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ARTICLE INFO ABSTRACT

Keywords: CaNiklp is a histidine kinase (HK) that is present in Candida albicans. It was found to be a target for antifungal
Histidine kinase activities on the hyperosmotic glycerol pathway. The protein has two well-known phosphorylation sites (P-sites);
CaNiklp His510 and Asp924, that were found to be crucial for maintaining the fungicidal sensitivity. Our previous work

Peptide array showed that the double mutated protein, in H510 and D924, was still possessing kinase activity. In this study, we

aimed to identify additional possible P-sites in this HK. Therefore, we constructed a peptide array that covers the
full length protein. Incubation of the purified His-tagged CaNiklp with the peptide array in the presence of
radioactive ATP [y-3?P] revealed the possible P-sites in each peptide. We classified the peptides according to
their intensities. Peptides bearing His510 and D924 showed either null or very weak intensities. The highest
intensity was corresponding to the peptide containing the amino acid T994, while lower intensities were related
mainly to serine and threonine residues and to lower extent to tyrosine amino acid. We could show for the first
time the detection of additional P-sites in CaNiklp that might contribute in the signalling pathways of C. albi-
cans. Moreover, the protocol used in this study allows for direct focusing and prediction of the possible Ser, Thr,

and Tyr phosphoaccepting residues in the newly discovered kinases.

1. Introduction

CaNiklp (1081 amino acids) is a histidine kinase (HK) that is pre-
sent in the opportunistic fungus Candida albicans [1]. It is a part of the
fungal two component system (TCS) [2,3]. The TCSs are usually used by
both bacteria [4] and fungi [5-7] for adaptation to external stimuli, and
expression of virulence factors.

In C. albicans, CaNik1p was found to play an essential role in hyphal
formation (virulence factor) [3,5]. It was also found to be a target for
antifungals e.g. fludioxonil and pyrrolnitrin, which act on the hyper-
osmotic glycerol pathway [8]. Additionally, it was proven to transfer
the antifungal sensitivity to the Saccharomyces cerevisiae after hetero-
logous expression in this yeast [9,10]. This indicates that it will be a
promising target for development new antifungals.

CaNikl1p is characterized by the presence of an ATP-binding domain
called HATPase_c domain, as well as two conserved phosphoaccepting
domains: HisKA, and REC domains, which contain the phos-
phoaccepting residues H510 and D924 respectively [2]. Being a hybrid
HK and a part of the TCS, the CaNik1lp undergoes dimerization and the
phosphate group is transferred from the HATPase_c bound-ATP in one
molecule to His510 and then Asp924 of another molecule via trans-
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autophosphorylation mechanism [11].The phosphate group is subse-
quently transferred to a downstream phosphotransfer protein then to a
response regulator protein, which in turn activates a typical eukaryotic
signal transduction module (mitogen activated protein kinase) [12].
The phosphorylation sites (H510, and D924) were confirmed to be
crucial for maintaining the fungicidal sensitivity via mutational analysis
[10]. However, a recent work in our group showed that the hetero-
logously expressed mutated CaNiklp(H510Q, D924N) was still pos-
sessing in vitro kinase activity [13]. This indicates that additional
phosphorylation site (p-site) is still present and may play a role in the
downstream cascades. The possibility of the phosphorylation of re-
sidues other than H510 and Asp924 in CaNiklp was investigated by LC-
MS/MS peptide analysis and only Ser1071 was identified as being
phosphorylated with a probability of more than 99.1% [13]. Conven-
tional methods for identification of p-sites involve incorporation radi-
olabeled ATP into cellular proteins [14-16].The radioactive phos-
phorylated proteins can then be detected by subsequent two-
dimensional gel electrophoresis or high-performance liquid chromato-
graphy. The p-sites can be determined by proteolytic digestion of the
radiolabeled protein, separation and detection of phosphorylated pep-
tides via two-dimensional peptide mapping, followed by peptide
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sequencing by Edman degradation [17]. These techniques are tedious
and require considerable amounts of the phosphorylated protein [17].
Recently, mass spectrometry is now used for investigation of protein
phosphorylation [18]. However, such technique is still hindered by the
complexity of the processing and analysis of proteomic data [19,20].
Peptide array technique was also used in several studies for investiga-
tion of probable p-sites [21-23].

Our main aim in this work was to identify additional possible p-sites
in this HK via the peptide array technique.

2. Materials and methods
2.1. Purification of the his-tagged CaNiK1p

The his-tagged CaNiK1lp [10] was expressed in the transformed S.
cerevisiae strain BWG1-7a followed by further purification of the his-
tagged protein from the cell lysate using Protino® Ni-NTA agarose beads
(Macherey-Nagel) as previously described [9]. The purified protein was
stored at —80 °C till further use.

2.2. Design and synthesis of the peptide array

The peptide array was constructed in the department of chemical
biology, HZI as previously mentioned in Ref. [21]. The peptide array
could be divided into 25 columns (1-25) and 8 rows (A-I) [Fig. 1al],
which include a library of 216 short peptides covering the whole pro-
tein length (Table 1). Each peptide (21 amino acids) was synthesized at
a distinct site (spot) on a cellulose porous membrane [24]. For optimum
interaction of the kinase with the conserved protein kinase recognition
sequence, the minimal number of amino acids before the P-site was
found to be three or one while that following the P-site was four or one
[24-26]. Therefore, overlapping between sequences of the synthesized
peptides was considered to avoid false negative prediction of the p-sites
that are present at the N- and C-termini of the peptides and not pre-
ceded or followed by the minimum number of amino acids required to
maintain the conserved protein kinase recognition sequence.

Additional controls were included in the peptide array. The peptide
spots H18, H19, 17, 114 and 121-I125 were left empty without spotting.
As a control for the amino acid H510: All the possible p-sites, except
H510, in the peptides I3-I5 were replaced with the non phosphorylable
amino acid alanine, while in the peptides I1 and 12, only H510 was
replaced with the non phosphorylable amino acid glutamine. Regarding
the residue D924, it was replaced in the peptides 110-11 with the non
phosphorylable amino acid asparagine to be used as control in com-
parison with the peptides of the same sequences (I8 and I9). The
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Fig. 1. Illustrative representation of the intensities of each peptide spot (A) and
a phosphorimager scan of the peptide array paper (B).
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possibility of the residue S1071 to be a potential p-site was investigated
in the spots H16, H17, and I15-120, where S1071 was replaced by
alanine in the spots I17 and I18, while in the spots 119 and 120, the S
and T amino acids (except S1071) were replaced by alanine.

2.3. Incubation of the peptide array with the purified protein

The peptide array cellulose paper was treated prior to incubation
with the purified protein as previously described [21]. Briefly, the
paper was moistened with ethanol, washed twice with incubation
buffer [50 mM MOPS, 200 mM NaCl, 1 mM Mg acetate, 0.4 mM EGTA,
1 mg/ml bovine serum albumin, pH 6.9 (adjusted with 1N NaOH)]
before being incubated with this buffer at 4 °C for an overnight.

The peptide array was then incubated with 18 ml fresh incubation
buffer at 30 °C for 2 h. Cold ATP (10 mM, Sigma) and hot ATP (40 pCi of
y32P, Hartman Analytic) were added to the incubation buffer and the
phosphorylation reaction was initiated by addition of the purified
CaNiklp (20nM). The reaction was incubated at 30°C for 1h with
gentle shaking.

The buffer was decanted and the reaction was stopped by washing
the peptide array with 100ml 1 M NaCl for 10 times. The paper was
dried in air for 1 h before being wrapped in a plastic bag and exposed to
a phosphor screen (preflashed) at RT for 4 h. The phosphor screen was
scanned via the phosphorimage analyzer BAS2500 to detect the signal
intensities from different peptide spots.

3. Results

We divided the signal intensities obtained from different peptide
spots of the array in a descending order as follows: a, b, ¢, d and e
followed by prediction of the possible phosphoaccepting residues (T, S,
Y, H, D) in these peptides (Fig. 1, Table 1). Peptide spots showing no
signals were considered as null. The amino acids that are located im-
mediately N-terminal and C-terminal to the phosphorylation site (p-
site) often contribute to a large extent to kinase—substrate recognition.
A phosphoaccepting amino acid was predicted as a p-site if it is pre-
ceded by at least three amino acids or followed by one amino acid for p-
sites at the N-or C-terminal respectively.

The empty spots H18, H19, 17, 114 and 121-125 showed null in-
tensities (Fig. 1). As shown in Table 1 and Fig. 1, the peptides harboring
H510 either showed null intensities in the peptide spots: D6, D7 and
H21-23 or very weak intensity (e) as in the peptide spots I3-I5. Ad-
ditionally, the peptides harboring D924 showed either null intensities
in the peptide spots G12 and I8 or weak intensities in the peptide spots
G13 (e) and 19 (d) as demonstrated in Table 1. The peptide spots 110
and I11 showed e and d intensities respectively despite that they have
the same sequence of G13 and I9 respectively, except that the D924
residue was replaced by asparagine. These results indicate that the
protocol utilized in this study was unable to detect the phosphorylation
of H510 and D924 residues. The S1071 is not confirmed to be a phos-
phoaccepting residue in the CaNiklp because of the weak intensity (d)
of the peptides harboring this residue (I15-16, 119-20), in addition to
obtaining the same intensity (d) from the peptide spots I15 and 117
even after replacement of S1071 with alanine in the spot I17.

The greatest intensity (a) was obtained in the peptide spot G24
which contains the possible p-sites; T994 and H1000.

4. Discussion

Identification of p-sites in HKs is important to understand how
signalling networks integrate and relay signals. In case of proteins with
multiple p-sites, careful analysis of such sites is an essential step in
defining the mechanism of phosphorylation and to determine the
nature of the signalling response [27]. Though phosphorylation is ob-
served on a diversity of amino acid residues, the most frequent sites of
phosphorylation in eukaryotes arise mainly on Ser, Thr and Tyr residues
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Table 1
The sequence of peptides according to their positions on the peptide array together with the predicted p-sites and their intensities.
Spot Intensity Sequence Predicted p-sites
Al B 1 MNPTKKPRLSPMQPSVFEILN 21 T4, S10, S15
A2 C 5 KKPRLSPMQPSVFEILNDPEL 25 S10, S15, D22
A3 C 16 VFEILNDPELYSQHCHSLRET 36 D22, Y26, S27, H29, H31, S32
A4 C 17 FEILNDPELYSQHCHSLRETL 37 D22, Y26, S27, H29, H31, $32, T36
A5 C 19 ILNDPELYSQHCHSLRETLLD 39 D22, Y26, S27, H29, H31, S32, T36,
A6 C 21 NDPELYSQHCHSLRETLLDHF 41 Y26, S27, H29, H31, S32, T36, D39, H40
A7 C 22 DPELYSQHCHSLRETLLDHFN 42 Y26, $27, H29, H31, S32, T36, D39, H40
A8 C 26 YSQHCHSLRETLLDHFNHQAT 46 H29, H31, S32, T36, D39, H40, H43
A9 C 30 CHSLRETLLDHFNHQATLIDT 50 T36, D39, H40, H43, T46, D49
A23 D 95 NDPEILKVKITINTMMDQLQT 115 T105, T108, D111
A24 C 98 EILKVKITINTMMDQLQTFAN 118 T105, T108, D111, T115
B8 D 169 VTRAVAKGDLSRKINVHAQGE 189 D177, S179, H185
B9 D 175 KGDLSRKINVHAQGEILQLQR 195 S179, H185
B19 B 261 VITAVAKGDLSKKVTADCKGE 281 D269, S271, T275, D277
B20 B 265 VAKGDLSKKVTADCKGEILDL 285 D269, S271, T275, D277, D284
B21 C 278 CKGEILDLKLTINQMVDRLQON 298 D284, T288, D294
C4 E 339 MATNLTNQVRSIATVTTAVAH 359 T344, S349, T352, T354, T355
C5 E 342 NLTNQVRSIATVTTAVAHGDL 362 S$349, T352, T354, T355, H359
C10 E 359 HGDLSQKIDGHPKGEILQLKN 379 S363, D367, H369
Cl11 E 370 PKGEILQLKNTINKMVDSLQL 390 T380, D386, S387
D6 null 499 SAKSEFLANMSHEIRTPLNGI 519
D7 null 504 FLANMSHEIRTPLNGIIGMTQ 524
D20 E 569 VEQIDFSLRGTVFGALKTLAV 589 D573, S575, T579, T586
D21 D 576 LRGTVFGALKTLAVKAIEKNL 596 T579, T586
D22 D 589 VKAIEKNLDLTYQCDSSFPDN 609 D597, T599, Y600, D603, S604, S605, D608
D23 D 590 KAIEKNLDLTYQCDSSFPDNL 610 D597, T599, Y600, D603, S604, S605, D608
D24 D 594 KNLDLTYQCDSSFPDNLIGDS 614 D597, T599, Y600, D603, S604, S605, D608, D613
D25 D 595 NLDLTYQCDSSFPDNLIGDSF 615 D597, T599, Y600, D603, S604, S605, D608, D613, S614
E2 C 622 LNLAGNAIKFTKEGKVSVSVK 642 T632, S638, S640
E3 B 628 AIKFTKEGKVSVSVKKSDKMYV 648 T632, S638, S640, S644, D645
E4 C 630 KFTKEGKVSVSVKKSDKMVLD 650 T632, S638, S640, S644, D645, D650
E5 D 634 EGKVSVSVKKSDKMVLDSKLL 654 S638, S640, S644, D645, D650
E6 B 641 VKKSDKMVLDSKLLLEVCVSD 661 S644, D645, D650, S651, S660, D661
E7 E 650 DSKLLLEVCVSDTGIGIEKDK 670 S660, D661, T662, D669
E8 D 652 KLLLEVCVSDTGIGIEKDKLG 672 S660, D661, T662, D669
E9 C 667 EKDKLGLIFDTFCQADGSTTR 687 D669, D676, T677, D682, S684, T685, T686
E10 C 674 IFDTFCQADGSTTRKFGGTGL 694 D676, T677, D682, S684, T685, T692
El1 C 675 FDTFCQADGSTTRKFGGTGLG 696 D676, T677, D682, S684, T685, T692
E12 C 676 DTFCQADGSTTRKFGGTGLGL 696 D676, T677, D682, S684, T685, T692
E13 E 682 DGSTTRKFGGTGLGLSISKQL 702 S684, T685, T692, S697, S699
El4 D 687 RKFGGTGLGLSISKQLIHLMG 707 T692, S697, S699, H704
E15 E 689 FGGTGLGLSISKQLIHLMGGE 709 T692, S697, S699, H704
El6 E 694 LGLSISKQLIHLMGGEIWVTS 714 T692, S697, S699, H704
E20 E 708 GEIWVTSEYGSGSNFYFTVCV 728 T713, S714, Y716, S718, S720, Y723, T725
E21 D 710 IWVTSEYGSGSNFYFTVCVSP 730 T713, S714, Y716, S718, S720, Y723, T725
E22 D 713 TSEYGSGSNFYFTVCVSPSNI 733 S720, Y723, T725, S729, S731
E23 D 715 EYGSGSNFYFTVCVSPSNIRY 735 Y723, T725, S729, S731
E24 C 719 GSNFYFTVCVSPSNIRYTRQT 739 Y723, T725, S729, S731, Y735, T736
E25 C 721 NFYFTVCVSPSNIRYTRQTEQ 741 Y723, T725, S729, S731, Y735, Y736, T739
F1 B 725 TVCVSPSNIRYTRQTEQLLPF 745 S729, S731, Y735, Y736, T739
F2 B 726 VCVSPSNIRYTRQTEQLLPFS 746 S729, S731, Y735, Y736, T739
F3 E 729 SPSNIRYTRQTEQLLPFSSHY 749 Y735, Y736, T739, S746, S747, H748
F15 E 790 PVKYDIIMIDSIEIAKKLRLL 810 Y793, D794, D799, S800
Fl6 D 801 IEIAKKLRLLSEVKYIPLVLV 821 S811, Y815
F17 C 805 KKLRLLSEVKYIPLVLVHHSI 825 S811, Y815, H822, H823, S824
F19 C 813 VKYIPLVLVHHSIPQLNMRVC 833 Y815, H822, H823, S824
F20 B 814 KYIPLVLVHHSIPQLNMRVCI 834 H822, H823, S824
F21 D 829 NMRVCIDLGISSYANTPCSIT 849 D835, S839, S840, Y841, S847
F22 D 830 MRVCIDLGISSYANTPCSITD 850 D835, S839, S840, Y841, S847, T849
F23 D 831 RVCIDLGISSYANTPCSITDL 851 D835, S839, S840, Y841, S847, T849, D850
F24 D 834 IDLGISSYANTPCSITDLASA 854 D835, S839, S840, Y841, S847, T849, D850, S853
F25 D 837 GISSYANTPCSITDLASAIIP 857 S840, Y841, S847, T849, D850, S853
Gl C 839 SSYANTPCSITDLASAIIPAL 859 S847, T844, T849, S853
G2 C 843 NTPCSITDLASAIIPALESRS 863 S847, T849, D850, S853, S861
G13 E 914 KRNKYDVVLMDVQMPVMGGFE 934 Y918, D919, D924
Gl4 E 926 QMPVMGGFEATEKIRQWEKKS 946 T936
G15 D 936 TEKIRQWEKKSNPIDSLTFRT 956 S$946, D950, S951, T953
Gl6 E 941 QWEKKSNPIDSLTFRTPIIAL 961 S$946, D950, S951, T953, T9S56
G17 E 943 EKKSNPIDSLTFRTPIIALTA 963 S$946, D950, S951, T953, T956, T962
G22 D 971 EKSLAKGMDDYVSKPLKPKLL 991 D979, D980, Y981, S983
G23 D 973 SLAKGMDDYVSKPLKPKLLMQ 993 D979, D980, Y981, S983
G24 A 984 KPLKPKLLMQTINKCIHNINQ 1004 T994, H1000
G25 C 990 LLMQTINKCIHNINQLKELSR 1010 T994, H1000, S1009
H1 C 999 IHNINQLKELSRNSRGSDFAK 1019 $1009, S1012, S1015, D1016

70

(continued on next page)



M. El-Mowafy, U. Bilitewski

Table 1 (continued)
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Spot Intensity Sequence Predicted p-sites

H2 C 1002 INQLKELSRNSRGSDFAKKMT 1022 S1009, S1012, S1015, D1016

H3 D 1005 LKELSRNSRGSDFAKKMTRNT 1025 S1009, S1012, S1015, D1016, T1022

H4 D 1012 SRGSDFAKKMTRNTPGSTTRQ 1032 $1015, D1016, T1022, T1025, S1028, T1029, T1030
H5 D 1015 SDFAKKMTRNTPGSTTRQGSD 1035 T1022, T1025, S1029, T1030, T1031, S1034

H6 D 1018 AKKMTRNTPGSTTRQGSDEGS 1038 T1022, T1025, S1029, T1030, T1031, S1034, D1035
H7 D 1019 KKMTRNTPGSTTRQGSDEGSV 1039 T1022, T1025, S1029, T1030, T1031, S1034, D1035, S1038
H8 E 1020 KMTRNTPGSTTRQGSDEGSVK 1040 T1025, $1029, T1030, T1031, S1034, D1035, S1038
H13 E 1047 PRQGSVEGGGTSSRPVQRRSA 1067 §1051, T1057, S1058, S1059, S1066

H14 E 1048 RQGSVEGGGTSSRPVQRRSAR 1068 S1051, T1057, S1058, S1059, S1066

H15 D 1049 QGSVEGGGTSSRPVQRRSARE 1069 T1057, S1058, S1059, S1066

H16 D 1056 GTSSRPVQRRSAREGSITTIS 1076 §1059, S1066, S1071, T1073, T1074

H17 D 1061 PVQRRSAREGSITTISEQIDR 1081 $1066, S1071, T1073, T1074, S1076

H21 null 498 NSAKSEFLANMSHEIRTPLNG 518

H22 null 499 SAKSEFLANMSHEIRTPLNGI 519

H23 null 504 FLANMSHEIRTPLNGIIGMTQ 524

1 E 499 SAKSEFLANMS(Q)EIRTPLNGI 519 S§502, S509, T51

12 E 504 FLANMS(Q)EIRTPLNGIIGMTQ 524 S509, T514, T523

13 E 492 EAAELAN(A)AK(A)EFLANM(A)HEI 512 H510

14 E 498 N(A)AK(A)EFLANM(A)HEIR(A)PLNG 518 H510

15 E 499 (A)AK(A)EFLANM(A)HEIR(A)PLNGI 519 H510

18 null 908 EAYEAIKRNKYDVVLMDVQMP 928

19 D 914 KRNKYDVVLMDVQMPVMGGEFE 934 Y918, D919, D924

110 D 908 EAYEAIKRNKYDVVLM(N)VQMP 928 Y918, D919

111 D 914 KRNKYDVVLM(N)VQMPVMGGFE 934 Y918, D919

112 E 908 EAYEAIKRNKY(N)VVLMDVQMP 928 Y910, Y918, D924

113 E 914 KRNKY(N)VVLMDVQMPVMGGFE 934 Y918, D924

115 D 1056 GTSSRPVQRRSAREGSITTIS 1076 $1059, S1066, S1071, T1073, T1074

116 D 1061 PVQRRSAREGSITTISEQIDR 1081 $1066, S1071, T1073, T1074, S1076

117 D 1056 GTSSRPVQRRSAREG(A)ITTIS 1076 S1059, S1066, T1073, T1074

118 E 1061 PVQRRSAREG(A)ITTISEQIDR 1081 $1066, S1071, T1073, T1074, S1076

119 d 1056 G(AAA)RPVQRR(A)AREGSI(AA)I(A) 1076 S1071

120 D 1061 PVQRR(A)AREGSI(AA)I(A)EQIDR 1081 S1071, D1080

For illustration, all the phosphoaccepting residues (S, T, Y, H, D) in each peptide sequence were adjusted to bold format.
The phosphoaccepting residues between brackets indicate that they are non phosphorylable amino acid that are substitution for possible p-sites in one of the previous

peptides.

[17].

In this study, we utilized the peptide array technique for identifi-
cation of the probable potential p-sites in CaNik1p. The principle of the
phosphorylation of different peptide spots in the peptide array after
incubation with CaNiklp, in the presence of radioactive ATP, relies
mainly on the trans-phosphorylation property of CaNiklp. When the
radioactive ATP binds to the ATP binding domain of CaNiklp, the
radioactive phosphate group is then transferred to a p-site of a peptide
spot as long as such p-site is preceded or followed by the minimum
number of amino acids required to maintain the conserved protein ki-
nase recognition sequence [24-26].

The well known phosphoaccepting residues H510 and D924 either
showed null or weak intensities. This indicates that the peptide array
protocol utilized in this study was not suitable for detection of His and
Asp p-sites. However, this could be related to the acid liability of the
phosphorylated His and Asp residues [28-30]. Lapek et al. (2010) de-
monstrated that only buffer systems at pH 5-6 successfully maintained
the presence of the phosphate group on His [28], while pH of the in-
cubation buffer utilized in this study was 6.9. Based on this result, we
decided to reject the Asp and His residues from the possible p-sites that
are present Table 1, and to consider only Ser, Thr, and Tyr as potential

Table 2

probable p-sites in this study (Table 2).

The highest intensity (a) was corresponding to T994 (peptide spot
G24). Although the detection of the phosphorylatable Ser/Thr/Tyr re-
sidue in a HK of TCS is not common, previous researchers have detected
Ser phosphorylation in HKs, e.g., DegS in B. subtilis [31] and the
amoebic HK DokA [32].

In conclusion, our work provides a semi-quantitative prediction of
the possible p-sites of the CaNiklp. Further studies will be done to
confirm the predicted p-sites, particularly T994, that contribute in
CaNiklp phosphorylation via site directed mutagenesis followed by
investigation of kinase activity. Finally, the protocol of this study could
be used in the prediction of the possible Ser, Thr, and Tyr phos-
phoaccepting residues in newly identified kinases.
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Summary of the considered p-sites arranged according to their intensities. P-sites possessing different intensities in various peptide spots are raised as superscript

format.
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T1022, T1025%, $1029¢, T1030°, T1031¢, S1034°, S1038¢, T1057¢, S1058°, S1059°, $1066°, $1071¢, T1073¢,T1074°, S1076°
e T344, S349, T352, T354, T355, S363, T380, S387, S502, S509, T514, T523, S575, S746, S747,Y793, $800,Y910, T936, T956, T962, S1051
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