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Abstract

Physicochemical properties are potentially useful in predicting functional differences between aligned protein subfam-
ilies. We present a method that considers physicochemical properties from ancestral sequences predicted to have given
rise to the subfamilies of interest by gene duplication. Comparison between two map kinases subfamilies, p38 and ERK,
revealed a region that had an excess of change in properties after gene duplication followed by conservation within the
two subfamilies. This region corresponded to that experimentally defined as important for substrate and pathway
specificity. The derived scores for the region of interest were found to differ significantly in their distribution compared

to the rest of the protein when the Kolmogorov—Smirnov test was appped 0.005. Thus, the incorporation of
ancestral physicochemical properties is useful in predicting functional differences between protein subfamilies. In
addition, the method was applied to the MKK and MAPK components of the p38 and JNK pathways. These proteins
showed a similar pattern in their evolution and regions predicted to confer functional differences are discussed.

Keywords: MAP kinase; physicochemical properties; protein evolution and structure; sequence analysis

Evolution of novel protein function often occurs by gene duplica- within two subfamilies to be compared and can provide some
tion from a common ancestor, which is followed by divergence ofclues. They did not attempt to validate the utility of this method.
the two subfamily sequences. It is of great interest to be able to The mitogen activated protein kinasé8IAPKSs) represent a
identify the residues or regions of a protein that confer specificity.group of related and interacting signaling proteins, whose func-
The difficulty in simply comparing the two proteins is that differ- tional roles are incompletely characterized. There is some exper-
ing residues may merely be unimportant. Some measure of thenental evidence assigning functional specificity to particular
extent of constraint is required. Frequently, there is a good deal afegions. Therefore, it would be of great interest to predict regions
sequence information that gives an indication of the level of con-conferring functional specificity, both to validate the computer
straint at a given residue. More distantly related proteins may alsanethods relying on available experimental data, and to provide
be available for study. In addition, since the duplication of thecomputer generated models of which regions are functionally im-
functionally divergent proteins, there has been evolutionary changportant, which can, in turn, be validated by subsequent experi-
between species among the two groups of sequences. A usefental analysis. These proteins have undergone noticeable gene
objective is to develop methods that can quantify and visualizeduplications with associated diverged functions. For example, p38
such evolutionary comparisons. Livingstone and Barton presentednd cjun N-terminal kinas¢JNK) have evolved distinct functions
a method of visualizing regions that are specific to a subfamilysince the divergence of multicellular mammals from fungi. In ad-
(Livingstone & Barton, 1998 This allows the degree of constraint dition, there are deeper levels of duplicatidiggving rise to the
hyperosmolarity and pheromone pathwaysSimccharomyces ce-

. . . - revisia®, which hav rent orthol in the mammalian str
Reprint requests to: Denis Shields, Department of Clinical Pharmacol-e siag, ch have apparent orthologues in the ma alian stress

ogy, Royal College of Surgeons in Ireland, 123 St. Stephens Green, DublifP38/INK) and cIassingERK pathways, respectively. Therg are
2, Ireland; e-mail: dshields@rcsi.ie. also more recent duplications in vertebrate lineages, for which the
AbbreviationsAC, ancestral conservation; BAD, burst after duplication; protein sequences have different tissue distributions or subtle dif-

BADT, burst after duplication total; Ci, conservation number; ERK, extra- ferences in activating ability that may account for the maintenance
cellular regulated kinase; FC, family conservation number; JNKjnc- of these so-called isoforms

N-terminal kinase; MAPK, mitogen activated protein kinase; RC, recent - : . . .
conservation; SC, subfamily conservation number; SS, subfamily score; A typical MAPK module consists of a MAPK that is activated

SST, subfamily score total. by an upstream MEKMAPK/ERK kinase¢ by dual phosphory-
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lation. This MEK is activated by its upstream MEKWEK ki- A 0.05
nase such that a cascade of kinagddEKK — MEK — MAPK) mm
can be activated by various extracellular signals and upstream . NE cC
kinases that, in turn, lead to phosphorylation of transcription fac- JK —%mm}n
tors and various other substrat@obb & Goldsmith, 1995 In 1K JNE1 HS
animals and yeast, there are several parallel and distinct MAPK P33 DM JHR DM
modules that appear to be activated by different extracellular sig- — P38 CC
nals, and thus lead to activation of different transcription factors 38" P38 MM
and other proteins leading to different phenotypes. Recent evi- '—| Ppggé"sgs
dence suggests that the MEK and MAPK components of the mam- [——STY1SF
malian JNK and p38 pathways arose from the duplication of HOG1 Ca
common ancestoi@K’ and 1K) that was likely to be activated in L‘_EIOGI_SE
a similar manner to the present-day yeast hyperosmolarity pathway I:Igg;'?;.
(Caffrey et al., 1999 This duplication occurred prior to the di- FRK1 HS
vergence ofCaenorhabditis eleganand mammals, but after the -
divergence of fungi fronC. elegans
The JNK and p38 pathways appear to have evolved distinct B |ﬂ-|
biochemical properties since their duplicatidfigs. 1, 2A, 2B. In STE? SC
the p38 pathway, the MEK componeritdKK3 and MKK6) spe- HEF_DM
o . . . . MEKK? HS
cifically activate p38 isoforms but not JNK isoforniRaingeaud MEE4 DM
et al., 1996. Activated p38 translocates to the nucleus and acti- o MEK? X1
vates a number of transcription factors including AT FRaingeaud 4[‘MKK4‘HS
et al., 199% and CHOPGADD153 (Wang & Ron, 1996 In the 2’ MEE4 MM
JNK pathway, the MEK component MKK7 specifically activates ﬁMKKE_HS
JNK isoforms. MKK4 (a MEK) activates JNK, although it also MEK6 MM
activates the p38 isoforms, and so the pathways are not entirely ‘ _LMKK3_HS
distinct (Moriguchi et al., 1997. Activated JNK also translocates MKX MEKS_MM
to the nucleus where it can activate transcription factors such as MEK3_DM
ATF2 and cjun (Livingstone et al., 1995 It is thought that INK 1 T;égsgc
C ]
Hyperosmolari Hyperosmolari
cy)izkines N cy)izkines v . I_I JNK1_HS
UV light Hyperosmolarity UV light Hyperosmolarity L - JNK_DM
v ¥ v M = ams
v v v v ST¥1 SP
1K™ —DHOGI_SC
‘ MKK | ERK1 CA
ancestor EPK 1 8P
KSS1 SC
SUR1 CE
ERE" ERK1_HS
MKK7 || MKK4 MKK3/6 PBS2 ERKZ_HS
CDC2 0S
& l \ l l Fig. 2. Phylogenetic trees for the JNIK38 pathway gene duplications at
the (A) MAPK and (B) MEK levels. (C) This shows the tree used to
analyze differences between p38 and ERK. Branch lengths correspond to
inferred rates of evolution. The bold lines correspond to the respective
‘MAPKF period in time that pathways are likely to have evolved into distinct path-
[ ancestor ways since their gene duplications from a common ancestor.
and p38 bind different regions of ATFreisman, 1996 JNK
JNK p38 HOG! isoforms and splice variants can also vary in their ability to acti-

_ o _ _ “vate a particular transcription factOKallunki et al., 1994; Gupta
Fig. 1. Schematic diagram of the stress-induced MAP kinase pathways iny¢ al., 1996. The resulting activation of the p38 and JNK pathways

animals and yeast at the MAPK and MKK levels. Upstream and intermedi-
ate activators are described in the text and reviews. Black arrows represe

GAN lead to expression of cytokines, apoptosis, and mitotic arrest,

protein phosphorylation and activation. The large arrows represent gend€pending on the cell type and stress conditions. The p38 and JNK
duplication events from a common ancestor as deduced from Figure 2. pathways can be activated by similar extracellular stresses that
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lead to similar phenotypes, but it is clear that these pathways aran absence in highly negative scores. This indicates that sites in
not completely redundant. The absence or disruption of MAPK orthis region are either conserved for both p38 and ERK, or they
MKK components in the fly, mice, and different cell lines can have have undergone many changes in physicochemical properties since
dramatic effectgDong et al., 1998; Ganiatsas et al., 1998; Ip & gene duplication that have subsequently been conserved for p38
Davis, 1998; Lu et al., 1999; Nishina et al., 1998urthermore, it and/or ERK. The difference in distributions between experimen-
is likely that the ability or inability of these respective pathways to tally important and other sites was determined to be significant
interact with scaffolding proteins will provide additional specific- (p = 0.009, using the Kolmogorov Smirnov two-sample test. In
ity (Whitmarsh & Davis, 1998 contrast, the SST method, which does not use ancestral informa-
Since the divergence of mammals froth elegansand Dro- tion (see Materials and method$ails to show a pattern as distinct
sophila melanogastethese kinases have duplicated to give vari- (Fig. 4), and the distributions were not significantly differeipt=
ous isoforms of p38 and JNK. Likewise, at the MEK level, MKK3 0.625. Likewise, the individual p38 SS values and the ERK SS
and MKK6 could also be considered isoforms. It is not entirely values that are summed to give SST did not have significantly
clear that all these isoforms provide additional enzymatic specidifferent distributions between experimentally important and other
ficity or function. The JNK and p38 pathways had evolved into sites(data not shown
specific pathways prior to the divergence®f melanogastoand The experimentally important region is also more conserved
mammals. In fact, the presence of orthologous sequenc€s in than other regions of the protein. It is important to demonstrate that
eleganssuggests that these distinct pathways existed prior to thevolutionary conservation across p38 and ERK does not simply
divergence ofC. elegansinsects, and mammals, although these account for the difference in BADT values. The family conserva-
pathways have yet to be experimentally characteriz&ll glegans  tion (FC) score differentiates somewhat between the experimen-
(Caffrey et al., 1999 In Drosophila HEP activates DINK, which tally important and other regions, but not as strongy= 0.047)
is mirrored by the orthologous MKK#7 JNK pathway in mam- as the BADT score. Thus, BADT is a better predictor of the ex-
mals (Sluss et al., 1996 The p38 pathways are also very similar perimentally important region and unlike FC, it has the additional
for mammals androsophila(Han et al., 1998 It follows that the  capacity to identify individual sites that are likely to contribute to
evolutionary changes that occurred after the duplication of the p3®athway specificity. Other components of the BADT scteq.,
and JNK pathways contributed to the majority of present-day specthe p38_BAD, ERK_BAD, and the components R€cent con-
ificity. Although there is clear experimental evidence showing thatservation and AC(ancestral conservatipscores for eaghdid not
the p38 and JNK pathways had diverged prior to the split of mam-differentiate experimental and other sites as efficiently as BADT.
mals andDrosophilg the pattern of gene duplication indicates that This indicates that the approach of comparing the ancestral and
the pathways arose prior to divergenc&otlegangnd mammals.  recent patterns of evolution is worthwhile. A simpler calculation of
Here we present a novel method that compares protein evolutioBAD using the most likely ancestral residues, rather than summing
immediately following gene duplication vs. evolution in the more over all likely ancestral residues did not differ markedly. However,
recent period. A duplicated gene is more likely to be retained if itthe method incorporating the ancestral residue probabilities is likely
can rapidly acquire a novel and beneficial function by altering theto be more informative in the assessment of a site.
amino acid sequence that it codes for. This method is validated by The highest scoring residues are potentially of particular impor-
comparison with experimental data defining regions conferringtance in determining kinase function. However, because the ex-
specificity for p38 and ERKextracellular regulated kinasehi- perimental assessment of function has generally been limited to
meras. We then focus on the evolutionary events that occurred afteegional chimeras rather than systematically replacing individual
the gene duplications of the pBB\K, and upstream MKK &/ residues of p38 with ERKand vice vershp it is not clear whether
4/7 progenitors. these residues are indeed of particular importance. However, high
BADT values generally cluster along the primary sequebosed
regions, Fig. 3 The boxed regions are of interest given that they
are found in a region that has few negative scores and is known to
be experimentally important. The first box contains a cluster of
residues that includes Tyr@Rlis64, Glu64Lys66, and Leu67
The average accuracy for predicted ancestral sequence &R, Tyr69 of a-helix ¢ in the ERK/p38 structures. This region has
and their common ancestor 1kvas 0.8 in each case. A subset of been shown to direct interaction with the upstream MKKs for p38
sites was classed as important for pathway specificity based oand ERK (Brunet & Pouyssegur, 1996; Horiuchi et al., 1998
experimental evidencésee Materials and methodsn practice,  These residues have not been examined individually for specific-
the regions represent an almost continuous stretch within the praty. The highest scoring site in this boxed region corresponds to
tein sequence, which is largely associated with substrate bindinglis59/Ser61 in the ERKp38 structures. It has not been shown to
and interaction with upstream MKKs. However, it must be em-direct functional differences between p38 and ERK but is located
phasized that experiments indicate that regions and not any ore the C terminus of loop 4 that joinrs-helix c. The second box
residue confer specificity. BAQburst after duplicationscores  contains sites belonging 185, loop 7,«-helix d, loop 8, and the
were calculated separately for ERK and p38, with high score$eginning ofa-helix e (Domains V-VIA). The two highest scoring
indicating residues that have undergone many physicochemicaites are Tyrl14Asn114 and Lys11Asnl115 ina-helix d of the
changes on the ancestral branch but are subsequently conserved&BK/p38 structures. The entire region was shown to be important
a high degree since speciation events within the subfamily cladé€for recognition of downstream substratérunet & Pouyssegur,
These were summed to give a BADT score and are shown i1996. The third box contains sites belongingA@, loop 11,38,
Figure 3. Sites involved in pathway specificity are found betweenwith high scoring sites in37 and loop 11, that correspond to
position 134 and 275. Residues within this region tend to havd-eul54Alal57, Thr157Glul60, and Thri58\sp161 in the ERK
noticeably different BADT values. This difference mainly reflects p38 structures. These are also likely to be important for recogni-

Results

Comparison of p38 and ERK
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