





Table 4.3. Continued.

A.A. substitution FCZ MIC UPC2 Other resistance
(mutation) ID Zygosity (ng/mL) mutation* mechanism*
D278N (G832A), G464S
(G1390A) 43 Homozygous 128 1CDRI1, CDR?2
51 Homozygous 256 1 ERGII, CDRI, CDR2
62  Homozygous >256 1CDRI, CDR2
G307S (G919A), G448R 26  Homozygous 32
54  Homozygous >256 1ERGI1, MDRI
G450E (G1349A), 1483V
(A1309G) 23 Homozygous 32 1CDRI1, CDR2, MDRI
A114V (C341T), E226D (A798C),
H283R (A848G) 21  Homozygous 32 G648D" 1T ERGI1, CDRI, CDR2
Y 132F (A395T), T229A (A685Q),
F449L (T1345A) 59  Homozygous >256 G648D" 1 ERGI1, CDRI, CDR2
Y 132F (A395T), V4371 (G1309A)
, F449L (T1345C) 71  Homozygous >256 G648D" 1T ERGI1, CDRI, CDR2
G307S (G919A), L403F
(A1209T), G448R(G1342C) 46  Homozygous 128
G307S (G919A), V4371
(G1309A), Y447S (A13400) 49  Homozygous 256 1t ERGI1, CDRI, CDR2
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Table 4.3. Continued.

A.A. substitution FCZ MIC UPC2 Other resistance
(mutation) ID Zygosity (ng/mL) mutation* mechanism*
A114V (C341T), D153E (T459G)

, E266D (A798C) , G450E
(G1349A) 72 Homozygous >256 T1CDRI1, CDR?2

A114V (C341T), Y132F (A395T),

E266D (A798C), V4371
(G1309A) 47 Homozygous 128 G648D" 1t ERG11, CDRI, CDR2

A114V (C341T), Y132F (A395T),

E266D (A798C), V4371
(G1309A) 47 Homozygous 128 G648D" 1 ERG11, CDRI, CDR?2

*Data previously published in Flowers, S. A., K. S. Barker, E. L. Berkow, G. Toner, S. G. Chadwick, S. E. Gygax, J.
Morschhauser, and P. D. Rogers. 2012. Gain-of-function mutations in UPC2 are a frequent cause of ERG/ [ upregulation in
azole-resistant clinical isolates of Candida albicans. Eukaryot Cell 11: 1289-99 (50). "Amino acid substitution recovered in

one of two UPC?2 alleles.
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I initially examined the effects of mutant ERG11 alleles containing a single amino
acid substitution in the predicted protein sequence (Table 4.4). I identified 10 distinct
ERG11 alleles containing a single amino acid substitution (Q21L, Y132F, K134R,
F145L, F449V, S405F, D446E, G448E, G450E and G464S). With the exception of
amino acid substitutions Q21L and G448E, most ERG ] mutations resulted in decreased
susceptibility to fluconazole when compared to SC5314. Strains homozygously
expressing K143R resulted in the strongest decrease in fluconazole susceptibility. Strains
that carried two alleles containing amino acid substitutions Y 132F, F145L, S405F,
D446E, F449V G464S, and G450E had at least a four-fold increase in fluconazole MICs.
No single mutation significantly affected itraconazole or voriconazole susceptibilities.
These data suggest that structural differences between specific azoles affect activity
against specific mutant ERG/ [ alleles.

Multiple mutations in ERG11 can result in decreased azole susceptibility

Previous observations show that combinations of ERG/ mutations can lead to
considerable increases in MICs to fluconazole. To examine the effects of multiple
mutations on azole susceptibility, I selected a group of clinically occurring ERG 1 alleles
that carried two amino acid substitutions. I were specifically interested in evaluating
azole-susceptibilities of strains containing two amino acid substitutions, in which at least
one substitution has been characterized alone (see above).

The K143R + Y132F was the strongest characterized combination resulting in
increased FCZ MICs and VCZ MICs of ten-fold and four-fold respectively over what
was observed for SC5314. Interestingly, this combination did not affect ICZ
susceptibilities. Other notable increases in FCZ MICs where detected when
characterizing the Y132F + F145L and the G307S + G450E combinations, both resulting
in an increase in FCZ MIC of eight-fold over that of SC5314. Notably, the Y132F +
F145L combination also demonstrated significant effects on both ICZ and VCZ with an
increase of MICs by four-fold and eight-fold respectively. Notably, this was the only
mutant ERG/ [ allele characterized in this study that produced a significant decrease in
ICZ susceptibility.

I characterized other combinations of polymorphisms that arose clinically in our
collection. 1483V + G450E in combination increased FCZ MICs six-fold over SC5314
and two-fold over what was observed for G450E as a single polymrphism. This
combination did not result significant changes to either ICZ or VCZ MICs. I observed a
similar trend in investigating the effects of the addition of M258L when combined with
G464S, in which the combination increased FCZ MICs by two-fold over G464S alone.
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Table 4.4. Forty-eight hour MICs to FCZ, ICZ and VCZ measured by
using a modified CLSI broth microdilution methods of C. albicans constructed
to carry mutant ERG11 alleles homozygously.

48 hour MIC (pg/mL)

Ergll SNP FCZ* ICZ* VCZ*
SC5314 0.25 0.016 0.016
Q21L 0.5 0.016 0.016
Y132F 2 0.016 0.03
K143R 4 0.06 0.03
F145L 1 0.03 0.016
S405F 2 0.03 0.016
D446E 1 0.016 0.016
F449V 1-2 0.03 0.016
G448E 0.5 0.03 0.016
G450E 1 0.03 0.016
G464S 1 0.03 0.016
K143R, E226D 4 0.016 0.016
Y132F, F145L 4-8 0.06 0.25
1483V, G450E 2 0.03 0.016-0.03
Y132F, K143R 8 0.03 0.06
F145L, E266D 1 0.03 0.016
D278N, G464S 4 0.016 0.016
E266D, G464S 1 0.016 0.016
M258L, G464S 2 0.016 0.03
G307S, G450E 4 0.016 0.016

*FCZ, fluconazole; ICZ, itraconazole; VCZ, voriconazole
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Amino acid substitution E266D does not contribute to azole resistance

E266D was the most prevalent polymorphism detected by sequence analysis and
occurred only in combination with other amino acid substitutions. To investigate the
contribution of E266D to azole resistance, I compared the susceptibilities of ERGI 1
alleles carrying one amino acid substitution alone to an allele containing an identical
amino acid substitution combined with E266D. In our collection, K143R, F145L and
(G4648 all clinically occurred as a single mutation and occurred combined with E266D in
different isolates. In all three instances, I did not observe E266D to confer any additional
effect on azole susceptibility beyond what was observed with the original amino acid
substitution.

DISCUSSION

Resistance to azole antifungals in C. albicans is attributable to a number of distinct of
mechanisms. It is well established that activating mutations in transcription factors
regulating genes encoding efflux pumps mediate resistance to azole antifungals. Previous
work has shown specific mutations in the transcription factor gene 74C1 mediate
expression of ABC transporters CDRI and CDR?2, resulting in increased azole
resistancein C. albicans (22). Similarly, Mrr1 has been identified as the regulator of the
major facilitator superfamily (MFS) transporter Mdrl in azole-resistant isolates, and GOF
mutations in this transcriptional regulator produce constitutive activation (43). I have
previously characterized the expression of genes involved in azole resistance in this large
group of clinical isolates with decreased fluconazole susceptibility (50). I identified
several mutations in the transcription factor UPC2, which resulted in the constitutive
activation genes involved in the ergosterol biosynthesis pathway, including ERG/ 1. In
this study, I determined the frequency, variability and the specific contributions of
ERG11 mutations from this characterized group of clinical isolates to azole resistance.

The cytochrome P450 (CYP) superfamily of enzymes contains more than 2500
members that can be roughly placed into two groups stratified by their function
(http://drnelson.uthsc.edu) (98). In the first group, members metabolize a wide variety of
xenobiotics while those in the second group generally participate in key biosynthetic
processes such as sterol biosynthesis. Substrate specificity for this second group of P450s
is narrow. Sterol 14a-demethylase (Cyp51 or Ergll) is considered to be the most ancient
CYP family because it is the only P450 class that is found in different kingdoms such as
animals, plants and bacteria (130, 210). In 2009, the first observed virally encoded
CYP450 gene was observed and exhibited low-level sequence homology to CYP51 genes
although its function remains unknown (95). Despite only the 22-33% of sequence
homology demonstrated between kingdoms, there are only four known substrates for this
class of enzymes. This substrate preservation between kingdoms suggests that the Cyp51
structure is highly conserved regardless of low sequence homology (Figure 4.1). There
are 41 amino acids conserved between the animal, bacterial and fungal Cyp51 enzymes
(98). Of those 41 amino acids, there are three positions that are conserved in all CYP450
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Figure 4.1.  Cyp51 secondary structure is conserved despite low sequence
homology between kingdoms.

Alignment of C. albicans, T. cruzi, M. tuberculosis, and Wheat Cyp51 proteins
performed by UniProt www.uniprot.org. Pink highlights alpha helical structure and
purple highlights beta sheets as predicted by crystal structure when available. Light blue
highlighted heme coordinating cysteine is conserved in all CYP450 enzymes. *indicates
conserved amino acid residues in all represented organisms. The following accession
numbers were used: C. albicans-P10613; T. cruzi-Q7Z1V1; T. aestivum-P93596; M.
tuberculosis-POAS512.

66



===

119
104

T3

179
155
126
126

237
217
155
153

292
276
241
235

350
329
2895
290

406
Jgd
349
349

466
415
390
391

525
a7y
450
449

MAIVETVIDGINYFLSLSVTQQISILLGYEFVYNLYY-QYLYSLREDRAP LVFYWIPWFG
------------ MFI-----EATVLALTALTLYSVYSVESFNTTRETO P PGB TH LG
——————————————————————————————————————————— MSAVALPRVSGGHDEHG

----------------------------------------------- REPFTIPGAFVVG
+* +*

AALSTGIOPYEFFERCRORY - GDVFS FML LGEIMTYY LGPEGHE FVFHNAREL SDYAAEDAT
HIVOFEFNELE FMORCERDLE S BV ET TS TG RWTTW D PHERSE RS PRNE TLEFREVT
HLEEFRTDEIGLHOEVEDED - GCOMETENLA CEIVFLLS CARANEFFFRA GCDDDLRNAEAT

GLLEFLREGPIPLIRAEYARL-GPVFIVFILTRRITFLIGPDV3AHFFESNE SDMIQ0EVT
. +* . . . P * . *

EHLTTFYFGEGYIYD CPNRRLME QREFARFALTTDAFERYVPEIREETLNY FWTDE SFEL
I-INTEVEGECVayas Py PRMRENLNFLAERE] TTAKFONFYPATOHEVRICFITARN - - — - -
B-EHMTRIEGE GVVFDAS PEREEENL - - HNAS LR GE QHEGHA A TTERIVERMT AT - - - - - -

k- FH?PTFGPG??FD?DYQ?RQEQFRFFTEALRAHKLRSYVDQHVAEAEEYFSK ——————
IR LT

FEE-THGVANVHETOPETITIFTASRSLFGDEMRRIFD -RIFAQLY 3D LDEGFTEF INFVFE
-WEEDEGYINLLEDCGAMT TNTACOCLFGED LEER LNARHFAQLL SEME 35 LI PAAVFME
-NG-EAGETRL LD FFARLTIHFTOSACHT GEEFRD ) LD - GREAKTYHELER GTDFLATYD P
-WMz-E3GTVDLEYELEHLITLTASRCLLGREVREELF-DDV3ALFHD LDNGMLPISVIFP

L HEL - LR L L F . F

N---LPLPHYWRRD 4L KEI SATTMEE IKARE-ERGD IDPNRDLIDALLTHATYED GVE-
WLLRLPLPQ3ARCEEARARLOKTLGET TVAREREE & SFDHN T 3D LLGGL LELVYRRGTE -
¥---LPIESFRRREDEARNGLYALVADTHNGRT - AN P PTDESDRDHLIVLTAVEAE TETER

Y———LPIPAHRRRDQARTRLAEIFATIIKSRK AS———GQSEEDHLQCFIDSKYKHGRQ—
*k. *

MTDOEIANLLIGTILMGGIHT S TAATFLLHLGEKPH- - LODYITOEVYE L LEEEGGD LI
M3 LHEVCGHMIVAAMFAGOHT 2 TITTSWSHLHLMHPFNEEWLDELHFEIDEF? - -~ - ——~ Y
FaaDEITGMFI A MMFAGHHT S 5GTASWTLIELMRHRD - - AT AAVIDELDELY - - - - GDNGR.
TTESEVTGLLIAALFAGDHTSSITSTHTGAYLLKFDD——YFAEAVEEDKEVHK———RHGD

= keEkEE ke ik

DLTY EDLDKLPS?HHTIKETLRHHHPLHSIFPK?THPLRIPE———THYI?PKGHY?LFS

QLNEDNVHDEMP FAERCVEESTERD PP L LMYHBHYELE VEY 55 - - - —- Y PEGDITALCS

AWSF-HALROIFOLENVIEETLELHPFLIILMRYAK GEFEY(G----- HEIHE DL s

KIDH DILAEHDVLYREIKEALRLHPPLIHLLRDSHSDFS?TTPEGREFDIPKGHIVATS
Teek | wE s

PGYAHTIERYFDNPEDFD PTRWD TAL AR AN SV FNS SDEVD Y GFGEVAEGVSSFYLIFGE

PLLSHHDEEAFFNPRLID FERDEE - - - - - - - == === ———————————— VDGAFIGFGL

PATSNRIPEDFRRPHD FVEARYEQPROED-L--------—-—-—-———— LNENTWIPFGL

PAFAHRLPHIFRHPDSYDPDRFAAGREEDK? —————————————————— AGAFAYISFLL
R PR 1

GRHRETGEQFAYVILGTI LTTFVYNLENTIDG-YEVED DY S SMVVL FTE PAET TWEKRE
By 1 R R VT T D AT A E YD FUL LR - DE oD P YHIM v G P TEMOC DR TR
GRHF.CVGALFATHNTRAT FSVLLRE VR FEMAG F PR S YRND HERMN( LA P ACHEYRERT
GRHGECLGEPFAYLOTKATWTHLLENFE FELVS PFP --ENDUNAMVY G IKGEVHVHTERRE

IR TE I T TR s * EEE . *
TCHMF- 528  C albicans

EELP3 431 T cruzi

G¥--- 451 M. tuberculosis

LIVDN 453 Wheat

67

115
103

-

175
157
127
125

236
216
154
152

291
275
240
234

349
325
294
289

405
383
35
348

465
417
3689
390

S2d
476
449
445

C. albicans

T. cruzi

M. tuberculosis
Wheat

C. albicans

T. cruzi

M. tuberculosis
Wheat

C. albicans

T. cruzi

M. tuberculosis
Wheat

C. albicans

T. cruzi

M. tuberculosis
Wheat

C. albicans

T. cruzi

M. tuberculosis
Wheat

C. albicans

T. cruzi

M. tuberculosis
Wheat

C. albicans

T. cruzi

M. tuberculosis
Wheat

C. albicans

T. cruzi

M. tuberculosis
Wheat

C. albicans

T. cruzi

M. tuberculosis
Wheat



enzymes. One of these positions is a cysteine thiolate that coordinates the heme group
while the other two are the ExxR salt bridge in the K-helix (98).

Sterols are an essential component of the eukaryotic membrane that functions to
maintain fluidity as well as other regulatory processes. The azole class of antifungals
function not only to inhibit ergosterol biosynthesis but also result in the accumulation of
toxic methylated sterol precursors (24). The primary sterol in the fungal cell membrane is
ergosterol and CYPS51 in C. albicans is the rate limiting step in this biosynthetic process.

CaCyp51 catalyzes a three-step reaction that ultimately results in the demethylation
of lanosterol. Each step requires one molecule of oxygen and NADPH. The azoles inhibit
lanosterol demethylase by binding of the nucleophilic N4 atom of the azole ring to the
heme iron at its sixth coordinate position (162). The normal substrate for this enzyme is
lanosterol and azole derivatives sit in the same binding pocket. Biochemical analysis
show all azoles bind selectively to CaCyp51; however, Kd values show a two-to four-fold
lower affinity to fluconazole when compared to itraconazole or voriconazole (200).

In agreement with previous studies, the majority of our clinical isolates carried point
mutations in ERG1 1 that lead to amino acid substitutions (122). In our collection, 87% of
all isolates carried at least one nonsynonomous mutation that resulted in an amino acid
substitution. Previous work has also defined mutations that occur in ERG 1 susceptible
isolates which means the presence of an ERG 1 mutation may not be adequate to predict
azole susceptibility. Substitutions in our collection were recovered in 26 distinct positions
in which all but five were located in previously defined “hot spot” regions where
CaERG 11 mutations frequently occur. In our constructed strains, most ERG// alleles
containing single nucleotide changes resulted in meaningful changes in fluconazole MICs
but no single mutation conferred significant changes in either itraconazole or
voriconazole susceptibilities. K143R produced the strongest increase in fluconazole
MICs in this study as a single amino acid substitution. Y132F also conferred increased
resistance to fluconazole. Previous analysis performed with heterologous expression of
CaCyp51(Y132H) in S. cerevisiae revealed a spectral change indicative of the inability of
the azole nitrogen to interact in a typical fashion with the Cyp51 heme (85). Both the
K143 and Y123 positions are conserved among fungal species and have been associated
with resistance in previous work (5, 162).

Sanglard et al. have formally determined that Cyp51 amino acid substitutions S405F,
Y 132H, and G464S independently resulted in increased azole resistance when
heterologously expressed in S. cerevisiae (162). The S405 position is a highly conserved
residue of the Cyp51 in different organisms and this mutation is exclusively recovered
from azole-resistant strains (122). In our collection, S405F was recovered in four distinct
clinical isolates and was only recovered as a single polymorphism. In another conserved
position, the G464S amino acid substitution also resulted in increased fluconazole
resistance in strains carrying two mutant ERG/ [ alleles. Previous spectral analysis of the
(G464S mutation reveals that this modification exerts its effects by a change in the heme
environment(86).In this work, Kelly et al demonstrated the G464S substitution reduced
affinity for fluconazole but the enzyme retained its catalytic activity.

68



In a fungal specific major insertion loop, I recovered multiple amino acid
substitutions that occurred as single mutations and also combined with other amino acid
substitutions. Modeling of amino acid residues at these positions is difficult due to the
lack of fungal crystal structures. Homology modeling of this insertion loop was
investigated previously in P. pastoris (5). Among fungal species, this unique sequence
length varies and in C. albicans, this loop is comprised of 31 amino acid residues (5).
Sequence analysis done for this loop in different fungal species show that the N-terminal
portion of is variable in sequence and length while the C-terminal portion contains acidic
residues followed by a more invariable portion with the motif DYG[FY]Gx[VI][STIKG
(Figure 4.2) (5). In this collection, amino acid substitutions were recovered at positions
D446, G448, F449, and G450. These positions all occur within the C-terminal invariable
motif within the fungal specific major insertion loop (Figure 4.3). Interestingly,
mutations that occur independently at these position all increase fluconazole MICs by
about fourfold in strains that express homozygous mutant ERG/1 alleles. No amino acid
substitution at these positions either occurring as a single mutation, or when combined
with another amino acid substitution affects susceptibilities to either itraconazole or
voriconazole.

I also examined the collective effects of multiple mutations in ERG11 that were
derived from clinical isolates. Specifically, I was interested in characterizing the effects
of amino acid substitutions that occurred with a mutation that had been characterized
alone. The K143R + Y132F combination resulted in the strongest increase in FCZ MIC
by increasing fluconazole and voriconazole MICs by ten-fold and four-fold respectively
over what was observed for SC5314. This combination occurred independently in two
isolates that were highly resistant to fluconazole (MIC > 256 pg/mL) accompanied with
increased expression of ABC transporters CDRI and CDR?2 in both isolates. F145L +
Y 132F were the only amino acid substitutions that significantly affected MICs to all
azoles. Previous modeling in Aspergillus fumigatis defined F145 as a position that
interacts with posaconazole (208). Structurally, itraconazole is similar to posaconazole
and notably, this combination was the only combination of amino acid substitutions that
significantly affected susceptibility to itraconazole. This combination of substitutions was
also shown to catalytically impair Cyp51 when derived from a clinical C. albicans
isolate. Investigation of Cyp51 function in Aspergillus fumigatis showed that positions
G464S and G307 disturb the heme environment (208). Our observed susceptibility
phenotypes show increased fluconazole MICs to G464S and the combination of G307S +
G450E. The combination of G307S + G450E increased fluconazole MICs beyond what
was observed with G450E as a single mutation.

Amino acid substitutions 1483V, M258L, D278N, were demonstrated to have additive
effects on fluconazole resistance when combined with an amino acid substitution that has
been characterized alone. Substitution 1483V has not been described previously in the
literature and does not seem to be located near the active site when considering CaCyp51
secondary structure. When combined with substitution G450E, fluconazole MICs
increase by two-fold over that which was observed for G450E alone. A similar trend was
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404 VEPGYAHTIERYFDNPEDFDPTRID TAAAKANSVSFN————— SSDEVDYGFGEVSEGVES 453 C albicans
405 VAPGYTHLRDEYFPNAHQFNIHEINEDSASSYS————————— VGEEVDYGFGAISEGYSS 455 s, cerevisiae
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- - 3 - ]

Figure 4.2. Sequence alignment highlighting the fungal specific major insertion loop in various fungal species and
contrasted with the non-fungal species, M. tuberculosis.

Alignment was generated by UniProt www.uniprot.org. The red bracketed sequence defines the invariable sequence where we have
observed amino acid modifications which affect fluconazole susceptibility. The following accession numbers were used: C. albicans-
P10613; C. tropicalis-P14263; S. cerevisiae-P10614; P. italicum-Q12664; S. pombe-Q09736; C. glabrata-P50859; C. krusei-Q02315;
M. tuberculosis-POAS12.
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Figure 4.3. Observed amino acid subsitutions in Ergl1 in C. albicans compared to other medically important Candida
species and organisms in other kingdoms.

The alignment was generated by using the UniProt alignment function www.uniprot.org. Amino acid numbering is based off the C.
albicans sequence. Conserved amino acids are highlighted in blue. Amino acid substitutions highlighted in red are those observed in
this study. Substitutions observed in black were noted in the literature. The following accession numbers were used: C. albicans-P1-
613; C. tropicalis-P14263; S. cerevisiae-P1-614; C. glabrata-P50859; C. krusei-Q02315; Human-Q16850; M. tuberculosis-POAS512;
T. Aestivum-P93596.
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observed for M258L and D278N, which both independently occurred with a G464S
mutation resulting in a twofold and a fourfold increase in fluconazole MICs, respectively,
over that which was observed for G464S alone. Neither the M258L nor the D278N
modifications have been described previously in the literature. D278E was previously
shown to occur in azole resistant isolates however, the exchange of an aspartic acid (D)
for a glutamic acid (E) may be a more conserved substitution when compared to the
asparagine (N) modification observed in our collection (Table 4.3) (111).

Not all mutations investigated contributed to azole resistance. ERG/ is observed in
our studies and others to be highly permissive to genetic polymorphisms. The most
common mutation observed in this collection was E266D (n=10) and was always
recovered with an additional substitution. In this study, I investigated the E266D
substitution when combined with K143R, F145L and G464S independently. In all three
cases, the addition of the E266D polymorphism did not confer additional effects on azole
resistance beyond that which was observed for K143R, F145L and G464S alone. In the
current study, I sequenced only ERGI1 alleles from isolates exhibiting decreased
susceptibilities to fluconazole. It is most likely that mutations in ERG 1/ occur in both
azole-susceptible and resistant isolates that do not affect azole resistance. Another
possibility is that mutations may arise in conjunction with mutations creating azole
resistance that also affect fitness. Previous work has shown that specific ERG//
mutations affect fitness and catalytic activity of the enzyme (166, 201). Further
investigation of how FRG 1] mutations affect fitness is warranted.

One isolate contained a Q21L amino acid substitution in one ERG /1 allele with a
wild-type ERG11 allele. In membrane bound lanosterol demethylases, the far N-terminal
region acts as a transmembrane portion of the enzyme that anchors this enzyme to the
endoplasmic reticulum (38). This is the only mutation that I recovered in the far N-
terminal region, and it was expressed with a wild-type allele. When expressed in SC5314,
I did not observe a change in any azole susceptibilities at 48 hours. This data suggests
that mutations occurring near the putative transmembrane region of the enzyme may not
interfere with enzyme-substrate interaction.

Clearly, the susceptibility of clinical isolates is a product of the interplay of multiple
mechanisms of resistance. Mutations in the ERG/ ] genes have been shown to be a
significant and prevalent mechanism of resistance in C. albicans. Notably, 19 clinical
isolates carried ERG 1 mutations in addition to Upc2 GOF mutations. It is probable that
the combination of these two mechanisms have a combinatorial effect on azole
susceptibility. Our data clearly demonstrate that many £RG// mutations result in
fluconazole resistance, but most are not as significant when tested against voriconazole or
itraconazole. Itraconazole, in particular seems less effected by ERG 1] mutations which
produce significant resistance to fluconazole. Despite this general observation, I have
identified a specific combination of amino acid substitutions that significantly reduce
itraconazole and voriconazole susceptibility. The association of clinically derived
mutations in ERG1 ] resulting in decreased azole susceptibility are of clinical importance.
In this study, I limited our characterization to specific mutant ERG/ [ alleles. Further
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characterization of clinically derived ERG1/ mutant alleles to azole resistance is needed
help guide antifungal pharmacotherapy and assist with future antifungal development.
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CHAPTER S. DISCUSSION AND CONCLUSIONS

GENERAL DISSERTATION OVERVIEW

In Chapter 2, I describe the characterization of known resistance mechanisms in a
large group of clinical C. albicans isolates that were enriched for decreased fluconazole
susceptibility. A transcriptional profile for each isolate was created for genes known to
cause azole resistance such as ERG11, CDRI, CDR2 and MDR]. Stratified into groups
based on fluconazole susceptible vs. resistant phenotypes (MIC > 8), transcription
profiles of genes known in azole resistance were then compared.

As CDRI1 and CDR?2 are transcriptionally co-regulated by Tacl, it was not surprising
to observe the coordinate expression of these transporters. Increased expression of CDR/
was observed in 77% of isolates with increased resistance to fluconazole as opposed to
the overexpression of MDR I, which encompassed only 21%. There was no correlation
between transcriptional expression of the ABC transporters and the MFS transporter
MDRI in this group. This observation may be due to specific fitness costs associated with
the overexpression of both these transporters in one isolate. In 2012, Sasse et al
systematically investigated the effects of GOF mutations in the transcriptional regulators
MRRI, TACI, UPC2, and also mutations in ERG11, on associated fitness costs in C.
albicans (166). In this work, the authors demonstrated that although combinations of
mechanisms of drug resistance resulted in a step-wise acquisition of high level resistance,
there was also an associated decrease in fitness when tested in non-selective conditions in
vitro and in vivo. Mutations associated with the greatest decrease in fitness were the
combination of a GOF mutation in TAC/ and MRR1 in isolates constructed to carry two
mechanisms of resistance. The addition of a GOF UPC?2 allele resulted in a further
decrease in fitness. In the absence of any compensatory mutations that might arise in a
clinical isolate, this work demonstrated that loss of the wild-type regulation of gene
expression is associated with a decrease in fitness. I believe these fitness costs may
explain why simultaneous overexpression of MDR1 and CDRI/CDR? are not observed in
this group of clinical isolates.

In addition to efflux transporter expression, I also measured the transcriptional profile
of ERG11, whose gene product is the target of azole antifungals. These data showed
increased expression of ERG 11 occurred in 75% of our clinical isolate collection. For
those that overexpressed ERG11 when compared to fluconazole-susceptible isolates, I
sequenced a known regulator of ergosterol biosynthesis UPC2. Previous to this study,
only three distinct UPC2 GOF mutations had been identified to occur clinically. Our
sequenced data introduced five previously undescribed GOF mutations in UPC2 and also
established that these mutations occurred frequently in azole-resistant isolates.

As has been described for activating mutations in zinc-cluster transcription factors in
S. cerevisiae, all of the mutations observed in this study occurred in the C-terminal
putative activation domain of CaUPC2. In C. albicans, UPC2 is orthologous to UPC2
and ECM22 in S. cerevisiae, which regulate ergosterol biosynthesis and uptake of
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exogenous sterols. Both transcription factors are localized to the intracellular membrane
of the endoplasmic reticulum but under sterol-depleted activating conditions, they
localize around the nucleus (115). Gain-of-function mutations have been identified in
both ScUPC2 and ScECM?22 and in each instance, mutations identified occur in the C-
terminal activation domain (197). There are two theories that describe how GOF
mutations result in constitutive activation of UPC2. First, mutations in the C-terminus
may interfere with the transmembrane region of the protein resulting in constitutive
localization to the nucleus and constitutive activation of target genes. The second theory
is that mutations in the C-terminal area could relieve Upc2 of a repressor that would
otherwise keep Upc2 in an inactive state in non-activating conditions (177).

The most widely characterized zinc-cluster transcription factor in yeast is Gal4. Gal4
regulates genes involved in the transport and metabolism of galactose (20). As has been
shown in UPC2 localization studies in S. cerevisiae, Gal4 is localized to the cytoplasm
and upon activation, is directed towards and imported into the nucleus. Gal4 is inhibited
by repressor protein Gal80 in the absence of galactose. Previous work has shown that the
carboxy-terminal 28 amino acids are responsible for the sequence specific interaction
between these two proteins (161). A single amino acid substitution in this region is
sufficient to constitutively activate target genes by relieving interaction of Gal4 with
Gal80 (161). Notably, a mutation in Gal80 has been shown to compensate for a GOF
mutation in Gal4, resulting in a wild-type phenotype. Adding another level of regulation
in Gal4 activation is the detection of mutant Gal3 proteins that show altered Gal80-
binding characteristics and result in constitutive activation of Gal4 (14).

A repressor protein for UPC2 or ECM?22 has not been identified in either S.
cerevisiae or in C. albicans but it is plausible that these mutations interfere with this
interaction. In addition to relief of a repressor, post-transcriptional modifications occur
with Gal4 by the phosphorylation of a series of C-terminal serine residues which are
thought to “fine tune” activation and may regulate ubiquitin degradation (160).
Activating mutations observed in CaUpc2 have not been shown to occur on any serine
residues but using an online phosphorylation site identifier
(http://www.cbs.dtu.dk/services/NetPhos/), highlights potential phosphorylation sites
identified at positions S469, S533 and S575.

In strains constructed to carry a GOF allele in UPC2, 1 observed that homozygous
replacement of the GOF UPC?2 allele showed a greater effect on azole susceptibility than
mutations expressed with a wild-type allele. This is consistent to what is observed in
GOF mutations in 7ACI and MRRI. When comparing genome-wide transcriptional
analysis of four distinct UPC2 GOF mutations I observed a core set of genes to be
upregulated. Expectedly, among these genes were those involved in oxidoreductase
activity and those involved in ergosterol biosynthesis.
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Summary and discussion of Chapter 3

In Chapter 3 I explored the hypothesis that mutations in ND780 might result in
overexpression of ERGI1 in azole resistant isolates that do not carry mutations in UPC2.
Ndt80 is a transcriptional regulator that in C. albicans has been shown to regulate ERG1 1
expression. ERG11 is a direct target of Ndt80 and its disruption results in reduced ERG1 1
expression and increased azole susceptibility. Clinical isolates 945 and1619 are
genetically matched isolates comprised of a susceptible and resistant constituent, in
which the resistant isolate overexpresses ERG11 and does not carry mutations in UPC2. 1
therefore sequenced NDT80 in both isolates and found several mutations to be present.
Suspecting these mutations as being the cause of ERG 1 overexpression in these isolates,
I expressed mutant NDT80 alleles derived from the fluconazole-susceptible and —resistant
isolates in SC5314. I did not observe a change in fluconazole resistance or ERG/ [
expression in strains carrying mutant ND780 alleles. While this does not preclude the
involvement of mutations in NDT80 in azole resistance, such mutations do not explain
the overexpression of ERG11 in these clinical isolates.

Summary and discussion of Chapter 4

In Chapter 4, I characterized clinically derived mutations in the ERG// gene and their
effects on the activity of a panel of structurally different azole antifungals. I was able to
demonstrate that distinct amino acid substitutions in Ergl1 produced a variable increase
in resistance to fluconazole, itraconazole and voriconazole. I also observed trends to
placement of the resulting amino acid substitutions in the enzyme and the level of
resulting resistance to fluconazole.

Both voriconazole and itraconazole susceptibilities were not as affected by mutations
in ERG11 when compared to fluconazole. It is likely that structural differences resulting
in stronger binding of newer generation azoles make them less vulnerable to the effects of
ERG11 mutations. Itraconazole seemed to be the least susceptible to ERG ] mutations,
with only the F145L + Y 132F combination resulting in a significant increase in MIC.
Although itraconazole retains its activity against ERG/ [ mutations and previous work
has shown that itraconazole is not a substrate for Mdr1 efflux transport, the utility of this
agent in the treatment of invasive candidiasis is wanting due to its erratic bioavailability
and the lack of an intravenous formulation.

As discussed earlier, despite the low sequence homology of Cyp51 enzymes between
species, the secondary structure is highly conserved and specific amino acid positions are
conserved within fungal organisms and even between kingdoms. Its logical that as these
positions are conserved between species, their role in the structure and function of Cyp51
likely important. In this collection, we observed and characterized mutations occurring
both in conserved and non-conserved positions in the Cyp51 sequence. A general
observation was that amino acid substitutions occurring in conserved positions resulted in
fluconazole resistance. The exception to this observation was the Q21L substitution,
which is conserved in fungal species yet did not result in increased MICs to azoles.
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Likewise, amino acid substitutions occurring in non-conserved positions, such as E266D
did not affect fluconazole susceptibility and are not associated with azole-resistant
isolates in this study or in previous publications (122). Over 150 missense mutations in
ERG11 have been documented in the literature and characterizing mutations as I have by
constructing strains that carry these mutations is laborious and slow. Generally, mutations
characterized in this study that result in a change in azole resistance are those that arise in
clinically resistant isolates and are in conserved positions in the Cyp51 enzyme. As
sequencing can now be efficiently and cost-effectively performed on a large scale,
correlating mutations to azole resistance can be done statistically in the future once
sufficient data is available.

Although several homology models for fungal Cyp51 structures have been published,
a crystal structure for this enzyme is not public. Many publications on fungal Cyp51
structure cite the difficulty of obtaining a crystal for membrane bound enzymes. Despite
this difficulty, X-ray structures for 25 membrane bound Cyp51 enzymes are available,
including that for humans(38). As Cyp51 for C. albicans, as well as other fungal species,
is the most important and exploited target for antifungals, the addition of a CaCyp51
crystal structure would aid in the development of better azole antifungals.

DISCUSSION OF METHODS

The studies discussed in this dissertation describe the use of a variety of molecular
techniques to quantify gene transcription involved in mechanisms of resistance and the
construction of strains that carry mutant genes derived from resistant isolates in a wild-
type background strain. With these constructed strains, I was able to specifically identify
the specific contribution to azole resistance and to identify key determinants of azole
resistance in this species.

Gene-quantification

To quantify genes involved in azole resistance, I used quantitative real-time PCR
(RT-PCR), which is the standard method of gene quantification. This method has several
advantages over other methods of gene quantification due to its increased sensitivity and
quantitative capabilities. To quantify gene expression, I used the Comparative C (224"
method. Using this model, I can calculate changes in gene expression as a relative fold
difference between an experimental and a calibrator sample. This method requires similar
amplification kinetics of both the target and reference gene because different efficiencies
will generate errors with this method. Therefore, for each gene measured, a validation
assay using serial dilutions of cDNA target are assayed for each gene of interest and the
results are plotted with the log-input concentration for each dilution on the x-axis, and the
difference for C; dilution on the y-axis. This particular collection was comprised of a
large number of unrelated clinical isolates. Most expression experiments of this nature
are performed with genetically match-paired isolates that differ only in azole-
susceptibility phenotypes. As none of our isolates are related, I averaged the gene
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expression data from azole susceptible isolates to compared expression of genes of
interest to our resistant isolates.

Studies have shown that genes involved in azole resistance are regulated at the
transcriptional level in response to azole drugs, and not to gene duplication events (105).
Although transcription of specific genes is correlated with azole resistance, using
methods that only quantify RNA could be a limitation to this work. Manoharlal et al.
demonstrated that in addition to increased transcription initiation of CDRI, CDRI mRNA
stability half-life was threefold higher in an azole-resistant strain when compared to an
azole-susceptible counterpart (112). Although correlating gene expression with resistance
in C. albicans is standard in the literature, this technique neglects regulation that could
occur post-transcriptionally or post-translationally that could be contributing to an azole-
resistant phenotype.

Genetic manipulation in C. albicans

The SATI-flipper technique was utilized to perform targeted gene inactivation and
replacement. The SAT flipping strategy allows for genetic manipulation to occur in
prototrophic C. albicans strains using a dominant drug selection marker that is recyclable,
which is important in diploid species(156). This method uses a CaSATI-selectable
marker which enables resistance to the aminoglycoside nourseothricin and also a CaFLP
gene, which encodes a site-specific recombinase for cassette excision and selection
marker recycling. Previous to the technique, targeted gene disruption occurred in specific
auxotrophic background strains using nutritional markers for the selection of
transformants. However, use of auxotrophic markers made it difficult to interpret mutant
phenotypes as these genes were shown to modulate processes such as virulence.

Although the SAT] flipper method has resolved difficulties associated with the use of
auxotrophic strains, there are other complications associated with genetic manipulation of
C. albicans. As stated in the introduction, genetic plasticity in the C. albicans genome is
well described and development of aneuploidy and chromosomal rearrangements occur
readily under a wide variety of events including antifungal drug exposure. Aneuploidies
of selected chromosomes are not uncommon in laboratory strains (96, 172).
Chromosomal aneuploidies and truncations have been described in laboratory strains as a
result of genetic modification like what is described in this dissertation. It is clear that
detection of chromosomal ploidy is important in this species. As we do not have a cot-
effective mechanism to routinely detect this in our lab, I have constructed duplicates of
each strain to ensure reproducibility of the phenotypes I have observed in these mutant
strains.

Measuring antifungal susceptibility

To measure antifungal susceptibility, we used a modified version of the Clinical
Laboratory and Standards Institute microbroth dilution method. The modification of this
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protocol is the addition of 2% dextrose to RPMI media, which has been observed to
decrease the amount of trailing associated with azole fungistatic activity in this species.
Reducing the amount of trailing is important for interpretation of data. In addition to
standard broth dilution methods, we occasionally used azole treated E-test strips
(Biomerieux) as these interpretations of MICs are less subjective. At times, instead of
RPMI, we test azole susceptibilities in rich YPD media in order reveal smaller changes
resulting from certain genes. Potential drawbacks of using YPD media for susceptibility
testing are that media varies based on preparation and one cannot make associations of
susceptibility to clinical breakpoints, as those are performed in RPMI.

The ability to incorporate exogenous sterols into the fungal cell membrane has been
shown for S. cerevisiae and C. glabrata but has not yet been shown for C. albicans. If
this process occurs, it may be that testing MICs in media without exogenous sterols may
underrepresent resistance phenotypes. If a particular isolate has an increased ability to
incorporate sterols from the environment, inhibition of ergosterol synthesis could be
bypassed. As yeast extract is a component of YPD, this may be partly contributing the
increased growth and higher MICs resulting from susceptibility testing in this media.

OVERALL THEME AND CONCLUSIONS

Throughout the research presented in this dissertation, there is one recurring theme
which deserves attention. The work presented here is the largest comparison of resistance
mechanisms that have been defined in a group of azole-resistant clinical isolates of C.
albicans. Prior to this work, the primary focus of azole resistance was on efflux
transporters CDRI, CDR2 and MDR]. It was not surprising that overexpression of efflux
transporters was well represented in this collection. Notably, expression data in this work
revealed the considerable involvement of ERG11 overexpression which had previously
taken a back seat to the involvement of efflux transporters. Overexpression of ERG1 1
seems to be something specific for C. albicans, as smaller population studies have not
shown increased ERG11 expression to be prevalent in C. glabrata or C. dubliniensis.
Also in this group, we defined the significance of individual mutant ERG 1 alleles on
azole resistance. Numerous sequencing data has demonstrated ERG ! is highly tolerant
of mutations in both azole-susceptible and resistant isolates. These data corroborated with
sequencing data for this collection. Large scale phenotypic characterization of these
mutations done in this work demonstrated ERG /1 mutations were a prevalent contributor
to azole resistance in C. albicans.

FUTURE DIRECTIONS

The long term goal of our research is to improve the treatment of Candida infections
by understanding the molecular basis of azole resistance. Ultimately, part of goal will be
to develop improved options for the treatment of candidiasis. Currently, there are only 4
systemic therapies available for the treatment of fungal disease. Despite the increasing
need for new antifungal classes to treat candidiasis, antifungal drug discovery is limited
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by the detection of novel and specific antifungal targets. The azole class of antifungals is
presently our only oral option for the treatment of systemic disease but as shown in this
work, there are clinical isolates that have become highly resistant to these agents. In
Chapter 4, I investigated several mutations in ERG 1, some of which caused an increase
in voriconazole and itraconazole susceptibility to the susceptible dose-dependent range.
In this study, I was only able to characterize a subset ERG11 alleles observed, but there
are probably specific mutant alleles, like those which contain 3 or 4 amino acid
substitutions, which may confer a greater effect on azole resistance. The more
information obtained on £ERG/ mutations and their specific effect azole resistance may
shed light on how to better target Ergl1 either by construction of improved members of
the azole class or by development of a new compound.

Although my contribution to characterizing ERG1I-mediated azole resistance in C.
albicans is nearly complete, there are areas in this project that warrant further
exploration. I present here some future directions made possible from the groundwork
prepared by these data.

Whole genome sequencing to investigate UPC-independent mechanisms of ERG11-
overexpression

Our lab and others have observed ERG 1 overexpression in isolates that do not
contain GOF mutations in UPC2. In Chapter 3, I investigated the role of mutant ND780
alleles derived from resistant isolates in ERG ] overexpression but was unable to
demonstrate a role for this transcription factor in regulating azole resistance. The
mechanism of ERG 1 overexpression in these isolates remains unknown. The strategy of
targeted gene sequencing based on genome-wide expression data or educated guesses are
time consuming and largely yield negative results. As there are potentially several genes
involved in azole resistance that have not been identified, investigations of this nature can
now be undertaken on a genome-wide scale.

As transcription factors have played a primary role in many key drug resistance and
pathogenic processes, exploring mutations that occur in these genes containing missense
polymorphisms in resistant isolates will be an obvious and fruitful choice to investigate
further. As someone who has spent considerable time exploring sequencing data of this
type, I have further suggestions of possible genes and pathways to explore in future
studies.

First, I recommend that in addition to mutations in ERG/ I, polymorphisms occurring
in other components of the ergosterol biosynthesis pathway be explored. Studies have
already shown that azole- and amphotericin B- resistant species of Candida display
alternate sterol profiles. Additionally, as microarray data show an increased expression of
genes important to ergosterol biosynthesis in response to chemical inhibition, I suspect
that decreased ergosterol production resulting from mutations in the ERG pathway may
also result in increased ERG1 1 expression.
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A next generation sequencing study performed in a series of clinical C. glabrata
isolates has already identified a gene mutation that arises after FKS mutations that result
in ameliorating fitness costs of echinocandin resistance (178). As similar fitness defects
occur in azole-resistant C. albicans strains, detection of genes that restore fitness in
clinical isolates would represent an additional mechanism of resistance in this species.

In the future, proteins required for pathogenicity in fungus may be considered a
potential drug targeting strategy. One unit of chromatin is defined as 146bp of DNA
wrapped around a histone complex comprised of two histone H2A-H2B dimers and one
histone (H3-H4), tetramer(103). Histone proteins play a role in tightly packaging DNA
into nucleosomes and association to a tightly wound chromatin is associated with gene
silencing. Data from genome-wide transcription profiles suggest that wide-spread
transcriptional networks are activated in response to antifungals and pathogenesis, which
suggests some level of chromatin regulating events (175). Specific histone modifications
result in either the relaxing of the histone tail permitting access of transcriptional
machinery to coding genes or tightening of the histone complex resulting in gene
silencing. The role of various histone modification enzymes have already been
investigated regarding pathogenesis and even antifungal resistance in Candida species as
nicely reviewed by Lopes de Rosa and Kaufman (84). Identification of mutations that
modulate chromatin structure in resistant isolates would further delineate drug resistance
mechanisms and perhaps identify future drug targets.

Employing genotypic testing as a tool to guide antifungal therapy

As mentioned earlier, the CLSI guidelines have been recently modified for both
azoles and echinocandins. Newer clinical breakpoints take into account species specific
epidemiological cutoff values (ECV), resulting in species specific breakpoints to help
guide therapy. Revising these breakpoints may allow us to detect Candida species and
isolates that are a risk for the development of resistance. Although recent data show that
C. albicans as a species remains largely susceptible to the azole class, this work
demonstrates that azole resistance does arise in clinical isolates. As a means to quickly
and efficiently guide treatment as well as to track resistance patterns in Candida species,
genotypic data could potentially play a large role in guiding antifungal treatment in the
future.

As an example of this type of analysis, Shields et. al described the relationship
between echinocandin MICs and patient responses to therapy in C. glabrata (176).
Authors extracted information from medical records (prior echinocandin exposure,
duration of treatment, patient outcomes) and tied this with microbiologic data such as
caspofungin susceptibilities and occurrence of FKS mutations. This study produced a
paradigm defining a method-specific caspofungin susceptibility threshold that was
sensitive and specific enough to detect the presence of FKS mutations in C. glabrata. Of
direct clinical importance, authors also identified prior echinocandin use and caspofungin
MIC over the defined threshold (MIC > 0.25 pg/mL for E test) as the most sensitive
predictors of treatment outcomes.
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In C. albicans, azole resistance in clinical isolates is multifactorial but there is
extensive data defining key mutations in genes resulting in a resistant phenotype. In a
similar manner, it would be significant to use these data to further define treatment
paradigms in an effort to detect resistant organisms and to improve patient outcomes.
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APPENDIX A. C. ALBICANS STRAINS TABLE

Strain # Modified strain identification  Source if known  Relevant characteristics or genotype” Source UPC2 polymorphisms observed (amino acid substitutions)
Clinical isolates
SC5314 SCs5314 UPC2-1/ UPC2-2 ATCC
20644.082 1 FLU® isolate University of lowa
20205.043 2 Blood FLU® isolate University of lowa
20339.016 3 Esophogeal FLU® isolate University of lowa G1791A (M5971)
20389.007 4 FLU® isolate University of Iowa
20646.057 5 Blood FLU® isolate University of lowa
20313.046 6 Throat FLU® isolate University of lowa
20510.016 7 Abdom.Fluid FLU® isolate University of lowa
20464.007 8 Sput FLU® isolate University of Iowa
20646.057 9 Blood FLU® isolate University of lowa
20324.046 10 Blood FLU® isolate University of lowa C449T (P150L); A817G (T273A)
20512.088 11 FLU" isolate University of lowa
20512.089 12 FLU" isolate University of lowa
20533.031 13 FLU" isolate University of lowa G1927A (A643T)
20637.057 14 Blood FLU" isolate University of lowa
20513.024 15 FLU" isolate University of lowa G1434C (W478C)
20288.098 16 FLU" isolate University of lowa
20642.062 17 FLU" isolate University of lowa
20513.009 18 FLU" isolate University of lowa
20513.01 19 FLU" isolate University of lowa G910A (G304R)
20513.011 20 FLU" isolate University of lowa G910A (G304R)
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Appendix A.

Continued.

Strain # Modified strain identification _ Source if known  Relevant characteristics or genotype” Source UPC2 polymorphisms observed (amino acid substitutions)
20513.016 21 FLU" isolate University of lowa G1943A (G648D)
20245.061 22 Abdom.Fluid FLU" isolate University of lowa
20323.066 23 Throat FLU" isolate University of lowa
20339.013 24 Esophogeal FLU" isolate University of lowa
20339.027 25 Oral FLU" isolate University of lowa G1942A (G648S)
20339.063 26 Esophogeal FLU" isolate University of lowa
20513.025 27 FLU" isolate University of lowa G1434C(W478C)
20513.026 28 FLU" isolate University of lowa
20408.049 29 Tissue FLU" isolate University of lowa
20531.041 30 Blood FLU" isolate University of lowa C1928T (A643V)
20628.078 31 FLU" isolate University of lowa
20288.080 32 Tissue FLU" isolate University of lowa
20323.052 33 Throat FLU" isolate University of lowa
20339.014 34 Esophogeal FLU" isolate University of lowa
20339.028 35 Esophogeal FLU" isolate University of lowa G1942A (G648S)
20339.044 36 Oropharynx FLU" isolate University of lowa A1925T (Y642F)
20339.045 37 Buccal FLU" isolate University of lowa A1925T (Y642F)
20339.027 38 Oral FLU" isolate University of lowa G1943A (G648D)
20339.062 39 Esophogeal FLU" isolate University of lowa
20408.059 40 Blood FLU" isolate University of lowa
20348.024 41 Sputum FLU" isolate University of lowa
20512.090 42 FLU" isolate University of lowa
20339.003 43 Buccal FLU" isolate University of lowa
20339.025 44 Oral FLU" isolate University of lowa
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Appendix A.

Continued.

Strain # Modified strain identification _ Source if known  Relevant characteristics or genotype” Source UPC2 polymorphisms observed (amino acid substitutions)
20339.048 45 Esophogeal FLU" isolate University of lowa C1937T (A646V)
20339.064 46 Esophogeal FLU" isolate University of lowa
20339.072 47 Esophogeal FLU" isolate University of lowa G1943A (G648D)
20512.099 48 FLU" isolate University of lowa
20377.041 49 Pleural F1 FLU" isolate University of lowa
20323.080 50 Throat FLU" isolate University of lowa
20339.008 51 Oral FLU" isolate University of lowa
20339.058 52 Esophogeal FLU" isolate University of lowa G1943A (G648D)
20672.028 53 Blood FLU" isolate University of lowa

C406T (P136S), A671G (N224S), A749G (N2508S), T1952C

20495.091 54 Abscess FLU" isolate University of lowa (M651T)
20513.014 55 FLU" isolate University of lowa G1942A (G648S)
20513.021 56 FLU" isolate University of lowa G1942A (G648S)
20513.022 57 FLU" isolate University of lowa G1942A (G648S)
20513.023 58 FLU" isolate University of lowa G1942A (G648S)
20430.009 59 Blood FLU" isolate University of lowa G1943A (G648D)
20288.030 60 Tissue FLU" isolate University of lowa

20323.083 61 Throat FLU" isolate University of lowa

20339.006 62 Oral FLU" isolate University of lowa

20339.011 63 Esophogeal FLU" isolate University of lowa

20339.015 64 Oral FLU" isolate University of lowa

20339.020 65 Oropharynx FLU" isolate University of lowa G1942A (G648S)
20339.021 66 Oropharynx FLU" isolate University of lowa

20339.022 67 Oropharynx FLU" isolate University of lowa G1942A (G648S)
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Appendix A.

Continued.

Strain # Modified strain identification _ Source if known  Relevant characteristics or genotype” Source UPC2 polymorphisms observed (amino acid substitutions)
20339.030 68 Oropharynx FLU" isolate University of lowa A817G (T273A), C1928T (A643V)
20339.032 69 Oropharynx FLU" isolate University of lowa G1942A (G648S)
20339.049 70 Esophogeal FLU" isolate University of lowa C1937T (A646V)
20339.070 71 Oral FLU" isolate University of lowa G1943A (G648D)
20513.02 72 FLU" isolate University of lowa

FLUS; fluconazole susceptible. FLU®; fluconazole resistant
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APPENDIX B. GENES UPREGULATED IN STRAINS CARRYING UPC2 GOF ALLELES BY AT LEAST 1.5 FOLD

Change in fold expression”

CGD Name _ orfl9 Designation
ANPI orf19.3622
FREY orf19.3538
GST1 orfl19.3121
IFCI orf19.3746
LTEI orf19.2238

NBP35 orf19.747
PHO114 orf19.4584
PLBI orf19.689

PLB4 orf19.1443
PRR2 orf19.1341
RBTI orf19.1327
SMC3 orf19.262
SUA72 orf19.3519
ZRTI orf19.3112

orfl9.11618
orf19.1768
orf19.302
orf19.3156
orf19.3813
orf19.3926
orf19.3976
orf19.4276
orf19.4711

G648S

Expl

Exp2

G648D Y642F A643V
Expl Exp2 Expl Exp2 Expl Exp2 Molecular function
1.5 1.2 1.3 1.4 1.1 1.0 contributes_to alpha-1,6-mannosyltransferase activity (IEA)
1.2 1.4 1.0 1.3 1.2 1.7 ferric-chelate reductase activity (IEA)
38.0 1.2 16.4 0.9 13.5 0.9 transcription corepressor activity (IEA)
0.9 0.9 1.3 0.7 1.2 0.8 oligopeptide transporter activity (IGI, ISS)
9.8 0.5 19.1 1.3 10.1 0.8 guanyl-nucleotide exchange factor activity (IEA)
2.1 1.4 1.6 1.0 2.1 1.2 nucleotide binding (NAS)|4 iron, 4 sulfur cluster binding (IEA)
2.2 1.4 1.8 0.9 2.0 1.3 acid phosphatase activity (IEA)
1.9 1.2 1.3 1.1 1.4 1.1 lysophospholipase activity (IDA, IMP, ISS)
2.0 1.3 14 1.3 1.5 1.3 lysophospholipase activity (ISS)
2.9 1.1 0.9 0.9 1.1 1.6 receptor signaling protein serine/threonine kinase activity (IEA)
1.2 1.1 1.6 1.9 1.1 1.2
1.3 0.9 1.8 0.8 1.4 0.7  ATPase activity (IEA)
2.3 0.8 1.3 1.0 1.7 1.2 general RNA polymerase II transcription factor activity (IEA)
1.6 1.4 1.1 0.8 1.2 1.0 low-affinity zinc ion transmembrane transporter activity (IEA)
1.6 0.7 0.9 1.0 1.8 0.8
1.3 1.0 1.6 1.1 1.6 0.9
1.3 1.1 1.0 0.7 1.4 1.2 contributes_to Rab guanyl-nucleotide exchange factor activity (IEA)
1.9 1.0 1.7 1.0 1.5 1.0
2.7 1.4 1.4 1.0 2.4 1.1
1.2 5.6 0.7 8.9 0.3 1.0 endoribonuclease activity (IEA)
0.8 0.9 1.6 1.0 1.5 1.0 structural constituent of cytoskeleton (IEA)
2.2 0.6 1.8 1.7 1.2 1.0
4.9 1.4 1.7 1.0 3.7 0.9
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Change in fold expression”

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.4735 1.5 1.1 1.2 0.8 1.4 0.8
orf19.4923 1.4 1.9 1.1 1.1 1.3 1.9 sugar transmembrane transporter activity (ISS)
orf19.5693 1.6 1.4 1.1 1.4 1.3 1.4 GPI-anchor transamidase activity (IEA)
orf19.6351 13 1.4 2.4 0.9 1.5 1.0
orf19.6899 0.6 0.4 0.7 0.9 0.3 0.4
orf19.6950 0.9 1.0 1.5 1.2 1.1 1.0
orf19.6979 2.2 0.9 1.6 1.1 1.3 1.0
orf19.6982 1.4 1.3 1.7 1.1 1.4 1.1
orf19.7193 1.0 1.1 1.3 0.8 1.0 0.8
orf19.7303 1.8 0.7 1.4 1.2 3.8 1.3
orf19.911 1.8 1.2 1.4 1.2 1.9 0.9 ubiquitin-protein ligase activity (IEA)
orf19.980 1.3 0.8 1.3 0.8 1.1
ADOI orf19.5591 1.4 1.3 1.4 1.5 1.5 1.4 adenosine kinase activity (IEA)
AMSI orf19.2768 1.1 2.8 1.3 0.8 1.3 1.3 alpha-mannosidase activity (IEA)
ASRI orf19.2344 0.6 3.2 0.6 1.0 0.9 1.2
BUDI6 orf19.1828 2.5 0.9 2.1 0.8 2.1 0.9
CAS1 orf19.1135 1.1 1.2 1.2 1.0 1.4 1.5
CATI orf19.6229 1.2 1.7 1.3 1.5 1.4 1.8 catalase activity (IDA, IMP, ISS)|protein binding (IDA)
CAT2 orf19.4591 1.1 1.4 1.1 1.1 1.5 1.4
CATS orf19.5097 1.6 0.7 1.0 1.1 2.4 1.1
CDC23 orf19.6437 1.1 1.1 1.3 1.1 1.5 1.4 protein binding (IEA)[ubiquitin-protein ligase activity (IEA)
CTA4 orf19.7374 1.4 1.3 1.7 1.4 1.9 1.3 transcription activator activity (IDA, IGI)
CYB2 orf19.5000 1.1 1.3 1.2 0.9 1.5 1.1 L-lactate dehydrogenase (cytochrome) activity (NAS)
DALY orf19.6956 0.9 1.6 0.9 1.2 1.3 1.7 anion:cation symporter activity (ISS)
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Change in fold expression”

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

ECM29 orf19.6773 1.1 1.2 1.3 1.0 1.2 1.2

ERGI0 orf19.1591 1.2 1.5 1.1 1.0 1.7 1.4 acetyl-CoA C-acyltransferase activity (IEA)

ERGI0 orf19.1591 1.3 1.5 1.4 1.7 1.4 1.8 acetyl-CoA C-acyltransferase activity (IEA)

FGRI6 orf19.2303 2.4 1.1 1.7 1.0 2.1 1.2

FGR34 orf19.7579 1.0 1.4 1.0 0.9 1.2 1.2
FMO2 orf19.859 1.3 1.8 0.6 0.7 1.5 1.2
FRP2 orfl19.7112 0.8 1.4 1.1 1.1 1.1 1.3 ferric-chelate reductase activity (IEA)

GAP2 orf19.6993 0.6 1.5 0.6 0.7 1.1 1.6 L-proline transmembrane transporter activity (IEA)
GATI orf19.1275 0.7 1.8 0.5 1.0 0.9 2.7 specific RNA polymerase II transcription factor activity (IMP, ISS)

GDH3 orf19.4716 1.0 1.6 1.0 1.3 1.2 1.6 glutamate dehydrogenase (NADP+) activity (IEA)

GPDI orf19.1756 1.1 1.3 1.2 1.0 1.5 1.4 glycerol-3-phosphate dehydrogenase (NAD+) activity (IEA)
GRE2 orf19.3150 0.9 1.5 1.0 1.2 1.2 1.4 oxidoreductase activity (NAS)

GSTI orfl19.3121 0.8 1.1 1.1 1.6 1.0 1.4 transcription corepressor activity (IEA)
HISS orf19.4177 1.3 1.5 1.0 0.8 1.7 1.2 histidinol-phosphate transaminase activity (IEA)

HOS3 orf19.2772 1.1 1.1 1.3 0.9 14 1.2 histone deacetylase activity (ISS)

HSX11 orf19.4592 2.0 1.4 1.9 1.1 2.1 1.2 ceramide glucosyltransferase activity (IDA, IGI, IMP)
HXK1 orfl19.2154 1.3 1.4 0.9 1.0 1.3 1.5 N-acetylglucosamine kinase activity (IDA, IMP)|hexokinase activity (ISS)
IFRI orf19.1763 1.1 33 1.6 1.1 2.1 1.4
IFUS orf19.2568 1.1 1.7 1.1 1.2 1.3 1.6
INO4 orf19.837.1 1.1 1.0 1.4 1.1 1.7 1.2
INP51 orf19.1373 1.9 1.0 1.7 0.8 2.6 1.3 inositol-polyphosphate 5-phosphatase activity (IEA)

KNSI orf19.4979 0.7 1.8 0.9 0.8 1.4 2.1 protein serine/threonine kinase activity (IEA)

LEU2 orf19.7080 1.0 1.5 0.9 1.2 1.1 1.3 3-isopropylmalate dehydrogenase activity (IDA, IGI, NAS)
LIPS orf19.1345 1.4 1.9 0.8 1.5 1.3 2.0 lipase activity (IDA)
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G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

MITI orf19.4077 1.2 1.1 1.4 1.0 1.8 1.3 mannosyltransferase activity (IMP)
MLS1 orf19.4833 0.8 2.1 0.8 1.0 1.0 1.3 malate synthase activity (ISS)

MUQI orf19.2107 0.9 1.5 1.1 1.1 1.3 1.4 choline-phosphate cytidylyltransferase activity (IEA)

NAG6 orfl19.2151 1.2 1.3 1.1 1.1 1.4 1.3 GTP binding (ISS)
NCE4 orf19.5320 1.2 0.8 1.6 0.8 2.0 1.1
NUF2 orf19.1941 1.1 1.1 1.4 0.8 1.6 1.1 structural constituent of cytoskeleton (IEA)

OYE32 orfl19.3131 1.0 2.5 1.0 1.2 1.3 1.8 NADPH dehydrogenase activity (IEA)

PANI orf19.886 1.1 1.8 1.0 1.3 1.3 1.7 cytoskeletal adaptor activity (IEA)|protein binding, bridging (IEA)

PDCI2 orf19.4608 2.3 1.3 3.0 1.0 33 1.0
PDK2 orf19.7281 0.9 1.3 1.0 0.8 1.2 1.3
PEP7 orf19.5662 1.5 1.1 1.7 0.8 1.6 1.4 phosphatidylinositol 3-phosphate binding (IEA)

PGA60 orf19.5588 0.8 4.6 1.0 0.2 1.0 5.0
PLB5 orf19.5102 0.9 1.6 0.8 0.9 1.2 1.5 phospholipase A2 activity (IMP)|lysophospholipase activity (ISS)
PLDI orf19.1161 1.3 1.2 1.3 1.1 1.7 14 phospholipase D activity (IMP, ISS)

POTI-2 orf19.2046 1.1 1.5 1.2 1.0 1.5 1.3 acetyl-CoA C-acyltransferase activity (IEA)

PPH3 orf19.4378 1.2 1.2 1.2 1.0 1.8 1.4

PRR2 orf19.1341 1.7 1.4 0.6 1.9 2.7 0.8 receptor signaling protein serine/threonine kinase activity (IEA)
RADI0 orf19.2469 1.7 1.2 1.7 1.1 1.6 1.1 DNA strand annealing activity (ISA)

RADI14 orfl19.6517 1.0 1.5 0.9 1.0 1.2 1.7 damaged DNA binding (IEA)|zinc ion binding (IEA)

RAM1 orf19.5046 1.0 0.9 1.0 1.0 0.9 1.0 protein farnesyltransferase activity (IEA)

RDH54 orf19.5367 1.5 1.2 1.2 0.9 1.6 1.1 DNA topoisomerase activity (IEA)|DNA translocase activity (IEA)
RGA2 orf19.4593 1.2 1.2 1.4 1.1 1.4 1.4 Rho GTPase activator activity (IDA)|signal transducer activity (IEA)
RGS2 orf19.695 0.9 0.8 0.7 0.5 1.0 1.6
RIBI orf19.2862 1.3 1.3 1.3 1.1 1.7 1.4 cyclohydrolase activity (IEA)
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Change in fold expression”

G648S
CGD Name _ orfl9 Designation Expl  Exp2

RPNI10 orf19.4102 1.3 1.2
RVS162 orf19.6349 1.1 1.7
SKN7 orf19.971 1.2 1.5
SMP2 orf19.1462 1.1 1.0
SNF3 orf19.5962 1.5 1.1
SNZ1 orf19.2947 1.0 1.6
SSP96 orf19.5145 0.9 1.9
SVF1 orf19.6068 1.3 1.1
TUPI orf19.6109 1.2 1.7
UBCI15 orf19.5337 1.4 14
UGAl orf19.802 1.2 1.8
VPS2 orf19.945 1.3 1.7
XYL2 orf19.7676 0.8 2.0
YAF9 orf19.5501 0.9 1.5
orf19.1070 1.0 1.2

orf19.1191 1.1 1.3

orf19.1314 1.3 0.9

orf19.1364 1.2 14

orf19.1369 1.1 1.7

orf19.1392 1.5 1.2

orf19.1395 1.2 1.9

orf19.1406 1.0 1.0

orf19.1421 1.0 1.8

orf19.1434 1.0 1.0

G648D

Expl

Exp2

Y642F A643V
Expl Exp2 Expl Exp2 Molecular function

1.4 1.2 1.5 1.3 endopeptidase activity (IEA)|protein binding, bridging (IEA)

1.2 0.9 1.7 1.3 cytoskeletal protein binding (IEA)

1.1 1.0 1.3 1.5 two-component response regulator activity (ISS)

1.4 0.9 1.6 1.1 phosphatidate phosphatase activity (IEA)

1.5 1.1 1.9 14 glucose transmembrane transporter activity (ISS)

1.3 1.4 1.3 1.6 protein binding (IEA)

1.3 1.2 1.3 2.1

1.5 1.1 1.5 1.4

1.0 1.3 1.3 1.4 transcription repressor activity (IGI, IMP, ISS)

1.3 1.0 1.7 1.4

1.1 1.1 1.4 1.3 4-aminobutyrate transaminase activity (IEA)

1.6 1.3 1.8 1.4

0.8 1.1 1.2 1.6 L-iditol 2-dehydrogenase activity (IEA)

0.7 1.1 1.7 1.3 contributes_to histone acetyltransferase activity (IC)

1.2 0.9 1.7 1.2

1.1 1.0 1.5 1.4 contributes_to ubiquitin-protein ligase activity (IEA)

1.4 1.0 2.0 1.4

1.1 0.9 1.5 1.2

0.9 1.2 0.9 1.4

1.9 1.0 2.0 1.3 chaperone binding (IEA)|protein disulfide isomerase activity (IEA)

1.3 0.7 0.9 1.8 inorganic phosphate transmembrane transporter activity (IEA)

1.1 0.7 1.8 0.9

1.1 1.0 1.2 1.3 ureidoglycolate hydrolase activity (IEA)

1.0 1.0 1.3 1.0 kinase activator activity (IEA)|protein binding (IEA)
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Change in fold expression”

G648S
CGD Name _ orfl9 Designation Expl  Exp2
orf19.1482 1.0 1.4
orf19.1496 1.3 1.1
orf19.1667 1.3 1.8
orf19.1723 0.9 1.4
orf19.1728 1.1 5.8
orf19.1730 1.1 1.0
orf19.1776 2.6 1.1
orf19.190 1.2 1.1
orf19.1917 1.3 1.5
orf19.192 1.3 1.4
orf19.2009 2.1 1.0
orf19.2065 1.1 1.6
orf19.2204.2 1.5 1.2
orf19.225 1.1 14
orf19.2257 1.2 1.3
orf19.2262 0.9 1.9
orfl19.2313 1.3 1.6
orf19.2346 1.6 1.0
orfl19.2411 1.1 1.3
orf19.2496 1.0 1.3
orf19.2565 1.1 1.3
orf19.268 0.9 1.4
orf19.2710 1.5 1.0
orf19.273 1.2 1.2

G648D Y642F A643V
Expl Exp2 Expl Exp2 Expl Exp2 Molecular function
0.9 1.0 1.3 1.4
1.2 0.8 1.3 1.4 transcription factor activity (ISS)
1.3 1.7 1.1 1.7 helicase activity (IEA)
1.0 1.1 1.3 1.4
1.0 0.2 0.4 1.6
1.5 1.0 1.4 1.3
4.0 1.1 4.3 1.3
1.3 0.7 1.1 1.0
1.2 1.2 1.4 1.5
1.2 0.9 1.4 1.4
2.8 0.8 2.6 1.3 protein binding (IEA)
1.3 1.1 1.4 1.6 allantoicase activity (IEA)
1.3 1.3 1.9 1.4 GTPase activity (ISS)|signal transducer activity (IDA)
1.3 1.0 1.2 1.2
1.3 1.2 1.4 1.3
0.9 1.0 1.3 1.6 AU-rich element binding (IEA)
0.9 1.0 1.4 1.7
1.7 0.8 1.7 1.2
1.3 1.1 1.5 1.4 SNAP receptor activity (IEA)
0.8 1.6 1.4 14
0.8 0.9 1.3 1.5 phosphatidylinositol 3-phosphate binding (IEA)
1.0 0.7 1.3 1.5
2.1 0.8 2.4 1.1 enzyme activator activity (IEA)
1.2 1.3 1.4 1.4
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Change in fold expression”

G648S
CGD Name _ orfl9 Designation Expl  Exp2
orf19.2740 1.3 1.6
orf19.2755 1.6 0.9
orf19.2791 1.1 1.6
orf19.2888 1.4 0.7
orf19.2905 1.1 1.6
orf19.2913 1.1 1.1
orf19.2974 1.2 1.1
orfl19.3151 0.8 1.4
orfl19.3214 1.2 1.5
orf19.3215 1.3 1.6
orf19.3407 1.3 1.4
orfl19.3411 1.4 1.1
orf19.345 1.6 1.3
orf19.3536 1.4 1.2
orfl19.3631 1.6 1.4
orf19.3658 1.0 1.5
orf19.3661 1.3 1.4
orf19.3679 1.0 1.7
orf19.3804 1.3 1.2
orf19.3806 1.4 1.2
orf19.3814 1.1 14
orf19.393 1.3 1.2
orf19.3939 2.2 1.1
orf19.3984 1.0 1.0

G648D

Expl

Exp2

Y642F A643V
Expl Exp2 Expl Exp2 Molecular function

1.1 1.1 1.1 14

2.0 0.9 1.6 0.7 endopeptidase activity (IEA)

1.0 1.0 1.3 1.4 myosin I binding (IEA)

2.2 0.8 2.6 1.0

1.5 1.2 1.3 1.6

1.1 1.0 1.4 1.3

1.6 1.1 1.7 1.3 palmitoyltransferase activity (IEA)

1.1 0.9 1.6 1.1 oxidoreductase activity (NAS)

1.3 1.1 1.7 1.1

1.2 1.0 1.5 1.2

1.4 1.0 1.5 1.2 transcription factor activity (ISS)

1.3 1.0 1.8 1.4

1.4 1.6 1.4 1.3 succinate-semialdehyde dehydrogenase [NAD(P)+] activity (IEA)

1.4 1.2 1.6 1.4 acetylglucosaminyltransferase activity (IEA)

1.7 1.2 1.0 1.3

1.0 1.3 1.4 1.5

1.6 1.1 1.4 1.4 ubiquitin-specific protease activity (IEA)

1.0 0.9 1.5 1.4

14 1.2 1.5 1.4

2.0 0.9 2.0 1.4

1.1 0.8 1.6 1.4

1.3 1.0 1.8 1.4

2.5 1.1 2.4 1.2

1.3 0.8 1.3 1.2
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G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.4061 1.5 1.2 1.2 1.0 2.1 1.3
orf19.4206 1.3 1.2 1.6 1.0 1.9 1.4 crossover junction endodeoxyribonuclease activity (IEA)
orf19.4229 0.4 1.8 0.8 1.1 0.9 1.4 bis(5'-adenosyl)-hexaphosphatase activity (IEA)
orf19.4246 1.4 1.3 1.6 1.2 1.9 14
orf19.4357 1.6 1.2 1.5 1.0 1.7 1.2 misfolded protein binding (IEA)
orf19.4390 0.8 1.4 0.9 0.9 1.2 1.4
orf19.4503 1.4 1.1 1.5 1.3 2.0 1.3
orf19.4583 2.3 1.1 1.8 1.2 2.0 0.8 transporter activity (IEA)
orf19.4691 1.2 1.4 0.9 0.8 1.0 1.3
orf19.4726 1.3 1.2 1.6 1.2 1.8 1.4 calcium ion binding (IEA)|enzyme activator activity (IEA)
orf19.4731 1.4 1.0 1.7 1.1 1.9 14
orf19.4791 1.2 1.8 1.0 0.7 1.5 1.1
orf19.4807 1.2 1.1 1.0 0.9 1.3 1.2 inorganic diphosphatase activity (IEA)
orf19.4894 1.0 1.9 1.0 1.0 1.2 1.3 0.0
orf19.4983 1.6 1.2 2.0 1.0 1.7 1.2 0.0
orf19.5008.1 0.9 1.1 1.1 0.8 1.3 1.0 structural constituent of cytoskeleton (IEA)
orf19.5014 1.1 1.1 1.0 0.9 1.2 1.2 0.0
orf19.5095 1.1 1.4 1.1 1.0 1.4 1.4 oxysterol binding (IEA)|sterol carrier activity (IEA)
orf19.5169 0.8 1.9 1.5 1.4 0.6 1.6 amidase activity (IEA)
orf19.52 1.0 1.3 1.1 1.1 1.4 1.3 0.0
orf19.5236.1 1.2 1.0 1.5 1.0 1.7 1.3 dehydrodolichyl diphosphate synthase activity (IEA)
orf19.5253 1.1 1.1 1.5 1.0 1.9 1.4 protein kinase activity (IEA)
orf19.5270 1.1 1.4 0.8 0.4 1.9 1.3
orf19.5342 1.0 1.5 1.0 1.1 1.3 1.3
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G648S
CGD Name _ orfl9 Designation Expl  Exp2
orf19.5345 1.3 1.4
orf19.537 1.8 1.3
orf19.5547 3.1 0.9
orf19.5620 1.2 1.7
orf19.5773 1.4 1.5
orf19.5784 1.0 1.8
orf19.5812 1.2 1.1
orf19.5862 0.5 2.8
orf19.5881 1.4 1.2
orf19.589 1.2 1.3
orf19.5935 1.3 2.5
orf19.5952 1.1 1.0
orf19.5961 0.9 1.2
orf19.6045 1.2 1.2
orf19.6187 1.3 1.6
orf19.6196 0.8 1.6
orf19.6200 1.3 1.3
orf19.6268 1.7 1.1
orf19.6357 2.2 1.2
orf19.6460 1.5 1.0
orf19.6462 0.9 1.0
orf19.6498 1.3 1.1
orf19.6552 1.4 1.2
orf19.6556 1.1 1.1

G648D

Expl

Exp2

Y642F A643V
Expl Exp2 Expl Exp2 Molecular function

1.2 1.2 1.6 1.3 protein binding, bridging (IEA)

1.7 1.4 2.5 1.4

5.7 1.3 34 0.9

1.2 1.4 1.3 1.6

1.4 1.3 1.6 1.4 dipeptidyl-peptidase activity (IEA)

0.9 0.7 1.1 1.7

1.3 1.2 1.5 1.4

0.9 0.9 1.7 0.7 arginase activity (IEA)

1.4 0.9 1.7 1.1 voltage-gated chloride channel activity (IEA)

1.3 1.2 1.6 1.4 GTPase activity (ISS)|GTP binding (IEA)

1.2 1.1 14 1.2

1.1 0.9 1.1 1.6

1.3 0.9 1.5 1.3

1.1 1.1 1.4 1.4 phosphatidylserine decarboxylase activity (IEA)

14 1.2 1.4 1.3

1.0 0.9 1.2 1.7

1.6 0.8 2.1 1.4

2.0 1.1 1.8 1.2

2.1 1.2 2.6 1.4

1.6 0.8 1.7 1.1 ATPase activity (IEA)[protein heterodimerization activity (IEA)

1.2 1.1 1.2 14

1.4 1.0 1.8 1.4

1.5 1.1 1.6 1.2 thiol oxidase activity (IEA)

1.1 0.9 1.0 0.9
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G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.6569 1.9 1.1 1.5 1.1 2.6 1.3

orf19.6601 0.9 1.6 1.1 0.7 1.4 1.2

orf19.6709 1.0 1.4 0.8 1.1 1.3 1.3

orf19.6754 0.9 1.2 1.1 1.1 1.3 1.3

orf19.6867 1.2 1.5 1.5 1.2 1.5 1.4

orf19.6883 1.1 1.3 1.3 1.3 1.4 1.5 cholesterol binding (IEA
orf19.6900 1.2 1.5 1.4 1.1 1.4 1.3

orf19.6905 1.1 1.1 1.3 1.0 1.4 1.3

orf19.7061 2.0 1.0 2.1 1.4 2.3 1.3 ATPase activity (IEA)
orfl19.711 0.9 2.0 0.8 1.4 1.1 1.2

orf19.7179 1.3 1.1 1.4 1.0 1.7 1.4

orf19.7225 1.2 1.1 1.0 0.9 1.8 1.3

orf19.7229 1.1 1.5 1.2 1.1 1.4 1.5

orf19.7260 0.8 2.0 0.7 1.4 0.9 1.7

orf19.7265 1.1 1.6 1.2 1.3 1.2 1.5

orf19.7267 1.5 1.4 1.4 1.2 1.4 1.3

orf19.7288 1.1 1.4 1.1 0.9 1.4 1.4

orf19.7328 1.3 1.5 1.5 1.3 1.3 1.5

orf19.7365 1.2 1.0 1.1 0.9 1.1 0.9

orf19.7449 1.3 1.2 1.5 1.3 1.9 1.3

orf19.7507 0.9 1.3 1.3 0.8 1.1 1.3

orf19.751 1.2 2.6 1.0 1.7 13 2.6

orf19.7538 1.2 1.5 1.2 1.2 1.4 1.5 DNA helicase activity (IEA)
orf19.834 1.5 1.1 1.5 1.2 1.7 1.0 carbohydrate binding (IEA)
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G648S G648D Y642F A643V

CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.91 1.2 0.9 1.2 1.0 1.5 1.3

orf19.6356 2.2 0.8 1.4 1.1 1.2 1.0 RNA splicing factor activity, transesterification mechanism (IEA)
CMP1 orf19.6033 14 1.2 1.2 1.8 1.1 1.3 calcium-dependent protein serine/threonine phosphatase activity (ISS)
PHOI3 orf19.1405 1.4 0.8 1.3 1.5 1.4 1.4 4-nitrophenylphosphatase activity (IEA)|alkaline phosphatase activity (IEA)
YSTI orf19.6975 2.1 1.2 1.5 0.4 0.8 1.6 structural constituent of ribosome (IGI)
orf19.6589 2.2 0.9 1.4 1.3 1.7 1.2 rRNA binding (IEA)
orf19.5291 1.5 0.9 1.7 1.2 1.3 1.4
Fox2 orf19.1288 1.3 1.3 1.5 1.3 nucleotide binding
ANT1I orf19.6254 1.3 1.2 1.2 1.6 adenine nucleotide transmembrane transporter activity (IEA)
BMTS orf19.860 1.0 1.4 1.6 1.3
CDC45 orf19.1988 1.6 1.2 1.7 1.3 DNA replication origin binding (IEA)|chromatin binding (IEA)
DEF1 orf19.7561 1.2 1.4 1.7 1.2
GALI orf19.3670 1.3 1.1 1.2 1.4 galactokinase activity (IGI, NAS)|transcription activator activity (IEA)
GALI10 orf19.3672 1.0 1.3 1.1 1.5 UDP-glucose 4-epimerase activity (IGI)laldose 1-epimerase activity (IEA)
HAP31 orfl19.517 1.3 1.0 1.3 1.8 transcription factor activity (NAS)|transcription activator activity (IEA)
HGT17 orf19.4682 0.7 0.8 1.5 1.2 glucose transmembrane transporter activity (ISS)
HGT20 orf19.1587 1.0 1.2 1.2 1.5 glucose transmembrane transporter activity (ISS)
HOS1 orf19.4411 1.1 0.9 1.5 14 histone deacetylase activity (ISS)
INO1 orf19.7585 1.2 0.6 14 1.5 inositol-3-phosphate synthase activity (IGI, ISS)
PEX5 orf19.5640 1.0 1.0 1.3 1.5 peroxisome matrix targeting signal-1 binding (IEA)[protein binding, bridging (IEA)
RBTS orf19.5636 1.3 1.5 1.2 1.8 heme binding (IDA, IMP)
SOD6 orf19.2108 1.2 0.9 1.2 1.5 superoxide dismutase activity (ISS)
STF2 orf19.2107.1 1.0 1.3 1.3 1.5
SUR2 orf19.5818 1.0 1.1 1.4 1.1 sphingosine hydroxylase activity (IEA)
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Appendix B. Continued.

Change in fold expression”

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

VAM3 orf19.5875 1.0 1.5 1.1 1.8 1.1 1.0
ZCF11 orf19.2423 1.0 1.2 1.3 1.9 0.9 1.2 sequence-specific DNA binding (IEA)
ZCF14 orf19.2647 1.3 14 1.1 14 1.0 1.5 transcription factor activity (ISS)
orf19.1412 1.4 1.1 1.4 1.5 1.4 1.0
orf19.1881 1.4 1.2 2.2 1.4 1.3 1.3 1-acylglycerol-3-phosphate O-acyltransferase activity (IEA)
orf19.1940 1.0 1.2 1.3 1.9 1.2 1.2
orf19.2286 1.4 1.2 1.6 1.4 1.5 1.3 deoxyhypusine monooxygenase activity (IEA)
orf19.2313 1.4 1.6 1.4 2.3 0.9 0.8
orfl19.314 1.1 1.2 1.5 1.4 1.4 1.3 transcription repressor activity (IEA)
orf19.3434 1.6 1.1 1.4 1.3 1.6 1.3
orf19.3877 1.3 1.4 1.5 1.0 1.1 1.2
orf19.3937 1.4 1.6 1.1 1.4 1.4 0.9
orf19.4174 1.1 1.3 1.4 1.5 0.9 1.1 nucleoside transmembrane transporter activity (IEA)
orf19.4504 1.4 1.3 1.5 1.4 1.2 0.8 alcohol dehydrogenase (NAD) activity (IEA)
orf19.4595 1.0 1.3 1.3 1.3 1.1 0.9
orf19.4726 1.4 1.1 2.4 1.3 1.9 0.8 calcium ion binding (IEA)|enzyme activator activity (IEA)
orf19.516 1.1 1.1 1.2 1.4 1.0 1.2
orf19.5237 1.2 1.2 1.4 1.7 1.6 1.1
orf19.5282 1.2 1.2 1.3 1.7 1.4 1.4
orf19.5319 1.7 1.4 1.6 1.1 2.1 0.9 single-stranded DNA binding (IEA)
orf19.540 0.9 1.2 1.7 1.4 1.1 0.7
orf19.5523 1.0 1.0 1.2 1.2 1.3 0.9
orf19.6031 1.1 1.2 2.4 1.4 1.6 1.0 phosphatidylinositol 3-phosphate binding (IEA)|protein binding (IEA)
orf19.6393 1.0 1.2 1.4 1.2 1.3 1.0 ARF GTPase activator activity (IEA)
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Appendix B. Continued.

Change in fold expression”

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.6690 0.9 1.5 2.0 1.4 1.0 0.9
orf19.676 1.1 1.2 1.4 1.3 1.1 0.8 structural constituent of cytoskeleton (IEA)
orf19.6816 1.0 1.0 1.3 1.6 1.2 1.1 aldehyde reductase activity (IEA)
orf19.6852 1.0 1.1 1.4 1.6 1.3 1.2
orf19.6973 1.1 1.3 1.7 1.3 1.2 0.8 ATP-dependent peptidase activity (IEA)
orf19.7444 1.2 1.6 1.3 1.2 2.0 0.9
orf19.7459 1.3 0.9 1.4 1.3 1.4 1.1
orf19.89 0.9 1.3 1.4 1.6 1.2 1.0 peroxisome matrix targeting signal-2 binding (IEA)
orf19.897 1.1 1.2 1.5 1.4 1.1 1.0 protein binding (IEA)
orf19.910 1.1 1.2 1.1 1.4 1.1 1.0
BNRI1 orf19.7537 1.3 1.2 1.8 1.4 cytoskeletal protein binding (IDA)
MUCI orf19.4183 1.5 1.1 1.7 1.3
USO6 orf19.6967 1.8 0.9 2.0 1.0
orf19.6148 1.9 7.7 0.9 5.5 structural constituent of cytoskeleton (IEA)
orf19.6501 1.4 9.0 1.0 8.1
orf19.6790 1.6 0.7 1.3 0.9 mRNA binding (IEA)
orf19.2400 1.8 1.3 1.4 1.4
orf19.3461 1.4 1.3 1.4 2.1
orf19.4330 1.7 1.5 1.4 1.8
orf19.6308 1.4 0.8 1.5 1.0
orf19.6920 1.6 1.4 1.5 0.9
orf19.2006 34 0.9 1.8 0.9
orf19.2204.2 1.7 1.4 1.8 1.4 * GTPase activity
orf19.4168 2.3 1.4 1.9 1.1 ribonuclease MRP activity (IEA)
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Change in fold expression”

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.5772 1.9 1.2 1.9 1.1
orf19.5295 0.9 0.9 1.9 1.3
orf19.641 1.7 1.3 2.0 1.3
orf19.1297 1.3 1.5 2.2 1.4
orf19.5426 1.5 0.9 2.3 1.4 triglyceride lipase activity (IEA)
orf19.3437 0.2 1.0 2.3 1.3
orf19.1444 2.9 1.6 2.6 1.4 phosphatidylinositol-4,5-bisphosphate binding
orf19.3607 1.4 6.4 04 13.9
ARGS81 orf19.4766 2.0 1.0 1.7 1.2 transcription factor activity (ISS)|transcription cofactor activity (IEA)
BIO2 orf19.2593 1.3 1.0 1.5 1.3 biotin synthase activity (NAS)
BNRI orf19.7537 1.3 1.2 1.8 1.4 cytoskeletal protein binding (IDA)|cytoskeletal regulatory protein binding (IEA)
USO6 orf19.6967 1.8 09 2.0 1.0
orf19.6501 1.4 9.0 1.0 8.1
orf19.3461 1.4 1.3 1.4 2.1
orf19.2400 1.8 1.3 1.4 1.4
orf19.5295 0.9 0.9 1.9 1.3
orf19.641 1.7 1.3 2.0 1.3
orf19.5772 1.9 1.2 1.9 1.1
orf19.4168 2.3 1.4 1.9 1.1 ribonuclease MRP activity (IEA)
orf19.3998 2.0 0.6 1.9 1.1
orf19.6308 1.4 0.8 1.5 1.0
orf19.2006 34 0.9 1.8 0.9
orf19.6920 1.6 1.4 1.5 0.9
orf19.6790 1.6 0.7 1.3 0.9 mRNA binding (IEA)
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Appendix B. Continued.

Change in fold expression”

G648S G648D Y642F A643V
CGD Name  orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

RBTI orf19.1327 . . 1.1 1.2
orf19.3851
ALD6 orf19.742 aldehyde dehydrogenase (NAD) activity (IEA)
orf19.136 drug transporter activity (ISS)/multidrug efflux pump activity (IEA)
CIRT4B orf19.2839
CAGI1 orf19.4015 GTPase activity (IGI)|guanyl nucleotide binding (ISS)
FGR23 orf19.1616
orf19.345 succinate-semialdehyde dehydrogenase [NAD(P)+] activity (IEA)
orf19.6805
orf19.2650.1 structural constituent of ribosome (IEA)
orf19.6023 drug transmembrane transport
orfl19.6311
HGT20 orf19.1587 glucose transmembrane transporter activity (ISS)
HGT3 orf19.4356 glucose transmembrane transporter activity (ISS)
HYRI orf19.4975
IFC3 orf19.3749 oligopeptide transmembrane transporter activity
IHDI orf19.5760
IRS4 orf19.6953
LAP3 orf19.539 aminopeptidase activity (NAS)
MEPI orfl19.1614 ammonium transmembrane transporter activity (IGI)
METI3 orf19.2887
MSO1 orf19.5248
ORC3 orf19.6942 DNA replication origin binding (IEA)|chromatin binding (IEA)
PGAI10 orf19.5674 heme binding (IDA, IGI)
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Appendix B. Continued.

Change in fold expression”

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

PLB4 orf19.1443 1.4 1.9 lysophospholipase activity (ISS)
POS5 orf19.6800 1.1 1.5 NADH kinase activity (IEA)
PTC4 orf19.6638 0.9 1.1 protein serine/threonine phosphatase activity (IEA)
PTC6 orf19.3705 1.7 1.3 protein serine/threonine phosphatase activity (IDA)
RADS57 orfl19.2174 1.3 1.3 protein heterodimerization activity (IEA)
RPN4 orf19.1069 14 1.1 sequence-specific DNA binding (IDA)|transcription factor activity (ISS)
SAPS5 orf19.5585 1.0 2.3 aspartic-type endopeptidase activity (IDA, ISS)|drug binding (IDA,ISS)
SCT2 orf19.5815 1.5 1.1
SOD6 orf19.2108 1.9 1.2 superoxide dismutase activity (ISS)
UBA4 orf19.2324 1.5 1.0 URMI activating enzyme activity (IEA)
VAM3 orf19.5875 0.9 1.5
VPS51 orf19.5568 1.2 1.3
VRPI orf19.2190 1.0 2.3 actin binding (IEA)
YPT31 orf19.2622 1.5 1.2 GTPase activity (IEA)
ZCF21 orf19.4166 1.8 1.2
orf19.90 1.3 1.1
orf19.2515 1.4 4.0
orf19.5205 1.3 1.6
orf19.4031 1.6 1.4
orf19.6027 1.3 1.3
orf19.7578 1.2 1.7 protein transporter activity (IEA)
orf19.7457 1.4 1.6
orf19.4897 1.9 1.3 phosphatidylinositol transporter activity (IEA)
orf19.3318 1.5 1.2
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Continued.

Change in fold expression”

G648S
CGD Name _ orfl9 Designation Expl  Exp2

orf19.5777 1.2 2.1
orf19.5535 1.4 1.7
orf19.5727 1.2 1.5
orf19.3544 1.1 1.9
orf19.5275 1.4 1.3
orf19.951 1.3 1.4
orf19.288 1.6 1.2
orf19.1985 1.6 1.4
orf19.4287 1.1 2.1
orf19.910 1.7 1.2
orf19.1277 1.2 2.1
orf19.2943 1.5 1.0
orf19.1592 1.9 1.2
orf19.996 1.3 1.3
orf19.1698 1.7 1.3
orf19.4723 1.5 1.2
orf19.2691 1.0 2.8
orf19.7347 1.5 1.1

orf19.35 1.3 1.1

orf19.89 1.2 1.0
orf19.4711 1.2 1.3
orf19.3135 1.3 1.2
orf19.296 0.9 2.4
orf19.6912 1.4 1.1

G648D

Expl

Exp2

Y642F

Expl

Exp2

A643V

Expl
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Exp2

Molecular function

anion:cation symporter activity (ISS)|pantothenate transporter activity (IEA)

ATPase activator activity (IEA)

methylenetetrahydrofolate reductase (NADPH) activity (IEA)

* protein phosphorylation

(R,R)-butanediol dehydrogenase activity (IEA)

amino acid transmembrane transporter activity (IEA)

adenylate cyclase activity (IEA)

FMN adenylyltransferase activity (IEA)

ubiquitin-protein ligase activity (ISS)

peroxisome matrix targeting signal-2 binding (IEA)

protein binding, bridging (IEA)

choline kinase activity (IEA)



Appendix B.

Continued.

Change in fold expression”

G648S
CGD Name _ orfl9 Designation Expl  Exp2
orf19.1857 1.7 1.2
orf19.2026 1.2 1.1
orf19.2703 1.2 1.1
orf19.6624 1.6 1.3
orf19.5601 1.2 1.5
orf19.5492 1.2 1.0
orfl19.7131 1.4 1.8
orf19.6557 1.8 1.4
orf19.7567 1.4 1.8
orf19.3881 1.2 1.3
orf19.5249 1.2 14
orf19.3734 1.2 1.3
orfl19.5114 1.0 1.4
orf19.4658 1.6 1.4
orf19.6057 1.4 1.3
orfl19.1162.1 1.1 1.3
orf19.719 1.1 1.5
orf19.6148 1.4 1.9
orf19.6626 1.2 1.3
orfl19.6411 1.3 1.4
orf19.4292 1.2 1.1
orf19.6832 1.2 1.3
orf19.1306 1.2 0.9
orf19.775 1.1 1.6

G648D

Expl

Exp2

Y642F

Expl

Exp2

A643V

Expl

121

Exp2

Molecular function

histone acetyltransferase activity (IEA)

ubiquitin-specific protease activity (IEA)

mRNA binding (IEA)

gamma-butyrobetaine dioxygenase activity (IMP)

phosphatidylinositol 3-phosphate binding (IEA)|protein binding (IEA)

3-methyl-2-oxobutanoate hydroxymethyltransferase activity (IEA)

ubiquitin-protein ligase activity (IEA)

structural constituent of cytoskeleton (IEA)

enzyme activator activity (IEA)

SNAP receptor activity (IEA)



Appendix B.

Continued.

Change in fold expression”

G648S
CGD Name _ orfl9 Designation Expl  Exp2
orf19.2278 1.4 1.6
orfl19.5125 1.1 1.8
orfl19.5711 1.4 14
orf19.1424 1.1 1.6
orf19.4699 1.0 2.2
orf19.5925 1.3 1.1
orf19.577 1.2 14
orf19.6194 1.1 1.5
orf19.5459 1.3 2.0
orf19.7092 1.3 1.2
orf19.346 1.2 1.6
orfl19.5751 1.2 1.2
orf19.3058 1.3 1.4
orf19.6816 1.0 1.1
orf19.5752 1.1 1.3
orf19.6043 1.3 1.5
orf19.2558 1.3 1.3
orf19.2050 0.9 1.6
orfl19.3615 1.3 1.6
orf19.3991 1.3 1.2
orf19.6850 1.1 1.3
orf19.3508 0.8 2.0
orf19.135 1.4 1.2
orf19.3815 1.4 1.1

G648D

Expl

Exp2

Y642F

Expl

Exp2

A643V

Expl

122

Exp2

Molecular function

phosphatidylinositol transporter activity (IEA)
oxalate transmembrane transporter activity (ISS)

phospholipase activity (ISS)|triglyceride lipase activity (IEA)

L-alanine:2-oxoglutarate aminotransferase activity (IEA)

aldehyde reductase activity (IEA)
contributes_to ubiquitin-protein ligase activity (IEA)

D-lactate dehydrogenase (cytochrome) activity (IEA)

sterol esterase activity (IEA)

transcription factor activity (ISS)[ubiquitin-protein ligase activity (IEA)

protein binding (IEA)

ubiquitin-specific protease activity (IEA)



Appendix B.

Continued.

Change in fold expression”

G648S
CGD Name _ orfl9 Designation Expl  Exp2
orf19.1630 1.5 1.1
orf19.3910 0.9 2.2
orf19.1433 1.1 14
orf19.6102 1.2 14
orf19.467 1.3 2.0
orf19.6860 1.2 14
orf19.1307 1.0 2.9
orf19.6838 1.1 1.8
orf19.1162 1.2 1.5
orf19.1940 1.0 1.4
orf19.4865 1.2 1.2
orf19.6003 1.6 1.3
orf19.3659 1.1 1.2
orfl19.5614 0.9 2.6
orf19.7459 1.2 0.9
orf19.2838 0.7 1.5
orfl19.2163 1.0 1.7
orf19.417 1.4 14
orf19.3973 0.9 2.0
orf19.5953 1.4 1.2
orf19.4127 1.1 1.2
orf19.4055 0.7 1.1
orf19.3021 0.8 1.5
orf19.5943 1.3 1.2

G648D

Expl

Exp2

Y642F

Expl

Exp2

A643V

Expl

123

Exp2

Molecular function

specific RNA polymerase II transcription factor activity (IEA)

CDP-diacylglycerol-inositol 3-phosphatidyltransferase activity (IEA)

2,4-dienoyl-CoA reductase (NADPH) activity (IEA)

phosphatidylinositol-3,5-bisphosphate 5-phosphatase activity (IEA)

ribonuclease H activity (IEA)

metallochaperone activity (IEA)|transporter activity (IEA)

sequence-specific DNA binding (IEA)|transcription factor activity (IEA)



Appendix B.

Continued.

Change in fold expression”

G648S

CGD Name _ orfl9 Designation Expl  Exp2

orf19.7038 1.1 14

orf19.6443 1.2 1.9

orf19.3233 1.2 1.2

orf19.6995 1.0 1.1

orf19.5236 1.2 14

orf19.6469 1.1 1.5

orf19.6440 1.1 1.2

orf19.278 1.4 1.6

orf19.827 1.4 1.9

orf19.4070 1.2 1.6

orf19.5239 1.0 1.8

orf19.6048 0.8 1.3

ALSI orf19.5741 2.6 0.9

IFM3 orfl19.2176 1.6 1.4

MSO1 orf19.5248 1.3 1.4

orf19.4041 1.8 1.3

orf19.1050 1.3 2.5

orf19.2016 1.1 1.5
CO04 orf19.3008 1.7 1.4
DALI orf19.5454 2.1 1.3
DAPI orf19.489 1.3 2.0
ERGI1 orf19.922 1.6 1.4
ERG6 orf19.1631 1.6 1.4
ERG7 orf19.1570 1.4 1.6

G648D

Expl

Exp2

Y642F

Expl

Exp2

A643V

Expl

124

Exp2

Molecular function

phosphatidylinositol 3-phosphate binding (IEA)
dodecenoyl-CoA delta-isomerase activity (IEA)
protein binding (IEA)

dehydrodolichyl diphosphate synthase activity (IEA)
* RNA-directed DNA polymerase activity

ubiquitin-protein ligase activity (IEA)

dolichyl-phosphate-mannose-protein mannosyltransferase activity (IEA)

protein binding (IDA)|cell adhesion molecule binding (IEA)

ubiquitin-protein ligase activity (IEA)

protein binding, bridging (IEA)

heme binding (IEA)

drug binding (IDA, ISS)|sterol 14-demethylase activity (IDA)

sterol 24-C-methyltransferase activity (IGI, IMP, ISS)

lanosterol synthase activity (IGI, ISS)



Appendix B.

Continued.

Change in fold expression”

G648S
CGD Name _ orfl9 Designation Expl  Exp2
ERGY orfl19.3616 1.5 1.3
EXG2 orf19.2952 2.0 1.4
IPK2 orf19.1377 2.1 1.2
PGA10 orf19.5674 1.4 2.3
SLD1 orf19.260 1.6 1.4
SNO1 orf19.2948 1.4 14
orf19.692 1.3 2.7
orf19.1344 4.7 1.3
orf19.7504 2.2 14
orf19.2175 1.5 1.3
orf19.2452 2.2 1.3
orfl19.4167 1.9 0.7
orf19.4690 1.2 5.0
orf19.3921 1.6 1.2
orf19.633 1.7 1.0
orf19.4459 1.6 1.2
orf19.6753 1.4 1.5
orf19.6558 1.7 1.4
orf19.633 1.7 1.0
orf19.6558 1.7 1.4
orf19.2296
orf19.6342
ARO9 orf19.1237
CAGI orf19.4015

G648D Y642F A643V

Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

farnesyl-diphosphate farnesyltransferase activity (ISS)
glucan 1,3-beta-glucosidase activity (IDA, IGI, IMP)
inositol 1,3,4,5,6-pentakisphosphate kinase activity (IEA)
heme binding (IDA, IGI)

imidazoleglycerol-phosphate synthase activity (IEA)

manganese ion transmembrane transporter activity (IEA)

GTPase activator activity (IEA)

GTPase activator activity (IEA)

aromatic-amino-acid:2-oxoglutarate aminotransferase activity (ISS)

GTPase activity (IGI)|guanyl nucleotide binding (ISS)
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G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function
CANI orf19.97 amino acid binding
CDRI11 orf19.919 ATP binding (ISS)
CNH1 orf19.367 Candida albicans Na+/H+ antiporter
ENT3 orf19.1553
HAP31 orfl19.517 transcription factor activity (NAS)|transcription activator activity (IEA)
HAP42 orf19.1481
IFRI orf19.1763
LIG4 orf19.5798 DNA ligase activity (IGL, ISS)[DNA ligase (ATP) activity (IEA)
PXP2 orf19.1655 acyl-CoA oxidase activity (ISS)
UGA6 orf19.5820 amino acid transmembrane transporter activity
ZCF11 orf19.2423 sequence-specific DNA binding (IEA)
orf19.4191.1 ubiquitin-ubiquitin ligase activity (IEA)
orf19.2836
orf19.6970
orf19.3848
orf19.5799
orf19.6986
orf19.1881 1-acylglycerol-3-phosphate O-acyltransferase activity (IEA)
orf19.4763
orf19.1964
orf19.5644
orf19.4982
orf19.5037
orf19.541
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Appendix B. Continued.

Change in fold expression”

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.4170 structural constituent of cell wall (IEA)
orf19.5426 triglyceride lipase activity (IEA)
orf19.7380
orf19.6797
orf19.4657 contributes_to phosphoprotein phosphatase activity (IEA)
orf19.1504
orf19.7345 ATP binding (IEA)
orf19.4346 protein anchor
orf19.4589 amine oxidase activity (IEA)
orf19.2607
orf19.6348

PRM9 orf19.2508
orf19.1444 phosphatidylinositol-4,5-bisphosphate binding
orf19.4330

AROY orf19.1237 aromatic-amino-acid:2-oxoglutarate aminotransferase activity (ISS)

BTSI orf19.6674 farnesyltranstransferase activity (IEA)

BULI orf19.5094

CO04 orf19.3008

DDR48 orf19.4082

ERGI orf19.406 squalene monooxygenase activity (IDA, IMP)|drug binding (IEA)

ERG2 orf19.6026 C-8 sterol isomerase activity (IGI, IMP)

ERG24 orf19.1598 deltal4-sterol reductase activity (IGI, ISS)

ERG26 orf19.2909 C-3 sterol dehydrogenase (C-4 sterol decarboxylase) activity (IGI, ISS)

ERG27 orf19.3240 3-keto sterol reductase activity (IGI, IMP)
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Change in fold expression”

CGD Name _ orfl9 Designation
ERG7 orf19.1570
FMAI orf19.6837
FRPI orf19.5634
FTHI orf19.4802
GYPI orfl19.3811

HEM14 orf19.4747
HXTS orf19.4384
IDP2 orf19.3733
IFD7 orf19.629
MDRI1 orf19.5604
NCPI orf19.2672

PGA45 orf19.2451
PGA7 orf19.5635

PHO100 orf19.4424
SET3 orf19.7221
SLD1 orf19.260
TEF4 orf19.2652
YMX6 orf19.5713

orf19.1801
orf19.5535
orf19.6169.2
orf19.288
orf19.329
orf19.7547

G648S

Expl

Exp2

G648D

Expl

Exp2

Y642F

Expl

Exp2

A643V

Expl

128

Exp2

Molecular function

lanosterol synthase activity (IGIL, ISS)
nucleotide binding, oxidoreductase activity

ferric-chelate reductase activity (IEA, IMP)

Rab GTPase activator activity (IEA)
oxygen-dependent protoporphyrinogen oxidase activity (ISS)
hexose transmembrane transporter activity (IEP)

isocitrate dehydrogenase (NADP+) activity (IEA)

drug transporter activity (ISS)[fluconazole transporter activity (IDA)

NADPH-hemoprotein reductase activity (ISS)|electron carrier activity (IEA)

acid phosphatase activity (NAS)

NAD-dependent histone deacetylase activity (IEA)
oxidoreductase activity

translation elongation factor activity (IEA)

NADH dehydrogenase activity (IEA)
cytochrome-bS5 reductase activity (IEA)

anion:cation symporter activity (ISS)|pantothenate transporter activity (IEA)

methylenetetrahydrofolate reductase (NADPH) activity (IEA)
RNA binding (IEA)

phosphatidylinositol 3-phosphate binding (IEA)|ubiquitin-protein ligase activity (IEA)



Appendix B. Continued.

Change in fold expression®

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.7329 ubiquitin-protein ligase activity (IEA)
orf19.3627
orf19.5210 transcription factor activity (IEA)
orf19.2350 drug transporter activity (ISS)
orf19.3483 phosphatidylglycerol phospholipase C activity (IEA)
orf19.344
orf19.5777
orf19.5799
orf19.3261
orf19.7456
orf19.7043
orf19.4013
orf19.4014
orf19.4031
orf19.6840
orf19.286
orf19.1865
orf19.7504
orf19.3737
orf19.7263
orf19.1964
orf19.1800
orf19.6025

N-acetylglucosaminyldiphosphodolichol N-acetylglucosaminyltransferase activity

orf19.2691
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Appendix B. Continued.

Change in fold expression”

G648S G648D Y642F A643V
CGD Name _ orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.496 DNA-dependent ATPase activity (IEA)
orf19.1881 1-acylglycerol-3-phosphate O-acyltransferase activity (IEA)
orf19.2285

* Fold change defined as the average ratio of gene expression levels in the isolates compared in two independent microarray experiments.
Bold indicates “real” result as defined in Materials and Methods

Red shading indicates ratio values above 1.5.
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APPENDIX C. GENES DOWN-REGULATED IN STRAINS CARRYING UPC2 GOF ALLELE BY AT LEAST 1.5 FOLD

Change in fold expression®

G648S G648D Y642F A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

ABP140 orf19.3676 1.6 04 1.7 1.0 08 05

ADH3 orfl9.4505 0.5 1.8 0.7 14 0.8 0.8 alcohol dehydrogenase (NAD) activity (IEA)

AGP2 orf19.4679 1.1 0.8 0.8 0.7 0.9 0.6 amino acid transmembrane transporter activity (IEA)

ARXI orf19.3015 1.2 05 1.2 1.0 0.7 0.6

AYR2 orf19.5615 0.7 1.1 0.6 0.7 0.7 0.9 acylglycerone-phosphate reductase activity (IEA)

BUD21 orf19.5430 1.1 0.6 1.2 1.2 0.7 0.5 snoRNA binding (IEA)

BUD22 orf19.3287 1.5 0.6 1.3 09 07 04
CAN2 orfl9.111 0.8 0.8 0.6 0.7 0.7 0.7 arginine transmembrane transporter activity
CCwi4 orf19.1969 0.8 0.6 0.8 0.5 0.9 0.5 structural constituent of cell wall (IEA)
CDRI1 orf19.6000 1.0 0.7 09 08 0.8 0.8 ATP binding (IDA, IGI, IMP, ISS)
CDR3 orf19.1313 09 08 08 08 0.8 07
CHRI1 orf19.3756 20 05 23 08 0.8 0.3 ATP-dependent RNA helicase activity (ISS)
CHS6 orf19.5155 0.9 0.7 07 05 0.8 04
CICI orf19.124 1.9 05 1.8 1.1 0.9 0.5 protein binding, bridging (IEA)
CNS1 orf19.6052 1.2 0.7 1.3 1.0 0.7 0.6 Hsp70 protein binding (IEA)[Hsp90 protein binding (IEA)
Ccs12 orf19.5232 1.5 05 1.7 1.0 1.0 0.5 5SrRNA binding (IEA)rRNA primary transcript binding (IEA)
DBP7 orf19.6902 1.6 0.5 1.5 1.1 0.9 0.6 ATP-dependent RNA helicase activity (IEA)
DBPS orf19.6652 1.6 05 1.8 09 0.7 0.3 ATP-dependent RNA helicase activity (IEA)
DFII orf19.7084 09 0.8 08 1.0 0.7 0.8
DIP2 orf19.5106 1.5 0.6 1.4 1.1 0.8 0.5 snoRNA binding (IEA)
DLDI1 orf19.5805 0.8 1.0 0.6 0.8 0.5 0.7 D-lactate dehydrogenase (cytochrome) activity (IEA)

ECMI orf19.5299 1.9 0.6 1.6 09 08 04
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Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

ENPI
ENP2
FAD3
FCRI

FCY21
GAL102

GAP4
GAT2
HBR3
HCA4
HGTS
IFD6
IPTI
KTI12
MDNI
METI10
METI14
MET3
NGTI
NIP7
NOC4
NSA1
PGA26

orf19.5507
orf19.6686
orf19.4933
orf19.6817

orf19.1357
orf19.3674

orf19.4456
orf19.4056
orf19.6955
orfl19.2712
orf19.2021
orf19.1048
orf19.4769
orf19.2385
orf19.4697
orf19.4076

orf19.946
orf19.5025
orf19.5392
orf19.3478
orf19.1902
orf19.2185
orf19.2475

1.5
15
1.1
0.7

1.2
0.7

0.9
1.2
1.3
1.5
0.8
0.7
0.8
1.2
1.4
0.9
0.9
1.4
1.6
1.4
1.4
1.3
0.6

0.6
0.5
0.5
0.9

1.0
0.5

0.8
1.4
0.6
0.5
0.8
0.7
0.8
0.7
1.1
0.7
0.8
0.9
0.4
0.5
0.5
0.5
0.8

1.3
1.6
1.0
0.6

1.0
1.1

0.8
0.8
1.5
1.8
0.7
0.9
0.6
1.5
1.1
0.7
0.9
1.1
1.0
1.2
1.4
1.7
0.5

1.1
1.0
1.0
0.7

0.4
0.4

0.9
1.0
1.3
1.0
0.7
0.6
0.8
0.9
1.1
0.8
1.0
0.8
0.8
1.0
1.0
1.1
0.7

0.7 0.4 snoRNA binding (IEA)

0.9
0.8
0.7

1.0
0.8

0.7
0.6
0.7
0.8
0.6
0.8
0.7
0.7
0.8
0.7
1.0
1.3
1.1
0.7
0.7
0.7
0.6

0.3
0.6
0.7

0.3
0.5

0.7
0.4
0.5
0.5
0.7
0.6
0.6
0.5
0.5
0.7
0.9
0.8
0.7
0.4
0.5
0.5
0.7

omega-3 fatty acid desaturase activity (IMP)

purine nucleotide binding (ISS)|transcription factor activity (IGI, ISS)

UDP-glucose 4-epimerase activity (IEA)

transcription factor activity (IEA)

SSU rRNA binding (IEA)|endoribonuclease activity (IEA)

glucose transmembrane transporter activity (ISS)

aryl-alcohol dehydrogenase activity (NAS)

transferase activity, transferring phosphorus-containing groups (IMP, ISS)

chromatin binding (IEA)|enzyme regulator activity (IEA)

ATPase activity (IEA)

sulfite reductase (NADPH) activity (IEA)|contributes_to sulfite reductase (NADPH) activity (IEA)
adenylylsulfate kinase activity (IEA)

sulfate adenylyltransferase (ATP) activity (ISS)

N-acetylglucosamine transmembrane transporter activity (IDA, IMP, ISS)

protein binding (IEA)
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Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

PGA32
PHO113
POL93
POL93
POP3
POP4
PRN4
PUTI
PUT2
PWP2
RCLI
REI
RHD3
RIM?2
RLM1
RPAI2
RPFI
RRNI11
RRPI15
RTA2
SDAI
SKN1
SNG3

orf19.6784
orf19.2619
orf19.6078
orf19.6078
orf19.7657
orf19.5567
orf19.2461
orf19.4274
orf19.3974
orf19.3276
orf19.1886
orf19.59
orf19.5305
orf19.4499
orf19.4662
orf19.2287
orf19.2667
orf19.718
orf19.563
orf19.24
orf19.6648
orf19.7362
orf19.1333

0.9
0.8
1.2
1.0
1.2
1.2
0.9
1.2
1.2
1.4
1.4
1.8
0.8
1.1
1.2
1.8
15
1.3
1.6
0.9
1.4
1.5
1.0

0.9
0.7
0.7
0.5
0.7
0.7
0.7
0.8
0.9
0.5
0.7
0.5
0.9
0.7
0.8
0.5
0.5
0.5
0.5
1.0
0.5
0.4
0.8

0.8
0.8
1.0
0.8
1.3
1.3
0.9
1.0
1.0
1.4
1.3
1.7
0.7
0.9
1.0
1.7
1.4
1.4
1.6
0.7
1.4
1.2

0.8

0.8
0.8
0.8
0.8
1.1
0.9
0.6
0.7
0.8
1.0
0.9
1.0
0.8
1.0
0.8
1.0
1.1
0.9
1.0
0.7
1.0
0.7
0.5

0.7

0.6

0.7 0.7 acid phosphatase activity (IEA)

0.9
0.8
0.7
0.7
0.7
0.7
0.8
0.7
0.8
0.8
0.6
0.7
0.9
1.0
1.0
0.9
0.7
0.8
0.8
0.8
0.8

0.6
0.7
0.5
0.6
0.6
0.6
0.8
0.5
0.6
0.4
0.8
0.6
0.5
0.4
0.6
0.4
0.5
0.7
0.5
0.3
0.6

DNA binding, RNA binding, RNA directed DNA polymerase activity

ribonuclease MRP activity (IEA)
ribonuclease MRP activity (IEA)

proline dehydrogenase activity (IEA)
1-pyrroline-5-carboxylate dehydrogenase activity (IEA)
snoRNA binding (IEA)

RNA-3'-phosphate cyclase activity (IEA

sequence-specific DNA binding (IEA)

pyrimidine nucleotide transmembrane transporter activity (IEA)

transcription regulator activity (IMP)[DNA bending activity (IEA)
DNA-directed RNA polymerase activity (IEA)|exoribonuclease activity (IEA)
rRNA primary transcript binding (IEA)

transcription factor activity (ISS)|RNA polymerase I transcription factor activity (IEA)

phospholipid-translocating ATPase activity (IEA)
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Appendix C. Continued.

Change in fold expression®

G648S

G648D Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

SPC98
SYGI
THI4
TRM2
TSR2
ULPI
UTPI5
UTP21
UTP4
UTP5
UTPS8
UTPY9
YHB4
YTM1
YVHI
ZRT2

orf19.2600
orf19.768

orf19.5986
orf19.3327
orf19.2998
orf19.353

orf19.3609
orf19.1566
orf19.1633
orf19.7599
orf19.5436
orf19.6710
orf19.7637
orf19.4815
orf19.4401
orf19.1585
orf19.5905
orf19.2384
orf19.1642
orf19.4760
orf19.2547
orf19.5353
orf19.6886

0.9
0.8
0.9
1.4
1.4
0.8
1.1
1.6
1.4
15
1.1
1.1
0.7
1.1
1.3
0.7
1.1
1.5
2.6
1.6
1.3
1.8
2.1

0.9
0.9
1.0
0.7
0.5
0.6
0.6
0.5
0.5
0.6
0.7
0.6
0.8
0.6
0.6
0.8
0.5
0.8
0.5
0.5
0.7
0.7
0.5

1.2
0.8
0.7
15
1.6
1.0
1.3
1.4
1.3
1.5
1.0
1.2
0.8
1.3
1.6
0.6
1.6
1.2
2.5
2.0
1.1
1.4
2.0

0.7
0.7
0.9
1.0
1.0
0.8
0.9
0.8
1.1
1.0
1.1
1.0
0.8
1.0
1.0
1.0
0.5
0.8
0.9
0.8
0.7
0.8
0.9

0.8 0.6 structural constituent of cytoskeleton (IEA)

0.7
0.6
0.7
0.8
0.8
0.7
0.7
1.1
0.8
0.7
0.7
0.7
0.7
0.8
0.6
0.9
0.7
0.9
0.8
0.7
0.9
1.0

0.6
0.7
0.4
0.5
0.6
0.6
0.4
0.6
0.5
0.6
0.5
0.7
0.5
0.4
0.8
0.2
0.3
0.3
0.4
0.4
0.4
0.4

double-stranded DNA specific 5'-3' exodeoxyribonuclease activity (IEA)

SUMO-specific protease activity (IDA)

snoRNA binding (IEA)

snoRNA binding (IEA)

tRNA binding (ISO)|snoRNA binding (IEA)|tRNA binding (IEA)
snoRNA binding (IEA)

nitric oxide dioxygenase activity (IMP, ISS)

cytoskeletal protein binding (IEA)

protein tyrosine/serine/threonine phosphatase activity (ISS)|protein tyrosine phosphatase activity (IEA)

low-affinity zinc ion transmembrane transporter activity (IEA)

mRNA binding (IEA)

rRNA binding (IEA)

134



Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.5704
orf19.1708
orf19.6862
orf19.2386
orf19.2320
orf19.6828
orf19.107
orf19.6234
orfl19.2167
orf19.6297
orf19.6014
orf19.1082
orf19.5038
orf19.2830
orf19.7468
orf19.2870
orf19.2319
orf19.3393
orf19.7650
orf19.4793
orf19.1360
orf19.7384
orf19.2362

1.2
2.3
1.8
1.7
1.7
2.0
15
1.8
1.2
15
2.4
1.7
1.3
1.6
1.1
0.7
2.0
1.4
1.4
1.4
0.9
15
1.3

0.6
0.5
0.7
0.6
0.4
0.3
0.7
0.5
0.7
0.7
0.5
0.5
0.6
0.6
0.9
13
0.6
0.5
0.7
0.5
1.1
0.6
0.7

1.1
2.1
1.7
2.0
1.7
2.0
1.4
1.5
1.5
1.4
2.4
1.2
1.1
1.7
1.2
0.7
1.6
1.5
15
1.4
0.8
1.5
1.5

09 07 04

1.1
0.9
1.1
0.9
1.1
1.0
0.9
0.6
0.9
0.9
1.0
1.1
1.0
0.9
0.4
1.0
1.1
0.9
1.1
1.1
0.9
0.9

0.9
0.8
1.0
0.7
0.9
0.7
0.9
0.8
0.7
1.2
0.7
0.7
0.7
0.7
0.7
0.9
0.7
0.8
0.8
0.7
0.9
0.9

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

amino acid kinase activity (IEA)|protein kinase activity (IEA)
RNA binding (IEA)

RNA helicase activity (IEA)

pseudouridine synthase activity (IEA)|pseudouridylate synthase activity (IEA)

tRNA (guanine) methyltransferase activity (IEA)
snoRNA binding (IEA)

RNA binding (IEA)

ATP-dependent RNA helicase activity (IEA)

GTPase activity (IEA)
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Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.3463
orf19.4792
orf19.5039
orf19.715

orf19.3252
orf19.4479
orf19.6007
orf19.3089
orf19.603

orf19.4342

orf19.1150.1

orf19.6431
orf19.2090
orf19.2306
orf19.1404
orf19.7296
orf19.1687
orf19.3539
orf19.6874
orf19.3704
orf19.1959
orf19.962

1.6
1.4
1.5
0.8
0.9
1.6
0.9
1.0
1.2
1.1
0.9
15
1.4
1.0
1.3
1.1
1.3
1.1
1.0
1.1
1.1
1.3

0.6
0.8
0.8
0.5
0.7
0.5
0.7
0.9
0.7
0.7
0.9
0.7
0.6
0.7
0.7
1.0
0.6
0.6
0.9
0.6
0.7
0.6

1.6
1.2
1.6
0.8
1.0
1.6
0.7
0.8
1.2
0.9
0.8
1.5
1.4
1.0
1.5
0.8
1.3
1.5
0.8
1.1
1.1
15

0.9
0.9
0.9
0.7
0.8
1.0
0.8
0.8
1.1
0.8
0.7
0.8
1.0
0.8
0.8
0.4
1.0
1.1
0.8
0.9
0.8
0.9

0.8
0.8
0.7
0.8
0.8
0.9
0.7
0.6
0.7
0.7
0.7
0.9
0.8
0.7
0.7
0.9
0.8
0.7
0.7
0.7
0.7
0.9

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.6
0.6
0.6

3'-5'-exoribonuclease activity (IEA)
specific RNA polymerase II transcription factor activity (IEA)

RNA binding (IEA)

rRNA primary transcript binding (IEA)|single-stranded telomeric DNA binding (IEA)

specific RNA polymerase II transcription factor activity (IEA)|transcription factor activity (IEA)

RNA helicase activity (IEA)|snoRNA binding (IEA)
oxidoreductase activity, acting on single donors with incorporation of molecular oxygen

tRNA dihydrouridine synthase activity (IEA)

ATP-dependent RNA helicase activity (IEA)RNA splicing factor activity, transesterification mechanism (IEA)

ATP-dependent RNA helicase activity (IEA)
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Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.3303
orf19.6137
orf19.7190
orf19.7593
orf19.4940
orf19.4835
orf19.5802
orf19.4375
orf19.6723
orf19.2527
orf19.6580
orf19.6730
orf19.6578
orf19.7422
orf19.2319
orf19.6766
orf19.1697
orf19.254

orf19.443

orf19.7107
orf19.4666
orf19.3270
orf19.2045

1.1
1.0
1.3
1.3
1.2
1.2
1.3
1.0
1.3
1.4
0.9
1.8
0.9
1.4
1.4
1.3
1.2
1.0
1.3
1.3
0.9
0.9
1.0

0.6
0.6
0.8
0.7
0.7
0.7
0.6
0.7
0.7
0.5
0.7
0.5
0.9
0.6
1.0
0.5
0.8
0.9
0.6
0.5
0.8
0.9
0.7

1.1
1.0
1.2
1.2
1.2
1.7
1.2
1.1
1.1
1.6
1.0
1.4
0.8
15
2.0
1.3
1.3
1.1
1.1
1.5
0.7
0.7
1.0

0.9
0.7
0.8
0.8
1.0
0.8
0.7
0.9
0.7
0.9
0.7
0.9
0.8
0.8
0.9
1.0
0.8
0.8
0.9
0.9
0.8
0.8
0.9

0.7 0.6 tRNA methyltransferase activity (IEA)

0.7
0.7
0.8
0.7
0.8
0.8
0.8
0.8
0.8
0.8
1.1
0.7
0.8
1.3
0.8
0.8
0.7
0.9
1.0
0.7
0.7
0.8

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6

oxidized purine base lesion DNA N-glycosylase activity (ISA, IEA)
asparaginase activity (IEA)

L-histidine transmembrane transporter activity (IEA)

snoRNA binding (IEA)

neurotransmitter transporter activity (ISS)[inorganic phosphate transmembrane transporter activity (IEA)
RNA binding (IEA)

RNA binding

RNA binding (IEA)

DNA-directed RNA polymerase activity (IEA)

1,3-beta-glucan synthase activity (IEA)

diacylglycerol kinase activity (IEA)
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Appendix C. Continued.

Change in fold expression®

G648S G648D Y642F A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.6418 1.2 0.6 1.2 1.0 0.8 0.6

orf19.58 1.3 0.6 1.2 11 0.8 0.6 3'-5-exoribonuclease activity (IEA)
orf19.4896 1.3 0.7 1.3 1.1 0.8 0.7 DNA-directed RNA polymerase activity (IEA)
orf19.7618 1.7 05 1.3 1.2 0.8 0.7 unfolded protein binding (IEA)
orf19.7495 1.2 0.6 1.2 0.8 0.9 0.7 NADPH dehydrogenase activity (IEA)
orf19.3887 1.0 0.6 1.2 1.0 07 07
orf19.2263 0.9 0.6 09 09 09 07
orf19.6938 1.1 07 1.0 0.9 0.7 0.7 S-methyl-5-thioadenosine phosphorylase activity (IEA)
orf19.7011 1.2 05 1.1 09 08 07
orf19.7502 1.0 0.7 09 08 09 0.7
orf19.3778 1.3 0.6 1.2 1.0 08 0.7
orf19.3475 0.7 0.8 0.7 08 0.6 0.7
orf19.1646 1.4 0.6 1.4 1.0 07 07
orf19.409 0.8 0.8 08 09 0.6 0.7
orf19.2246 0.8 0.7 08 08 0.7 0.7
orf19.6770 0.7 0.9 0.6 09 0.6 0.7 cytoskeletal adaptor activity (IEA)
orf19.7566 1.1 0.7 0.8 09 09 0.7 amino acid transmembrane transporter activity (IEA)
orf19.5017 0.8 1.0 0.6 08 0.4 0.7 ureatransmembrane transporter activity (IEA)
orf19.6996 1.7 05 1.5 09 1.1 0.7 alpha-1,3-mannosyltransferase activity (IEA)
orf19.6679 0.9 0.9 08 0.7 0.8 0.7
orf19.1363 0.7 0.8 05 1.1 0.6 0.8

orf19.1449 1.2 03 1.6 09 11 08

orf19.1179 24 05 24 06 20 08
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Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

ARAI
CIP]
CIRT4B
GACI
IFC3
IFE]
LIPI]
MIHI
OPT7
PRC2
PSA2
RBT7
SAP10
SKN2

orf19.4266
orf19.2959.1
orf19.3894
orf19.670.2
orfl19.2172
orfl19.113
orf19.2839
orf19.7053
orf19.3749
orf19.769
orf19.4821
orf19.3071
orf19.5673
orf19.4135
orf19.4943
orf19.2681
orf19.3839
orf19.348
orf19.5775
orf19.7311
orf19.6795
orf19.3758
orf19.1484

1.0
0.6
0.9
0.8
0.6
0.7
0.8
0.7
0.6
0.5
0.3
0.7
0.7
0.6
0.6
0.7
0.5
0.7
0.9
0.6
0.7
0.4
0.7

0.4
0.6
0.9
1.5
0.8
0.7
1.4
0.6
1.0
0.4
0.9
0.6
0.6
0.6
0.8
0.5
0.6
0.8
0.9
0.6
0.7
0.3
1.0

0.8
0.8
0.9
0.9
0.7
0.8
1.3
0.6
1.1
0.8
0.6
0.8
0.7
0.8
1.0
0.7
0.7
1.0
0.6
0.6
0.7
0.7
0.7

D-arabinose 1-dehydrogenase [NAD(P)+] activity (IDA)
protein phosphatase type 1 regulator activity (IEA)
oligopeptide transporter activity (IGI, ISS)

lipase activity (IDA)

protein tyrosine phosphatase activity (IEA)

oligopeptide transporter activity (ISS)

mannose-1-phosphate guanylyltransferase activity (IDA, IGI, ISS)

ribonuclease activity (ISS)

transcription regulator activity (IEA)
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Appendix C. Continued.

Change in fold expression®

G648S G648D Y642F A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.1258 0.5 14 1.0 0.6 0.6 0.7
orf19.5449 0.8 1.0 08 0.6 0.7 0.7
orf19.1600 0.7 09 09 05 0.6 0.7
orf19.4768 1.0 05 09 18 0.7 08
orf19.2737 0.5 1.2 08 0.7 0.5 08
orf19.4349 09 0.7 05 09 04 08
orf19.2030 0.7 1.2 08 0.7 0.8 038

orf19.1887 0.6 1.1 09 0.7 0.6 0.8 sterol esterase activity (IEA)

orf19.764 0.1 1.0 0.6 0.8 0.6 08
orf19.6017 1.2 09 08 07 1.0 0.9
orf19.1159 0.8 09 0.6 0.7 1.0 0.9 homoserine O-acetyltransferase activity (IEA)
orf19.4530.1 04 21 09 09 0.5 09
orf19.6307 06 11 05 1.2 08 1.1
orf19.5527 0.6 08 1.0 0.9 endoribonuclease activity (IEA)
orf19.247 0.7 0.7 11 1.0

orf19.4055 0.5 08 06 1.0

ASR3 orf19.842 08 12 08 05

BMT4 orf19.5612 08 14 1.0 04

CHT3 orf19.7586 0.7 08 0.6 0.7 chitinase activity (IDA, IGI, ISS)|endochitinase activity (IEA)
CLA4 orf19.4890 0.7 08 05 0.8 08 0.6 protein serine/threonine kinase activity (ISS)

CRZ2 orf19.2356 08 19 1.0 05 08 0.7 transcription factor activity (ISS)

CSP37 orf19.2531 06 09 0.7 0.6 0.7 05
FCY21 orf19.1357 1.2 11 08 08 08 0.7 drug membrane transporter activity
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Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

FGR6
GITI
GNP3
KREI
MEAI
MRRI1
PHOS84
RCLI
SFUI
TECI
XUTI

orf19.5315
orf19.1979
orf19.7565
orf19.4377
orf19.5919
orf19.7372
orf19.655

orf19.1886
orf19.4869
orf19.5908
orf19.2882
orf19.5826
orf19.6277
orf19.7590
orf19.5775
orf19.3470
orf19.5070
orf19.3988
orf19.750

orf19.5872

orf19.48

orf19.5910
orf19.1656

0.8
0.8
1.0
1.2
1.1
1.1
0.8
0.9
1.1
1.0
0.9
0.5
1.0
0.9
0.8
1.4
0.8
0.9
0.7
1.2
1.8
1.0
0.4

09 08 0.6

1.3
0.8
1.2
1.0
1.0
1.2
0.7
1.1
0.9
1.1
0.8
1.6
0.9
0.9
0.6
1.2
1.1
1.4
1.0
0.9
0.8
15

0.9
1.0
0.7
0.7
0.7
0.9
0.5
0.8
0.7
1.0
0.6
0.8
0.7
1.2
0.9
0.7
0.4
0.6
0.9
1.0
1.0
1.3

0.7
0.7
0.6
0.6
0.6
0.6
0.7
0.6
0.4
0.4
0.7
0.3
0.5
0.4
0.3
0.3
0.7
0.7
0.7
0.8
0.6
0.7

0.7
0.8
0.8
1.0
0.9
1.1
0.8
0.8
0.9
0.9
0.9
0.6
0.9
1.1
1.0
15
0.7
1.1
0.7
0.4
1.4
1.0
0.6

0.5

0.8 inorganic phosphate transmembrane transporter activity (ISS)|phospholipid transporter activity (IEA)

0.8 amino acid transmembrane transporter activity (IEA)
1.0
0.8
0.9 specific RNA polymerase II transcription factor activity (IMP)|sequence-specific DNA binding (IEA)
0.9 inorganic phosphate transmembrane transporter activity (ISS)
1.0 RNA-3'-phosphate cyclase activity (IEA)|enzyme activator activity (IEA)
0.9 DNA binding (IGI)|transcription factor activity (IGI, IMP, ISS)
0.8 specific RNA polymerase II transcription factor activity (IMP, ISS)|transcription factor activity (ISS)
0.5 nucleobase:cation symporter activity (ISS)
0.4 L-gamma-aminobutyric acid transmembrane transporter activity (IEA)
0.5
0.5
0.5
0.5 nitrogenase (flavodoxin) activity (ISS)
0.6
0.6
0.6
0.7 general RNA polymerase I transcription factor activity (IEA)
0.7 ribonuclease P activity (IEA)
0.7 histone acetyltransferase activity (IEA)|methylated histone residue binding (IEA)

0.7 phosphatidylinositol binding (IEA)
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Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

HAL21
AFGI1
HGTI

orf19.2824
orf19.2604
orf19.2231
orf19.2547
orf19.4143
orf19.3170
orf19.6976
orf19.5326
orf19.3481
orf19.3831
orf19.6416
orf19.6662
orfl19.5128
orf19.1772
orf19.69
orf19.6586
orf19.4563
orfl9.1117
orf19.2442
orfl19.2163
orf19.99
orf19.4743
orf19.4527

0.8
1.3
1.1
1.3
15
1.5
0.9
1.3
1.0
1.7
1.0
1.1
1.0
1.8
0.6
0.9
1.1
1.1

0.8
0.9

09 07 0.7

0.7 07 04

0.9
0.6
0.6
0.6
1.0
1.0
0.7
1.2
1.2
0.9
1.1
1.1
1.0
1.7
0.6
5.5

0.6
0.5

0.8
0.7
0.8
0.8
0.8
0.7
0.5
0.9
0.7
0.9
0.9
0.6
0.7
0.7
0.5
0.1

0.8
0.5
0.4
0.7
0.7
0.6
0.7
0.7
0.8
0.7
1.2
0.8
0.9
0.6
0.8
0.7

0.8
1.3
1.2
1.1
1.2
15
0.9
1.0
0.9
15
0.8
1.2
1.1
1.7
0.5
1.0
1.0
0.8
0.5

0.7
0.7
0.7
0.8
0.8
0.8
0.8
0.9
0.9
1.0
1.0
1.0
1.0
1.2
1.3
1.3
1.5
2.1
0.7

0.9
0.8

double-stranded DNA binding (IDA)|specific transcriptional repressor activity (IGI)

folic acid transporter activity (ISS)

transcription factor activity (ISS)|transcription corepressor activity (IEA)

ubiquinone binding (IEA)

RNA binding (IEA)

formate dehydrogenase activity (ISS)

3'(2"),5'-bisphosphate nucleotidase activity (IEA)
ATPase activity (IEA)

glucose transmembrane transporter activity (IGI, ISS)|sugar transmembrane transporter activity (ISS)
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Appendix C. Continued.

Change in fold expression®

G648S G648D Y642F A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

HSP30 orf19.4526 0.6 23 0.5 07

IFF11 orf19.5399 0.6 0.8 0.8 1.0

OPT7 orf19.5673 0.7 14 0.6 0.7 oligopeptide transporter activity (ISS)
SAP3 orf19.6001 0.6 14
SITI orf19.2179 1.0 0.7
orf19.675 05 1.5

ARG11 orf19.5926 1.0 09 L-ornithine transmembrane transporter activity (IEA)
cccl orf19.6948 0.8 0.9 ferrous iron transmembrane transporter activity (IEA)
CHO2 orf19.169 1.1 07 methylene-fatty-acyl-phospholipid synthase activity (IEA)
CUPY orf19.6514 1.0 1.1
DIM1 orf19.5010 1.6 0.6 rRNA (adenine-N6,N6-)-dimethyltransferase activity (IEA)
ELP3 orf19.7387 1.1 07
FDHI orf19.638 0.8 14 formate dehydrogenase activity (ISS)
FET3 orf19.4211 09 05 ferroxidase activity (IGI, IMP)
FRE30 orf19.6140 1.4 05
FRE7 orf19.6139 1.1 0.6 ferric-chelate reductase activity (IEA)
HCM1 orf19.4853 0.8 0.8 sequence-specific DNA binding (IEA)
HMX1 orf19.6073 1.1 0.8 heme oxygenase (decyclizing) activity (IDA, IMP, ISS)
HSPI2 orf19.3160 0.6 1.2
NOG2 orf19.5732 1.4 0.6
NOPI4 orf19.5959 22 0.6 snoRNA binding (IEA)
PGAS5S orf19.207 0.9 0.7

RLII orf19.3034 1.1 0.7 ATP binding (ISS)|iron ion binding (IEA)
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0.6 1.1 aspartic-type endopeptidase activity (IDA, ISS)|drug binding (IDA,ISS)

ferrichrome transporter activity (IGI, IMP)|siderophore-iron transmembrane transporter activity (ISS)

chromatin binding (IEA)|sequence-specific DNA binding (IEA)

RNA polymerase II transcription elongation factor activity (IEA)



Appendix C. Continued.

Change in fold expression®

G648S G648D Y642F A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

SEN2 orf19.2735 1.3 05

SMM1 orf19.1362 1.4 0.6 tRNA dihydrouridine synthase activity (IEA)

SPB4 orf19.6298 1.5 0.6 ATP-dependent RNA helicase activity (IEA)
UTPIS8 orf19.7154 1.2 0.6
orf19.4445 1.0 04

orf19.6873.1 22 0.8 electron carrier activity (IEA)|iron ion binding (IEA)

orf19.1091 1.5 04 RNA binding (IEA)
orf19.5049 1.9 05
orf19.5207 1.2 0.6
orf19.5500 1.7 0.6
orf19.2934 1.6 05
orf19.341 1.0 1.0 drug transporter activity (ISS)
orf19.7077 1.0 04 ferric-chelate reductase activity (IEA)
orf19.5843 0.7 0.7
orf19.5020 1.2 0.7
orf19.1774 1.0 1.0
orf19.4273 1.6 0.7
orf19.3448 09 1.0
orf19.2724 0.6 13
orf19.494 1.3 05 RNA binding (IEA)
orf19.3088 1.3 05 transcription factor activity (IEA)
orf19.2604 1.3 05

orf19.1771 1.3 0.8
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Appendix C. Continued.

Change in fold expression®

G648S G648D Y642F A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.6660 0.6 1.2
orf19.2018 1.1 0.6

orf19.22 0.8 0.7
orf19.6899 1.0 2.7
orf19.1287 1.7 08

orf19.3759 09 0.8 RNA polymerase II transcription elongation factor activity (IEA)
orf19.4634 1.6 0.6
orf19.5431 0.7 0.7
orf19.3048 0.6 0.8
orf19.1388 1.5 05
orf19.2330 1.2 05 snoRNA binding (IEA)
orf19.7088 1.3 07 single-stranded telomeric DNA binding (IEA)
orfl19.4161 09 0.8
orf19.4900 0.8 0.7 alpha-1,3-mannosyltransferase activity (IEA)
orf19.7085 0.6 1.0
orf19.3335 0.7 0.8
orf19.6751 1.2 08 tRNA methyltransferase activity (IEA)
orf19.3869 09 0.8
orf19.5626 0.8 0.8

orf19.28 0.8 0.7 thiamin transmembrane transporter activity (IEA)
orf19.4889 1.0 0.7 drug transporter activity (ISS)
orf19.3854 1.1 09 protein kinase activity (IEA)

orf19.2022 0.8 0.8 glucose transmembrane transporter activity (ISS)
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Appendix C. Continued.

Change in fold expression®

G648S

G648D

Y642F

A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

MOHI
GACI

AOXI
ASR?2
CDGI1
CFL2
DALS
FMP45
FREI0
HSP31
RTA4
Soul

orf19.6691
orf19.4282
orf19.4959
orfl19.3110
orf19.2726
orf19.6245
orf19.6077
orf19.3369
orf19.7053
orfl19.251
orfl19.7311
orf19.1368
orf19.4774
orf19.7284
orf19.7314
orf19.1264
orf19.5859
orf19.6489
orf19.1415
orf19.3664
orf19.6595
orf19.2896
orf19.3107

0.9
1.3
0.5
0.6
0.8
0.6
0.8
0.4
0.7
0.6
0.6
0.7
0.5
0.4
1.2
0.7
0.7
0.4
1.0
0.7
0.9
0.5
0.2

protein phosphatase type 1 regulator activity (IEA)

alternative oxidase activity (IMP, ISS)

ferric-chelate reductase activity (IEA)
anion:cation symporter activity (ISS)

ferric-chelate reductase activity (IDA, IGI, IMP)

phospholipid-translocating ATPase activity (IEA)
mannitol 2-dehydrogenase (NADP+) activity (IDA)
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Appendix C. Continued.

Change in fold expression®

G648S G648D Y642F A643V

CGD Name orfl9 Designation Expl Exp2 Expl Exp2 Expl Exp2 Expl Exp2 Molecular function

orf19.7310
orf19.822
orf19.3439
orf19.6741
orf19.1368
orf19.2846
orf19.3932
orf19.94

HAL21 orf19.99 3'(2"),5"-bisphosphate nucleotidase activity (IEA)

SUL2 orf19.2738 0.7 0.7 sulfate transmembrane transporter activity (NAS)
orf19.2163 0.9 1.0 peptidase activity

HGTI10 orf19.5753 glucose transmembrane transporter activity (ISS)

SAP7 orf19.756 aspartic-type endopeptidase activity (IDA, ISS)

orfl19.716

orf19.3621

orf19.4873 04 05 0.6 05 06 06 06 0.6

* Fold change defined as the average ratio of gene expression levels in the isolates compared in two independent microarray experiments

Bold indicates real result as defined in Materials and Methods

Green shading indicates ratio values of 0.6 or less.
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