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Abstract

Gid4, a subunit of the ubiquitin ligase GID, is the recognition component of the Pro/N-degron 

pathway. Gid4 targets proteins in particular through their N-terminal (Nt) proline (Pro) residue. In 

Saccharomyces cerevisiae and other Saccharomyces yeasts, the gluconeogenic enzymes Fbp1, 

Icl1, and Mdh2 bear Nt-Pro and are conditionally destroyed by the Pro/N-degron pathway. 

However, in mammals and in many non-Saccharomyces yeasts, for example, in Kluyveromyces 
lactis, these enzymes lack Nt-Pro. We used K. lactis to explore evolution of the Pro/N-degron 

pathway. One question to be addressed was whether the presence of non-Pro Nt residues in K. 
lactis Fbp1, Icl1, and Mdh2 was accompanied, on evolutionary time scales (S. cerevisiae and K. 
lactis diverged ~150 million years ago), by a changed specificity of the Gid4 N-recognin. We used 

yeast-based two-hybrid binding assays and protein-degradation assays to show that the non-Pro 

(Ala) Nt residue of K. lactis Fbp1 makes this enzyme long-lived in K. lactis. We also found that 

the replacement, through mutagenesis, of Nt-Ala and the next three residues of K. lactis Fbp1 with 

the four-residue Nt-PTLV sequence of S. cerevisiae Fbp1 sufficed to make the resulting “hybrid” 

Fbp1 a short-lived substrate of Gid4 in K. lactis. We consider a blend of quasi-neutral genetic drift 

and natural selection that can account for these and related results. To the best of our knowledge, 

this work is the first study of the ubiquitin system in K. lactis, including development of the first 

protein-degradation assay (based on the antibiotic blasticidin) suitable for use with this organism.
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Regulated protein degradation protects cells from misfolded, aggregated, or otherwise 

abnormal proteins and also controls the levels of proteins that evolved to be short-lived in 

vivo. The intracellular protein degradation is mediated largely by the ubiquitin (Ub)–

proteasome system (UPS) and by autophagy–lysosome pathways, with molecular 

chaperones being a part of both systems.1–7 The UPS comprises a set of pathways that have 

in common at least two classes of enzymes: E3-E2 Ub ligases and deubiquitylases (DUBs). 

A Ub ligase recognizes a substrate protein through its degradation signal (degron) and 

conjugates Ub, a 9 kDa protein (usually in the form of a poly-Ub chain), to an amino acid 

residue (usually an internal lysine) of a targeted substrate. The functions of DUBs include 

deubiquitylation of Ub-conjugated proteins.2–4,8,9 The 26S proteasome, an ATP-dependent 

protease, binds to a polyubiquitylated protein through its poly-Ub chain, unfolds the protein, 

and converts it to ~10-residue peptides.10–15

N-degron pathways (previously called “N-end rule pathways”) are a set of proteolytic 

systems whose unifying feature is their ability to recognize proteins containing N-terminal 

(Nt) degrons called N-degrons, thereby causing the degradation of these proteins by the 26S 

proteasome and/or autophagy in eukaryotes, and by the proteasome-like ClpAP protease in 

bacteria (Figure S1).2,16–43 Determinants of an N-degron comprise, in particular, a 

destabilizing Nt residue of a protein substrate and its internal Lys residue (or residues) that 

can act as a polyubiquitylation site.2,17,44

Initially, most N-degrons are cryptic (pro-N-degrons). They are converted to active N-

degrons either constitutively (e.g., during the emergence of a protein from a ribosome) or via 

regulated steps. Among the routes to N-degrons are cleavages of proteins by proteases such 

as, for example, caspases or calpains.29,45,46 By cleaving a protein and exposing a 

destabilizing Nt residue in a C-terminal (Ct) fragment, these and other nonprocessive 

proteases function as components of N-degron pathways. Another route to active N-degrons 

is through enzymatic Nt modifications of proteins, including Nt acetylation, Nt deamidation, 

Nt oxidation, Nt arginylation, Nt leucylation, and Nt formylation. Recognition components 

of N-degron pathways, called N-recognins, are either E3 Ub ligases or other proteins (e.g., 

bacterial ClpS or mammalian p62) that can target N-degrons.2,6,19,20,38 All 20 amino acids 

of the genetic code have been shown to function, in cognate sequence contexts, as 

destabilizing Nt residues (Figure S1). Thus, many proteins in a cell are conditionally short-

lived N-degron substrates, either as full-length proteins or as protease-generated Ct 

fragments.
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Eukaryotic N-degron pathways comprise the Arg/N-degron pathway [it recognizes, in 

particular, specific unacetylated Nt residues (Figure S1A)], the Ac/N-degron pathway [it 

recognizes, in particular, the Nα-terminally acetylated (Nt-acetylated) Nt residues (Figure 

S1B)], the Pro/N-degron pathway [it recognizes, in particular, the Nt-Pro residue (Figure 

S1C)], the Gly/N-degron pathway (it recognizes the unmodified Nt-Gly residue), and the 

fMet/N-degron pathway (it recognizes Nt-formylated cellular proteins).2,18–20,22,23,43

Regulated degradation of proteins and their natural Ct fragments by N-degron pathways has 

been shown to mediate a multitude of processes, including the sensing of oxygen, nitric 

oxide, heme, and short peptides; the control of subunit stoichiometries in protein complexes; 

the elimination of misfolded proteins and of proteins retrotranslocated to the cytosol from 

other compartments; the repression of neurodegeneration and regulation of apoptosis; the 

control of DNA damage responses, transcription, replication, and chromosome cohesion/

segregation; the regulation of chaperones, G proteins, cytoskeletal proteins, autophagy, 

gluconeogenesis, peptide transport, meiosis, circadian rhythms, fat metabolism, cell 

migration, the adaptive and innate immunity (including inflammation), the cardiovascular 

system, neurogenesis, and spermatogenesis; and also regulation of plant defenses against 

pathogens, differentiation of plant cells, the sensing of oxygen, and many other processes in 

plants (refs 2, 16, 18–28, 30, 32–43, and 47 and references therein).

Under conditions with little or no glucose, the yeast Saccharomyces cerevisiae and other 

eukaryotes synthesize glucose through gluconeogenesis. In S. cerevisiae, the main 

gluconeogenesis-specific cytosolic enzymes are the Fbp1 fructose-1,6-bisphosphatase, the 

Icl1 isocitrate lyase, the Mdh2 malate dehydrogenase, and the Pck1 phosphoenolpyruvate 

carboxykinase.24,48–59 When S. cerevisiae grows on a nonfermentable carbon source such 

as, e.g., ethanol, gluconeogenic enzymes are expressed and relatively long-lived. A shift to a 

medium containing glucose represses the synthesis of these enzymes and induces their 

degradation. Degradation of gluconeogenic enzymes in S. cerevisiae requires the 

multisubunit GID Ub ligase.40,52,53,56,60,61 A notable aspect of GID-mediated processes is 

the dichotomy between the GID/proteasome-mediated degradation of gluconeogenic 

enzymes and their “alternative” degradation through an autophagy-related vacuolar import 

and degradation (VID) pathway.53,56,59,62 Whether these enzymes are destroyed (after a 

return of S. cerevisiae to glucose-containing media) largely by the GID/proteasome route or 

largely by the GID/VID route depends, among other things, on the nature of a 

nonfermentable carbon source and the duration of glucose starvation.50,63

S. cerevisiae Gid4 is a 41 kDa subunit of the GID Ub ligase.61 We have shown that Gid4 and 

the related (stress-inducible) Gid10 protein are the N-recognins of the GID-mediated 

proteolytic system termed the Pro/N-degron pathway (Figure S1C).2,24,64 Gid4 recognizes a 

substrate through its Nt-Pro residue or a Pro at position 2, in the required presence of 

adjoining sequence motifs.24,26 S. cerevisiae gluconeogenic enzymes bear either an Nt-Pro 

(Fbp1, Icl1, and Mdh2) or a Pro at position 2 (Pck1). These enzymes are conditionally short-

lived substrates of the Pro/N-degron pathway (Figure S1C).24,26,61 The structure of human 

Gid4 comprises an antiparallel β-barrel that contains a substrate binding cleft.25,26 In 

mammals, the GID Ub ligase (also called CTLH) functions in primary cilia, in cell 

proliferation, and in other processes.60,65–73
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The subphylum of budding yeasts emerged ~500 million years ago (mya). Roughly 100 

mya, an ancestor of budding yeast lineages that include S. cerevisiae and other 

Saccharomyces yeasts underwent a whole genome duplication.74–78 Counterparts of Gid4 

and other subunits of the S. cerevisiae GID Ub ligase are present in most eukaryotes, 

including Kluyveromyces lactis, a non-Saccharomyces budding yeast whose lineage did not 

undergo a whole genome duplication. The last common ancestor of S. cerevisiae and K. 
lactis lived roughly 150 mya.74–76

Gluconeogenic enzymes of K. lactis are highly sequelogous (similar in sequence79) to their 

S. cerevisiae counterparts (Figure S2A). However, in contrast to S. cerevisiae Fbp1, Icl1, and 

Mdh2, the Nt residues of the sequelogs of these enzymes in K. lactis are not Nt-Pro (Figure 

S2A–C). For example, the Nt residue of K. lactis Fbp1 is Ala (Figure S2A). These 

differences make genetically tractable K. lactis a helpful setting for exploring evolution of 

the Pro/N-degron pathway.a

To the best of our knowledge, this paper describes the first study of the Ub system in K. 
lactis, including development of the first protein-degradation assay suitable for use with this 

organism. In contrast to ribosomes of most other eukaryotes, K. lactis ribosomes are 

resistant to cycloheximide.80 Therefore, to enable this project, we devised a chase-

degradation assay that works in K. lactis and employs the blasticidin antibiotic to inhibit 

translation (Figure S3).

Among the questions addressed in this study is whether non-Pro Nt residues of K. lactis 
Fbp1, Icl1, and Mdh2 were accompanied, on evolutionary time scales (S. cerevisiae and K. 
lactis diverged roughly 150 mya), by a changed specificity of the Gid4 N-recognin or 

whether K. lactis Gid4 is, in fact, Nt-Pro-specific (similar to S. cerevisiae Gid4) and 

therefore unable to target the K. lactis enzymes mentioned above. We answer this question 

by showing, in particular, that the non-Pro (Ala) Nt residue of K. lactis Fbp1 makes this 

enzyme long-lived in K. lactis and also by showing that the replacement, through 

mutagenesis, of Nt-Ala and the next three residues of K. lactis Fbp1 with the four-residue 

Nt-PTLV sequence of S. cerevisiae Fbp1 is sufficient for the resulting “hybrid” Fbp1 to 

become a short-lived substrate of Gid4 in K. lactis. The demonstrated metabolic stability of, 

in particular, K. lactis Fbp1, owing to its Nt-Ala (instead of Nt-Pro in S. cerevisiae), 

illustrates aspects of evolution that are likely to result not from selection pressures but from 

a quasi-random genetic drift that is not opposed strongly enough by natural selection, in 

such cases. This work would facilitate analogous comparisons between, e.g., yeast and 

mammalian Pro/N-degron pathways, because the N-termini of mammalian non-Pck1 

gluconeogenic enzymes are also distinct from their S. cerevisiae counterparts.

a“Sequelog” denotes a sequence that is similar, to a specified extent, to another sequence.79 Derivatives of “sequelog” include 
“sequelogy” (sequence similarity) and “sequelogous” (similar in sequence). The usefulness of “sequelog” and derivative notations 
stems from the rigor and clarity of their evolutionary neutrality. By contrast, in settings that use “homolog”, “ortholog”, and “paralog” 
(they denote common descent and functional similarity and dissimilarity, respectively), these terms are often interpretation-laden and 
therefore imprecise. The homolog, ortholog, and paralog are compatible with the sequelog terminology. The former terms can be used 
to convey understanding of common descent and biological functions, if this additional information, distinct from sequelogy per se, is 
actually present.79
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MATERIALS AND METHODS

Antibodies and Other Reagents.

The following primary antibodies were used for immunoblotting: anti-hemagglutinin (ha) 

tag monoclonal antibody (Sigma, H6908), anti-cMyc-9E10 monoclonal antibody (Sigma, 

M5546), and anti-flag M2 monoclonal antibody (Sigma, F1804). Secondary antibodies for 

immunoblotting were Li-Cor IRDye-conjugated goat anti-rabbit 680RD (Li-Cor, C51104–

08) and anti-mouse 800CW (Li-Cor, C60405–05). Fluorescence was detected and quantified 

using an Odyssey 9120 instrument (Li-Cor, Lincoln, NE). The UltraCruz protease inhibitor 

cocktail tablet (EDTA-free) was from Santa Cruz Biotechnology. A variety of restriction 

enzymes (used for plasmid construction), T4 DNA ligase, and Q5 DNA polymerase were 

from New England Biolabs. Tetracycline (Tc) and glucose were from Sigma.

S. cerevisiae and K. lactis Yeast Strains.

The following S. cerevisiae strains were used in this study: BY4741 (MATa his3Δ1 
leu2Δmet15Δura3Δ), BY3614 (gid2Δ derivative of BY4741), and BY3244 (gid4Δ derivative 

of BY4741). Standard techniques were used to construct plasmids and yeast strains.81,82 The 

AH109 S. cerevisiae strain (MATa, trp1–901, leu2–3, 112, ura3–52, his3–200, gal4Δ, 
gal80Δ, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2, 
URA3::MEL1UAS-MEL1TATA-lacZ) was used for two-hybrid (Y2H) binding assays.

Yeast media (used for growing either S. cerevisiae or K. lactis) included YPD medium (1% 

yeast extract, 2% peptone, and 2% glucose), SC medium (0.17% yeast nitrogen base, 0.5% 

ammonium sulfate, and 2% glucose, supplemented with compounds required by auxotrophic 

yeast strains), and SE medium (the same as SC medium but with 2% ethanol instead of 

glucose). The alternative carbon sources, in either liquid or plate media, were 2% ethanol 

(YPE and SE media) or 2% potassium acetate (YPKA and SKA media). The yeast nitrogen 

base with ammonium sulfate and the supplement mixtures of amino acids for S. cerevisiae 
and K. lactis growth were from MP Biomedicals. Yeast extract and yeast peptone were from 

Difco.

All K. lactis strains used in this study were derived from the parental (Dombrowski) van der 

Walt strain [American Type Culture Collection (ATCC), 8585] and are listed in Table S1. K. 
lactis strains were constructed by electroporation of the parental strain with PCR-generated 

DNA fragments containing long (~400 bp) homology segments (nearly 10-fold longer than 

analogous homology segments with S. cerevisiae) directed to the genomic DNA locus of 

interest.83,84 Plasmid pFA6a-natNT2 contained the dominant marker natNT2, a derivative of 

the natMX4 gene that confers resistance to nourseothricin.85 In the K. lactis yCSJ24 (gid4Δ) 

strain (Table S1), a (complete) deletion gid4Δ allele contained integrated natNT2. With 

pFA6a-natNT2 as the PCR template, several oligonucleotide primers and a few sequential 

PCR amplifications were used to construct a natNT2-containing deletion/disruption gid4Δ 

DNA fragment that also contained ~400 bp flanking DNA segments. That DNA fragment 

was transformed, by electroporation, into the parental K. lactis strain, followed by selection 

for cells resistant to nourseothricin and verification of the resulting gid4Δ allele.
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The yCSJ25 K. lactis strain (Table S1) was constructed in a manner analogous to that of 

yCSJ24, but instead of pFA6a-natNT2, the pFa6-KanMX6 plasmid,86,87 encoding resistance 

to Geneticin (G418), was used as the PCR template to generate a requisite DNA fragment. 

This yielded (after transformation of K. lactis, isolation of Geneticin-resistant transformants, 

and verification of the allele’s correctness) an allele of the K. lactis FBP1 gene (Kl-FBP1) 

that encoded the C-terminally triple ha-tagged Kl-Fbp13ha protein expressed from the native 

PFBP1 promoter. The similarly constructed yCSJ27 K. lactis strain (Table S1) expressed the 

same Kl-Fbp13ha in the gid4Δ genetic background. The same approaches, using the pFa6-

KanMX6 plasmid, were used to construct K. lactis yCSJ29 and yCSJ31 (Table S1). The 

yCSJ29 strain expressed Kl-Pck13ha from the native PPCK1 promoter. The otherwise 

identical yCSJ31 strain expressed Kl-Pck13ha in the gid4Δ background.

The K. lactis yCSJ47 strain was constructed in the background of yCSJ25 (Table S1). The 

PCR-generated DNA fragment used for transformation of yCSJ25 was produced by 

employing the pFA6-HphNT1 plasmid85 as the PCR template, with PCR primers designed 

to encode Pro-Thr-Leu-Val (PTLV), the first four residues of S. cerevisiae Fbp1 (Sc-Fbp1) 

that replaced, in K. lactis, the first four residues of C-terminally tagged but otherwise wild-

type (wt) Kl-Fbp13ha.This yielded the K. lactis strain yCSJ47 (Table S1), which expressed 

ptlv-Fbp13ha from the native PFBP1 promoter (see Results and Discussion) and was resistant 

to hygromycin-B. The otherwise identical K. lactis yCSJ48 strain (Table S1) was produced 

in the gid4Δ background. The K. lactis yCSJ49 strain expressed the N-terminally myc9-

tagged K. lactis myc9Gid4 from the native PGID4 promoter (Table S1). (Kl-Gid4 was tagged 

N-terminally because a C-terminally tagged Gid4 is not functional at least in S. cerevisiae.
24) yCSJ49 was constructed in a manner analogous to the procedures described above, in the 

background of the gid4Δ yCSJ49 strain, which contained the deletion/disruption gid4Δ-

NatNT2 allele, resulting in its replacement by the myc9Gid4-HphNT1 allele that encoded K. 
lactis myc9Gid4 expressed from the native PGID4 promoter (Table S1).

Construction of Plasmids.

Escherichia coli strains SUREII (Stratagene), DH5α, and STBL2 (Invitrogen) were used for 

cloning and maintaining plasmids. PCR was carried out using Phusion High-Fidelity DNA 

polymerase and Q5 DNA polymerase (New England Biolabs).

For quantifying the degradation of specific proteins in S. cerevisiae, we employed Tc/PRT-

chase-degradation assays (see Results and Discussion). Plasmids for these assays used 

pJO629 as the parental plasmid and were constructed as previously described.24,40 Briefly, 

to construct pCSJ949, which expressed the C-terminally triple-flagged K. lactis Fbp13f (Kl-
Fbp13f) in S. cerevisiae from the PTDH3-based promoter, a Kl-Fbp1-encoding DNA fragment 

was amplified by PCR from K. lactis genomic DNA using the primers CSJ930 and CSJ931. 

The resulting PCR product was digested with AscI/BamHI and ligated into AscI/BamHI-cut 

pJO629 downstream of its PTDH3-based promoter, yielding pCSJ949. To construct pCSJ974, 

which expressed the C-terminally triple-flagged K. lactis Pck13f (Kl-Pck13f) in S. cerevisiae 
from the PTDH3-based promoter, the Kl-PCK13f-encoding DNA fragment was produced by a 

two-step PCR from K. lactis genomic DNA, using, initially, the primers CSJ991 and CSJ992 

and thereafter the primers CSJ991 and CSJ182. The resulting PCR product was digested 
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with AscI/NotI and ligated into AscI/NotI-cut pJO629, yielding pCSJ974. The pCSJ976 

plasmid, which expressed K. lactis Gid4 N-terminally tagged by the myc9 tag 

(Kl-9mycGid4), was constructed like the plasmids described above. Additional details are 

available upon request. Construction of plasmids for two-hybrid (Y2H) assays is described 

below. All final constructs were verified by DNA sequencing.

Y2H Binding Assays.

The AH109 S. cerevisiae strain was used for all Y2H experiments (Figure 1). In one set of 

assays, AH109 was cotransformed with pCSJ182 (NLS-Sc-Gid43f-Gal4AD) and either 

pCSJ165 [expressing (Met)-Pro-Sc-Fbp1-Gal4DBD] or pCSJ179 [expressing (Met)-Ser-Sc-

Fbp1-Gal4DBD], with “Sc” denoting S. cerevisiae proteins. In analogous tests with K. lactis 
Kl-Gid4, AH109 was cotransformed with pCSJ912 (expressing NLS-Kl-Gid4-Gal4AD) and 

either pCSJ165 or pCSJ179. Other Y2H assays (Figure 1) used pCSJ914 [expressing (Met)-

Ala-Kl-Fbp1-Gal4DBD] and pCSJ946 [expressing (Met)-Ser-Kl-Mdh2-Gal4DBD]. Inasmuch 

as the Kl-Mdh2 open reading frame (ORF) encodes, at position 36, the in-frame second Met 

residue that is followed by the Pro residue (Figure S2B), Y2H assays included, in addition, 

the pCSJ947 plasmid, which expressed (Met36)-Pro37-Kl-Mdh2-Gal4DBD (Figure 1 and 

Figure S2B).

Cells cotransformed with Y2H-based plasmids were plated on [−Trp, −Leu] SC plates. 

Single colonies of resulting transformants were grown in the otherwise identical liquid 

medium to a near-stationary phase (OD600 of ~2.0). The cells were serially diluted by 3-fold, 

and 15 μL samples of cell suspensions were spotted onto triple-dropout [−Trp, −Leu, −His] 

SC plates,88 followed by incubation at 30 °C for 2–3 days. All transformants could grow on 

[−Trp, −Leu] SC, but only strains that expressed HIS3, a Y2H reporter, could grow on 

[−Trp, −Leu, −His] plates.89,90

Promoter Reference Technique (PRT) Degradation Assays and Immunoblotting.

The design of tetracycline (Tc)-based Tc/PRT chase-degradation assays24,40 is described in 

Results and Discussion. Briefly, batch yeast cultures were grown in SC medium overnight. 

Cells were centrifuged at 11200g for 1 min, washed once in prewarmed PBS buffer, then 

resuspended in either SE (ethanol as the carbon source) or SKA (acetate as the carbon 

source) to an OD600 of 0.5, and allowed to grow in the respective media for 20 h at 30 °C. 

Cells were collected by centrifugation and resuspended in fresh SC to the final OD600 of 1.0, 

with Tc at 0.5 mM, and the tube was incubated at 30 °C, with gentle rocking. At the 

indicated time intervals (including the beginning of the incubation), equal-volume samples 

were collected, and cells were pelleted by centrifugation. Cell pellets were resuspended in 1 

mL of 1 M NaOH and incubated at room temperature for 5 min. Cell were again collected 

by centrifugation (at the top speed in a microcentrifuge for 1 min) and resuspended in 50 μL 

of buffer HU [8 M urea, 5% SDS, 1 mM EDTA, 0.1 M dithiothreitol (DTT), 0.005% 

bromophenol blue, and 0.2 M Tris-HCl (pH 6.8)]. These protein solutions were incubated at 

70 °C for 10 min. Samples were fractionated by SDS–PAGE on 4– to 12% NuPAGE Bis-

Tris gels with MOPS running buffer (Thermo-Fisher), followed by immunoblotting as 

described previously,34,36 using anti-flag (1:2000), anti-myc (1:1000), and anti-ha (1:2000) 

antibodies, as well as a secondary antibody (or antibodies). IB patterns were imaged and 
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quantified using the Odyssey 9120 instrument (Li-Cor Biotechnologies), its software, and 

the manufacturer’s manual. In some experiments, cells were grown in SC medium without 

an exposure to a nonglucose carbon source. All Tc/PRT chases in this study were repeated at 

least twice (often thrice), with results differing by ≤10%.

RT-qPCR.

Wild-type (wt) and gid4Δ K. lactis strains were grown on YPD, YPE, or YPKA medium for 

20 h at 30 °C. Cells were collected by centrifugation and stored at –80 °C until RNA 

isolation. Total RNA was thereafter isolated using the Quick-RNA Fungal/Bacterial 

Miniprep Kit (Zymoresearch). Reverse-transcription reactions were carried out with samples 

containing 1 μg of yeast RNA, the oligo-(dT)18 primer, and NxGen M-MuLV reverse 

transcriptase (Lucigen). qPCR was then performed with the resulting cDNA samples as 

previously described,64,91 using 2× qPCR master mix without ROX (Bioland Scientific), the 

Mastercycler Ep Realplex (Eppendorf), and specific primers for the GID4, FBP1, and PCK1 
genes of K. lactis. The pairs of primers were chosen to amplify 100 bp gene-specific DNA 

fragments. The levels of TAF10 mRNA, encoding a subunit of the transcription initiation 

factor TFIID, were used for normalization/calibration of qPCR data.91 Detailed information 

about primers will be supplied upon request.

Evaluating the in Vivo Efficiency of Translation Inhibitors.

To the best of our knowledge, translation inhibitor-based chase-degradation assays were not 

performed previously with K. lactis, whose ribosomes are resistant to cycloheximide.80 We 

used in vivo translation–inhibition assays to search for a translation inhibitor that could be 

used with K. lactis and chose blasticidin, as described in Results and Discussion. In 

evaluating the in vivo efficacy of translation inhibitors in K. lactis, we employed a version of 

the [35S]methionine-based procedure that we described previously.40 A single colony of K. 
lactis was picked, and cells were grown in SD liquid medium at 30 °C overnight. The cell 

suspension was diluted with SD medium to an OD600 of ~0.6 and allowed to grow for an 

additional 2 h; 0.5 mL of the cell suspension (OD600 = 1) was gently pelleted, washed in 

fresh SD medium lacking Met, and resuspended in 0.5 mL of the same medium, followed by 

incubation at 30 °C for 40 min. Thereafter, either a “control” volume of dimethyl sulfoxide 

(DMSO, the solvent for inhibitor stock solutions) or specific translation inhibitors (either 

cycloheximide, to a final concentration of 4 mg/mL, or G418, to a final concentration of 4 

mg/mL, or hygromycin-B, to a final concentration of 4 mg/mL, or blasticidin, to a final 

concentration from 0.01 to 0.5 mg/mL) were added to a cell suspension in SD medium 

lacking Met, followed by incubation at 30 °C for 20 min and a 10 min treatment (pulse 

labeling) with [35S]Met/Cys (EasyTag-EXPRESS-35S, PerkinElmer), with cells in 0.5 mL of 

medium containing 40 μCi of [35S]Met/Cys. Cells in each sample were pelleted by 

centrifugation at 11200g for 1 min and washed twice with SD medium. Each cell pellet was 

resuspended in 1 mL of 0.1 M NaOH, followed by incubation for 5 min at room 

temperature. A cell suspension was centrifuged at 11200g for 1 min and resuspended in 50 

μL of buffer HU (see above), followed by incubation at 70 °C for 10 min, SDS–PAGE, an 

electro-transfer to a membrane, and 35S autoradiography, using a Typhoon FLA 9500 

scanner (GE Healthcare) and its cassettes.
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RESULTS AND DISCUSSION

The N-Terminal Proline (Pro) of S. cerevisiae Fbp1, Mdh2, and Icl1 Is Absent in Their K. 
lactis Counterparts.

The newly formed Fbp1 fructose-1,6-bisphosphatase of S. cerevisiae bears Nt-Pro, after 

cotranslational removal of the initially present Nt-Met residue by ribosome-associated 

Metaminopeptidases24,64,92 (Figure S2A). (A Met-aminopeptidase would efficaciously 

cleave off Nt-Met if a residue at position 2, to be made N-terminal by the cleavage, is not 

larger than the Val residue.2,18) Examined genomes of other Saccharomyces yeasts also 

encode Fbp1 enzymes that bear Nt-Pro. In contrast, Fbp1 enzymes of many (though not all) 

non-Saccharomyces budding yeasts lack Nt-Pro. For example, although the sequence of K. 
lactis Fbp1 is ~74% identical to that of S. cerevisiae Fbp1, K. lactis Fbp1 bears Nt-Ala 

(Figure S2A). Mdh2 and Icl1, the other gluconeogenic enzymes that also bear Nt-Pro in S. 
cerevisiae, contain, respectively and in contrast, Nt-Ser and Nt-Val in K. lactis (Figure S2A–

C). Mammalian counterparts of these enzymes also lack Nt-Pro.

The Pro residue at position 2 of the phosphoenolpyruvate carboxykinase Pck1 (Figure S2D), 

the fourth gluconeogenic enzyme, is required for its Gid4/GID-mediated degradation in S. 
cerevisiae.24 In contrast to Fbp1, Mdh2, and Icl1, the position 2 Pro residue of S. cerevisiae 
Pck1 is conserved not only in K. lactis Pck1 (Figure S2D) but also among fungi at large, and 

in most other phosphoenolpyruvate carboxykinases throughout eukaryotes.24

Both K. lactis and S. cerevisiae Gid4 Recognize the N-Terminal Pro Residue of S. 
cerevisiae Fbp1.

We have shown that S. cerevisiae Gid4 is the main recognition component of the Pro/N-

degron pathway (Figure S1C).24,64 Gid10, a functionally minor Gid4-like N-recognin of the 

same pathway, is expressed only during specific stresses.64 Both S. cerevisiae and human 

Gid4 recognize protein substrates in particular through their Nt-Pro residue or a Pro at 

position 2, in the presence of also required adjoining sequence motifs.24,26 S. cerevisiae 
Fbp1 bears Nt-Pro and is a conditionally short-lived physiological substrate of the Pro/N-

degron pathway.24 In contrast, K. lactis Fbp1 bears Nt-Ala (Figure S2A). The S. cerevisiae 
and K. lactis Gid4 N-recognins are 37% identical. This sequelogy,79 while significant, is 

much lower than the 74% level of identity between the sequences of the S. cerevisiae and K. 
lactis Fbp1 enzymes (Figure S2A).

The last common ancestor of S. cerevisiae and K. lactis lived roughly 150 mya.74–78 A 

priori, the substrate recognition specificity of K. lactis Gid4 might have changed, over 

evolutionary time scales, by “following” the altered (non-Pro) identities of Nt residues of K. 
lactis Fbp1, Icl1, and Mdh2 (Figure S2A–C). Alternatively, the specificity of K. lactis Gid4 

may be similar to that of its S. cerevisiae counterpart, reflecting the presence of other 

(remaining to be identified), nongluconeogenic physiological substrates of Gid4 in both 

yeasts that bear a degradation-relevant Nt-Pro residue.

To address these questions, we determined whether K. lactis Gid4 can recognize the Nt-Pro 

residue of a protein that is known to be recognized by S. cerevisiae Gid4. As demonstrated 

previously,24 we used S. cerevisiae-based two-hybrid (Y2H) binding assays by Fields and 
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colleagues,89,90,93 in which the positions of Y2H-specific moieties, called the activation 

domain (AD) and the DNA binding domain (DBD), were such that at least one member of a 

fusion pair contained the original, unobstructed N-terminus. K. lactis Gid4 was found to 

interact with the wild-type (wt), Nt-Pro-bearing S. cerevisiae P-Fbp1 but did not interact 

with the otherwise identical S-Fbp1 mutant bearing Nt-Ser (Figure 1, rows 1–5). This 

specificity was indistinguishable from that of the S. cerevisiae Gid4 N-recognin (Figure 1, 

rows 1 and 2). We have previously shown that S. cerevisiae Gid4 also does not bind to A-

Fbp1, T-Fbp1, C-Fbp1, V-Fbp1, and G-Fbp1 Nt mutants.24 In addition, K. lactis Gid4 did 

not bind to K. lactis Mdh2, whose Nt residue was Ser (in contrast to the Nt-Pro residue of S. 
cerevisiae Mdh2) (Figure S2B and Figure 1, row 6).

The sequelogous (51% identical) S. cerevisiae and K. lactis Mdh2 enzymes (bearing Nt-Pro 

and Nt-Ser, respectively) differ, in addition, in the presence, in K. lactis Mdh2, of an ~40-

residue Nt sequence that is absent in S. cerevisiae Mdh2 (Figure S2B). The first Pro residue 

of K. lactis Mdh2 occurs in the sequence P37AVNA, which is preceded by the Met residue 

(Figure S2B). To verify the unlikely but formally not precluded possibility that the synthesis 

of at least some molecules of K. lactis Mdh2 might be initiated, in vivo, at that internal Met 

[followed by its cotranslational removal and exposure of the potentially Gid4 binding Nt-

Pro-Ala-Val-Asn-Ala (PAVNA) sequence], we asked, using Y2H, whether K. lactis Gid4 

might interact with the derivative of K. lactis Mdh2 that starts with Nt-Pro at position 37 

(Figure S2B).

The results were clearly negative (Figure 1, row 7), in contrast to the binding of K. lactis 
Gid4 to the Nt-Pro-bearing wt S. cerevisiae Fbp1 (Figure 1, row 3; compare with row 7). 

Thus, although K. lactis Gid4 can recognize Nt-Pro (Figure 1, row 3; compare with row 4), 

this binding, similar to the properties of S. cerevisiae and human Gid4 (Figure 1, rows 1 and 

2),24,25 requires, in addition, the presence of adjoining sequence motifs that are distinct from 

the AVNA sequence mentioned above.

Levels of Endogenous K. lactis GID4, FBP1, and PCK1 mRNAs.

Reverse-transcription quantitative PCR (RT-qPCR) assays94,95 were carried out with total K. 
lactis RNA (using TAF10, encoding a subunit of the transcription initiation factor TFIID, as 

a calibration control) to determine, for the first time, the relative levels of mRNAs encoding 

K. lactis Gid4, Fbp1, and Pck1 under different metabolic conditions (Figure S4). The levels 

of K. lactis GID4 mRNA were significant and within 2-fold of each other in media 

containing glucose versus nonfermentable carbon sources such as ethanol or acetate (Figure 

S4A). No GID4 mRNA could be detected in gid4Δ K. lactis, as would be expected (Figure 

S4A). Similarly to findings with S. cerevisiae, the levels of K. lactis FBP1 mRNA in either 

wt or gid4Δ K. lactis in a glucose-containing medium were 25–45% of those in a medium 

containing (nonfermentable) ethanol or acetate (Figure S4B). These results indicated a 

transcriptional upregulation of Fbp1, which is required for gluconeogenesis (together with 

Mdh2, Icl1, and Pck1) in cells that grow on a nonfermentable carbon source (Figure S4B).96 

The K. lactis PCK1 mRNA, while nearly absent in the presence of glucose, was strongly 

(15–30-fold) induced upon replacements of glucose with ethanol or acetate (Figure S4C). 

The relative levels of the mRNAs mentioned above in K. lactis under gluconeogenesis 
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versus glucose-replete conditions were not dissimilar to those described with S. cerevisiae 
(ref 24 and references therein).

K. lactis Fbp1, Bearing Nt-Ala, Is Long-Lived in both S. cerevisiae and K. lactis.

The endogenous Gid4 N-recognin of S. cerevisiae is expressed in glucose-containing media 

(Figure S4A).24,64 In both the cited studies24,64 and the work presented here, protein 

degradation was assayed using the promoter reference technique (PRT) (Figure 2A,B).40 In 

this tetracycline (Tc)-based method, a protein of interest and dihydrofolate reductase 

(DHFR, a long-lived reference protein) are expressed in S. cerevisiae from the same 

plasmid, from identical constitutive promoters that contain additional DNA elements. Once 

transcribed, these elements form 5′-RNA aptamers that can bind to added (cell-penetrating) 

Tc. As a result, the addition of Tc, which does not affect global translation in the yeast 

cytosol, can selectively repress translation of the aptamer-containing mRNAs that encode the 

reference protein and the test protein (Figure 2A,B).40 Advantages of Tc/PRT chase-

degradation assays include the accuracy-increasing coexpression of a reference protein and 

the freedom to avoid the use of cytotoxic global translation inhibitors such as, for example, 

cycloheximide.97 Following the addition of Tc, a decrease, during a chase, in the amount of 

a test protein relative to the reference protein tracks degradation of the test protein.40

In contrast to the Nt-Pro-bearing (and therefore short-lived) S. cerevisiae P-Fbp1 (Sc-P-

Fbp1),24,64 the Nt-Ala-bearing, C-terminally triple-flag-tagged K. lactis A-Fbp13f (Kl-A-

Fbp13f) was a long-lived protein in both wt S. cerevisiae and its gid4Δ mutant (Figure 2D), 

in agreement with the Nt-Pro binding specificity of S. cerevisiae Gid4 (Figures 1 and 2).24 

Synthesis of S. cerevisiae Gid4 is rapidly and strongly (but transiently) induced during 

medium shifts from (nonfermentable) ethanol to glucose.53,54 Therefore, Tc/PRT chase-

degradation assays were also performed with S. cerevisiae cells that were incubated for 20 h 

in ethanol-containing medium at 30 °C before being shifted to glucose-containing medium. 

The results were the same as those with glucose medium alone during an otherwise identical 

chase-degradation assay. In summary, Kl-A-Fbp13f was long-lived in S. cerevisiae (Figure 

2C,D). Kl-A-Fbp13f was long-lived in K. lactis as well (Figure 3A, lanes 2–5; see also 

below).

Other Similarities and Differences among Gluconeo-genesis-Relevant Proteins of S. 
cerevisiae and K. lactis.

We have shown24 that S. cerevisiae Pck1 (Sc-SP-Pck1), the fourth gluconeogenic enzyme, is 

targeted for the Gid4/GID-mediated degradation that requires the position 2 Pro residue of 

Pck1. The position 2 Pro is conserved in Pck1 of K. lactis (Figure S2D) and many other 

eukaryotes.24 We found, however, using Tc/PRT assays with Sc-SP-Pck13f versus Kl-SP-

Pck13f that Kl-SP-Pck13f was long-lived in S. cerevisiae, in contrast to Sc-SP-Pck13f 

(Figure 2E,F). Because the detailed organization of the Gid4-dependent degron of Pck1 is 

not clearly understood even with S. cerevisiae Pck1 (Sc-SP-Pck13f),24 the observed 

difference between metabolic stabilities of S. cerevisiae and K. lactis Pck1 proteins (Figure 

2E,F) would have to be addressed by future studies in this field.
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The S. cerevisiae Gid4 N-recognin, a subunit of the GID Ub ligase (Figure S1C), is a short-

lived protein that is targeted for degradation to a large extent by GID itself (ref 24 and 

references therein). We found that the N-terminally myc9-tagged K. lactis myc9Gid4Kl is also 

short-lived in S. cerevisiae and is also targeted to a large extent by GID itself (Figure 2G). 

As neither of these Gid4 proteins bears Nt-Pro or a Pro at position 2, their GID-recognized 

degron(s) remains to be identified and mapped.

A Blasticidin-Based Chase-Degradation Assay.

The reference-based, Tc-based PRT chase-degradation assay is confined, at present, to S. 
cerevisiae and highly similar yeasts.24,40 Extending Tc/PRT assays to K. lactis is feasible but 

would be a project, given the necessity of K. lactis-specific alterations of the parental PRT 

plasmid and its promoters40 (see Materials and Methods), as well as optimization of a 

resulting (modified) Tc/PRT. In addition and independently, cycloheximide, a global 

translation inhibitor that is usually used in “standard” (not based on Tc) chase-degradation 

assays, cannot be employed with K. lactis, inasmuch as K. lactis ribosomes are resistant to 

cycloheximide80 (we confirmed that finding).

Given these complications, we examined, with K. lactis cells, translation inhibitors other 

than cycloheximide, specifically G418 (Geneticin), hygromycin-B, and blasticidin.98 All 

three of them could inhibit protein synthesis in K. lactis. Blasticidin was a particularly 

efficacious translation inhibitor (Figure S3). K. lactis cells of an exponentially growing 

culture in SD medium were collected by centrifugation, resuspended in methionine-lacking 

SD[−Met] medium, then washed and resuspended in the same medium (to the final OD600 

of ~1), and incubated at 30 °C for 40 min, followed by the addition of blasticidin to varying 

final concentrations (0.01, 0.025, 01, 0.3, and 0.5 mg/mL) and a further incubation for 20 

min. A 10 min “pulse” with [35S]Met/Cys (in the presence of the indicated levels of 

blasticidin) was then performed, followed by preparation of whole-cell extracts, SDS–

PAGE, and 35S autoradiography (see Materials and Methods). Under these conditions, the 

addition of blasticidin to the level of 0.1 mg/mL inhibited translation in K. lactis nearly 

completely (>95%) (Figure S3, lanes 4 in panels A and B; compare with lanes 1). Given 

these results, we carried out K. lactis chase-degradation assays with blasticidin at 0.1 

mg/mL, as described below.

All strains of K. lactis used in this work were derived from the Dombrowski van der Walt 

strain, obtained from the American Type Culture Collection (ATCC) (see Materials and 

Methods). These strains exhibited properties characteristic of K. lactis, which were different 

from those of S. cerevisiae. For example, our K. lactis strains reached at least 2-fold higher 

stationary cell densities in a rich (YPD) medium than did S. cerevisiae. In addition, our K. 
lactis strains required much longer spans of flanking region nucleotide sequence identities 

for site-specific mutagenesis in vivo (hundreds of DNA base pairs with K. lactis, i.e., an 

order of magnitude longer flanking DNA regions than analogous constructs with S. 
cerevisiae) (see Materials and Methods). Nevertheless, and in part because S. cerevisiae and 

K. lactis yeasts looked similar under a light microscope, we also performed, with our K. 
lactis strains, PCR-based direct verifications of K. lactis identity. These tests eliminated the 
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unlikely but formally not precluded possibility of an inadvertent replacement of K. lactis 
with S. cerevisiae in our experiments (Figure S5).

Replacing the N-Terminal AGIK Sequence of K. lactis Fbp1 with the N-Terminal PTLV 
Sequence of S. cerevisiae Fbp1 Makes the Resulting ptlv-Fbp1 Short-Lived in K. lactis.

The Nt sequence of wt K. lactis Fbp1 (after the cotranslational removal of Nt-Met) is Ala-

Gly-Ile-Lys (AGIK). Both S. cerevisiae and human Gid4 N-recognins of the Pro/N-degron 

pathway (Figure S1C) target Pro/N-degrons by recognizing the first approximately four Nt 

residues of a substrate protein, with an emphasis on the first and second residues.24–26 We 

asked, therefore, whether a replacement of the first four Nt residues (AGIK) of K. lactis 
Fbp1 with the first four Nt residues (PTLV) of S. cerevisiae Fbp1 (the latter is short-lived in 

S. cerevisiae24,64) might confer a short half-life, in K. lactis, on the resulting “chimeric” K. 
lactis Fbp1 derivative, which would be identical to K. lactis Fbp1 save for its first four 

residues. We also asked whether this degradation (if it could occur in the first place) would 

require K. lactis Gid4. The derivative of K. lactis Fbp1 mentioned above was denoted as 

ptlv-Kl-Fbp13ha, with the Nt sequence “ptlv” in lowercase, to avoid confusion vis-à-vis an 

uppercase letter in the rest of protein’s name.

To make these experiments possible, the chromosomal K. lactis FBP1 gene was modified, 

using reverse genetics in K. lactis (see Materials and Methods), by extending the FBP1 open 

reading frame (ORF) with a sequence encoding the C-terminal triple-ha tag. In the second 

step, the Nt-MAGIK-coding sequence of the otherwise wt chromosomal K. lactis FBP13ha 

gene was replaced with the Nt-MPTLV-coding sequence. The resulting chromosomal ORF 

encoded ptlv-Kl-Fbp13ha, which was expressed from the endogenous K. lactis FBP1 locus 

and the K. lactis PFBP1 promoter.

In one set of chase-degradation assays, a K. lactis culture was grown, for 20 h, in ethanol-

based minimal medium, followed by washing of cells with glucose-based medium and their 

further incubation in that medium. Chase-degradation assays were initiated 3 min after the 

transfer of K. lactis cells from ethanol to glucose. In other words, time-zero points, in the 

data of Figure 3A, were sampled 3 min after resuspension of K. lactis cells in glucose 

medium. These assays (save for one; see below) involved the halting of translation through 

the addition of blasticidin at the beginning of chase (see above, Figure S3, and Materials and 

Methods). The measurements involved SDS–PAGE of whole-cell extracts and 

immunoblotting with the anti-ha antibody to detect either wt K. lactis Fbp1 (denoted as agik-

Kl-Fbp13ha) or its derivative (expressed from the same genomic locus) ptlv-Kl-Fbp13ha 

(Figure 3A, lanes 2–9).

As would be expected, given the Nt-Ala residue of wt K. lactis agik-Kl-Fbp13ha, this protein 

was stable over at least 2 h of chase in K. lactis (Figure 3A, lanes 2–5). In strong contrast, 

the otherwise identical ptlv-Kl-Fbp13ha, bearing, instead of Nt-AGIK, the Nt-PTLV 

sequence of S. cerevisiae Fbp1 (which is short-lived in S. cerevisiae24,64), was highly 

unstable in K. lactis. Specifically, there was much less ptlv-Kl-Fbp13ha (in comparison to 

agik-Kl-Fbp13ha) at the beginning of chase (time-zero point). Moreover, the intensity of the 

band of ptlv-Kl-Fbp13ha decreased to nearly undetectable levels by 30 min of chase (Figure 

3A, lanes 6–9; compare with lanes 2–5). This degradation of ptlv-Kl-Fbp13ha required Gid4 
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(and, by inference, the rest of the GID Ub ligase), as ptlv-Kl-Fbp13ha became long-lived in a 

congenic gid4Δ K. lactis mutant (Figure 3A, lanes 10–13; compare with lanes 6–9).

Interestingly, we discovered that omitting blasticidin, a global translation inhibitor used in 

our K. lactis chase-degradation assays (Figure S3), did not significantly alter the observed in 

vivo degradation of ptlv-Kl-Fbp13ha under the assay’s temporal conditions (specifically, the 

transfer of cells from ethanol to glucose). The intensity of the band of ptlv-Kl-Fbp13ha 

rapidly decreased (nearly disappearing by 30 min) upon the transition from ethanol-based 

medium to a glucose-based one even in the absence of blasticidin (Figure 3A, lanes 14–17; 

compare with lanes 6–9). In addition to demonstrating a short half-life of ptlv-Kl-Fbp13ha in 

K. lactis during the transition from ethanol to glucose, these results also indicated that the 

rate of synthesis of ptlv-Kl-Fbp13ha was either low or negligible during the transition 

described above, thereby making it possible to detect the degradation of ptlv-Kl-Fbp13ha. 

Note that ptlv-Kl-Fbp13ha must have been synthesized and was likely to be relatively stable 

before the ethanol-to-glucose transition [as happens to be the case with S. cerevisiae Fbp1 in 

S. cerevisiae,50,54,56,58 because the enzymatic activity of Fbp1 (ptlv-Kl-Fbp13ha) is required 

for gluconeogenesis-mediated glucose production during growth on ethanol].

The results of blasticidin-based chase-degradation assays with ptlv-Kl-Fbp13ha in the 

continuous presence of glucose (i.e., in the absence of ethanol-to-glucose transition) were 

largely similar to the results described above (Figure 3B; compare with Figure 3A). The only 

significant difference was a lower rate of degradation of “residual” amounts of ptlv-Kl-
Fbp13ha that were still retained, during a chase-degradation assay, after the beginning of the 

chase (time zero) (Figure 3B, lanes 6–9; compare with Figure 3A, lanes 6–9). A plausible 

explanation of this effect is that Gid4, the N-recognin of the Pro/N-degron pathway, is a 

longer-lived protein during the ethanol-to-glucose transition (in agreement with findings 

about the S. cerevisiae Gid4 N-recognin54), than in a glucose-alone medium, in which Gid4 

would be a shorter-lived protein. If so, the immediate cessation of Gid4 synthesis upon the 

addition of blasticidin in a glucose medium would rapidly curtail [owing to the instability of 

Gid4 in glucose alone (see below)] the Gid4/GID-dependent degradation of ptlv-Kl-Fbp13ha 

during a blasticidin-based chase in glucose, in comparison to the setting of a blasticidin-free 

transition from ethanol to glucose, when K. lactis Gid4 is likely to be significantly longer-

lived (similar to the S. cerevisiae Gid4 N-recognin54,61).

CONCLUDING REMARKS

S. cerevisiae and K. lactis diverged roughly 150 mya.74–76 To the best of our knowledge, this 

work (Figures 1–3 and Figures S1–S5) is the first study of the Ub system in K. lactis. It is 

also the first comparison of Pro/N-degron pathways in two diverged budding yeasts. In 

addition, we developed the first (blasticidin-based) chase-degradation assay suitable for use 

with K. lactis, because the ribosomes of this organism, in contrast to ribosomes of most 

other eukaryotes, are resistant to cycloheximide.80

One evolutionary question that has been addressed and answered in this study was whether 

the difference between the Nt-Pro residues of the S. cerevisiae Fbp1, Icl1, and Mdh2 

gluconeogenic enzymes and non-Pro Nt-residues in the K. lactis counterparts of these 
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enzymes (Figure S2) was “accompanied”, over evolutionary time scales, by a significant 

change in the recognition specificity of the Gid4 N-recognin. (In S. cerevisiae, Gid4 targets 

Nt-Pro in the presence of nonrandom adjoining sequence motifs.) The clear answer was that 

the recognition specificity of K. lactis Gid4 was indistinguishable, in the context of Y2H 

assays, from that of S. cerevisiae Gid4 (Figure 1). Continuing this line of inquiry, we showed 

that the non-Pro (Ala) Nt residue of K. lactis Fbp1 made this enzyme long-lived in K. lactis. 

In addition, we also found that the replacement of Nt-Ala and the next three residues of K. 
lactis Fbp1 with the four-residue Nt-PTLV sequence of S. cerevisiae Fbp1 was sufficient for 

the resulting “hybrid” (largely K. lactis) Fbp1 to become a short-lived substrate of Gid4 in 

K. lactis (Figure 3).

A parsimonious interpretation of these results is that K. lactis Gid4 targets for degradation 

other, currently unknown K. lactis proteins that bear Nt-Pro, in addition to proteins that bear 

other sequence motifs, including a Pro at position 2, as in the Pck1 gluconeogenic enzyme of 

S. cerevisiae and K. lactis. S. cerevisiae and K. lactis DNA encode ~300 and ~220 proteins, 

respectively, that bear Nt-Pro (after the cotranslational removal of the initially present Nt-

Met). Our previous work with S. cerevisiae proteins (other than gluconeogenic enzymes) 

that naturally bear Nt-Pro illustrated the complexity of substrate recognition and 

ubiquitylation by Gid4 and the rest of GID, in that the binding by the S. cerevisiae Gid4 

required not only Nt-Pro but also adjoining sequence motifs.24 In addition, binding was (in a 

few cases examined so far) not always sufficient for protein degradation, presumably owing 

to a suboptimal GID-mediated polyubiquitylation of some Gid4-bound proteins.24 An 

analogous disposition is likely to recur in a future search for Nt-Pro-bearing physiological 

substrates of the K. lactis Pro/N-degron pathway.

A quasi-random genetic drift can result, occasionally, in fixation not only of neutral 

alterations of protein-coding DNA sequences but also of mildly deleterious alleles as well. 

The probability of such (unselected for) fixation is higher among eukaryotes, with their 

relatively low effective population sizes, in comparison to those of bacteria.99 In summary, a 

genetic drift was likely the chief cause of (metabolically stabilizing) non-Pro Nt residues in 

K. lactis gluconeogenic enzymes. In contrast, the apparently unaltered substrate specificity 

of K. lactis Gid4 relative to S. cerevisiae Gid4 (Figure 1) strongly suggested the presence of 

selection pressures that precluded an analogous alteration of the Gid4 N-recognin, owing, 

most likely, to other, additional and currently unknown nongluconeogenic physiological 

substrates of Gid4 in both of these budding yeasts. Because the N-termini of mammalian 

non-Pck1 gluconeogenic enzymes are also distinct from their S. cerevisiae counterparts, it 

would be informative to extend evolutionary analyses of this study to analogous 

comparisons between yeast and mammalian Pro/N-degron pathways.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CHX cycloheximide

DUB deubiquitylase

IB immunoblotting

mya million years ago

ORF open reading frame

PRT promoter reference technique

RT-qPCR reverse-transcription/quantitative polymerase chain reaction

SDS–PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis

Tc tetracycline

Ub ubiquitin

UPS ubiquitin–proteasome system

wt wild-type

Y2H yeast-based two-hybrid
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Figure 1. 
Two-hybrid (Y2H) binding assays with S. cerevisiae and K. lactis proteins. The Pro and Ser 

residues (N-terminal in these test proteins) are colored red and green, respectively. In rows 1 

and 2, as shown previously,24 S. cerevisiae Gid4 binds to S. cerevisiae P-Fbp1 but not to the 

otherwise identical S-Fbp1 mutant that bears Nt-Ser. In rows 3 and 4, the same result but 

with K. lactis Gid4 (binding to S. cerevisiae P-Fbp1 but not to S-Fbp1). In row 5, same as 

row 3 but in the absence of S-Fbp1, a test for the absence of the Y2H signal in the presence 

of K. lactis Gid4 alone. Analogous tests with S. cerevisiae Fbp1 alone were described 

previously.24 In rows 6 and 7, no detectable binding of K. lactis Gid4 to the wt K. lactis S-

Mdh2 protein and its N-terminally truncated P37-Mdh2 derivative (see Figure S2 and 

Results and Discussion).
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Figure 2. 
Promoter reference technique and its use for degradation assays with K. lactis and S. 
cerevisiae proteins. (A and B) Tetracycline (Tc)-based promoter reference technique (see 

Results and Discussion and refs 24 and 40). (C) In lane 1, kilodalton markers. Tc/PRT chase 

was performed at 30 °C with wt K. lactis A-Fbp13f (Kl-A-Fbp13f) during transition from 

growth on ethanol (EtOH) to growth on glucose in wt (lanes 2–5) or gid4Δ (lanes 6–9) S. 
cerevisiae. The bands of Kl-A-Fbp13f and fDHFRha (a reference protein) are indicated on 

the right. (D) Same as panel C but with S. cerevisiae in glucose-containing medium. (E) 

Quantification of data in panel F. (F) In lane 1, kilodalton markers. Same as in panel D, in wt 

S. cerevisiae, but Tc/PRT chases with S. cerevisiae SP-Pck13f (Sc-SP-Pck13f) (lanes 2–5) 

and with K. lactis SP-Pck13f (Kl-SP-Pck13f) (lanes 6–9) during the transition from growth 

on ethanol (EtOH) to growth on glucose (see Materials and Methods). (G) In lane 1, 

kilodalton markers. Tc/PRT chases, in wt (lanes 2–5) and in gid2Δ (lanes 6–9) S. cerevisiae 
grown in glucose-containing medium, with K. lactis Gid4 N-terminally tagged with the 

myc9 epitope (Kl-myc9Gid4). Mouse DHFR (the indicated reference protein) was long-lived 

in S. cerevisiae irrespective of whether it contained its wt and Nt-acetylatable Met-Asp Nt 

sequence21 (as in this study) or the Met-Pro Nt sequence (the latter was converted, 

cotranslationally, to the non-Nt-acetylatable Nt-Pro).
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Figure 3. 
Replacing the Nt-AGIC sequence of K. lactis Fbp1 with the Nt-PTLV sequence of S. 
cerevisiae Fbp1 makes the resulting ptlv-Kl-Fbp1 short-lived in K. lactis. wt K. lactis 
Fbp13ha, bearing the AGIK Nt sequence (after the removal of Nt-Met), was expressed in wt 

K. lactis from the native PFBP1 promoter and was C-terminally tagged with the triple-ha tag. 

This K. lactis protein is denoted as agic-Kl-Fbp13ha (after removal of Nt-Met). In a separate 

and otherwise wt K. lactis strain, the agic-Kl-Fbp13ha mentioned above was replaced with 

ptlv-Kl-Fbp13ha (after removal of Nt-Met), bearing the Nt-PTLV sequence of wt S. 
cerevisiae Fbp1 (see Results and Discussion). (A) In lane 1, kilodalton markers. In lanes 2–

5, wt K. lactis cells expressing (from the native PFBP1 promoter) the endogenous wt K. lactis 
agic-Kl-Fbp13ha (after removal of Nt-Met) were grown for 20 h in ethanol medium and 

thereafter shifted to glucose medium, followed by the blasticidin-based chase-degradation 

assay. Lanes 6–9, same as lanes 2–5 but with the otherwise wt K. lactis strain expressing 

ptlv-Kl-Fbp13ha (after removal of Nt-Met), instead of agic-Kl-Fbp13ha. Lanes 10–13, same 

as lanes 6–9, but with gid4Δ K. lactis. Lanes 10–13, same as lanes 6–9, but in the absence of 

added blasticidin. (B) In lane 1, kilodalton markers. Lanes 2–5, same as lanes 2–5 in panel 

A, but the blasticidin-based chase was carried out with wt K. lactis cells [expressing, from 

the native PFBP1 promoter, the endogenous wt K. lactis agic-Kl-Fbp13ha (after removal of 

Nt-Met)] grown in glucose alone. Lanes 6–9, same as lanes 2–5 but with the otherwise wt K. 
lactis strain expressing ptlv-Kl-Fbp13ha (after removal of Nt-Met), instead of agic-Kl-
Fbp13ha. Lanes 10–13, same as lanes 6–9, but with gid4Δ K. lactis.
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