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The Michaelis constants ratio for two substrates with a series of fungal
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Abstract

A comparative analysis of kinetic data for fungal�-galactosidases has revealed that the ratio of Michaelis constants (MCR) with two
substrates (lactose ando/p-nitrophenyl-�-d-galactopyranoside, NPG) is approximately constant for certain groups of enzymes. It equals 35
± 3 and 10± 1.5 for the mould and the yeast enzymes, respectively.
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CR = KM(lactose)

KM(NPG)

Thus, MCR provides a simple and fast method for identification of related enzymes. MCR for a group of enzymes with a pair o
ubstrates may serve as an identification number of this group. A substantial deviation of MCR for a particular enzyme from the group
ight be an indication of possible errors inKM determination, or in assignment of the enzyme to this group. An important advantage
pproach is that the experimentalKM values may be obtained for enzymes with different purity and concentration.
Within the framework of classical Michaelis–Menten kinetics and in accordance with the customary use ofKM for a comparison o

nzyme–substrate affinity, the MCR parameter may be interpreted as a relative substrate affinity. This proportion remains nearly t
ifferent mould (or yeast)�-galactosidases, though the affinity to a particular substrate may vary essentially from enzyme to enzy
onstancy of MCR may be a manifestation of structural similarity of binding sites for these enzymes.
2004 Elsevier Inc. All rights reserved.
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. Introduction

When an enzyme catalyzes reactions of several sub-
trates, the evaluation of its relative affinity for these sub-
trates is of importance. A few parameters combining the
ichaelis–Menten constant (KM), the maximum initial ve-

ocity (Vmax) or other parameters have been designed for
his purpose: selectivity constant, (Vmax2/Vmax1)(KM2/KM1)
1], specificity constant,kcat/KM [2,3], maximum prote-
lytic coefficient,k2/2.3KM [4,5], phosphorylation coeffi-
ient [6]—generalized later as a catalytic coefficient[7].

∗ Corresponding author. Tel.: +1 209 946 2921; fax: +1 209 946 2607.
E-mail address:vsamoshin@pacific.edu (N.M. Samoshina).

The last one,Ccat = (Vmax2/KM2)/(Vmax1/KM1), has bee
suggested as a parameter for “the relative availability
two substrates”[7]. However, it is well known thatVmax is
not a fundamental characteristic of enzyme, because
pends on the enzyme purity and concentration[2,3,8–11].
The Michaelis–Menten constant,KM, is a more fundamen
tal parameter. Although,KM is not a dissociation consta
[10] (however, see discussions in[4,5,12–14]), it is often
used as an “affinity parameter”, in particular for a com
ison of enzyme affinity to various substrates: the small
KM, the larger is believed to be the affinity[1,4,5,11–31].
Thus,KM is customarily considered to be roughly recip
cal to the enzyme–substrate affinity, which follows from
steady-state derivation ofKM in classical Michaelis–Mente
kinetics as the sum of the constants for breakdow
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enzyme–substrate complex,k−1 and k2, divided by the
constant for its formation,k1 [2,3,8,10].

Working on the accurate (re)measuring of Michaelis con-
stant for fungal�-galactosidases fromAspergillus oryzae,
Curvularia inaequalis, Penicillium canescensandPenicil-
lium multicolor [32,33], one of us (NMS) had noticed
that, in spite of substantially differentKM values for these
three enzymes, the ratioKM(lactose)/KM(NPG) was always
approximately the same and fell in the range 33–36. The avail-
able data for a few other fungal�-galactosidases also sup-
ported this observation, though with a couple of exceptions
[32,33].

In this study we have performed a systematic comparative
analysis of kinetic parameters and enzymatic properties for
a set of fungal (mould and yeast[34]) �-galactosidases (lac-
tases,�-d-galactoside galactohydrolases, EC 3.2.1.23), the
enzymes that hydrolyze�-1,4-d-galactosidic bonds, such as
the one present in lactose. The previously reported regularity
[32,33,35–38]has been confirmed and expanded. Substan-
tially different MCR values have been found for the mould
and the yeast enzymes. We suggest herewiththe Michaelis
constants ratio(MCR, Eq. (1)) as a prospective tool for en-
zyme classification.

MCR(S2/S1) = [1/KM(S1)]

[1/KM(S2)]
= KM(S2)

KM(S1)
(1)
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(e.g. for lactose hydrolysis: the glucose oxidase–peroxidase
method[45–47], NAD+ reduction[23,44], HPAEC[44], or
electrophoretically mediated microanalysis[48], etc.), and
differences in methods ofKM calculation (see below). For
example, aKM value of 12.2± 1.9 mM was obtained when
galactose formation was measured in lactose hydrolysis by
�-galactosidase fromK. lactis[43]. When glucose formation
was measured in the same reaction, aKM value of 16.8±
0.1 mM was found[43].

Besides, the growth conditions of enzyme producing
microorganism can be of importance. Thus,KM for �-
galactosidase fromK. lactiswas lower when a cell growth
medium contained 15% lactose[49]. KM was larger for
Kluyveromyces marxianusenzyme, when the cells were
grown at 45◦C [50] compared to 30◦C [51].

It had been noted thatKM for A. oryzae�-galactosidase
with lactose ranged from 34 to 69 mM depending on how
it was calculated[20]. Similar, though smaller variations of
KM were found for the enzymes fromA. nigerandK. lac-
tiswhen four graphical methods were compared[52]. There
are few determinations of kinetic parameters for fungal�-
galactosidases by non-linear regression methods (Table 1,
entries 16, 18, 23, 38, 73, 78, 84, 95, 96, 98). Most pub-
lished kinetic parameters were determined by one or more
of several graphical methods: Lineweaver–Burk (double-
r
E al
( is
b be
s see
[ is-
p nge
o ea-
s ole in
s ,
1 one
o ). We
r lica-
t ex-
t s
� ri-
m e
w mM
[ ces
b for
e
e

s high
p evi-
o
a n
t al re-
e
2 etic
p ution
Considering the value 1/KM as a conventional measu
f enzyme–substrate affinity, MCR can be used as an
roximate characteristic for the relative affinity of enzym

owards two substrates. The constancy of MCR along
imilarities in enzymatic properties for a group of enzym
ay be an indication of structural similarity of their bind

ites.

. Data evaluation

We collected and compared the literature data on
etic parameters, enzymatic properties, and amino acid
osition for a series of 35 fungal�-galactosidases wi
teady-state kinetics obeying the Michaelis–Menten rela
hip (Tables 1–3). To the best of our knowledge, such
xtensive compilation of the kinetic parameters for fun
-galactosidases has never been published before (Table 1
overs the data from 1952 through June 2004).

Wide variations of the apparentKM values have been r
orted for the most frequently studied enzymes:Aspergillus
iger, A. oryzae, Kluyveromyces(Saccharomyces) lactisand
luyveromyces(Saccharomyces) fragilis (Table 1). The es

imations ofKM values may be affected by many fact
hat include, but are not limited to: differences in enzy
roducing strains (e.g., compare entries 69 versus 7
able 1), in experimental conditions (temperature, pH, s
trate and product concentrations, etc.)[13,14,26,39–42], dif-
erence in a nature of measured product (e.g. gluco
alactose[23,43,44]), difference in methods of measurem
eciprocal) plot[11,12,15], Hanes–Woolf plot[11,53,54],
adie–Hofstee plot[11,55], and Cornish–Bowden–Eisenth

direct linear) plot[3,56,57]. The Lineweaver–Burk plot
y far the most widely used, although it was shown to
tatistically the least reliable (for detailed discussions
3,11,52,53,55–61]). The major flaw of this method is the d
roportional susceptibility to experimental errors in the ra
f low concentration of substrate. Unfortunately, the m
urements at low concentrations played a substantial r
ome estimations[19,44,48,62–67](seeTable 1, entries 3, 4
5, 20, 21, 31, 45, 50, 51, 64; this identification could be d
nly when a plot or a concentration range was published
oughly estimated a significance of such errors by app
ion of Hanes–Woolf and direct linear plots to the data
racted from Lineweaver–Burk plot for Aspergillus foetidu
-galactosidase[66] (unfortunately, the numerical expe
ental data are never published): theKM value with lactos
as recalculated as 61 mM instead of published 68.8

66]. Additional examples are provided by the differen
etweenKM values obtained from different linear plots
nzymes fromA. niger, A. oryzae, andK. lactis (Table 1,
ntries 19, 33, and 75, 79, respectively).

We have to mention that the accuracy of theKM mea-
urement and reporting is unfortunately not an issue of
riority in studies on enzyme kinetics. Some of the pr
usly published results for enzymes fromA. oryzae, C. in-
equalis, P. canescensandP. multicolor have been show

o be substantially inaccurate by a thorough experiment
valuation[32,33](see the corrected values inTable 1; entries
2, 41, 48, and 54). A typical mistake in estimation of kin
arameters of enzymatic reactions is a neglecting the dil
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Table 1
Enzymatic properties and kinetic parameters for fungal�-galactosidases

Strain MW (kDa)〈units〉 pI pH opt. (◦C) T. opt.
(◦C)

KM (mM)a MCR
Eq. (2)

Reference

NPG Lactose NPG (o/p) Lactose

�-Galactosidases from moulds
1 Alternaria tenuis 142 4.6 3.8–4.4 3.6–4.8 60–65 0.21(o) 6.57 31.3 [83]
2 Alternaria alternata 125 4–4.5 5–5.5 60 1.56 (o)b 13.9 8.9 [84]
3 Aspergillus aculeatus 120 5.3–5.7 5.4 5.4 55–60 3.28 (p)b 34.8b 10.6 [44]
4 Aspergillus foetidus 126± 2 2.2–4.5 3.5–4.0 66–70 1.613(p) 68.8c 42.7c [66]
5 Aspergillus fonsecaeus 126 4.2 2.6–4.5 2.6–3.0 1.78(o) 61.03 34.3 [85]
6 Aspergillus nidulans 450〈97/120× 4〉 7.5 30 1.4 (p)b 71b 50.7 [24]

7 Aspergillus niger 124 4.64 2.5/3.5 3.0 60 2.35(p) 85 36.2 [86]
8 27 (o)b,d [71]
9 3.1–3.3 (p) [87]
10 4.3 2.8/3.8 55 2.22 (p) [73]
11 117 4.9 2.02 (o) [88]
12 4 1.63 (o) [89]
13 93 4.5 60–65 1.3 (p) [90]
14 300〈130× 2〉 4–4.5 65 1.2 (p) [91]
15 3.2–4.6 1.00 (p) [63,92]
16 81/99.5e, f [76]
17 86 [93]
18 53.9± 6.6e [77]
19 4.5 50 22–33a,g,h, i [52]
20 4 4 55 20 [64]
21 3.5–4 6.2b [62]

22 Aspergillus oryzae 4.2 4.0–4.5 50–55 1.49–1.57(o/p)a,g,h 52a,g,h 33.1 [32,33,35,94,95]
23 1.1 (o)a,e 90a,e [96]
24 4.5 0.9 (o) 75.3 [27]
25 102 4.5–4.75 4.75 60 1.61 (o) 69.36 [97]
26 90 4.5 5.0 5.0 50–55 0.77 (o) 50 [98]
27 110 4.6 4.5–4.8 4.5 53 1.8 (o)/1.3 (p) 38.0 [99]
28 105 4.5 4.8 46 0.72 (o) 18 [100]
29 4.5 1.79± 0.11 (o) [101]
30 5 1.64 (o) [89]
31 1.0/1.2± 0.2 (p) [48]
32 0.97 (o) [102]
33 98h, 132a [103]
34 4.5 50 52.78 [104]
35 49± 5 [105]
36 4–4.5 55 46.9 [20]
37 46.9g [106]
38 42.75e [107]
39 4.5 50 42 [108]
40 4.6 48 21.4g [31,109]

41 Curvularia inaequalis 4.4 4 4.7 60 0.57(o/p)a,g,h 20.6a,g,h 36.1 [32,33,35,94,95]
42 115/126 4.4 3.7–4.5 3.9–5.3 60 0.55 (o) 4.5 [19]
43 0.56 (o) 7.3 [110]

44 Fusarium moniliforme 3.8–5.0 3.8–5.0 50–60 4.4 (o)b 12.4 2.8 [78]
45 Fusarium oxysporum 224〈36.3× 6〉 3.83 5 55 6.76± 0.26 (o)b [111]
46 Macrophomina phaseoli 109–117 3.6 5 5 60 0.45(o) 15 33.3 [112,113]
47 Neurospora crassa 96 4.82 4.2 0.38–0.62 (o) [16,17,68,69,114]

48 Penicillium canescens F178 5 4.2 4.2 55 0.48(o/p)a,g,h 15.9a,g,h 33.1 [32,33,35,94,95]
49 120–126 6.7 4.5 4.5 55 0.5 (o) 14 [21]

50 Penicillium chrysogenum 270〈66× 4〉 4.6 4 30 1.81 (o)b [67]

51 Penicillium citrinum 100/110〈60× 2〉 6.4 4.5 4.5 50 1.7 (o/p)b 25 14.7 [115]
52 20.4g [106]

53 Penicillium frequentans 4 62 2.06 (o)b [116]

54 P. multicolor(Lactase P) 55 0.57(p)g,h 20g,h 35.1 [32,95]
55 126/130 5.9 4.0 4.0 60 0.6 (o) 8.9 [117]
56 0.46 (o) [102]
57 10.5g [106]

58 Penicilliumsp. 1 (p)b 11.1 11.1 [118]
59 Pycnoporus cinnabarinus 110 2.4 2.4 0.95(p) 33 34.7 [119]
60 Rhizomucor(Mucor) pusillus 129/131 4.55 4 65 0.609(o)/0.374(p) 22.5 36.9/60 [25]
61 Rhizomucorsp. 250〈120× 2〉 4.2 4.5 4.5 60 1.32(o)/0.66 (p)j 50j 38/76 [28]
62 Sclerotinia sclerotiorum 120 6.0 4.0 50 0.5 (p) [120]
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Table 1 (Continued)
Strain MW (kDa)〈units〉 pI pH opt. (◦C) T. opt.

(◦C)
KM (mM)a MCR

Eq. (2)
Reference

NPG Lactose NPG (o/p) Lactose

63 Sclerotium(Corticium) rolfsii 2–2.5 0.384 (p) [70]
64 221 2.7 60 3.7 (o)b [65]

65 Sclerotium tuliparum 120–138 4.5 2 2 53 1.4 (o)b 20 14.3 [113,121]
66 Thermomyces lanuginosus 150–160/200–220

(75–80× 2)
4.4–4.5 6.7–7.2 11.3 (o)/4.8 (p)b,g 18.2b,g 1.6/3.8 [23]

67 Trichoderma reesei 4.6 63 0.4 (o) [122]

�-Galactosidases from yeasts
68 Candida pseudotropicalis 6.2 6.2 45–47.5 3.2–3.4 (o) 32.6–33.7 10 [123]
69 B57 200 7.5 30 3.45 (o) [124]
70 6.2 45 3.06 (o) [125]
71 A60 215 7.5 30 2.82 (o) 16.7 [124]

72 Kluyveromyces(Saccharomyces) lactis 200〈114× 2〉 35–40 1.7 (o) 17.3 10.2 [126]
73 135× 2 7.25 1.61± 0.06 (o)e 16.8± 0.1e,k 10.4 [43]
74 7.0 7.0 30–35 3.62 (o) 39.8 11.0 [127]
75 7.0 6.5 1.25 (o)a, 1.5 (o)g 29a, 28g [128]
76 6.5–7.0 6.5–7.0 35 2.5 (o) 20.8 [129]
77 230 (118× 2) 7 7 37–40 1.5 (o) 20/21e [130,131]
78 6.8 76.9e [132]
79 7.0 40 35–39a,g,h, i [52]
80 30 [133]
81 21g [106]
82 7.0 16 [134]
83 6.5 40 13.3j [135]
84 2.536± 0.412a,e, i [41]
85 55 3.03 (o)l [49]
86 550 7 2.3–2.8 (o)m [136]
87 2 (o)a,h, i [137]
88 6.6–7.0 40 1.74 (o) [138,139]
89 7.2 1.18 (o) [140]

90 Kluyveromyces(Saccharomyces) fragilis 6.5 37 2.5 (o) 24 9.6 [18]
91 6.5–7.0 6.5–7.0 40 1.9 (o) 22.9 [129]
92 203 4.4 6.8 4.0 (o) 21.0 [141]
93 201 6.2–6.4 2.72 (o) 13.9 [142]
94 7 7 35 1.37 (o) 13.33 [143]
95 43.6e [40]
96 6.5 40 4.6-23e,n [42]
97 16g [106]
98 6-7e [14]
99 130 6.5–6.7 2.97 (o) [39]
100 2 (o)a, i [144]
101 6.5 50 1.7 (o) [145]
102 7 1.34 (o) [89]
103 >500 6.7–7.1 30–35 0.0056 (o/p) [146]
104 Kluyveromyces marxianus 280 6.2 45–52 3.1 (o) 25 8.1 [51]
105 7.5 7.5 45–50 5 (o) 40j [50]
106 24.8–31.7o [13]
107 6.6 21–27.8p [26]
108 Sporobolomyces singularis 140–145 3.9–4 45–50 50 (o)b, j [72]
109 Tolulopsis sphaerica 233 7 30 2.09(o) 25.0 12.0 [124]
110 Tolulopsis versatilis 226 7 30 3.45 (o) [124]
111 Trichosporon cutaneum 120 6.5–7 6.5–7 37 0.75 (o/p)b 20 26.7 [22]

180〈2〉/400〈4〉
a Estimated by Lineweaver–Burk plot[11,12,15], if not indicated otherwise.
b SeeSections 2 and 3.
c Recalculated as 61 mM using Hanes–Woolf and direct linear plots (seeSection 2), which leads to MCR = 38.
d Estimated by Bar-Eli-Katchalski method[71].
e Estimated by non-linear regression methods.
f At 30◦C for two kinetic models; for the same modelsKM varied 83.3–78.2/101.9–96.9 over the interval 8–60◦C [76].
g Estimated by Hanes–Woolf plot[11,53,54].
h Estimated by Cornish–Bowden–Eisenthal (direct linear) plot[3,56,57].
i Estimated by Eadie–Hofstee plot[11,55].
j The method ofKM estimation is unknown.
k Found when glucose formation was measured; the value of 12.2 mM was obtained from galactose formation[43].
l KM was 1.25 mM, when cell growth media contained 15% lactose[49].

m Estimated using Mbuyi-Kalala plot[136].
n At 25–40◦C;KM = 0.4 mM at 5◦C [42].
o At 25–30◦C;KM varied from 15.4 to 38.3 over the interval 10–37.5◦C [13].
p At 28–35◦C [26].
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Table 2
Enzymatic activities and Michaelis constants for selected�-galactosidases

Vendora Activity (U/g prep.) KM (mM)b Vmax (U/mg protein)bc

oNPG pNPG Lactose oNPG pNPG Lactose oNPG pNPG Lactose

Aspergillus oryzae[32,33,35,95]
A 400 240 75 1.49 1.1
B 6000 1600 1.56
C 22000 5000 1.57 52 95.2 50.3

Curvularia inaequalis[32,33,35,94]
D 4200 3000 1660 0.58 0.56 19 25.0 17.3 13.2
D 5000 4000 1750 0.57 0.56 20 29.7 24.6 18.4
D 7400 5300 1800 0.55 0.57 22 38.4 28.1 20.7

Penicillium canescens[32,33,35,94,95]
A 2000 1910 630 0.47 15 48.8 25.1
A 10700 2500 0.48 16 39.6
E 200000d 0.5d 14d

a A—the All-Union Research Institute for Biotechnology; B—Sigma Co.; C—Röhm Co.; D—the All-Union Research and Technology Institute for Medical
Antibiotics and Enzymes; E—the All-Union Research Institute for Genetics and Selection of Industrial Microorganisms.

b ApparentKM andVmax were obtained from Lineweaver–Burk[11,12,15], Hanes–Woolf[11,53,54], and Cornish–Bowden–Eisenthal[3,56,57]plots.
c Vmax are expressed in mmol of hydrolyzed substrate per min per mg of protein.
d Ref. [21].

of a hydrolyzed sample before a measurement. This might be
an explanation, for instance, of whyKM(oNPG) = 4.5 mM
reported earlier for the�-galactosidase fromNeurospora
crassa[68] was later corrected to 0.45 mM[69] (though,
a common misprint could be also a reason). Other obvi-
ous examples causing the same suspicion are theKM values
for enzymes fromSclerotium(Corticium) rolfsii (0.384 mM
[70] and 3.7 mM[65] with NPG), and fromA. nigerwith
oNPG (27 mM [71], nearly 10 times overestimated), and
with lactose (6.2 mM[62], nearly 10 times underestimated).
The valueKM(oNPG) = 0.75 mM reported for the enzyme
fromTrichosporon cutaneum[22] is two to three times lower
than for any other yeast�-galactosidase (Table 1), while
KM(oNPG) = 50 mM for theSporobolomyces singularisen-
zyme[72] is approximately 20 times exaggerated. The val-
ues ofKM for several other enzymes with NPG as a substrate
(Table 1, entries 3, 44, 45, 50, 51, 65, and 66) are unreason-
ably large when compared to the data for relative enzymes,
especially the ones, which have similarKM values with lac-
tose. Since theseKM(NPG) are respectively about 2, 10, 10,
2, 2, 2, and 10 times larger than should be expected, this may
be an indication of an overlooked dilution factor.

Some other factors, e.g. transglycosylation[29,41,44],
substrate inhibition[44,73], mutarotation of lactose[74],
product inhibition by o-nitrophenol [29,75] or galac-
t a
s -
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c

e
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o eter
v ”, or
“ ate
c

Thus, we had to select the better data for further consider-
ation, especially when numerous estimations had been pub-
lished. Being interested inKM(lactose)/KM(NPG) ratio, we
focused on publications reportingKM for both standard sub-
strates. The data reported for only one substrate were consid-
ered as an additional material for substantiating our choice. A
closeness of data obtained by different authors for the same
enzyme and substrate(s) was an important argument in fa-
vor of these data. In case of divergingKM values obtained
by different linearization methods, we preferred the estima-
tions made or supported by graphical methods other than
Lineweaver–Burk plot (see above). TheKM values for en-
zymes fromAspergillus aculeatus[44],Aspergillus nidulans
[24],Fusariummoniliforme[78],Thermomyces lanuginosus
[23], andTrichosporon cutaneum[22] (entries 3, 6, 44, 66,
and 111 inTable 1) have been excluded from further con-
sideration as probably insufficiently accurate. In addition to
the reasons discussed above, the following was taken into ac-
count for these enzymes. An instability ofoNPG at the tem-
perature used for the hydrolysis measurements (50◦C [78])
should cause a systematic error. The enzyme fromA. nidulans
was very unstable at temperatures above 10◦C and had un-
usual pH and temperature optima[24]. Unusual pH optimum
was also reported forT. lanuginosusenzyme[23]. The values
KM(lactose) forA. aculeatus[44] andT. lanuginosus[23] en-
z ation,
w e
o jority
o
a ition
w

are
s d
e y the
m

ose[30,40,41,64,74,76], mutarotation of�-galactose to
tronger inhibitor�-galactose[74,76,77], may also con
ribute to inaccuracies ofKM estimations, if appropriate pr
autions have not been taken.

Although the range of reportedKM variations is very wid
or some enzymes, these variations are not evenly distrib
ver the range. There is always a cluster of the param
alues close to a median, indicating an existence of a “true
best” apparentKM value for a particular enzyme–substr
ombination.
ymes were determined from the data on galactose form
hich are known[43] to produce lowerKM values than th
nes based on glucose formation (an overwhelming ma
f the available data). Besides, the authors mentioned[44]
n interference of transglycosylation and substrate inhib
ith the determination of enzyme activity.
TheKM values selected this way for further discussion

hown in bold (Table 1). Noteworthy, when a few publishe
stimations are available, these “best” values are virtuall
edian ones.
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Table 3
Amino acid composition of fungal�-galactosidasesa

Typicalb A. tenuis
[83]

A. niger
[86]

A. oryzae
[99]

M. phaseoli
[113]

N. crassa
[68,69]

P. canescens
[21]

P. citrinum
[115]

P. multicolor
[117]

Mucor
(Rhizomucor)
pusillus[25]

Rhizomucor
sp.[28]

S. tulip.
[113]

K. fragilis
[153]

S. singularis
[72]

E. coli
[154]

Ala 6.7–9 11.0 6.8 6.7 7.8 9.0 8.5 7.1 7.2 9.9 10.7 7.4 5.2 10.5 7.9
Arg 2.6–3.5 3.0 3.2 3.4 2.6 0.0 3.0 2.7 2.2 1.8 2.2 3.0 3.3 3.5 6.3
Asp 10.6–11.6 7.5 10.9 11.2 10.6 8.2 11.2 11.1 11.4 11.5 13.3 11.1 12.5 11.6 10.5
Cys 0.3–0.5 – 0.3 0.4 0.1 – 0.4 0.4 0.4 0 0.3 0.5 2.3 0 1.6
Glu 7–10.8 10.6 9.2 8.7 8.4 13.7 8.5 8.1 8.3 7.5 7.7 7.9 10.8 10.2 12.1
Gly 9.4–11.1 10.5 9.4 10.2 10.4 25.2 11.1 10.0 10.8 16.8 10.5 10.8 6.9 10.9 7.2
His 1.4–2.1 2.1 1.6 1.6 2.1 1.4 2.9 1.9 1.9 1.6 0.9 1.4 3.8 2.4 3.1
Ile 3.9–5 3.9 4.3 4.1 4.7 1.4 3.4 4.6 3.4 5.0 4.6 5.6 5.4 4.8 4.1
Leu 6.4–8.8 7.7 9.6 8.8 8.4 2.5 7.8 7.9 8.6 6.6 6.4 7.0 7.9 8.0 9.4
Lys 4.3–5 4.7 3.6 4.3 3.5 7.9 4.6 5.8 5.0 4.6 4.6 3.4 7.6 5.8 2.5
Met 0.6–0.9 0.9 0.9 0.9 0.4 0.1 0.3 0.6 0.6 0.6 1.4 0.7 0.6 0 2.0
Phe 3.6–5.8 8.5 4.5 4.7 4.4 0.7 4.2 4.6 3.8 3.6 5.7 4.5 5.8 5.3 3.8
Pro 4.7–7.1 8.8 5.8 6.6 6.1 2.5 5.1 7.1 5.4 5.5 4.7 5.0 4.7 5.8 5.7
Ser 6.7–10.3 9.0 7.5 7.4 7.5 19.7 10.3 8.5 9.5 7.8 6.7 9.1 4.9 7.0 5.7
Thr 6–7.5 5.2 7.5 6.4 8.2 4.2 6.9 6.0 6.9 7.2 6.5 8.0 4.6 6.7 5.5
Trp 1.7–2.7 – 2.0 2.3 2.7 – 0.5 1.7 2.5 – 2.4 2.0 2.0 – 3.0
Tyr 4.7–6.1 1.2 6.1 6.7 5.1 1.
Val 5.3–6.9 5.4 6.8 5.6 6.9 2.

Residues
per mol

764 894 886 102

a Expressed in mol%.
b A cluster of values encompassing the data for not less than a half of th
o
log

y
3
6
(2
0
0
5
)
2
3
9
–
2
5
1

3 5.4 5.6 6.0 3.6 4.7 5.4 5.1 1.8 3.1
2 5.3 6.5 6.1 6.5 6.8 7.2 6.4 5.8 6.4

9 521× 2 838 912 1412 1072 1173

e listed enzymes (Fig. 1); deviations from a “norm” are shown in italics.
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The dependence ofKM values on the structure of sub-
strate (aglycon) is obvious when the data for lactose and NPG
are compared. However,KM is practically the same for the
hydrolysis ofoNPG andpNPG by fungal�-galactosidases
(Tables 1 and 2) (enzymes fromRhizomucorgenus may be
an exception). Equal values ofKM were found foroNPG
andpNPG also in case of the non-fungal�-galactosidases
from Tritrichomonas foetus[79], Rhizobium meliloti[80],
Thermoanaerobacterium thermosulfurigenes[81], and from
bovine testes[82]. Therefore, we used equallyKM for oNPG
andpNPG (Table 1) for further discussion. An attempt to con-
sider these data separately has merely lead to two generally
equivalent sets of parameters.

3. Discussion

3.1. Enzyme purity

Hypothetically, “the purification of enzyme preparations
could result in a decrease inKM value if any possible inhibitor
present in these preparations is removed”[132]. However,
the available data for fungal�-galactosidases (Table 2) at-
test to the independence ofKM on enzyme purity/activity,
since the same values ofKM have been measured by three
m ngal
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cillium group (5–6.7)]. The group of yeast�-galactosidases
differs from the mould enzymes in molecular masses (typi-
cally around 200 kDa), pH optima (∼6.5–7), and temperature
optima (∼35–50◦C).

3.3. Amino acid composition

When searching for similarities of enzymes, it is instruc-
tive to compare their amino acid sequences. Unfortunately,
there are only three mould (A. niger,P. canescens F-178, and
Penicilliumsp. in GH35 family) and two yeast (K. lactisand
K. marxianusin GH2 family) �-galactosidases with known
KM values present in Henrissat’s classification of glycosyl hy-
drolases based on amino acid sequence similarities[147–151]
(http://afmb.cnrs-mrs.fr/CAZY/; updated on 23 June 2004).
Therefore, we compared the published data on amino acid
composition of fungal�-galactosidases (Table 3), and found
a substantial similarity. Such a likeness was noticed previ-
ously for three�-galactosidases of genusPenicillium [21],
and for enzymes fromMucor (Rhizomucor) pusillusandA.
niger [25]. Similarity of amino acid composition was also
found within a series of bacterial�-galactosidases[152]. Us-
ing the data inTable 3, we were able to find a typical range
for each amino acid—a central cluster of close values en-
compassing not less, usually more than a half of the fungal
e

er-
c
( ob-
s al
e iates
f for
A t
p

F ngal
� ol%).
T

ajor graphical methods for several samples of each fu
-galactosidase from different vendors and/or of diffe
urity. For instance, even a 100-fold difference in enz
ctivity does not changeKM in case ofP. canescensandA.
ryzae. Noteworthy,KM does not depend on the enzyme
ity also in case of covalently immobilized�-galactosidase
94].

For the same samples of enzymes, theVmax values de
end on both their purity and on substrate structure. How
e found that the ratioVmax(oNPG)/Vmax(pNPG), as wel
s the ratio of corresponding activities, was approxima
.2–1.4 for the�-galactosidases fromC. inaequalis(Table 2),
acrophomina phaseoli[112], Penicillium citrinum[115],
nd T. cutaneum[22]. For the �-galactosidases fromP.
anescens(Table 2) andP.multicolor[117], the ratio of activi
ies was 1.1. This regularity can be used for a rough estim
fVmax(oNPG) orVmax(pNPG), if only one of these param

ers has been measured. The ratioVmax(NPG)/Vmax(lactose
as also approximately constant for different sample
. inaequalis(Table 2), but it was different for other�-
alactosidases mentioned above.

.2. Enzymatic properties

A comparison of enzymatic properties for the mould�-
alactosidases (Table 1) reveals several important simila

ies: close molecular masses (typically around 120 kDa)
ptima (∼3.5± 1.5), temperature optima for natural and s

hetic substrates (∼50–60◦C), and isoelectric points [∼4.5
0.5; except forA. aculeatus(5.3–5.7),M. phaseoli(3.6),
clerotinia sclerotiorum(6.0), and three enzymes ofPeni-
nzymes listed (Fig. 1).
The most significant deviation of amino acid molar p

entage from the typical values is observed forN. crassa
for at least 14 of 18 amino acids). Essential deviation is
erved forK. fragilis enzyme (9 of 18). For all other fung
nzymes, not more then one third of amino acids dev

rom the typical values. The amino acid molar content
. niger, A. oryzae, P. citrinumandP. multicolor is almos
erfectly typical. Two yeast enzymes, fromK. fragilis andS.

ig. 1. Estimation of a typical range of amino acid percentage for fu
-galactosidases exemplified by the data for phenylalanine (3.6–5.8 m
he order of enzymes does not correspond to the one inTable 3.

http://afmb.cnrs-mrs.fr/cazy/
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singularis, do not look alien to the mould majority of fun-
gal�-galactosidases. Noteworthy, the typical composition of
fungal�-galactosidases is significantly different from the one
for bacterial enzyme fromE. coli (for 11 of 18 amino acids).

3.4. Michaelis constants ratio—relative substrate affinity

Examination ofTable 1reveals two broad groups of fun-
gal �-galactosidases: the enzymes with largeKM values and
the ones with smallKM values.Aspergilli constitute a core
of the first group, andPenicilliumgenus is a core of the sec-
ond group.Rhizomucorsp. adjoins theAspergillusgroup. All
other�-galactosidases, including yeast enzymes, are closer
to Penicilliumgroup. The relatively lowKM (the higher rate
of reaction) makes the last group of�-galactosidases more
useful for practical applications, e.g. for hydrolysis of lactose
in whey. This difference is especially important for immobi-
lized �-galactosidases, since immobilization often increases
KM significantly[9,26,40,52,94,96,108,137–139,145,155].

Using the collected literature values forKM, we esti-
mated the Michaelis constants ratio (MCR,Eq. (1)) for a
series of fungal�-galactosidases with two substrates: a natu-
ral substrate—lactose, and a synthetic (model) substrate—o-
orp-nitrophenyl-�-d-galactopyranoside (o/pNPG) (Table 1).
The selection of reliable data for this estimation is described
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Fig. 2. Correlation ofKM(lactose) vs.KM(NPG) for the mould �-
galactosidases [Table 1, entries� (from left to right): 1, 46, 48, 41 + 54, 60,
59, 61, 22, 4, 5, 7; entries© (from left to right): 58, 65, 2, 51].

group of the mould enzymes. Hypothetically, these enzymes
could belong to a separate group of�-galactosidases with a
different MCR. However, it is hard to combine in one special
group the enzymes from so different genera. We believe that
these deviations are the results of experimental or calculative
errors of the types discussed inSection 2. Apparently, the
KM(NPG) values have been somehow overestimated.

Thus, the MCR parameter offers a new instrument for the
identification of certain types of enzymes and their classifi-
cation. In general terms, MCR for a group of enzymes with a
pair of standard substrates (e.g. a natural and a model ones)
may serve as an identification number or a “trademark” of
this group. In addition to different MCR for the mould and
yeast�-galactosidases, we found preliminarily two groups

F
(

n Section 2and partially below. AlthoughKM values can b
ubstantially different for the mould�-galactosidases fro
ifferent strains, the parameter MCR(lactose/NPG) (Eq. (2)) is
pproximately constant for this group of enzymes, and it
rage value equals 35± 3 for 12 enzymes selected from
trains, for which bothKM values are known (Table 1). Sim-

larly, we found MCR(lactose/NPG) = 10± 1.5 for a set of five
east�-galactosidases selected from six with bothKM values
nown (Table 1). Importantly, the MCR values for the mou
nzymes and for the yeast enzymes are essentially dif
espite an overlap of theirKM ranges.

CR(lactose/NPG) = KM(lactose)

KM(NPG)
(2)

Another estimation of MCR was obtained from a lin
orrelation (through origin)KM(lactose) versusKM(NPG)
Figs. 2 and 3). The values obtained are 36.5 for the mo
nzymes, and 9.7 for the yeast enzymes, which is well w

he limits of the estimated standard deviation for the ave
alues described above. The difference between moul
east�-galactosidases becomes especially obvious whe
ata are visualized (Fig. 3).

Four outlying points are shown atFig. 2for the mould�-
alactosidases fromAlternaria alternata, P. citrinum, Peni-
illium sp., andSclerotium tuliparum(Table 1, entries 2, 51
8, and 65). The published information on the condition
easurement and calculation was scarce and did not g

eason for canceling of these enzymes at the step of pre
ary data evaluation (seeSection 2). Nonetheless, they we
xcluded when the diagram was drawn, since these p
plit far away from the excellent correlation for the ma
ig. 3. Comparison of correlationsKM(lactose) vs.KM(NPG) for the mould
�) and yeast (�) �-galactosidases.
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of the bacterial�-galactosidases with MCR(lactose/NPG) in
the intervals 2–4 and 8–12, and two groups of the plant en-
zymes with MCR(lactose/NPG) within 10–20 and 60–80. For
the mammalian�-galactosidases MCR(lactose/NPG) is close to
or exceeds 200. This comparison makes two groups of fungal
enzymes (mould and yeast) look even more coherent.

Since we are suggesting a new parameter for identification
of related enzymes, it is instructive to discuss a (potential) cor-
respondence between the MCR-based groups of enzymes and
the families in the extremely important Henrissat classifica-
tion of glycosidases by amino acid sequence comparisons
[147–151] (http://afmb.cnrs-mrs.fr/CAZY/; updated on 23
June 2004). There are currently only six examples of mould
�-galactosidases in this database (Aspergillus candidus88,
A. niger, Hypocrea jecorina, P. canescensF-178,Penicil-
lium sp., andTalaromyces emersonii—all in GH35 family),
and two yeast enzymes (K. lactis andK. marxianus—both
in GH2 family). The�-galactosidase fromA. aculeatuswas
tentatively assigned to GH35 family[44], because its 18
N-terminal amino acid sequence matched withA. nigeren-
zyme. According to the results of present study, the mould
A. niger and P. canescens�-galactosidases belong to the
group with MCR(lactose/NPG) ≈ 35 (we believe, the coinci-
dence with the family GH35 number is purely accidental).
The yeast�-galactosidases fromK. lactisandK. marxianus
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The physical meaning of the Michaelis constant is more
blurred if the reaction mechanism is more complex than that
shown inEq. (3). The observedKM becomes a complicated
algebraic combination of many rate constants[10]. In depth
studies of enzymatic mechanisms are performed by fitting
of experimental data to complex kinetic models by non-
linear computer regression[61] (for some recent examples
see[14,26,29,30,40–42,75,76,156]). Not surprisingly, this
approach produces sometimes substantially differentKM val-
ues for different kinetic models[30,40,42,76,156]. Thus, the
KM(lactose) values of 76.9, 16.8, and 2.5 mM have been re-
ported forK. lactisenzyme (Table 1). However, a comparative
study of various kinetic models has shown that “for simplic-
ity the conventional Michaelis–Menten equation with com-
petitive product inhibition may be used to model the lactose
hydrolysis reaction” catalyzed by the mould�-galactosidase
from A. niger [76]. The same model with galactose inhibi-
tion was advocated by the results of kinetic studies for the
yeast�-galactosidases fromK. fragilis [14,40,42]andK. lac-
tis [41]. Similar results were obtained recently forThermus
sp.�-galactosidase[30]. Since the standard methods for the
apparentKM determination imply the measurements at the
initial period of reaction, the product inhibition by galactose
(or nitrophenol) can be reasonably neglected. This means that
the selected kinetic model mentioned above is effectively re-
d
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elong to the group with MCR(lactose/NPG)≈10. It seems rea
onable to expect that all other mould�-galactosidases wi
CR(lactose/NPG) ≈ 35 should be in GH35 family, and a

east�-galactosidases with MCR(lactose/NPG) ≈10 should be
n GH2 family, but we have yet to wait for more proofs

ore matches are found, MCR could be used as an aux
dentification parameter.

We would like to emphasize that MCR is not a th
etical concept, but a regularity (proportion) found for
xperimentally determinedKM parameters. However, a phy

cal meaning of MCR is worth a brief discussion. The
arent Michaelis constant is often routinely considere
n “affinity parameter” (in fact, reciprocal to the affini

or a semi-quantitative comparison of enzyme affinity
arious substrates[1,4,5,11–31], and even as an equiv
ent to dissociation constant[1,4,5,12–15]. This meaning
ollows from the steady-state derivation ofKM in classica
ichaelis–Menten kinetics as the sum of the constant
reakdown of enzyme–substrate complex,k−1 and k2, di-
ided by the constant for its formation,k1 (Eq (3)).

+ S
k1
�
k−1

ES
k2−→ E + P, KM = k−1 + k2

k1
(3)

Even thoughKM is approximately equal to the dissociat
onstant of the enzyme–substrate complex only in some
henk−1 is much greater thank2, it can be generally consi
red as a reasonable characteristic of enzyme–substrate

ty. Then, it would be appropriate to interpret the Micha
onstants ratio for the same enzyme with two substrate
haracteristic of a “relative substrate affinity”.
-

uced to the simplest model expressed byEq. (3).
Using the interpretation of MCR as a “relative subst

ffinity”, one can say that the affinity of various mo
-galactosidases to NPG is approximately 35–36 ti
reater than their affinity to lactose, and for the yeas�-
alactosidases this factor is about 10. Very importantly
roportion remains nearly the same for different mould�-
alactosidases, though the affinity to a particular subs
ay vary essentially from enzyme to enzyme. The same
larity is less striking for the yeast enzymes due to a m
arrower range ofKM.

This observation can be roughly interpreted as follo
he binding sites of various mould�-galactosidases ma
ave the same or similar topology (a similar sequence a
tructural arrangement of participating amino acid resid
ut different conformations (a degree of preparednes
inding). This difference in conformations may be resp
ible for the difference between enzymes in a magnitud
heir affinity to the same substrate (hence, in the value
M), since some enzymes need more extensive confo

ional changes to bind a substrate by induced fit, than o
2]. At the same time, a similar set of binding functio
roups may account for a similar preference towards on

wo substrates, and hence for the constant relative sub
ffinity (MCR). This interpretation is supported by the s

larities in isoelectric points, pH- and temperature opti
nd amino acid composition for this group of enzymes
bove). The same consideration should be valid for the
nzymes, but with different magnitudes of all parameter

It is quite counter-intuitive that the affinity to an art
ial substrate (NPG) is much greater than to a natura
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(lactose). There might be a special binding pocket foro/p-
nitrophenoxy group in the structure of all�-galactosidases.

A closeness ofKM values (orVmax, kcat, etc.) is often
used to suggest a similarity of active centers for various
enzymes[11,21,28,80,81,85,86,99,117,121]. The MCR pa-
rameter provides for the first time an indication of possible
intrinsic similarity for enzyme binding sites when the values
of KM are substantially different.

The evaluated MCR allows a rough estimation ofKM value
for a second substrate, when this parameter is known for one
of the two. This approach can be useful for an estimation of
KM for �-galactosidase with lactose, since the measurement
ofKM with NPG is typically much easier and faster (although
not more accurate). For example, using the published val-
uesKM(NPG) (Table 1) we calculated the unknown values
KM(lactose) for�-galactosidases fromN. crassa(∼16 mM),
S. rolfsii(∼13 mM),S. sclerotiorum(∼18 mM), andTricho-
derma reesei(∼14 mM).

Another useful application of MCR can be a check for
accuracy ofKM values, when they are measured for both
substrates. A substantial deviation of MCR from a typical
value for a group of related enzymes can reveal a possi-
bly erroneous estimation ofKM. Alternatively, it may be
an indication of a wrong assignment of the enzyme to this
group.
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