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Protein phosphorylation is estimated to affect 30% of the pro-
teome and is a major regulatory mechanism that controls many
basic cellular processes1–3. Until recently, our biochemical under-
standing of protein phosphorylation on a global scale has been
extremely limited; only one half of the yeast kinases have known in
vivo substrates and the phosphorylating kinase is known for less
than 160 phosphoproteins. Here we describe, with the use of
proteome chip technology4, the in vitro substrates recognized by
most yeast protein kinases5: we identified over 4,000 phosphoryl-
ation events involving 1,325 different proteins. These substrates
represent a broad spectrum of different biochemical functions and
cellular roles. Distinct sets of substrates were recognized by each
protein kinase, including closely related kinases of the protein
kinase A family and four cyclin-dependent kinases that vary only
in their cyclin subunits. Although many substrates reside in the
same cellular compartment or belong to the same functional
category as their phosphorylating kinase, many others do not,
indicating possible new roles for several kinases. Furthermore,
integration of the phosphorylation results with protein–protein
interaction6–10 and transcription factor binding data11,12 revealed
novel regulatory modules. Our phosphorylation results have been
assembled into a first-generation phosphorylation map for yeast.
Because many yeast proteins and pathways are conserved, these
results will provide insights into the mechanisms and roles of
protein phosphorylation in many eukaryotes.
To develop a kinase-substrate map for eukaryotes, we determined

the substrates recognized by 87 different yeast protein kinases and
bovine protein kinase A, by using a yeast proteome array and the
scheme depicted in Fig. 1a. A total of 82 unique kinases representing
most of the 122 yeast protein kinases5 were tested; two cyclin-
dependent kinases, Pho85 (in complex with Pcl1, Pcl2, Pcl9 and
Pho80) and Cdc28 (in complex with Cln2 and Clb5), were also
analysed.
Each kinase was incubated separately with two yeast proteome

microarrays in the presence of [g-33P]ATP (Fig. 1b). Themicroarrays
contained about 4,400 proteins spotted in duplicate on the array. The
arrays also contained a variety of control proteins including three
protein kinases that served both as positive controls and as land-
marks for the identification of phosphorylation signals. For each
experiment, two slides were also incubated in the absence of a protein
kinase serving to identify protein kinases on the array that autophos-
phorylate. Four protein kinases (Rim15, Dbf2, Hsl1 and Rad53) that
contained inactivating mutations in their catalytic domain were used

as negative controls and exhibited signals identical to those obtained
in the absence of protein kinase. The extent of phosphorylation was
measured with algorithms specifically designed to detect positive
signals. Proteins that were reproducibly phosphorylated in the
presence of active kinase relative to the control slides were scored
as positive substrates. All results are accessible at http://networks.
gersteinlab.org/phosphorylome/.
Approximately 4,200 phosphorylation events affecting 1,325

proteins were identified from the 87 yeast protein kinase assays.
Each kinase recognized between 1 and 256 substrates with an average
of 47 substrates per kinase. A distinct set of substrates was phos-
phorylated by each protein kinase, indicating that every kinase has a
unique substrate recognition profile. Most (73%) substrates were
recognized by fewer than three kinases, indicating a strong preference
of particular kinases for specific substrates (Supplementary Fig. 1).
The largest class of proteins phosphorylated by the protein kinases
was transcription factors (311 phosphorylations; P , 10299).
Inspection of the substrate list revealed that at least 14 known

in vivo substrates of particular kinases were identified (Supplemen-
tary Table 1). In addition, each kinase phosphorylated proteins
residing in the same cellular location and/or functional category as
the kinase. For example, Ark1 (actin-regulating kinase) phosphory-
lated three substrates involved in late secretory functions, a known
role for actin; two of these, Sla1 and Ent2, reside at the cell cortex, the
same location as actin.
Todeterminewhether other kinase-substrate pairs represent in vivo

phosphorylation events, we tested whether the phosphorylation of
several candidate substrates depended on the identified kinase in vivo.
Substrates of six kinases were assayed for loss of phosphorylation by
either a reduction or an absence of a signal, amobility shift, or both in
kinase deletion strains relative to wild type (Fig. 1c, i–vi). Differences
were observed in 12 cases. Interestingly, in at least five cases we
observed that strains lacking the kinase gene had significantly altered
levels of the putative substrate (Fig. 1c, iii–vi); in three cases kinase
loss increased substrate levels, and in two the substrate levels
decreased, indicating that the kinases control protein levels directly
or indirectly. Overall, 9.2% of substrates exhibited a reduced phos-
phorylation, a mobility shift or a markedly altered level of substrate.
This is presumably a significant underestimate of the number of
in vivo substrates for these kinases because many proteins do not
exhibit mobility shifts upon phosphorylation, may be modified by
redundant kinases or have multiple phosphorylations that mask the
loss of one or more phosphorylations. Nonetheless, our in vivo
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validation results indicate that the proteome microarray approach
has identified many genuine substrates of protein kinases and that
phosphorylation can markedly affect protein levels.
We also examined substrate profiles in closely related kinases, a

common feature of eukaryotes. Yeast protein kinase A homologues
Tpk1 and Tpk3 are 84% identical in amino-acid sequence and 67%
and 76% identical to Tpk2, respectively. Strains lacking all three are
nonviable, whereas those containing any one of the three Tpks
propagate, indicating that each is genetically redundant for cell
growth13. To determine whether the Tpk kinases are functionally
redundant biochemically, each Tpk was directly tested for reactivity
with substrates by using proteome arrays prepared and probed at the
same time. As shown in Fig. 2, Tpk1, Tpk2 and Tpk3 recognized 256,
29 and 79 substrates, respectively; however, only 8 were recognized by
all three kinases and 39 were recognized by two of the three. The vast
majority (87.7%) were recognized by only one of the Tpks, indicating
that each kinase has a unique substrate specificity; 86.6% of the
bovine cAMP-dependent protein kinase (PKA) targets were also
substrates of Tpk1. In comparison, two slides probed by the same
Tpk showed a greater than 90% substrate overlap. Thus, the closely
related Tpks have distinct substrate specificities. These results are
consistent with the observation that Tpk1 and Tpk3, although
redundant with Tpk2 for cell growth, have different roles in pseudo-
hyphal growth14.
In addition to analysing the Tpks, we examined whether a protein

kinase complexed with different regulators recognizes similar or
distinct sets of substrates. The substrates recognized by the cyclin-
dependent kinase Pho85, purified by itself or complexed with either
Pcl1, Pcl2, Pcl9 or Pho80 cyclins, were determined in parallel. Pho85
purified alone recognized only 12 targets, indicating that it has weak
activity, as expected. However, between 60 and 255 substrates were
observed in the presence of different cyclins. Pho85 complexed with
different cyclins exhibited various degrees of overlap in the substrates
phosphorylated in vitro (Fig. 2). Nearly half (29/60) of the
Pho85–Pcl2 substrates overlap with the 89 substrates of Pho85–Pcl9,
and most (48/89) of the Pho85–Pcl9 substrates overlap with the 255
substrates of Pho85–Pho80. Pho85–Pcl1 also shares a high degree
(43.2%) of substrate preference with Pho85–Pho80, but exhibits very
little overlap with Pho85–Pcl9.
These different results indicate that the amino-acid differences of

the Tpks and Pho85 cyclins have a considerable influence in substrate
recognition. These studies further provide a molecular explanation
of why eukaryotic cells have multiple protein kinases with a high
degree of sequence similarity: each has different biochemical
propensities for particular substrates.
The substrates phosphorylated by the different kinases were also

searched for common sequence motifs15. Consensus motifs were
identified for 11 kinases; these are similar to the sequence motifs
determined for kinase orthologues in other species (Table 1).

Figure 1 | Identification of kinase substrates using protein chips followed
by in vivo validation. a, Overall scheme to identify kinase substrates. Each
kinase was overexpressed, purified and assayed on protein chips containing
about 4,400 proteins spotted in duplicate. b, Kinase assays on protein chips.
Two protein chips were used for every kinase assayed. In addition, two
protein chips were probed in the absence of kinase to identify proteins on
the chip that autophosphorylate. Commercial kinases were spotted at many
defined locations, shown in the four corners of the two boxes on the right;
these kinases autophosphorylated in our assay and served as landmarks for
the identification of phosphorylation signals. The slide on the left is a
representative slide probed with anti-GSTantibodies indicating the amount
of fusion protein present on the proteome slide. c, In vivo validation of
targets identified on the proteome microarray: ARK1 (i), SWE1 (ii), HSL1
(iii), BCK1 (iv), STE20 (v) and PRK1 (vi) were deleted from the TAP-tagged
strains indicated. From the kinase-deleted strains, the tagged proteins were
purified and their phosphorylation status compared with wild-type tagged
proteins. Immunoblots were probed with anti-phosphothreonine antibody
(i, top panel), anti-phosphotyrosine antibody (ii, top panel) or anti-
phosphoserine antibody (iv, top panel). In addition, protein isoforms and
protein levels were monitored with anti-CBP antibody (i–vi).

Figure 2 | Comparison of substrates targeted by related kinases.
a, Comparison of the substrate of the different Tpks. Each Tpk kinase has a
unique substrate recognition profile; 86.6% of PKA targets are also Tpk1
substrates. b, Comparison of the substrates recognized by the different
Pho85–cyclin complexes. Pho85, when assayed in the presence of different
cofactors, displays different specificities, indicating that the cyclin subunits
have a significant impact on substrate recognition.
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Although many of the substrates contain the consensus phosphory-
lation sites, many yeast proteins with consensus sequences are not
kinase targets. For example, 209 and 3,288 proteins on the array have
Ark1 and Hrr25 consensus sites, yet only 8 and 14 proteins were
recognized, respectively. Therefore, either additional sequences on
the substrate help direct substrate recognition or the consensus
phosphorylation site is not accessible to the kinase due to spatial
and temporal restrictions. Nevertheless, these studies show the
importance of directly assaying for protein phosphorylation with
experimental tests.
The 4,200 different protein-kinase–substrate phosphorylations

have been assembled into an in vitro phosphorylation network
(Fig. 3). In many cases the identification of substrates helps to define
the role of the kinase in yeast signalling networks more accurately.
For example, the phosphorylation of Sla1 and She3 by Ark1 and Prk1,
respectively, further explains the role of these kinases in actin

regulation. Forty-nine kinase–substrate interactions are also present
in the protein–protein interaction network. Presumably the low
overlap between these data sets is because kinase–substrate inter-
actions are expected to be transient with low binding affinities and
not detectable by most protein–protein interaction assays.
Many of these interactions may represent in vitro targets that do

not occur in vivo. Filtering the phosphorylation network to contain
only the interactions in which kinase and substrate are present in the
same cellular compartment or in the same functional categories
results in 1,384 (33%; P , 10299) and 768 (18.4%; P , 10299)
interactions, respectively (Fig. 3, Supplementary Table 2). Further-
more, of the 29 kinases with functional assignments and 9 or more
substrates, 14 showed enrichment of substrates in the same categories
as those of the protein kinase (Supplementary Table 3). Filtering is
likely to enrich the data set for interactions that occur in vivo.
However, this approach may also increase the number of false

Table 1 | Summary of motif results

Kinase Pratt pattern P Sites (proteins) Hits/total substrates Total protein with sites Published pattern/site

ARK1 L-x(4)-T-x-[GL]-x-[ST] 4.29 £ 1027 7 (6) 6/8 209 [LI]-x(2)-Q-x-T-G
CDC28 T-P 2.33 £ 1026 98 (38) 39/43 2,336 [ST]-P
CKA1 T-x(2)-D 1.04 £ 1023 42 (18) 18/19 2,487 [ST]-x(2)-[DE]
CMK2 R-x(2)-[ST]-x-[ST] 5.42 £ 1023 7 (7) 7/9 1,274 R-x(2)-[ST]
DUN1 [ST]-x(3)-S-S 8.63 £ 1025 33 (15) 15/18 1,530 GSSAS*AS*AS*SLEM (SML1 site)
HRR25 S-x(2)-S 4.75 £ 1022 58 (14) 14/14 3,288 S-x(2)-[ST]
PKA R-[KR]-x-S 5.57 £ 10240 96 (55) 55/56 759 R-[KR]-x-S
PRK1 L-x(4)-[ST] 2.24 £ 1021 259 (40) 40/41 3,810 [LI]-x(2)-Q-x-T-G
RIM11 S-x(3)-[ST]-x(5)-S-x-[ST] 5.25 £ 10210 25 (13) 13/17 454 S-x(3)-S
SKY1 D-x(5)-S 8.28 £ 1026 153 (39) 39/40 2,840 YRTRDAPRERS*PTR (NPL3 site)
YCK2 S-x(2)-D 1.26 £ 10211 715 (197) 197/220 2,907 S-x(2)-[DE]

Consensus sites were found for 11 protein kinases. These are similar to those reported in the literature. Also summarized are the number of consensus sites in the target proteins (sites
(proteins)), the fraction of identified substrates with a consensus site (hits/total substrates) and the total number of proteins on the array with consensus sites (total protein with sites).

Figure 3 | An in vitro phosphorylation map of yeast. a, A map showing the
connections between kinases and substrates. In all, 87 different kinases
(red dots) and 1,325 substrates (blue dots) are represented in the map.
b, Global localization data can be used to identify only those

phosphorylation events occurring between proteins of the same cellular
compartment. c, Functional data can be used to identify substrates with
similar functions to those of the kinases phosphorylating them.
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negatives because the protein localization data may be incomplete
and/or inaccurate. Furthermore, the functions of many protein
kinases and substrates are either limited or unknown, and thus
many substrates would not be expected to have functions assigned
to the particular kinase. For example, two kinases involved in a G2/M
cell-cycle control pathway, Hsl1 (ref. 16) and Swe1 (ref. 17), phos-
phorylate proteins involved in glucosemetabolism, Gpm1 and Pfk26,
respectively; these interactions were validated in vivo. Hsl1 and Swe1
localize to the septin ring and nucleus/spindle pole/bud neck,
respectively, whereas Gpm1 and Pfk26 are cytosolic proteins involved
in glucose metabolism. Presumably, these proteins interact in the
cytoplasm and link cytoskeletal function and checkpoint control
with glycolysis. The assignment of new functions to protein kinases
probably reveals how different cellular pathways can be coordinated
by a single regulator.
To understand how phosphorylationmay be integrated into global

regulatory networks, we also combined the phosphorylation data
with transcription factor binding and protein interaction data and
generated the first integrated regulatory network for yeast. We then
searched this network for common regulatory modules6–12,18. Eight
modules were observed, and six (modules 1–6) were of high
statistical significance (Fig. 4). At least four modules (1, 2, 3 and 7)
have been validated in our studies or from the literature. All of the
modules involve kinase–substrate pairs, which we refer to as ‘kinates’
(kinase–substrate pairs). The modules are: (1) interacting kinates,
(2) scaffolds, (3) kinase cascades, (4) transcription-factor-regulated
kinates, (5) kinate regulon, (6, 7) feedback loops and (8) hetero-
substrate regulation. Examples are shown in Fig. 4 and a compre-
hensive list is available at http://networks.gersteinlab.org/
phosphorylome/. These results show the utility of integrating differ-
ent data types; many potential novel regulatory networks, not evident
from single data sets, have been identified.
This study is, to our knowledge, the first global investigation of

protein phosphorylation by protein kinases using an unbiased
approach. A total of 181 substrates of Cdc28–Clb2 were identified
previously19 by computationally searching for substrates with mul-
tiple cyclin-dependent kinase sites and assaying for phosphorylation
of the glutathione S-transferase (GST)-tagged proteins in cell extracts
with a Cdc28-as allele. Of 150 tested 24% were preferentially
phosphorylated by a Clb28–Clb5 kinase20. We found overlap (10
and 7; P , 1026) between their Cdc28–Clb2 and Cdc28–Clb5 target
lists and the 43 substrates we identified with Cdc28–Clb5. Differences
between the lists might be due to one of the following: first, the
sensitivity of the respective assays; second, an ‘as allele’ as opposed to
a wild-type kinase; third, the use of different cyclins in the initial
screen; fourth, the fact that their assays were performed in cellular
extracts and ours were not; and/or fifth, their use of a biased
approach in comparison with our survey of most yeast proteins.
We also compared our substrate list with two other studies that

mapped in vivo phosphorylation sites. The first2 mapped phos-
phorylation sites on 98 proteins that were on our protein chips;
our study provides candidate kinases for 50 of these proteins (51%).
The second21 identified 89 phosphorylation sites that are induced
when yeast cells are treated with mating pheromone. Five proteins
with these sites are substrates of Pho85–Pcl1, two are substrates for
Kss1 and a single substrate was identified for Ste20 and Fus3. The
remaining proteins whose phosphorylation is induced by treatment
with pheromone may be targets either of additional kinases induced
by the pheromone response (for example, Ste7 or Ste11) or of other
kinases. Nonetheless, combining the data of our study with in vivo
data from others provides strong candidates for the kinases that
phosphorylate each substrate.
Proteome chips offer many advantages for studying protein

phosphorylation. Thousands of proteins can be rapidly screened
for enzyme–substrate relationships in an unbiased fashion with very
small amounts of reagents and under a variety of test conditions. In
addition, closely related kinases with known redundant functions

can be readily differentiated at the molecular level on the basis of
their substrate profiles.
Although we were able to identify many known substrates of

protein kinases, two-thirds of reported phosphorylations were not
observed. This may be due to the absence of 30% of yeast proteins on
the array. In addition, the substrates may not be present in sufficient
quantity for substrate phophorylation to be observed. Alternatively,
although purified from yeast, the kinases and/or substrates may lack
functional adaptors, scaffold proteins or modifications. In principle,

Figure 4 | Integration of other biological data reveals regulatory
modules. When protein interaction, transcription factor binding and
expression data are considered, many modules within the phosphorylation
data are identified. Shown are protein–protein interactions ($), kinase
phosphorylations (!) and transcription factor (TF) regulation ()). K,
kinase; P, protein. In the following list themodules are numbered from 1 to 8
with their common name in parentheses; also listed are the numbers of
occurrences (n) and the statistical significances of such events. a, Module 1
(interacting kinates module), n ¼ 1,563, P , 10299; b, module 2 (scaffold
module), n ¼ 2,448, P , 10299; c, module 3 (kinase cascade module),
n ¼ 147, P , 10299; d, module 4 (TF-regulated kinate module), n ¼ 145,
P , 10299; e, module 5 (kinate regulon module), n ¼ 92, P , 10299;
f, module 6 (kinate feedback loop I module), n ¼ 25, P ¼ 1023; g, module 7
(kinate feedback loop II module), n ¼ 11, not enriched; h, module 8
(heterosubstrate regulation module), n ¼ 14, not enriched.
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the kinase or substrates can be purified from cells grown under
different conditions to provide propermodifications on the kinase or
substrates. In addition, adaptor proteins (such as cyclins), when
identified, can be added to the reactions.
Our assays measure substrate specificity directly at the level of

kinase–substrate interaction, which is highly selective because a
discrete set of substrates are recognized by each kinase. Nonetheless,
phosphorylations that do not normally occur in vivo may be
identified from this assay. These false positives may be due to either
in vitro phosphorylation of proteins by kinases that normally reside
in other cellular compartments and/or are expressed at different
times, or through the absence of adaptor proteins that limit the
kinase–substrate interactions. It is unlikely that many false positives
are observed by co-purification of a substrate with the intended
protein on the array; 80% of all substrates identified can be validated
by solution-based assays for substrate phosphorylation and the
remainder do not reveal phosphorylation of a co-purifiying protein
(Supplementary Fig. 2). Combining our data with other information
provides a useful method of detecting interactions likely to occur
in vivo. Because many kinase signalling pathways are highly con-
served from fungi to humans1, our comprehensive identification of
the phosphorylation regulatory network in yeast will not only serve
as valuable resource for yeast research but will also provide much
insight into this important regulatory network in all eukaryotes.

METHODS
Protein purification and proteome arrays. Yeast proteome chips were prepared
that were similar to that described previously with the use of yeast strains that
overexpressed yeast proteins as GST fusions4. About 4,400 yeast strains that
consistently express protein of the correct size were used to prepare protein chips
(Supplementary Information). Proteins were spotted in duplicate on surface-
modified microscope slides by using a 48-pin contact printer (Genomic
Solutions). The protein arrays were manufactured at Invitrogen (Branford,
Connecticut). Protein kinases containing inactivating mutations in their
catalytic domains were prepared by site-directed mutagenesis to mutate an
absolutely conserved catalytic residue, Asp, to Ala (ref. 22).

The Pho85 kinases were purified from insect cells23; the remaining 81 kinases
were purified from yeast. Yeast protein kinases were expressed as GST fusions
and purified as described previously5. Cells were grown in 50–500-ml cultures,
harvested and lysed with glass beads in lysis buffer (100mM Tris-HCl pH7.4,
100mM NaCl, 1mM EGTA, 0.1% 2-mercaptoethanol, 0.1% Triton X-100,
protease cocktail (Roche), 1mM EDTA, 50mM NaF, 10mM sodium b-
glycerophosphate, 1mM Na3VO4). Kinases were bound to glutathione beads
and eluted into kinase buffer (100mM Tris-HCl pH8.0, 100mM NaCl, 10mM
MgCl2, 20mM glutathione, 20% glycerol). Although attempts were made to
purify more than 110 protein kinases, only those that were highly active in in
vitro assays were tested on the protein chips.
Kinase assay and data acquisition. Each kinase was assayed to determine the
concentration needed to achieve optimal signal:noise ratio using test protein
chips (see Supplementary Information). Proteome arrays were blocked in
Superblock (Pierce) with 0.1% Triton X-100 for 1 h at 4 8C and probed in
duplicate for every kinase. Optimized conditions (see Supplementary Infor-
mation) consisted of diluting the kinase into kinase buffer plus 0.5mgml21

bovine serum albumin, 0.1%Triton X-100 and 2 ml of [g-33P]ATP (33.3 nMfinal
concentration). Each kinase in buffer was overlaid on two arrays, covered with a
coverslip and placed in a humidified chamber at 30 8C for 1 h. The slides were
washed twice with 10mM Tris-HCl pH7.4, 0.5% SDS and once with doubly
distilled water before being spun dry and exposed to X-ray film (Kodak). For
each experiment, two additional arrays were incubated with kinase buffer in the
absence of kinase, which served as autophosphorylation reference slides. Three
sets of exposures were taken for each kinase assayed: 1, 3 and 7 days. The X-ray
film was scanned at 1,800 dots per inch and each kinase was analysed with
Genepix 3.0. The optimal exposure was selected for each kinase and compared
with the corresponding autophosphorylation slides.
Data analysis. A computer algorithm was written to identify substrates (see
Supplementary Information). Substrates were identified that were two standard
deviations above background for at least three of the four protein spots from the
two slides assayed for a given kinase. Analysis from the autophosphorylation
slides was used to remove proteins showing autophosphorylation. Positive
signals were also inspected visually to ensure that each spot was not caused by
the presence of an artefact.

A network was generated by combining the substrates for all kinases assayed
by using Osprey version 1.2.0 (ref. 24). For each kinase, the substrates were
filtered on the basis of functional data from the Munich Information Center for
Protein Sequences (MIPS)18 and localization data in ref. 25. Functional enrich-
ment was performed for the substrates of all the kinases. Substrates enriched
with P , 0.05 were considered enriched and were then compared with the
functional annotation for the kinase. Alignment of the substrates of the Tpks and
Pho85 isoforms was performed to obtain a substrate profile for each of the
kinases. Modules were identified between transcription factors, kinases and
substrates. The requirement for the three-element module was that it should
contain at least one phosphorylation interaction and have a total of at least three
interactions with all proteins having two interactions. For module 3, kinase–
kinase interactions were searched. Common phosphorylation motifs from sets
of substrates were identified with a Pratt algorithm15.
In vivo substrate validation. The phosphorylating kinase was deleted for
potential substrates of Ark1, Swe1, Hsl1, Bck1, Prk1 and Ste20 by using the
available chromosomally tandem affinity purification (TAP-tagged) strains (see
Supplementary Information)26,27. Verified strains were grown and analysed in
parallel with the corresponding wild-type TAP-tag strain. TAP-tagged proteins
were purified with lysis buffer as above and isolated from the lysates with the use
of IgG beads. The bound IgG beads were washed with lysis buffer containing
250mM NaCl. The beads were heated to 70 8C in the presence of NuPAGE
loading buffer and eluates were analysed on 10% NuPAGE gels (Invitrogen).
Immunoblots were prepared and probed with anti-phosphoserine, anti-
phosphothreonine (Qiagen) and anti-phosphoTyr (Upstate) antibodies to
detect loss of phosphorylation. Immunoblots were also probed with anti-
calmodulin-binding-peptide antibody (Upstate), which recognizes a portion
of the TAP tag, to identify gel mobility shifts. All validated substrates were tested
at least twice, and for Glo3, She3 and Gpm1 independent transformants were
tested.
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Table 1 (supplemental) Functional categories of kinases and their 
substrates  
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Table 2 (supplemental) Known substrates of kinases  
identified in our assays  
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Known Substrates 
Identified Common Name 
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Fus3 Ydr480w Dig2 
Gin4 Ydl226w Shs1 
Hrr25 Ynl027w Crz1 
Pho85-Pho80 Yfr034c Pho4 
Snf1 Ygl208w Ygl035c Sip2 Mig1 
Tos3 Ygl208w Ygl035c Sip2 Mig1 Snf1 
Tpk1 Yal038w Yil033c Ylr133w Cdc19 Bcy1 Cki1 
Tpk2 Yjl141c Yak1 
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Table S5.  Predicted gene clusters involved in secondary metabolism in Aspergillus fumigatus, and orthologous clusters in other
Aspergilli. X indicates that the corresponding gene is absent.

Cluster Locus ID 5’ end 3’ end Gene Name  [function] A. oryzae A. nidulans

1 Afu1g10350 419083 420498 phosphoglycerate kinase PgkA, putative 20060.m00025 10017.m00173

Afu1g10360 422521 425058 conserved hypothetical protein 20060.m00022 10017.m00171

Afu1g10370 426122 428041 MSF drug transporter, putative 20060.m00021 10017.m00170

Afu1g10380 447716 428528 nonribosomal peptide synthase Afpes1 20060.m00020 10017.m00169

Afu1g10390 453260 458484 ABC multidrug transporter, putative X 10017.m00167

2 Afu1g17640 2591155 2593873 melanin biosynthesis transcription factor RegA 20146.m00216 10055.m00282

Afu1g17650 2594952 2594257 short chain dehydrogenase, putative 20146.m00215 X

Afu1g17660 2595320 2596783 histidinol dehydrogenase, putative 20146.m00214 X

Afu1g17670 2597568 2599888 salicylate hydroxylase, putative 20146.m00213 10055.m00283

Afu1g17680 2600595 2602397 MFS transporter, putative X 10055.m00289

Afu1g17690 2603506 2605006 FAD binding oxidoreductase, putative 20146.m00211 10055.m00290

Afu1g17700 2605307 2606328 short chain dehydrogenase, putative 20146.m00212 10055.m00291

Afu1g17710 2647077 2648454 C6 transcription factor, putative X X

Afu1g17720 2648896 2649639 oxidoreductase, putative X X

Afu1g17725 2653002 2651209 cytochrome P450 oxidoreductase, putative X X

Afu1g17730 2654592 2653441 zinc binding enoyl reductase, putative X X

Afu1g17740 2655126 2663085 polyketide synthase, putative X X

3 Afu2g01100 258038 258963 pirin domain protein, putative 20157.m00250 10108.m00155

Afu2g01110 260850 259375 conserved hypothetical protein 20105.m00074 10130.m00145

Afu2g01120 262678 261380 DNA repair protein, putative X X

Afu2g01130 263087 263724 ubiquitin conjugating enzyme (UbcJ), putative X X

Afu2g01140 265169 264333 GPI anchored protein, putative X X

Afu2g01150 267817 267182 conserved hypothetical protein X X

Afu2g01160 268557 269294 C-4 methyl sterol oxidase, putative X X



Afu2g01170 272509 273928 1,3-beta-glucanosyltransferase Gel1 X X

Afu2g01180 275159 277696 cellobiose dehydrogenase X X

Afu2g01190 279094 278074 Cu-dependent DNA-binding protein X X

Afu2g01200 283232 281077 SH3 domain protein X X

Afu2g01210 284424 286208 ATP dependent RNA helicase (Dbp5), putative X X

Afu2g01220 286849 288494 GTP cyclohydrolase II, putative X X

Afu2g01230 288906 289901 dihydrodipicolinate synthetase family protein X X

Afu2g01240 290755 292349 beta-D-fructofuranoside fructohydrolase X X

Afu2g01250 293643 295622 serine peptidase, family S28, putative X X

Afu2g01260 296897 299863 HLH transcription factor, putative 20105.m00096 10130.m00153

Afu2g01270 302148 304277 metalloreductase, putative 20105.m00097 10130.m00154

Afu2g01280 305859 304748 D-mandelate dehydrogenase, putative 20105.m00098 10130.m00155

Afu2g01290 314706 306145 polyketide synthase, putative X X

Afu2g01300 315161 316044 conserved hypothetical protein X X

Afu2g01310 316971 316120 EF-hand domain protein 20105.m00100 10130.m00156

Afu2g01320 320995 317537 P-type ATPase, putative 20105.m00101 10130.m00156

Afu2g01330 322550 323380 exosome complex subunit Rrp46, putative 20105.m00115 10130.m00157

Afu2g01340 324294 323929 hypothetical protein X X

Afu2g01350 324469 326498 NAD+ kinase Utr1, putative 20105.m00115 10130.m00158

Afu2g01360 328352 326803 nucleotide-binding GAF domain protein 20105.m00116 10130.m00160

Afu2g01370 330962 329174 GABA permease, putative 20105.m00118 X

Afu2g01380 333432 332887 GNAT family acetyltransferase, putative X X

Afu2g01390 334449 333820 S-adenosylmethionine-dependent methyltransferase, putative X X

Afu2g01400 335414 336258 short chain dehydrogenase/oxidoreductase, putative X X

Afu2g01410 337491 338525 aldo-keto reductase, putative 20162.m00231 X

Afu2g01420 339809 341479 Fot5 family transposase, putative X X

Afu2g01430 343487 344969 conserved hypothetical protein X 10130.m00162

Afu2g01440 345988 347285 mitochondrial carrier protein, putative 20162.m00240 10130.m00163

Afu2g01450 347989 349182 alpha-1,6 mannosyltransferase subunit (Mnn9), putative 20162.m00241 10130.m00164

Conidial Pigment Biosynthesis Cluster
4 Afu2g17510 2802200 2804231 hypothetical protein X X

Afu2g17520 2805912 2805250 GNAT family N-acetyltransferase, putative X X



Afu2g17530 2807384 2809550 conidial pigment biosynthesis oxidase Arb2/brown2 20147.m00258 X

Afu2g17540 2810056 2812149 pigment biosynthesis oxidase Abr1/brown 1 X X

Afu2g17550 2813989 2812570 pigment biosynthesis protein Ayg1 X X

Afu2g17560 2815647 2814826 1,3,6,8-tetrahydroxynaphthalene reductase X X

Afu2g17570 2815979 2815763 hypothetical protein X X

Afu2g17580 2816111 2816719 conidial pigment biosynthesis scytalone dehydratase Arp1 X X

Afu2g17590 2817164 2817430 conserved hypothetical protein X X

Afu2g17600 2817817 2824478 polyketide synthetase PksP 20147.m00259 X

5 Afu2g17960 2908142 2907012 NADPH dehydrogenase, putative X X

Afu2g17970 2908930 2909913 conserved hypothetical protein X X

Afu2g17980 2911958 2910619 cytochrome P450 pisatin demethylase, putative X X

Afu2g17990 2913852 2912488 dimethylallyl tryptophan synthase, putative X X

Afu2g18000 2914582 2915434 short chain dehydrogenase, putative X X

Afu2g18010 2916087 2917978 cytochrome P450 monooxygenase, putative X X

Afu2g18020 2918826 2920310 transferase family protein X X

Afu2g18030 2922606 2920987 catalase, putative X X

Afu2g18040 2925193 2923639 dimethylallyl tryptophan synthase, putative X X

Afu2g18050 2925694 2927815 FAD binding oxidoreductase, putative X X

Afu2g18060 2928072 2929163 conserved hypothetical protein X X

Afu2g18070 2930832 2930164 metalloproteinase, putative X X

6 Afu3g01290 316915 318063 AMID-like mitochondrial oxidoreductase, putative X X

Afu3g01300 321038 319812 hypothetical protein X X

Afu3g01310 322936 323296 hypothetical protein X X

Afu3g01320 323988 324929 homocysteine S-methyltransferase, putative X X

Afu3g01330 326023 325057 class II aldolase/adducin domain protein 20179.m00857 X

Afu3g01340 326992 326485 DUF636 domain protein X 10153.m00250

Afu3g01350 331897 329544 proteinase, putative X 10153.m00251

Afu3g01360 333213 335443 siderochrome-iron transporter, putative 20179.m00859 10153.m00252

Afu3g01370 339241 337589 MFS transporter, putative 20179.m00871 10153.m00255



Afu3g01380 342911 342747 hypothetical protein X X

Afu3g01390 344659 344085 hypothetical protein X X

Afu3g01400 347964 352621 ABC multidrug transporter, putative 20179.m00865 10153.m00242

Afu3g01410 360985 352856 polyketide synthase, putative 20179.m00868 X

Afu3g01420 362051 361276 DUF341 domain oxidoreductase, putative 20179.m00869 X

Afu3g01430 362767 363398 benzodiazepine receptor family protein X X

Afu3g01440 364216 367670 DUF1212 domain membrane protein 20179.m00870 X

Afu3g01450 370038 368845 3-methyl-2-oxobutanoate dehydrogenase, putative X X

Afu3g01460 371772 370426 salicylate hydroxylase, putative X X

Afu3g01470 372686 373698 conserved hypothetical protein X X

Afu3g01480 375819 373921 conserved hypothetical protein X X

Afu3g01490 380404 379234 alcohol dehydrogenase, putative X X

Afu3g01500 381071 381876 integral membrane protein X X

Afu3g01510 385884 383456 C6 transcription factor, putative 20112.m00082 X

Afu3g01520 385999 387805 MFS toxin efflux pump, putative X X

Afu3g01530 388213 389691 phosphatidylglycerol specific phospholipase, putative X X

Afu3g01540 391333 392842 MFS monocarboxylate transporter, putative X X

Afu3g01560 394802 393032 amino acid permease, putative X X

Afu3g01580 397771 395356 GMC oxidoreductase, putative X X

Afu3g01590 399965 401381 hypothetical protein X X

Afu3g01600 405413 402521 monooxygenase, putative X X

7 Afu3g02520 632001 629945 MSF multidrug transporter, putative X X

Afu3g02530 634289 632049 polyketide synthase, putative X X

Afu3g02540 635156 635727 hypothetical protein X X

Afu3g02550 639573 642088 conserved hypothetical protein X X

Afu3g02560 645824 646419 hypothetical protein X X

Afu3g02570 653701 646906 polyketide synthase, putative X X

Afu3g02580 654900 653899 short-chain dehydrogenase/reductase family protein, putative X X

Afu3g02590 658708 656191 C6 transcription factor, putative X X

Afu3g02600 661873 661031 hypothetical protein X X

Afu3g02610 662970 664268 MFS transporter, putative X X



Afu3g02620 666282 664695 phenol hydroxylase, putative X X

Afu3g02630 668051 667105 conserved hypothetical protein X X

Afu3g02640 668464 669413 nucleoside-diphosphate-sugar epimerase family protein X X

Afu3g02650 671969 673246 MYB DNA binding domain protein X X

Afu3g02660 674779 676203 hypothetical protein X X

Afu3g02670 694320 697670 nonribosomal peptide synthetase, putative X X

Afu3g02680 698498 700326 conserved hypothetical protein X X

Afu3g02690 701773 702105 hypothetical protein X X

Afu3g02700 704476 702506 transcription factor, putative X X

Afu3g02710 704861 706090 zinc-binding oxidoreductase, putative X X

Afu3g02720 708220 706435 MFS transporter, putative X X

Toxin Biosynthesis Cluster
8 Afu3g03190 858799 857216 MFS transporter, putative X X

Afu3g03200 859100 859801 cysteine hydrolase family protein X X

Afu3g03210 861467 860517 hypothetical protein X X

Afu3g03220 862739 862317 conserved hypothetical protein X X

Afu3g03230 865463 864384 hypothetical protein X X

Afu3g03240 868128 866768 MFS monocarboxylate transporter, putative X X

Afu3g03250 870149 868558 aldehyde dehydrogenase family protein, putative X X

Afu3g03260 872203 871910 hypothetical protein X X

Afu3g03270 874449 875310 isochorismatase family  hydrolase, putative X X

Afu3g03280 876157 877704 FAD binding monooxygenase, putative X X

Afu3g03290 878888 879295 hypothetical protein X X

Afu3g03300 884161 881366 FAD binding domain protein X X

Afu3g03310 884900 885849 RTA1 domain protein X X

Afu3g03315 887323 886053 C6 transcription factor, putative X X

Afu3g03320 889226 887789 MFS monocarboxylate transporter, putative X X

Afu3g03330 891157 889931 mitochondrial enoyl reductase, putative X X

Afu3g03340 891335 892127 hypothetical protein X X

Afu3g03350 891335 898767 nonribosomal peptide synthase, putative X X

Afu3g03360 899067 898769 hypothetical protein X X

Afu3g03370 899885 899169 cell surface protein, putative X X



Afu3g03380 901268 902011 maltose O-acetyltransferase, putative X X

Siderophore Biosynthesis Cluster
9 Afu3g03390 903326 902202 siderophore biosynthesis lipase/esterase, putative 20139.m00254 X

Afu3g03400 906262 904874 siderophore biosynthesis acetylase AceI, putative 20139.m00253 X

Afu3g03410 906574 907459 enoyl-CoA hydratase/isomerase family protein 20139.m00252 X

Afu3g03420 908168 914474 hypothetical protein 20139.m00251 10107.m00150

Afu3g03430 918596 914602 ABC multidrug transporter SitT, putative 20139.m00250 10107.m00151

Afu3g03440 919017 921326 MFS family siderophore transporter, putative 20139.m00249 10107.m00152

Afu3g03450 925123 923525 cytochrome P450 pisatin demethylase, putative 20139.m00216 10128.m00122

Afu3g03460 927326 928000 HAD superfamily hydrolase, putative X X

Afu3g03470 930109 929861 conserved hypothetical protein X X

Afu3g03480 933890 932289 cytochrome P450 monooxygenase, putative 20097.m00055 X

Afu3g03490 934429 935209 O-methyltransferase, putative 20154.m00164 X

Afu3g03500 936148 937897 MFS multidrug transporter, putative X X

Afu3g03510 937974 939266 4-hydroxyphenylpyruvate dioxygenase, putative 20168.m00384 X

Afu3g03520 942883 944223 integral membrane protein 20172.m00479 10115.m00067

Afu3g03530 946095 945409 nitroreductase family protein X 10032.m00157

Afu3g03540 947249 949912 polyketide synthase, putative X 10032.m00162

Afu3g03550 951016 950347 hypothetical protein X X

Afu3g03560 956482 954740 pyridine nucleotide-disulfide oxidoreductase, putative X X

Afu3g03570 957422 959086 67 kDa myosin-cross-reactive antigen family protein X X

Afu3g03580 960918 959392 Transferase family superfamily X X

Afu3g03590 963569 961701 F-box domain and ankyrin repeat protein X X

Afu3g03600 965315 964392 carboxyl esterase A X X

Afu3g03610 969866 968691 hypothetical protein X X

Afu3g03620 971143 973488 glycosyl transferase, putative X X

ETP Toxin Biosynthesis Cluster
10 Afu3g12870 659061 656692 GTPase activating protein (Gyp3), putative 20140.m00124 10051.m00675

Afu3g12880 655910 656104 hypothetical protein X X

Afu3g12890 654015 655302 C6 transcription factor (GliZ), putative X X

Afu3g12900 653575 651166 MFS monocarboxylate transporter (Mch4), putative X X



Afu3g12910 649310 650671 O-methyltransferase (GliM), putative X X

Afu3g12920 649187 641933 nonribosomal peptide synthase (GliP), putative X X

Afu3g12930 641551 639889 dimethylallyl tryptophan synthase (GliD), putative X X

Afu3g12940 637351 639832 C6 transcription factor, putative X X

Afu3g12950 635308 636874 FAD binding domain protein X X

Afu3g12960 633039 634964 cytochrome P450 monooxigenase (GliC), putative X X

Afu3g12970 632076 630413 DUF580 domain protein 20140.m00123 10051.m00675

Afu3g12980 628680 630258 extracellular serine rich protein 20140.m00122 X

Afu3g12990 626024 628043 conserved proline-rich protein 20140.m00121 10051.m00677

Afu3g13000 623547 625124 BCS1-like ATPase, putative X X

Afu3g13010 622948 621486 conserved hypothetical protein X X

11 Afu3g13580 489962 492197 dynamin GTPase, putative X X

Afu3g13590 488527 487895 conserved hypothetical protein X X

Afu3g13600 486787 484805 C6 transcription factor, putative X X

Afu3g13610 484317 483268 oxidoreductase, zinc-binding, putative X X

Afu3g13620 482412 483065 conserved hypothetical protein X X

Afu3g13630 480700 480032 conserved hypothetical protein X X

Afu3g13640 477296 478176 extracellular serine-rich protein X X

Afu3g13650 476329 475160 integral membrane protein X X

Afu3g13660 474221 474930 Ctr copper transporter family protein X X

Afu3g13670 473283 471441 siderochrome-iron transporter, putative X X

Afu3g13680 469262 470650 conserved hypothetical protein X X

Afu3g13690 468515 466792 pyoverdine chromophore biosynthetic protein, putative X X

Afu3g13700 466595 463452 transferase family protein X X

Afu3g13710 462090 462386 GTP cyclohydrolase I, putative X X

Afu3g13720 460483 461658 oxidoreductase, 2OG-Fe(II) oxygenase family, putative X X

Afu3g13730 459847 455975 nonribosomal peptide synthase, putative X X

Afu3g13740 453094 455692 HSP70 family protein X X

Afu3g13750 450942 452183 conserved hypothetical protein 20154.m00246 X



12 Afu3g14560 221510 223449 MFS transporter, putative X X

Afu3g14570 217336 218826 histidine acid phosphatase, putative X X

Afu3g14580 214861 215391 dUTPase, putative X X

Afu3g14590 211936 209760 copper amine oxidase X X

Afu3g14600 208977 206950 fungal specific transcription factor, putative X X

Afu3g14610 204916 206842 cytochrome P450, putative X X

Afu3g14620 202747 201515 extracellular endo-1,5-alpha-L-arabinase, putative X X

Afu3g14630 199456 198353 extracellular dioxygenase, putative X X

Afu3g14640 197792 196564 C4-dicarboxylate transporter/malic acid transport protein X X

Afu3g14650 195852 193721 hypothetical protein X X

Afu3g14660 193361 193635 hypothetical protein X X

Afu3g14670 187934 186334 MFS transporter, putative X X

Afu3g14680 185922 184030 lysophospholipase Plb3 X X

Afu3g14690 182237 183772 aminotransferase, putative X X

Afu3g14700 181917 174183 polyketide synthase, putative X X

Afu3g14710 173606 172515 toxin biosynthesis proten (Fum3), putative X 10172.m00187

Afu3g14720 170639 172440 MFS transporter, putative X X

Afu3g14730 170034 168487 LysR family regulatory protein, putative X X

Afu3g14740 166861 168366 conserved hypothetical protein X X

Afu3g14750 165495 162655 fungal specific transcription factor, putative X X

Afu3g14760 162254 160502 cytochrome P450 monooxygenase (Fum15), putative X X

13 Afu3g15200 80940 82573 conserved hypothetical protein X X

Afu3g15210 79848 78705 endo-1,4-beta-xylanase, putative X X

Afu3g15220 76387 75146 conserved hypothetical protein X X

Afu3g15230 72973 74826 general amidase, putative X X

Afu3g15240 71999 72685 conserved hypothetical protein X X

Afu3g15250 71381 69681 MFS toxin efflux pump, putative X X

Afu3g15260 68848 69360 hypothetical protein X X

Afu3g15270 68646 61531 nonribosomal peptide synthetase, putative X X

Afu3g15280 60018 61078 methyltransferase, putative X X

Afu3g15290 57928 55700 C6 transcription factor, putative X X



Afu3g15300 50842 51669 amine transporter, putative X X

Afu3g15310 48953 49712 polyketide synthase, putative X X

Afu3g15330 47497 47856 hypothetical protein X X

Afu3g15340 43498 44679 hypothetical protein X X

Afu3g15350 41456 42187 short chain dehydrogenase family protein, putative X X

14 Afu4g00110 418391 419541 TfdA family taurine dioxygenase, putative X X

Afu4g00120 416589 418250 MFS transporter, putative X X

Afu4g00130 416107 416486 hypothetical protein X X

Afu4g00140 414904 413866 RTA1 domain protein, putative X X

Afu4g00150 408532 410300 MFS maltose transporter, putative X X

Afu4g00160 403226 402154 short-chain dehydrogenase, putative X X

Afu4g00170 400887 401276 conserved hypothetical protein X X

Afu4g00180 400326 397521 fatty acid oxygenase, putative X X

Afu4g00190 396226 396700 conserved hypothetical protein X X

Afu4g00200 391882 390483 F-box domain protein X X

Afu4g00210 384731 390228 polyketide synthase, putative 10005.m00157 X

Afu4g00220 383360 384366 metallo-beta-lactamase domain protein 10005.m00156 X

Afu4g00230 380042 382115 oxidoreductase, 2OG-Fe(II) oxygenase family, putative X X

Afu4g00240 377489 379528 amino acid transporter, putative X X

Afu4g00250 374936 372955 WD40 repeat protein X X

Afu4g00260 371327 372400 hypothetical protein X X

Afu4g00270 368420 370090 Fot5 family transposase, putative X X

Afu4g00280 366953 366186 conserved hypothetical protein 10065.m00177 20162.m00211

15 Afu4g14380 123980 124854 conserved hypothetical protein X X

Afu4g14390 121772 123463 Fot5 transposase, putative X X

Afu4g14400 120879 118430 C2H2 finger domain protein, putative X X

Afu4g14410 114091 113207 hypothetical protein X X

Afu4g14420 108547 109358 secreted glycosyl hydrolase, putative X X

Afu4g14440 105948 108015 NRPS-like enzyme, putative X X



Afu4g14450 103508 102000 D-mannonate oxidoreductase X X

Afu4g14460 100642 101601 conserved hypothetical protein X X

Afu4g14470 99478 98952 hypothetical protein X X

Afu4g14480 99432 100288 hypothetical protein X X

Afu4g14490 98709 96582 dihydrogeodin oxidase X X

Afu4g14500 96092 94755 conserved hypothetical protein X X

Afu4g14510 93469 94594 hypothetical protein X X

Afu4g14520 92984 92193 toxin biosynthesis protein, putative X X

Afu4g14530 91775 91098 glutathione S-transferase, putative X X

Afu4g14540 89818 91219 C6 transcription factor (AflR), putative X X

Afu4g14550 87081 88446 toxin biosynthesis regulatory protein, putative X X

Afu4g14560 81245 86775 polyketide synthase, putative X X

Afu4g14570 81106 79841 metallo-beta-lactamase domain protein, putative X X

Afu4g14580 79440 77804 O-methyltransferase, putative X X

Afu4g14590 75310 77562 C6 transcription factor, putative X X

Afu4g14600 73306 74769 UPF0075 domain protein X X

Afu4g14610 72681 70832 MFS sugar transporter, putative X X

Afu4g14620 69305 68404 RING finger protein X X

Afu4g14630 68215 66857 FAD binding domain protein X X

Afu4g14640 64722 66791 low affinity iron transporter, putative X X

Afu4g14650 62500 61448 ribokinase X X

Afu4g14660 59522 61417 conserved hypothetical protein X X

Afu4g14670 57037 58934 MFS quinate transporter, putative X X

Afu4g14680 54761 56209 C6 transcription factor, putative X X

Afu4g14690 53465 54409 hypothetical protein X X

Afu4g14700 51588 52733 GDSL-like Lipase/Acylhydrolase family protein X X

Afu4g14710 46778 46303 MFS transporter, putative X X

Afu4g14720 47230 49422 C6 transcription factor, putative X X

Afu4g14730 44916 44323 GNAT family acetyltransferase, putative X X

Afu4g14740 38334 37020 serine/threonine protein kinase (Ark1), putative X X

Afu4g14750 33095 34612 hypothetical protein X X

Afu4g14760 33010 32134 ABC multidrug transporter, putative X X

Afu4g14770 29433 31640 squalene-hopene-cyclase, putative X X



Afu4g14780 27256 28998 cytochrome P450 monooxygenase, putative X X

Afu4g14790 26677 25154 cytochrome P450 monooxygenase, putative X X

Afu4g14800 24345 25118 short chain dehydrogenase, putative X X

Afu4g14810 24235 22541 cytochrome P450 monooxygenase, putative X X

Afu4g14820 22116 20680 transferase family protein X X

Afu4g14830 20490 18976 cytochrome P450 monooxygenase, putative X X

Afu4g14840 18574 17183 transferase family protein X X

Afu4g14850 15364 17154 extracellular 3-ketosteroid 1-dehydrogenase, putative X X

16 Afu5g00110 1199221 1201005 squalene-hopene-cyclase, putative X X

Afu5g00120 1198318 1196878 cytochrome P450 oxidoreductase/alkane hydroxylase, putative X X

Afu5g00130 1196112 1194937 capsule polysaccharide biosynthesis protein, putative X X

Afu5g00140 1190708 1191637 transposase, putative X X

Afu5g00150 1186398 1185545 nonribosomal peptide synthetase, putative X X

Afu5g00160 1179668 1178210 MFS polyamine transporter, putative X X

17 Afu5g00340 1105985 1110616 ABC multidrug transporter, putative X X

Afu5g00350 1105790 1103641 nonribosomal peptide synthetase, putative X X

Afu5g00370 1101783 1100328 amino acid permease, putative X X

Afu5g00380 1096715 1098466 TPR domain protein X X

Afu5g00390 1092296 1092060 hypothetical protein X X

Afu5g00400 1089258 1090635 aminotransferase, classes I and II family, putative X X

18 Afu5g12700 645637 645131 hypothetical protein X X

Afu5g12710 643594 641247 TPR domain protein X X

Afu5g12720 635720 640633 ABC drug transporter, putative X X

Afu5g12730 633905 608358 nonribosomal peptide synthase, putative X X

Afu5g12740 607205 605650 MFS drug transporter, putative X X



19 Afu6g03290 591439 593151 isochorismatase family hydrolase, putative X X

Afu6g03300 590983 590090 hypothetical protein X X

Afu6g03310 589582 588944 hypothetical protein X X

Afu6g03320 585647 587493 MFS drug transporter, putative X X

Afu6g03330 583885 583183 conserved hypothetical protein X X

Afu6g03340 582862 582103 conserved hypothetical protein X X

Afu6g03350 580384 579839 acetyltransferase, GNAT family, putative X X

Afu6g03360 578113 579189 oxidoreductase, zinc-binding X X

Afu6g03370 576502 577399 oxidoreductase, short-chain dehydrogenase/reductase family X X

Afu6g03380 572129 570303 conserved hypothetical protein X X

Afu6g03390 568080 567717 glutathione S-transferase family protein X X

Afu6g03400 564528 564759 hypothetical protein X X

Afu6g03420 561984 562984 trehalose synthase, putative X X

Afu6g03430 558637 557060 C6 finger domain protein, putative X X

Afu6g03440 555282 556843 fructosyl amino acid oxidase, putative X 20173.m00567

Afu6g03450 554705 553531 conserved hypothetical protein X X

Afu6g03460 552453 550729 hypothetical protein X X

Afu6g03470 550057 545953 ABC multidrug transporter, putative X X

Afu6g03480 545229 540113 nonribosomal peptide synthetase, putative X X

Afu6g03490 539443 537438 phenol 2-monooxygenase, putative X X

Gliotoxin Biosynthesis Cluster
20 Afu6g09580 1016433 1017635 hypothetical protein X X

Afu6g09590 1017795 1018808 zinc-containing alcohol dehydrogenase, putative X X

Afu6g09600 1020203 1018892 peptidase, putative X X

Afu6g09610 1024733 1020915 nonribosomal peptide synthase, putative X X

Afu6g09620 1024774 1025473 hypothetical protein X X

Afu6g09630 1028363 1029832 C6 finger domain protein GliZ X X

Afu6g09640 1031979 1030552 aminotransferase GliI X X

Afu6g09650 1032322 1033642 membrane dipeptidase GliJ X X

Afu6g09660 1040501 1033997 nonribosomal peptide synthase GliP X X

Afu6g09670 1040906 1042756 cytochrome P450 oxidoreductase GliC X X

Afu6g09680 1044391 1043040 O-methyltransferase GliM X X



Afu6g09690 1045595 1044767 glutathione S-transferase GliG X X

Afu6g09700 1045847 1047155 gliotoxin biosynthesis protein GliK X X

Afu6g09710 1047307 1048935 MFS gliotoxin efflux pump GliA X X

Afu6g09720 1050289 1049325 methyltransferase GliN X X

Afu6g09730 1052314 1050743 cytochrome P450 oxidoreductase GliF X X

Afu6g09740 1052617 1053679 thioredoxin reductase GliT X X

Afu6g09750 1054011 1068727 hypothetical protein X X

Afu6g09760 1072603 1070978 toxin biosynthesis cytochrome P450 oxidoreductase, putative X X

Afu6g09770 1073942 1076419 geranylgeranyl diphosphate synthase, putative X X

21 Afu6g12040 1691871 1693718 maltose permease, putative X X

Afu6g12050 1694970 1698884 nonribosomal peptide synthase, putative X X

Afu6g12060 1700651 1699285 MAK1-like monooxygenase, putative X X

Afu6g12070 1701480 1703303 FAD binding domain protein X X

Afu6g12080 1716682 1704693 nonribosomal peptide synthase, putative X X

22 Afu6g13920 2232241 2230440 adenylate-forming enzyme, putative X X

Afu6g13930 2240314 2232481 lovastatin polyketide synthase, putative X X

Afu6g13940 2240366 2242258 P450-monooxygenase, putative X X

Afu6g13950 2245341 2246128 integral membrane protein X X

Afu6g13970 2246494 2248129 FAD-dependent monooxygenase (PaxM), putative X X

Afu6g13980 2248777 2249567 UbiA-like prenyltransferase, putative X X

Afu6g13990 2251395 2249863 acetyltransferase (Tri16), putative X X

Afu6g14000 2252146 2253518 Tri7-like toxin biosynthesis protein, putative X X

23 Afu7g00110 709476 710885 lipase, putative X X

Afu7g00120 701989 703029 metallo-beta-lactamase domain protein X 10102.m00085

Afu7g00130 698930 701401 C6 transcription factor, putative X X

Afu7g00150 695854 697133 FAD-dependent monooxygenase, putative X 10102.m00086

Afu7g00160 689233 694805 polyketide synthase, putative X 10102.m00084



Afu7g00170 688751 687390 dimethylallyl tryptophan synthase (GliD), putative X X

Afu7g00180 685846 686793 NAD dependent epimerase/dehydratase, putative X X

Afu7g00190 684341 685459 hypothetical protein X X

24 Afu8g00100 788864 790778 aspartate-tRNA ligase, putative X X

Afu8g00110 787557 788663 oxidoreductase, 2OG-Fe(II) oxygenase family, putative X X

Afu8g00120 785007 786587 hypothetical protein X X

Afu8g00130 784636 783130 hypothetical protein X X

Afu8g00140 782482 781030 MFS transporter, putative X X

Afu8g00150 779542 777194 conserved hypothetical protein X X

Afu8g00160 776393 777112 conserved hypothetical protein X X

Afu8g00170 766250 772885 nonribosomal peptide synthetase, putative X X

Afu8g00180 764554 765169 conserved hypothetical protein X X

Afu8g00190 762752 764487 cytochrome P450, putative X X

Afu8g00200 762001 760888 O-methyltransferase, putative X X

Afu8g00210 760488 758705 dimethylallyl tryptophan synthase, putative X X

Afu8g00220 756944 758524 cytochrome P450, putative X X

Afu8g00230 755192 756067 phytanoyl-CoA dioxygenase family protein X X

Afu8g00240 752285 754078 cytochrome P450 monooxygenase, putative X X

Afu8g00250 751557 750209 dimethylallyl tryptophan synthase, putative X X

Afu8g00260 747862 749904 F-box domain and ankyrin repeat protein X X

Afu8g00270 745568 747072 polyketide synthase, putative X X

Afu8g00280 745480 744329 short-chain dehydrogenase, putative X X

Afu8g00290 742128 744179 conserved hypothetical protein X X

Afu8g00300 740100 742011 conserved hypothetical protein X X

Afu8g00310 738844 733533 LINE-1 class reverse transcriptase, RNaseH, putative X X

Afu8g00320 732134 731979 reverse transcriptase, putative X X

Afu8g00330 731229 727765 endonuclease/reverse transcriptase/RNaseH, putative X X

Afu8g00340 719311 717742 conserved hypothetical protein X X

Afu8g00350 717238 716351 conserved hypothetical protein X X

Afu8g00360 715628 714736 NlpC/P60-like cell-wall peptidase, putative X X

Afu8g00370 706852 714454 polyketide synthase, putative X X



Afu8g00380 706369 705444 DltD N-terminal domain protein X X

Afu8g00390 704443 705247 O-methyltransferase, putative X X

Afu8g00400 703869 704356 conserved hypothetical protein X X

Afu8g00410 701504 703440 methionine aminopeptidase, type II, putative X X

Afu8g00420 700626 698638 C6 finger transcription factor, putative X X

Afu8g00430 697932 698462 conserved hypothetical protein X X

Afu8g00440 694770 697487 steroid monooxygenase, putative X X

Afu8g00460 692822 691398 methionine aminopeptidase, type I, putative X X

Afu8g00470 690371 691265 conserved hypothetical protein X X

Afu8g00480 689974 688698 phytanoyl-CoA dioxygenase family protein X X

Afu8g00490 688644 685490 polyketide synthase, putative X X

Afu8g00500 683216 685442 acetate-CoA ligase, putative X X

Afu8g00510 681143 682807 O-methylsterigmatocystin oxidoreductase, putative X X

Afu8g00520 679995 679301 integral membrane protein X X

Afu8g00530 677184 678521 alpha/beta hydrolase, putative X X

Afu8g00540 676721 664416 hybrid polyketide synthase/nonribosomal peptide synthase, putative X X

Afu8g00550 663312 664181 SirN-like methyltransferase, putative X X

Afu8g00560 662895 661025 cytochrome P450, putative X X

Afu8g00570 659723 660936 alpha/beta hydrolase, putative X X

Afu8g00580 658076 658898 translation elongation factor eEF-1, gamma subunit, putative X X

Afu8g00590 656050 654368 fatty acid desaturase, putative X X

Afu8g00600 652099 650795 conserved hypothetical protein X X

Afu8g00610 649417 650567 cell surface protein Mas1, putative X X

Afu8g00620 645879 644082 dimethylallyl tryptophan synthase, putative X X

Afu8g00630 642440 643483 conserved hypothetical protein X X

Afu8g00640 640499 639381 glycosyl transferase, putative X X

Afu8g00650 637822 636479 LPS glycosyltransferase, putative X X

Afu8g00660 635037 636037 solute transporter, putative X X

Afu8g00670 633984 633060 integral membrane protein X X

Afu8g00680 630519 632501 glycosyl transferase, group 2 family protein X X

Afu8g00690 628941 629220 hypothetical protein X X

Afu8g00700 628928 627924 class III chitinase ChiA2 X X

Afu8g00710 626941 626095 secreted antimicrobial peptide, putative X X



Afu8g00720 624603 626393 amino acid transporter, putative X X

25 Afu8g02350 162279 156713 polyketide synthase, putative X X

Afu8g02360 154404 156356 TRI7-like toxin biosynthesis protein, putative X X

Afu8g02380 152585 154184 FAD-dependent monooxygenase, putative X X

Afu8g02390 150901 151688 conserved hypothetical protein X X

Afu8g02400 150002 148769 geranylgeranyl pyrophosphate synthetase, putative X X

Afu8g02410 147560 146423 UbiA prenyltransferase family protein X X

Afu8g02420 145512 144671 hypothetical protein X X

Afu8g02430 143435 144627 zinc-binding alcohol dehydrogenase, putative X X

26 Afu8g07330 974576 975561 isoflavone reductase family protein (CipA), putative X X

Afu8g07340 978401 980671 HET domain protein X X

Afu8g07350 981394 982495 dioxygenase, putative 20162.m00278 X

Afu8g07360 982725 984939 C6 transcription factor, putative 20162.m00279 X

Afu8g07370 986488 988670 MFS transporter, putative X X

Afu8g07380 991724 992941 polyketide synthase, putative X X

Afu8g07390 995951 996103 hypothetical protein X X

Color code:

Polyketide synthase (PKS)

Nonribosomal peptide synthetase (NRPS)

Hybrid PKS/NRPS

Dimethylallyl tryptophan synthase (DMAT)

(Putative) transcription factor


	2005-438-679-84.pdf
	2005-438-1151-6-s10.pdf

