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ABSTRACT: Denaturation of recombinant sarcosine oxidase or the natural enzyme isolated from Coryne- 
bacterium sp. P- 1 with guanidine hydrochloride releases noncovalently bound FAD and a second UV- 
absorbing component (peak 2) which comigrates with NAD+ during reversed-phase HPLC. Both FAD 
and peak 2 are also found in extracts prepared by incubating sarcosine oxidase at 37 "C for 30 min, a 
procedure which causes partial (-50%) release of the enzyme's noncovalently bound FAD. Peak 2 in 
the 37 "C extract is heat labile and decomposes upon boiling for 5 min at pH 8.0. A similar instability 
was observed with NAD+. Reaction of the 37 "C extract from sarcosine oxidase with phosphodiesterase 
yields nicotinamide mononucleotide, AMP, and FMN, as expected for a mixture containing NAD+ and 
FAD. Peak 2 was converted to NADH upon reaction of the 37 "C extract with yeast alcohol dehydrogenase 
in the presence of ethanol. Guanidine hydrochloride extracts, prepared from recombinant or natural enzyme, 
contain 1 mol of NAD+/mol of FAD. Since sarcosine oxidase contains 1 mol of noncovalently bound 
FAD, the results show that the enzyme also contains 1 mol of NAD+. The NAD+ is tightly bound and 
is not lost during enzyme purification. It is not susceptible toward hydrolysis by NADase, reduction by 
alcohol dehydrogenase, or nucleophilic attack by cyanide. Unlike the flavins in sarcosine oxidase, NAD+ 
is not reduced by sarcosine and is not in redox equilibrium with the flavins. 

Sarcosine oxidase is produced as an inducible enzyme 
when Corynebacterium sp. P-1 is grown with sarcosine as 
source of carbon and energy. In the presence of 0 2  and H4- 
folate,' the enzyme catalyzes the oxidative demethylation 
of sarcosine to yield glycine, hydrogen peroxide, and 5,lO- 
CH2-H4folate (eq 1). (Formaldehyde is generated in place 

CH3NH,+CH,C0,- + 0, + H4folate - 
H,N+CH,CO,- + 5,10-CH,-H4folate + H,O, (1) 

of 5 ,  10-CH2-H4folate when sarcosine is oxidized in the 
absence of H4folate.) Corynebacterial sarcosine oxidase 
contains four different subunits (@yS), a single binding site 
for sarcosine, and both covalently and noncovalently bound 
flavins. The noncovalent flavin accepts electrons from 
sarcosine which are then transferred in one-electrons steps 
to the covalent flavin where oxygen is reduced to hydrogen 
peroxide (Kvalnes-Krick & Jorns, 1986, 1987; Joms, 1985; 
Zeller et al., 1989; Ali et al., 1991). The genes encoding 
the enzyme's four subunits have been cloned, sequenced, 
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namide adenine dinucleotide; Hlfolate, tetrahydrofolate; 5,10-CH2-&- 
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methenyltetrahydrofolate; 5-CHO-H4folate, 5-formyltetrahydrofolate; 
IO-CHO-&folate, 10-formyltetrahydrofolate; 5-CH3-H4folate, 5-me- 
thyltetrahydrofolate; EDTA, ethylenediaminetetraacetic acid; HPLC, 
high-performance liquid chromatography; NAD+, nicotinamide adenine 
dinucleotide; NADP+, nicotinamide adenine dinucleotide 2'-phosphate; 
NMN, nicotinamide mononucleotide; NADH, 1,4-dihydronicotinamide 
adenine dinucleotide. 

and overexpressed in Escherichia coli (Chlumsky et al., 
1993; Chlumsky et al., 1995). Sequence analysis reveals 
homology of the corynebacterial sarcosine oxidase subunits 
with various other proteins including monomeric sarcosine 
oxidases, dimethylglycine dehydrogenase, T-proteins, and 
opine oxidoreductases. 

In this paper, we report the discovery of a third coenzyme, 
NAD+, that is present in stoichiometric amounts in both 
recombinant sarcosine oxidase and the natural enzyme 
isolated from Corynebacterium sp. P- 1. 

EXPERIMENTAL PROCEDURES 

Materials. Yeast alcohol dehydrogenase, NADase, phos- 
phodiesterase, ADP, AMP, adenosine, cyclic AMP, FAD, 
FMN, NAD, NADH, NMN, riboflavin, 5-CHO-H4folate, 
5-CH3-bfolate, sodium cyanide, semicarbazide, and charcoal 
were obtained from Sigma. H4folate was obtained from Dr. 
B. Schirck's Laboratories. Guanidine hydrochloride was 
obtained from Heico Chemical, Inc. Microcon-3 concentra- 
tors were obtained from Amicon. 

Enzyme Preparation. Recombinant sarcosine oxidase was 
isolated from an E. coli clone, XLl-Blue/pLJC305. The 
natural enzyme was obtained from Corynebacterium sp. P-1 
cells grown in the presence of sarcosine. Enzyme purifica- 
tion was conducted similar to that previously described 
(Kvalnes-Krick & Joms, 1986; Chlumsky et al., 1993). 
Protein concentration and enzyme activity were determined 
as described by Chlumsky et al. (1993). 

Chromatography and Spectroscopy. The enzyme was 
completely denatured by treating with 3 M guanidine 
hydrochloride in 10 mM potassium phosphate buffer, pH 8.0. 
Small molecules released from the enzyme were recovered 
in the filtrate obtained after microfiltration (Microcon-3). A 
37 "C extract was similarly prepared using enzyme that had 

0006-2960/95/0434- 16703$09.00/0 0 1995 American Chemical Society 



16704 Biochemistry, Vol. 34, No. 51, 1995 

been incubated for 30 min at 37 "C in 10 mM potassium 
phosphate, pH 8.0, a procedure which causes partial dena- 
turation (vide infra). HPLC analyses were conducted using 
a Rainin gradient HPLC system equipped with a Rainin 
Microsorb CIS reversed-phase column (5 pm, 46 mm x 250 
mm). The elution profile (flow rate = 1.0 mL/min) was 
adapted from procedures previously described (Sat0 et al., 
1993; DuPleiss et al., 1994): 5 min isocratic elution with 
0.1 M potassium phosphate buffer, pH 5.3, 25 min linear 
gradient to 50% methanol, and 5 min linear gradient to 75% 
methanol. The column eluate was monitored by its absor- 
bance at 260 nm. Absorption spectra were recorded at 25 
"C using a Perkin-Elmer Lambda 3B spectrometer. 

Reaction of Sarcosine Oxidase Extracts with Phosphodi- 
esterase or Alcohol Dehydrogenase. Phosphodiesterase 
treatment of the 37 "C extract from sarcosine oxidase or 
various standard samples was conducted by incubation for 
30 min at 25 "C with 0.002 unit of phosphodiesterase. 
Alcohol dehydrogenase reactions were conducted as specified 
by Klingenberg (1985) and are described briefly in the legend 
to Figure 3. 

Incubation of Native Sarcosine Oxidase with Charcoal, 
NADase, or Alcohol Dehydrogenase. Sarcosine oxidase (19 
pM) was incubated with charcoal (5 mg/mL) in 10 mM 
potassium phosphate buffer, pH 8.0 at 25 "C, for 16 h. The 
charcoal was removed by centrifugation. The supematant 
was used to prepare a guanidine hydrochloride enzyme 
extract, as described above. The ratio [FAD]/[NAD'] in the 
guanidine hydrochloride extract was determined by HPLC 
analysis as described in the legend to Table 2. The absolute 
amounts of FAD and NAD' in charcoal-treated enzyme were 
estimated by comparison with HPLC data obtained with an 
extract prepared from an otherwise identical control sample. 
For incubations with NADase, sarcosine oxidase (12 pM) 
or a control sample of free NAD' (10 pM) was incubated 
for 16 h with 1.6 units of NADase in 10 mM potassium 
phosphate buffer, pH 7.3 at 25 OC. The extent of NAD' 
hydrolysis was determined by HPLC analysis of the control 
sample or a guanidine hydrochloride extract of the enzyme 
sample. Reaction of sarcosine oxidase (1 8 pM) with alcohol 
dehydrogenase (1.0 unit) was conducted in 50 mM pyro- 
phosphate buffer, pH 8.8, containing 0.6% ethanol and 23 
mM semicarbazide at various temperatures, as described in 
the Results section. 

Attempts To Reduce NAD' in Sarcosine Oxidase Using 
Sarcosine Oxidation Products and Various Folate Deriva- 
tives. 10-CHO-H4folate and 5,10-CH+-H4folate were pre- 
pared from 5-CHO-H4folate according to the methods of 
Rabinowitz (1963). 5,10-CH2-H4folate was prepared by 
mixing 1 mM formaldehyde and 0.2 mM H4folate in 0.2 M 
Tris-HC1 buffer, pH 7.4, under an argon atmosphere in a 
procedure similar to that previously described (Ljungdahl 
et al., 1980). Incubations were performed with 3-10 p M  
sarcosine oxidase using a specially constructed cuvette which 
was made anaerobic as described previously (Jorns & Hersh, 
1975). Incubations with 0.1 mM glycine, 0.1 mM formal- 
dehyde, or 0.5 mM 5-CHO-H4folate were conducted in 10 
mM potassium phosphate buffer, pH 8.0 at 25 "C. Incuba- 
tions with 0.2 mM 5,10-CH2-H4folate were performed in 0.2 
mM Tris-HC1 buffer, pH 7.4. Incubations with 0.02 mM 
10-formyl-hfolate or 1 mM 5-CH3-bfolate were in 50 mM 
Tris-HC1 buffer, pH 8.0. The reactions were followed 
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recombinant sarcosine o2dase under various condition; Extracc 
were prepared by denaturing the enzyme with 3 M guanidine 
hydrochloride (panel A) or by a 30 min incubation at 37 "C in 10 
mM potassium phosphate buffer, pH 8.0 (panel B). The elution 
profile in panel C was obtained when the 37 OC extract was heated 
at 100 OC for 5 min prior to analysis. Panel D was obtained after 
a solution of NAD' was boiled in the same buffer for 5 min. Panel 
E shows the profile obtained for a set of standards, including 
untreated NAD'. 

for a minimum of 6 h by periodically recording absorption 
spectra (300-550 nm). 

RESULTS 

IdentiJication of NAD' in Sarcosine Oxidase Extracts. 
Denaturation of recombinant sarcosine oxidase with 3 M 
guanidine hydrochloride results in complete loss of enzyme 
activity and the quantitative release of the enzyme's non- 
covalent flavin. The extract obtained after microfiltration 
was analyzed by reversed-phase HPLC. The elution profile 
obtained by monitoring absorbance at 260 nm (Figure 1A) 
exhibits an expected peak for FAD (peak 1, 25.2 min) plus 
a second UV-absorbing component (peak 2, 14.8 min). A 
third peak eluting at 3 min is due to guanidine hydrochloride. 
Both FAD and peak 2 are also found in extracts prepared 
by incubating recombinant sarcosine oxidase at 37 "C (Figure 
lB), a procedure which causes partial (-50%) release of 
the enzyme's noncovalent flavin. Similar results were 
obtained for extracts prepared using the natural enzyme 
isolated from Corynebacterium sp. P-1 (data not shown). 

The noncovalent flavin is completely released by boiling 
sarcosine oxidase for a few minutes, but this denaturation 
method was avoided because significant decomposition of 
peak 2 was observed after boiling the 37 "C extract for 5 
min (Figure IC). Peak 2 comigrates with NAD', as judged 
by comparison with the elution profile obtained for a set of 
standards (Figure 1E). Like peak 2, NAD' also decomposed 
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FIGURE 2:  Reaction of phosphodiesterase with the extract prepared 
by incubating recombinant sarcosine oxidase at 37 "C for 30 min. 
The elution profiles obtained for the 37 "C heat extract before and 
after phosphodiesterase treatment are shown in panels A and B, 
respectively. The chromatograms obtained after FAD or NAD+ 
was treated with phosphodiesterase are shown in panels C and D, 
respectively. For comparison, the set of standards shown in panel 
E includes untreated NAD+ and FAD. 

when boiled for 5 min in the same phosphate buffer (Figure 
1D). The NAD+ decomposition product eluting at 10.2 min 
was identified as ADP by comparison with standards and 
by its conversion to AMP upon treatment with phosphodi- 
esterase. The slower eluting decomposition product (16.4 
min) coeluted with nicotinamide (data not shown). Analo- 
gous decomposition products have been observed after 
boiling NADP+ (Bemofsky, 1980). Lowry et al. (1961) 
found that NAD' decomposition at 100 "C was markedly 
accelerated by phosphate buffer. 

The elution profiles obtained before and after phosphodi- 
esterase treatment of the 37 "C extract from recombinant 
sarcosine oxidase are shown in panels A and B of Figure 2, 
respectively. Panels C and D of Figure 2 show chromato- 
grams obtained after treatment of FAD and NAD+, respec- 
tively, with phosphodiesterase. The products of the phos- 
phodiesterase reaction with the 37 "C extract (NMN, AMP, 
and FMN) were identified by comparison with a set of 
standards (Figure 2E) and are those expected for a sample 
containing both NAD+ and FAD. Similar results were 
obtained with extract prepared from the natural enzyme (data 
not shown). 

Figure 3 shows the spectral changes observed when the 
37 "C extract from recombinant sarcosine oxidase was 
reacted with alcohol dehydrogenase in the presence of added 
ethanol. Alcohol dehydrogenase caused a rapid increase in 
absorbance at 340 nm, accompanied by a decrease in 
absorbance at 260 nm. As shown in the inset, the difference 
spectrum is very similar to that expected upon conversion 
of NAD' to NADH = +6.3 mM-' cm-'; = 
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FIGURE 3: Effect of alcohol dehydrogenase on the absorption 
spectrum of the extract prepared by incubating recombinant 
sarcosine oxidase at 37 "C for 30 min. The enzyme extract in 10 
mM potassium phosphate buffer, pH 8.0, was diluted 1:l with 100 
mM sodium pyrophosphate, pH 8.8, containing 45 mM semicar- 
bazide. Curve 1 was recorded after addition of 0.6% ethanol. Curve 
2 was recorded after reaction with yeast alcohol dehydrogenase 
(1.8 u n i t s h l )  for 5 min at 25 "C. The inset shows the difference 
spectrum obtained by subtracting curve 1 from curve 2 .  

-3.3 mM-' cm-') (Beutler & Supp, 1983). Alcohol 
dehydrogenase did not affect the FAD in the extract, as 
judged by the absence of absorbance changes at 450 nm. 
The results unambiguously show that the second UV- 
absorbing component in the sarcosine oxidase extract must 
be NAD+. 

Amount of NAD' in Recombinant and Natural Sarcosine 
Oxidase. The alcohol dehydrogenase assay could not be used 
with guanidine hydrochloride extracts. Although the enzyme 
is not completely denatured by the 37 "C treatment, 
preliminary studies with 37 "C extracts were conducted to 
develop a nonenzymic method for NAD+ analysis which 
could be used with guanidine hydrochloride extracts. The 
NAD' concentration in various dilutions of a 37 "C extract 
from recombinant sarcosine oxidase was estimated on the 
basis of the absorbance of the extract at 260 nm (corrected 
for the contribution due to FAD) or the increase in absor- 
bance at 340 nm in the alcohol dehydrogenase assay. Similar 
results were obtained using either method with the enzyme 
extract or with NAD+ standard solutions (Table 1). 

The total amount of NAD+ in native enzyme was estimated 
using guanidine hydrochloride extracts prepared from re- 
combinant or natural enzyme. These extracts were found 
to contain 1 mol of NAD+/mol of FAD, based on the 
absorbance of the samples at 260 nm (NAD+) and 450 nm 
(FAD). Similar results were obtained by HPLC analysis 
where the molar ratios were estimated on the basis of the 
areas under the FAD and NAD+ peaks (Table 2). Since 
sarcosine oxidase contains 1 mol of noncovalently bound 
FAD, the enzyme must also contain 1 mol of NAD+. 

Properties of the NAD+ in Sarcosine Oxidase. That 
NAD+ is tightly bound to sarcosine oxidase is demonstrated 
by the stoichiometric amount of NAD+ found in the isolated 
enzyme. Loss of NAD+ (-20%) was observed following 
prolonged incubation with charcoal at 25 "C, but this was 
accompanied by a similar loss of the enzyme's noncovalent 
flavin. If enzyme-bound NAD+ existed in equilibrium with 
a finite amount of the free coenzyme, the latter might act as 
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Table 1: Estimation of the NAD+ Content in the Extract Prepared 
by Incubating Recombinant Sarcosine Oxidase at 37 OC for 30 min 

NAD+ concentration @M) 

alcohol absorbance 
sample dehydrogenase assaya at 260 nmb 

enzyme extract 7 
21 
31 

NAD+ standard 3 
11 
22 
49 

9 
21 
31 
4 

12 
24 
50 

a The alcohol dehydrogenase assay was conducted under conditions 
as described in the legend to Figure 3. [NAD'] was estimated on the 
basis of the increase in absorbance at 340 nm due to its conversion to 
NADH. [NAD+] was estimated on the basis of its absorbance at 260 
nm (€260 = 17.6 mM-' cm-I). The [NAD+] in the enzyme extract 
was estimated after correction for the contribution due to FAD ( ~ 2 6 0 /  

€450 = 3.27). 

Table 2: Stoichiometry of NAD+ in Recombinant Sarcosine 
Oxidase and Natural Enzyme from Corynebacterium sp. P-1" 

[FAD] (noncovalent)/[NAD+] 
spectrophotometric HPLC 

preparation analysis analysis 
recombinant enzyme 0.79 1 .o 
natural enzyme 1.1 1.1 
a Enzyme extracts were prepared by denaturation with 3 M guanidine 

hydrochloride. In the spectrophotometric analysis, NAD' was estimated 
on the basis of its absorbance at 260 nm (see legend to Table l), and 
FAD was estimated on the basis of its absorbance at 450 nm (€450 = 
11.3 mM-' cm-I). For the HPLC analysis, the ratio [FAD]/[NAD+] 
was estimated from peak areas after correction for differences in the 
extinction coefficients of the chromophores at 260 nm (ENAD- = 17.6 
mM-' cm-I; €FAD = 37.0 mM-' cm-I). The extracts were chromato- 
graphed as in Figure 1. 

a substrate for NAD+-dependent enzymes. However, no 
hydrolysis of NAD+ was observed after an overnight 
incubation of the enzyme with excess NADase under 
conditions which yielded complete hydrolysis of a control 
sample of free NAD+. Similarly, no evidence for NAD+ 
reduction was obtained after incubation of the intact enzyme 
with alcohol dehydrogenase plus ethanol for 16 h at 25 "C 
or after an additional 1 h at 30 OC. The alcohol dehydro- 
genase was still active at the end of this prolonged incubation 
since rapid NAD' reduction was observed when the tem- 
perature of the sample was raised to 37 "C. 

Nicotinamides readily form reversible covalent adducts 
with cyanide. However, no reaction with NAD' bound to 
sarcosine oxidase was observed upon incubation of the 
enzyme for 80 min at 25 "C with 0.1 M cyanide at pH 8.5, 
as judged by the absence of an absorbance increase around 
340 nm. Under similar conditions, the reaction of cyanide 
with free NAD+ reached equilibrium (85% complex forma- 
tion) within 35 min. The observed extent of complex 
formation agrees with a value estimated (88%) on the basis 
of the reported value for Kes (200 M-l, 15 "C) (Burgner & 
Ray, 1984). 

Function of NAD' in Sarcosine Oxidase. In previous 
anaerobic titration studies at pH 8.0, reduction of the enzyme 
with substrate was found to consume 1 mol of sarcosine/ 
mol of flavin reduced (Ali et al., 1991), suggesting that 
NAD+ is not involved as a redox catalyst in sarcosine 
oxidation. The possibility that NAD+ might be reduced in 

the presence of excess sarcosine was investigated in an 
experiment where the enzyme (8 pM) was reduced with 5 
mM sarcosine in anaerobic buffer (10 mM potassium 
phosphate, pH 8.0, at 25 "C) and then denatured with 3 M 
guanidine hydrochloride while still under anaerobic condi- 
tions. The anaerobic denaturation step was designed to 
prevent any NADH reoxidation by electron transfer to 
oxygen via the flavin centers. The sample was made aerobic, 
microfiltered to remove protein, and subjected to HPLC 
analysis under conditions where NAD+ (14.8 min) is readily 
separated from NADH (16.1 min). The enzyme extract 
contained NAD+ but no NADH. The results show that 
NAD' in sarcosine oxidase is not reduced by substrate and 
is not in redox equilibrium with the flavins. 

Sarcosine oxidase might be a bifunctional enzyme, cata- 
lyzing a second, unknown reaction involving NAD+ as redox 
catalyst. As a preliminary test of this hypothesis, the 
products of sarcosine oxidation were screened to determine 
whether they might cause NAD+ reduction when mixed with 
the enzyme under anaerobic conditions. No spectral changes 
were observed upon incubation with glycine, 5,10-CHz-H4- 
folate, or formaldehyde. No reaction was observed in trials 
with various other folate derivatives, including 5-CH3-H4- 
folate, 10-CHO-H4folate, and 5-CHO-H4folate. 

DISCUSSION 

In this paper we demonstrate that recombinant sarcosine 
oxidase and the natural enzyme isolated from Corynebac- 
terium sp. P-1 contain a stoichiometric amount of tightly 
bound NAD+ (1 mol of NAD+/mol of protein). The NAD+ 
is not lost during enzyme purification. It is not susceptible 
toward hydrolysis by NADase, reduction by alcohol dehy- 
drogenase, or nucleophilic attack by cyanide. The failure 
to form a covalent adduct with cyanide suggests that the 
NAD+ may be buried and inaccessible to solvent and/or that 
its reactivity with cyanide is suppressed by the protein 
environment. In studies with various free nicotinamides, 
cyanide complex stability was found to decrease as the redox 
potential of the analog became more negative and in more 
polar solvents (Hemmerich et al., 1977; Burgner & Ray, 
1984). 

The NAD+ in sarcosine oxidase is not reduced by 
sarcosine nor is it in redox equilibrium with the flavins. Since 
NAD+ could not be removed without denaturing the enzyme, 
we cannot exclude a possible catalytic and/or structural role 
of NAD+ in sarcosine oxidation. Site-directed mutagenesis 
studies may prove useful in preparing NAD+-free enzyme. 
Sarcosine oxidase contains two dinucleotide binding motifs 
located near the NH2 termini of the a and ,8 subunits 
(Chlumsky et al., 1995) which may participate in binding 
NAD+ and the noncovalent FAD. The enzyme's covalent 
flavin is attached to a histidyl residue in the ,8 subunit. It 
was identified in earlier studies as (Sa-P-histidyl)-FAD 
(Kvalnes-Krick & Jorns, 1986), but recent studies show that 
the covalent flavin is present at the FMN rather than the 
FAD level.* 

We considered the possibility that sarcosine oxidase might 
catalyze a second, unknown reaction involving NAD+ as a 

2A.  Willie, D. E. Edmondson, and M. S .  Joms, unpublished 
observations. 
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redox catalyst but failed to obtain evidence for this hypothesis 
in a preliminary screen of compounds which included the 
products of sarcosine oxidation and various folate derivatives. 
The observed homology of the NHz-terminal half of the a 
subunit with various opine oxidoreductases (Chlumsky et al., 
1995) suggested that NAD' might participate in a reaction 
involving opine oxidation. However, NAD+ reduction was 
not detected upon anaerobic incubation of the enzyme with 
various opines, including octopine, nopaline, and man- 
n ~ p i n e . ~  

In addition to sarcosine oxidase, other flavoenzymes have 
recently been found to contain adenine nucleotides. Mam- 
malian and bacterial electron-transferring flavoproteins (ETF) 
contain 1 mol each of FAD and AMP (DuPlessis et al., 1994; 
Sat0 et al., 1993). ETF reconstituted from AMP-free 
apoenzyme exhibited the same activity as native enzyme, 
but the rate of reconstitution was accelerated in the presence 
of AMP. The presence of an additional coenzyme in 
trimethylamine dehydrogenase was discovered during analy- 
sis of the electron density map which revealed that the 
enzyme contained 1 mol of ADP in addition to its previously 
known prosthetic groups, covalently bound 6-S-cysteinyl- 
FMN and a [4Fe-4S] cluster. The ADP occupies a binding 
site analogous to the ADP moiety of FAD in glutathione 
reductase. Its function in trimethylamine dehydrogenase is 
unknown (Lim et al., 1988). Recent studies suggest that 
chicken liver L-2-hydroxy acid oxidase, an enzyme contain- 
ing noncovalently bound FMN, may also contain NAD since 
treatment with NADase abolished activity of the enzyme with 
an altemate substrate, L-2-hydroxy-4-methylthiobutanoic acid 
(Ferjancicbiagini et al., 1995). 

L. J. Chlumsky, A. Willie, and M. S .  Joms, unpublished observa- 
tions. 


