonds involving the 06 and N7-H of 8-oxo-
dGMP and the amide group of Asn-119, respectively (Fig. 3C).
The R78A mutant loses the hydrogen bond to a water molecule
(Fig. 3C); that is, AAG losses of 1.2, 2, and 4 kcal/mol are esti-
mated for the R78A, N119D, and N119A mutants, respectively;
this agrees perfectly with the experimental data (46).

The feature of the substrate-binding site in MutT-8-o0xo-
dGMP is also consistent with reports that MutT hydrolyzes
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both deoxyribose and ribose deriva-
tives of 8-0x0G nucleotides with
similar efficiency (2, 7). This is
because, despite a number of hydro-
gen-bonding interactions between
8-0xo-dGMP and MutT, there is
‘'space for a hydroxyl group instead
of the hydrogen atom at the 2’ posi-
tion of the sugar ring (Fig. 3B). This

_ recognition mechanism of 8-oxo-
dGMP by MutT is different from
any models predicted by NMR stud-
ies (PDB IDs: 1PPX, 1PUN, 1PUQ,
1PUS, and 1MUT) (supplemental
Fig. S3).

Discrimination of 8-0x0G Nucleo-
tides from G Nucleotides—The K,
values of E. coli MutT for 8-oxo-
dGTP and 8-0x0-GTP are ~3,800-
to 14,000-fold lower than the values
for the corresponding G nucleotides
(7). These data agree with the obser-
vation that the K, value (52 nm)
between 8-0x0-dGMP and MutT is
34,000-fold lower than that (1.76
mM) between dGMP and MutT
(45). Thus, the most important
question that this study addresses is
the mechanism by which MutT
obtains high substrate specificity for
8-0x0G. nucleotides as compared
with G nucleotides. A

According to the recognition
scheme of 8-oxo-dGMP by MutT,
the major difference in the recogni-
tion of 8-0x0G versus G is whether
the single hydrogen bond between
08 of Asn-119 and N7-H of 8-0x0G
occurs or not. This situation is sim-
ilar to those of OGG1, MutM, and
MutY (13, 15, 16). If the side-chain
conformation of Asn-119 in the
MutT complex with G nucleotides
was the same as that in the MutT-8-
oxo-dGMP structure, the two lone
pairs at N7 of G and O8 of Asn-119

would be repulsive (supplemental Fig. 54). To avoid this repul-
sion, a rotation about the side-chain torsion angles in Asn-119
should be required. Thus, the difference in the number of
hydrogen bonds formed between MutT-G and MutT-8-0x0G
complexes is only one. The contribution of one hydrogen bond
to AAG is estimated to be 2 kcal/mol (47, 48).

The syn glycosidic conformation of 8-oxo-dGMP must also
be one of the elements contributing to the substrate specificity
of MutT, because 8-0xoG nucleotides favor a syn conformation
by the steric hindrance between O8 and the sugar moiety; this is
in contrast with G nucleotides that adopt both syn and anti
conformations (49, 50). Because of the lack of quantitative data
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on the preference of the syn conformation about the 8-0xoG
nucleotides, it is difficult to estimate the free energy difference
between the syn and anti conformations. However, it is unlikely
that the preference of MutT for the syn conformation over the
anti conformation is more than 10-fold (AAG = 1.4 kcal/mol),
because the anti conformation for 8-0xoG nucleotides is some-
times observed in the crystal structures of 8-0x0G recognition
complexes such as OGG1 and MutY (15, 16).

These discrimination factors cannot by themselves explain
the roughly 34,000-fold difference between the binding affinity
of MutT for 8-oxo-dGMP and dGMP (AAG = 6 kcal/mol).
When 8-oxo-dGMP binds to MutT, large ligand-induced con-
formational changes with an ordering of loop regions are
observed. On the other hand, in the binding of dGMP to MutT,
the thermal parameters were AG = —3.7, AH = —3.3, and
—TAS = —0.4 kcal/mol; the changes in backbone **N and NH
chemical shifts in 22 residues; and the slowing down of the NH
exchange with D,O of 20 residues are remarkably different
when compared with the changes (the thermal parameters of
AG = —9.8, AH = —39.0, and —TAS = 29.2 kcal/mol; the
changes in backbone **N and NH chemical shifts in 62 residues;
and the slowing down of the NH exchange with D,O of 45
residues) involved in the binding of 8-oxo-dGMP to MutT (19,
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5 Mn2* (MutT-Mn2+)

FIGURE 4. Coordination scheme of Mn?* at the MutT signature in MutT-8-ox0-dGMP-Mn** and MutT-
Mn?3*, A, the coordination scheme of Mn?* and the structure of the MutT signature in MutT-8-oxo-dGMP-
Mn?*, Mn?"* in blue has an ideal octahedral coordination with Gly-37, Glu-57, Pa-O of 8-oxo-dGMP, and water
molecules. The hydrogen bonding interactions shown in yellow dashed lines contribute to the conformational
stabilization of the SLHL structure of the MutT signature. The SLHL structure is in pink. B, the coordination
scheme of Mn?* in MutT-Mn?*, Na* is shown in green. Asp-77* is an amino acid of another molecule in the
asymmetric unit. C, superposition of two Mn?* ions in MutT-Mn?* onto the structure of MutT-8-oxo-dGMP-
Mn?2™ (stereo view). Coloring is as in A. Mn?* ions observed in MutT-Mn?* are shown in cyan (Mn2 and Mn3).

45). These facts suggest that no sig-
nificant conformational change in
MutT is observed when dGMP
binds to MutT. The large ligand-in-
duced conformational change in
MutT also contributes to the dis-
crimination of 8-0x0G nucleotides
from G nucleotides.

A comparison of the amino acid
sequences of MutT-related en-
zymes suggests that the enzymes
with higher substrate specificity for
8-0x0G are only MutT homologs
from closely related species with
conserved amino acids in the posi-
tions that participate in the recogni-
tion of 8-0x0G and the conforma-
tional change (Fig. 1, green asterisk).
In fact, these amino acids are not
highly conserved among E. coli
Orf135 (51), Bacillus subtilis YtkD
(52), and hMTH1 (8) that have
broad substrate specificities.

Structure of the MutT Signature
and Metal-binding Sites—We have
solved two types of Mn**-bound
structures,  MutT-8-0x0-dGMP-
Mn?* and MutT-Mn?*, to deter-
mine metal-binding sites at the
MutT signature of MutT. The crys-
tal of MutT-Mn®* contains two
proteins per asymmetric unit. Their
overall structures are very similar,
with an r.m.s.d. of 0.3 A for the cor-
, responding 118 Ca atoms; for sim-
plicity, only one molecule will be referred to in all further dis-
cussion. The structure of MutT-Mn>" is similar to that of the
apo form, with anr.m.s.d. of 0.6 A for the corresponding 118 Cax
atoms.

In the MutT signature having an SLHL structure (Fig. 44),
Gly-38, Glu-44, Arg-52, Glu-53, Glu-56, Glu-57, and Gly-59 are
completely conserved among the members of the Nudix family
(Fig. 1). The SLHL structure of MutT is similar to those of other
enzymes in the Nudix family. For example, the conserved 23
residues can be superimposed on those found in the Pyrobacu-
lum aerophilum Nudix protein with an r.m.s.d. of 0.5 A (53). A
characteristic feature in the SLHL structure is the hydrogen-
bonding network centering on the converged Arg-52 that
anchors a-1 to its connecting loop. The side chains of Glu-44
and Arg-52, which form two hydrogen bonds with each other,
participate in hydrogen bonding to the main chain atoms in the
nonconserved Glu-41 and Lys-39 residues, respectively. Arg-52
also interacts with the side chains of the conserved Glu-53 and
Glu-56 residues (Fig. 44). This hydrogen-bonding network is
roughly the same as that in the other Nudix proteins and con-
tributes to the conformational stability of the SLHL structure
(39, 40, 53-65).
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In the electron density maps of the MutT-Mn?* crystal pro-
duced by co-crystallization, there were three peaks correspond-
ing to the metal ions near the MutT signature. Judging from the
peak heights, B factors, bond lengths, and bond angles, we
determined that two peaks were Mn>* ions (nearly ideal octa-
hedral coordination and an average bond length of ~2.2 A) and

“onewas Na™ (distorted octahedral coordination and an average
bond length of ~2.5 A) (Fig. 4B). Furthermore, the two Mn?*
sites were also confirmed from significant densities (>10 ¢
level) on the anomalous difference Fourier mapatA =1A (data
not shown). On the other hand, the densities of the Na™ site
were less than noise level. The refined MutT-Mn*" structure
reveals that two Mn®" ions form a binuclear metal center with
a bridged water molecule. One Mn?* coordinates to the oxygen
atoms of Glu-53, Glu-57, three water molecules, and Asp-77
in another molecule (Asp-77*). The coordination partners

- of anothér Mn®* are Glu-53, L-tartrate (a crystallization reagent),
and four water molecules. Na* coordinates to the oxygen
atoms of Gly-37, Glu-57, Asp-77*, and two water molecules.
Asp-77* and L-tartrate bind to the MutT signature through
metal ions, but do not distort the SLHL structure.

In the MutT-8-oxo-dGMP-Mn>" erystal (prepared by soak-
ing MutT-8-0x0-dGMP crystals in reservoir supplemented
with 1 mm MnCl,), Mn** binds to the six oxygen atoms of the
main chain of Gly-37, the side chain of Glu-57, the phosphate
group, and three water molecules with nearly ideal octahedral
coordination (Fig. 44). The binding of Mn?* to the MutT-8-
oxo-dGMP binary complex makes the phosphate group move
slightly toward Mn?* (the P atom moves by 0.7 A). The position
of Mn?* observed in MutT-8-oxo-dGMP-Mn?2"* is close to that
of Na* in MutT-Mn>* (at a distance of 1.4 A). The three Mn?*
binding sites consisting of the Mn?* in MutT-8-oxo-dGMP-
Mn?** and two additional Mn2* ions in MutT-Mn2* (Fig. 4C)
-are located at common metal-binding sites observed in the
Nudix family (60) and correspond to those observed in the ter-
nary complexes of E. coli ADP-ribose pyrophosphatase, Myco-
bacterium tuberculosis ADP-ribose pyrophosphatase, Cae-
norhabditis elegans diadenosine 5',5"'-P,P*-tetraphosphate
pyrophosphohydrolase, Xenopus laevis X29, human NUDTS5,
Thermus thermophilus Ndx2, and BAdRppH (40, 55, 57, 64— 67).
Thus, the three sites are considered to be candidates for metal
binding in 8-0x0o-dGTP hydrolysis. Previous kinetic studies
have shown that MutT binds to one Mn2™ in the absence of
nucleotides and two Mn?** ions in the presence of a nonspecific
substrate analog, AMPCPP (68). The middle Mn** (Mn2in Fig.
. 4C) may be prebound to the active site, judging from the num-
ber of coordination partners in MutT and the Mn** ion (Mn1
in Fig. 4C) found in MutT-8-oxo-dGMP-Mn>"; otherwise, it
and other Mn*" ion (Mnl and Mn3, respectively in Fig. 4C)
would be recruited with the substrate. The probability of the
three metals binding to MutT in the presence of the real sub-
strate 8-0x0-dGTP cannot be neglected because of the fact that
the number of binding metals depends on the kinds of substrate
analogs (40, 54, 60, 61, 64— 66). )

The structures of MutT-8-oxo-dGMP-Mn?** and MutT-
Mn?** suggest structural insights into some essential or impor-
tant residues for the 8-oxo-dGTP hydrolysis. Glu-53 and
Glu-57 are essential for the suppression of spontaneous A:T to

BSP8\
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C:@G transversion mutations (69), and E53Q and E57Q mutants
decrease k,, by 10* to 10°-fold (70). On the other hand, Glu-56
is nonessential for the suppression of the mutations (69), and
E56Q and E98Q mutants have relatively small effects (<24-
fold) on k., (70). These results agree with our structural studies
showing that essential residues, Glu-53 and Glu-57, directly
bind to metal ions, whereas important residues, Glu-56 and
Glu98, make water-mediated interactions with metal ions (Fig.
4, A and B). Gly-37 and Gly-38, which are located at the surface
of the ligahd-binding site, are also revealed to be essential resi-
dues for the suppression of the mutations (69). The side chains
of any residues except Gly in positions 37 and 38 would contact
the base moiety of the nucleotide ligand and the essential resi-
due for the catalysis, Glu-53, respectively (Fig. 4, A and C). For
this reason, to express 8-oxo-dGTPase activity, residues 37 and
38 must be Gly, which has the smallest side chain.

A number of kinetic, mutational, and NMR studies of MutT
using dGTP and/or a substrate analog, AMPCPP, have been
reported, and a catalytic mechanism is proposed by Mildvan
and coworkers (71). Compared with our structural data,
there appear to be some differences in the metal-binding
sites. Gly-38 is involved in metal coordination in their
model, but Gly-37, instead of Gly-38, is a metal ligand in the
structure of MutT-8-0xo-dGMP-Mn>* (Fig. 4, A and C).
The all-crystal structures of Nudix proteins show that the
carbonyl oxygen of the corresponding residue to Gly-38 par-
ticipates in the formation of B-sheet, whereas that of Gly-37
binds to a metal ion (40, 55, 5759, 61, 64—67). Glu-56 and
Glu98, which are metal ligands in the model proposed by
Mildvan and coworkers, interact with water molecules
bound to metal jons in our structures. The metal coordina-
tion scheme changes in the active site during the reaction,
and a more proper enzymatic mechanism activated by metal
ions might be examined by kinetic protein crystallography.
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Human cells possess multiple specialized DNA polymerases (Pols) that bypass a variety of DNA lesions
which otherwise would block chromosome replication. Human polymerase kappa (Pol k) bypasses
benzo[a]pyrene diolepoxide-N?-deoxyguanine (BPDE-N?-dG) DNA adducts in an almost error-free man-
ner. To better understand the relationship between the structural features in the active site and lesion
bypass by Pol k, we mutated codons corresponding to amino acids appearing close to the adducts in the
active site, and compared bypass efficiencies. Remarkably, the substitution of alanine for phenylalanine

¥2'Wns ‘;;gis;n DNA synthiasis 171 (F171), an amino acid conserved between Pol k and its bacterial counterpart Escherichia coli DinB,
DNA polymerase Ky enhanced the efficiencies of dCMP incorporation opposite (—)- and (+)-trans-anti-BPDE-N2-dG 18-fold.
Benzo[a]pyrene This substitution affected neither the fidelity of TLS nor the efficiency of dCMP incorporation opposite

normal guanine. This amino acid change also enhanced the binding affinity of Pol k to template/primer
DNA containing (—)-trans-anti-BPDE-N2-dG. These results suggest that F171 functions as a molecular
brake for TLS across BPDE-N2-dG by Pol « and that the F171A derivative of Pol k bypasses these DNA
lesions more actively than does the wild-type enzyme. )

diolepoxide-N2-deoxyguanine

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

. Human genomic DNA is continually subject to damage caused by
exogenous and endogenous genotoxic agents. The progress of the
replicative DNA polymerases (Pols), such as Pol «, Pol 8 and Pol ¢,
can be blocked by DNA lesions, possibly leading to cell death. How-
ever, these blocks can be circumvented by translesion synthesis
(TLS) catalyzed by specialized Pols, or by the recombination of dam-
aged template DNA [1,2]. Human cells possess multiple specialized
Pols, including Pol 7, Pol , Pol k, Rev1, and Pol {; Pol { is a mem-

.

Abbreviations: Pol, DNA polymerase; TLS, translesion DNA synthesis; dG, N2- -

deoxyguanosine; BP, benzo[a]pyrene; BPDE, benzo[a]pyrene-7,8-dihydrodiol-9,10-
epoxide; (+)-BPDE-N2-dG, (+)-trans-anti-BPDE-N?-dG; (—)-BPDE-N2-dG, (~)-trans-
anti-BPDE-N?-dG; F171, phenylalanine 171; R175, arginine 175; L197, leucine 197;
F171A (R175AL197A, D198A or E199A), a variant of hPol k having alanine instead
of F171 (R175, L197, D198 or E199); PAGE, polyacrylamide gel electrophoresis; 18C
(AT or G), Alexa546-labelled 18-mer standard DNA containing dC (A, T or G) at the
13th position; 17A?, 17-mer DNA lacking one base at the 13th position; 16A2, 16-

mer DNA lacking two bases at positions 13 and 14; Kp, the equilibrium dissociation -

constant; D198, aspartic acid 198; E199, glutamic acid 199,

* Corresponding author. Tel.: +81 3 3700 9872; fax: +81 3 3700 2348.
E-mail address: nohmi@nihs.go.jp (T. Nohmi).

1383-5718/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.mrgentox.2010.11.002

ber of the B family and the others are members of the Y family [3].
These Pols contribute to cell survival by inserting dNMPs opposite
the lesions in template DNA in an error-free or error-prone manner,
thus promoting continuous chromosome replication. An example
of error-free TLS is the Pol m-dependent insertion of two dAMPs
opposite a cis-syn thymine DNA dimer, protecting human skin
cells from ultraviolet light-induced DNA damage. Pol m deficiency
leads to the genetic disease Xeroderma pigmentosum variant,
resulting in increased susceptibility to ultraviolet light-induced
skin cancer [4,5]. However, Pol m is suggested to be involved in

~ error-prone TLS via its incorporation of incorrect dNMPs opposite

certain DNA lesions, for example, N2-deoxyguanosine (dG) adducts
derived from 2-amino-3-methylimidazo[4,5-f]quinoline [6]. Such
erroneous TLS may result in mutagenesis, carcinogenesis, and per-
haps aging [7-9]. Thus, TLS can be a double-edged sword, as the
mechanisms contributing to genomic integrity in the face of geno-
toxic agents can themselves result in mutation.

Benzo[a]pyrene (BP) is a ubiquitous environmental pollutant
that is present in tobacco smoke and is released to the air as-a
product of fossil fuel combustion [10]. Upon incorporation into cells
(mainly through the lungs), BP is metabolised to various reactive
intermediates, the most mutagenic and tumorigenic of which is
benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) [10,11]. Pol



