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Transition phase in the production of recombinant proteins in
yeast under the ADHZ promoter: an important step for
reproducible manufacturing of a malaria transmission blocking
vaccine candidate

SB Noronhat!, DC Kaslow? and J Shiloach?

1Biotechnology Unit, LCDB, NIDDK, NIH; ?Molecular Vaccine Section, NIAID, NIH, Bethesda, MD 20892, USA

TBV25H, a malaria transmission blocking vaccine candidate, has been cloned in Saccharomyces cerevisiae under
the control of the glucose repressed = ADHZ2 promoter. Available fermentation procedures for production of this pro-
tein have been unsatisfactory, mainly because of irreproducibility. This work presents an efficient and reproducible
method for the production of this vaccine candidate by implementing a three-stage fermentation process. During
the first (glucose fed-batch) phase, the promoter is repressed and the culture is allowed to grow exponentially. In
the second stage, the glucose supply is provided at a slower constant rate. In the third (ethanol consumption) stage,
accumulated ethanol is first allowed to be consumed and an external ethanol supplement is then added as required.
The promoter is fully derepressed in this phase, and TBV25H is synthesized. The period of glucose limitation was
concluded to be essential for reproducibility. It is presumed that during this period, the culture moves gradually
from glucose to ethanol utilization, derepressing the promoter, activating recombinant protein biosynthesis and
consequently resuming metabolism without the typical diauxic phase of batch cultures.
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Introduction An initial stage where glucose is abundant results in
éepression of the promoter. In the intermediate stage, low
glucose levels allow the promoter to be partially dere-
dium falciparumsurface protein, is furthest along in devel- pressed, andlflndallyl, tOtg‘l de(zjreprelssmn occurts) when the glu-
opment [12]. Previous attempts to express this protein irgose '3 e(r;ltlrey €p ﬁ:e anf an;lterrgate caroon ?ourcev\c,:t%n-

: . : : ... sumed. Glucose is the preferred carbon source for growth;
E. coli resulted in protein that had poor immunogenicity however, excess glucose is converted Sycerevisiagto

[13]. Immunogenic protein can, however, be obtained from ; -
L thanol (Crabtree effect) [8,11,19]. While this ethanol can
yeast. The protein is currently expressed as a secreted pr§é used(as a carbon sgu[rce for g];rowth it is less efficient

:f(')?' ZF\{[ﬁgH' 'Iziggghargnggfs dcegfcvéilgfqurhthdigogaasfor this purpose than glucose. Because excessive ethanol
(ADH2) promc?ter [12]. Ma?laria vaccines are prig\arils tar- SI(:cumuI?tiorll i?j unde?ri]rak_)le_:t_dlue t?mi:]s tﬁXiCity’ control of

. . : .glucose levels during the initial gro ase is necessary.
geted for use in developing countries; therefore there i s growth is nonlingar a suitat?le glucgse supply schem%a

need for simple production and purification processes th rtleeds to be implemented. A number of control strategies

would easily be adapted for use in these countries. In €O ave been devised for minimizing ethanol formation from

trast to E. coli, there is relatively limited information on lucose; the manipulated variable is usually the glucose

riﬁﬁgﬁgagﬁ E[Jrf‘%teljlgeeé?VESSSQZSU?;;%S; '2 Z&zﬁt, V"’\‘/gd feed rate [16,21,22]. The glucose feed rate can be correlated
P P y ' to cell mass, or when oxygen is limited, to the oxygen

have previously described a fed-batch production scheme . .
basedpon feedi);lg glucose at a constan'ltorate supplementé }_ake rlate. D|rect|contr'o|.of glucpscla USW? anbautgmated
: o ine glucose analyzer is impractical; cell-free broth must
gé dﬁ:; nb?zs%d g:gﬁzﬁeofadfgé?g ngneo)l( f%'g;’;? o?xl'Be\tgaSnl-? e provided to the glucose sensor, but this is difficult at
' y P pigh cell densities where clogging of filters occurs. In

using this strategy, howeyer, was fqund to be InCOhSIStentaddition, conventional glucose electrodes are not autoclav-
in part due to variations in the physiological state of yeas ble. An adaptive control technique based on online esti-

cells when the carbon source was switched from glucos
to ethanol. In preparation for large-scale GMP productionb
of TBV25H, a more reproducible approach was necessary
In batch cultures with an excess of glucose, protei
expression based on tleDH2 promoter has three stages.

Of the malaria transmission blocking vaccine candidate
that are currently available, Pfs25, a sexual stagsmo-

ation of ethanol for high cell density fermentations has
een reported [10]. This technique accounts for the fact
hat fed-batch yeast fermentations are nonlinear in nature.
nI-|owever, this control strategy requires the online esti-
mation of specific growth rate from ethanol and exit gas
measurements. The simultaneous regulation of both glucose
Correspondence: J Shiloach, Chief, Biotechnology Unit, Bidg 6, Rm B1-211d €thanol using a fuzzy controller has also been reported,
33, NIH, Bethesda, MD 20892, USA and while higher expression of recombinant protein is
Received 21 October 1997; accepted 15 January 1998 obtained, the control scheme tends to be complicated [22].
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A convenient and simple approach to controlling the glu-stage process towards improving the production of the !
cose level is its addition in a predetermined exponentiatecombinant vaccine candidate. In particular, adaptation of
manner. This requires, however, that some preliminarythe culture to ethanol metabolism by controlling the glucose
experiments be performed to determine the desired glucodevel prior to induction seems to improve the reproduci-
supply rate. An alternative to this approach is the use obility and extent of induction.
respiratory quotient (R.Q.) based feedback control. While
this necessitates exit gas measurement, this technique j
advantageous in that there is no need for preprogramme
feed rates. Also, R.Q. estimation early on tends to be inacStrains
curate due to the low level of biomass present and the smaaccharomyces cerevisiae2905/6 (a&,ura3-52,lys2-
amounts of gases involved. Typically, the culture is allowed801,ade2-101,trplcontains the plasmid pTBV25H, enco-
to grow in batch mode for a short period before R.Q. baseding histidine tagged rPfs25. The plasmid has been
control of the glucose supply rate is started. R.Q. feedbackescribed previously [12]. A protease-deficient haploid
control tends to be oscillatory. In a typical cycle, the controlhost, VK1 (2905 (ajra3-52,lys2-801,pep4::URA3,trA})
results in an overshoot: excess glucose is pumped into theas also used to reduce product degradation [3,4].
fermentor with the result that ethanol production occurs.

This is followed by a period of glucose exhaustion which Starter cultures

can result in partial derepression of the promoter. This isThe inoculum for fermentor experiments was grown in
not critical as long as ethanol remains below inhibitory lev-acid-hydrolyzed casamino acids (20 ¢f), yeast extract
els and the protein of interest is not toxic, but the R.Q.(10g L), adenine (400 mgt), uracil (400 mg L),
setpoint used for control needs to be chosen carefully [9]MgSQ,-7H,0 (4 g L), yeast nitrogen base without amino
In practice, R.Q. based control methods require that thecids (10 g £*) and glucose (9%). One hundred milliliter
R.Q. setpoint be higher than 1.08, to prevent prolonged peleultures were grown in Tunair baffled shaker flasks (Tunair
iods of glucose exhaustion. Inc, Detroit, MIl, USA) at 30C and 250 rpm for up to 16 h.

The ADH2 promoter is strongly repressed by glucoseThe use of nonselective media has been shown to improve
[5,18]. However, because glucose has to be tightly conthe expression of recombinant protein when under the con-
trolled to achieve high cell densities with limited ethanol trol of the ADH2 promoter [18].
production, promoter derepression can result. This dif-
ficulty in controlling the growth and recombinant protein Fermentor cultures
expression phases is evident in the limited availability ofExperiments were performed in a bench top fermentor (B
literature on the use of thADH2 promoter in large-scale Braun Biotech, Allentown, PA, USA) coupled to a data
systems. While a few approaches are available, they aracquisition and control system. Two hundred milliliters of
unsatisfactory because of complexity and lack of reproduciinoculum were added to the fermentor (3L working
bility. For example, recombinant human proinsulin hasvolume) prepared with the same medium as above with
been produced in high cell density fermentation under thel g L™ glucose. Dissolved oxygen was controlled at 30%
control of the hybridADH2-GAPDH promoter [25]. The of saturation with air, using an adaptive control algorithm
process consists of a batch method to bring the culture tfiL0]. A glucose-rich supplement solution was added to the
high cell densities followed by a shift in carbon source fromfermentor based on feedback control of the respiratory quo-
glucose to ethanol. The shift was also accompanied by #ent (R.Q.). This supplement solution contained 25% glu-
lowering of temperature from 3C to 26°C. This process cose, 1% yeast extract, 2% acid-hydrolyzed casamino acids,
was successful due to either reduced proteolytic activity od% yeast nitrogen base without amino acids, 400 rrig L
improved derepression of the promoter. adenine, 400 mg 1! uracil and 4 g L* MgSQO,-7H,0. pH

Of the four different alcohol dehydrogenase isoenzymesvas controlled at 5.0 by the addition of ammonium hydrox-
known in yeast, ADHI, ADHIII, and ADHIV are used in ide (50% v/v).
the production of ethanol. When glucose is depleted, After the ethanol produced from the initial growth on
growth continues on ethanol. with the first step of this pro-glucose phase was almost depleted, an ethanol-rich sup-
cess being the conversion of ethanol into acetaldehyde bglement solution was added to the fermentor (25% ethanol,
the ADHII isozyme (Adh2p) [11]. Therefore in theDH2 1% yeast nitrogen base without amino acids).
promoter system, the same promoter controls the utilization
of ethanol and expression of heterologous protein. A sucAnalytical methods
cessful transition to growth on ethanol would also result inTurbidity was measured at 600 nm using BBS, pH 7.4
expression of recombinant protein. A number of regulatoryfor dilutions. Glucose and ethanol in the broth were deter-
factors are involved in the transition from growth on glu- mined using a glucose analyzer (YSI model 2000, Yellow
cose to growth and expression on ethanol. The regulatioSprings, OH, USA). Sample analysis was done on a 4-20%
of ADHII is controlled by at least two independent mech- SDS-PAGE minigel (Novex, San Diego, CA, USA). The
anisms: a transcriptional activator Adrlp, and BBIF1  samples were first TCA precipitated (4% deoxycholic acid
protein kinase [1,24,26]. The Ras/cAMP-signaling pathwayin 100% trichloroacetic acid) and acetone washed. The gels
is also known to influence gene expression patterns duringiere stained with Coomassie blue.
periods of stress (such as that caused by a change in Production of TBV25H was followed by determination
nutrient) [2,6,20,24]. of total protein binding to nickel affinity resin. Two millilit-

In this work, we describe the implementation of a three-ers of Streamline chelating resin (Amersham Pharmacia

aterials and methods
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Biotech, Piscataway, NJ, USA) were packed into a 1-cna constant rate (15 g'Eh™), keeping the ethanol concen-
wide column. The column was washed with water and coniration below 20 g . R.Q. was stable at0.6, consistent
tacted with 1 ml of 100 MM NiSQ The column was then with ethanol metabolism. Biomass increased exponentially
washed with 10 ml of £ PBS, pH 7.4. Ten to 25 ml of to a final OQyyo nmVvalue of 190, and 34 mgt of TBV25H
broth were clarified by centrifugation at 308Q for  was obtained after 54 h at an overall specific production
20 min and then passed through the column three timesate of 0.0011 mgt* h™* OD. This strategy is relatively
The resin was washed with 20 ml each of RBS, pH 7.4  simple, however the fermentation process is prolonged due
and Z PBS, pH 6.4. The bound protein was eluted withto the growth rate of yeast being lower on ethanol than glu-
8 ml of 0.25M sodium acetate, pH 4.5. The eluant wascose.

then assayed for total protein using the BCA method. SDS-

PAGE analysis of the elutions indicated the presence ob. Growth and expression in a glucose fed-batch
nickel-binding impurities. fermentation

Expression of TBV25H hyS. cerevisia2905/6 grown on
glucose as the sole carbon source is shown in Figure 2.
After inoculation, the culture was allowed to grow in batch
Two approaches to improving TBV25H biosynthesis weremode until residual glucose was consumed and sufficient
studied. In the first approach the promoter was derepressdiiomass had accumulated for glucose supplementation
either partially or fully throughout the fermentation, by based on R.Q. control at a value of 1.0. This R.Q. setpoint
growing S. cerevisiasmn ethanol or on low levels of glu- was chosen to ensure a low level of glucose ¢ L™)
cose. In the second approach, the promoter was fully derghroughout the run. Ethanol accumulation did occur, due to

Results

pressed only after sufficient biomass was achieved. frequent overshoots in glucose addition, but its concen-
tration did not exceed 14 gL For the last 10 h of the
a. Ethanol fed-batch fermentation process, the ethanol level was fairly stable at 12§ L

Expression of TBV25H by thé&. cerevisiaestrain 2905/6, About half the TBV25H expressed was produced during
grown on ethanol as the sole carbon source, is shown ithis period and the specific production rate was also higher,
Figure 1. After the glucose present in the inoculumindicating that theADH2 promoter was partially dere-
(1 g L) was consumed, ethanol was supplied initially in pressed. An OR, . 0f 160 was obtained, and 60 mg'L
batch mode (5 and 10 gt) and later as a supplement at of TBV25H had accumulated after 34 h.
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Figure 1 Production of TBV25H fronS. cerevisia®905/6 grown on ethanol as sole carbon source. Glud®eethanol ), protein (), cumulative
ethanol supplement, optical density),(pH and R.Q.
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Figure 2 Production of TBV25H fromS. cerevisiae2905/6 grown on glucose. Glucos®), ethanol {), cumulative glucose supplement, optical
density &), pH and R.Q.

It was difficult to use the same strategy for the proteaseachieved during the final stage of the process. The process
deficient VK1 strain because any excess glucose was rapvas terminated when the demand for oxygen levelled off,
idly converted to ethanol. Therefore glucose was added ias determined by the levelling off of agitation and air flow
an exponential manner (Figure 3). Ethanol accumulatedate profiles (Figure 5).
steadily during the fermentation, but was kept below The behavior of the VK1 strain using this strategy is seen
15 g L% Using this strategy 115 mgL of TBV25H and in Figure 6. As indicated in the previous section, feeding
an ODyg0 nm Of 150 was produced after 26 h. of glucose was difficult using R.Q. control, therefore glu-

cose was supplied in an exponential manner. As a result,
c. Three-stage fed batch process the ethanol concentration was low and there was no need
In this strategy, théADH2 promoter was derepressed only for a slowdown period. A final OR, ., of 130 and
after sufficient biomass had accumulated. Growth and@0 mg L of TBV25H was obtained.
TBV25H expression in 2905/6 is described in Figure 4. In
the first stage, glucose was supplied using fed-batch R'%iscussion
control at an R.Q. setpoint of 1.3, thus ensuring the pres-
ence of glucose and repression of the promoter. During thi&n efficient and reproducible production process has been
period of exponential growth, there was very little pro- developed for expression of TBV25H, a recombinant
duction of TBV25H. This stage was followed by a tran- malaria transmission blocking vaccine candidate. The pro-
sition period of 2.5 h where the glucose supplement wasluction strategy used previously was based on constant or
provided at a limiting constant rate of 8 mflLh™. During  pH-controlled supply of glucose, followed by fed-batch
this period characterized by an R.Q. ©1.0, no ethanol growth on ethanol. Using this strategy, an average of
accumulation occurred. In the final stage, the supply of glu30 mg L protein was obtained at the end of the process,
cose was stopped and the cells were allowed to consummut the transition from growth to recombinant protein
accumulated ethanol as carbon source. R.Q. dropped &xpression was found to be inconsistent. Two major factors
~0.6 and a less immediate though pronounced increase imccount for this inconsistency: an unregulated transition
pH was observed. Shortly after, the pH started to decreadeom growth on glucose to induction on ethanol, and etha-
and the ethanol level dropped; at this point, ethanol supnol accumulation.
plement was added to the fermentor at the rate of TBV25H expression is growth associated, because the
12miL*h? Final ODyonm Of 200 and 70 mgt* of  same promoter is responsible for both ethanol utilization
TBV25H were obtained. The highest productivity was and recombinant protein expression. Therefore, it is desir-
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Figure 3 Production of TBV25H fromS. cerevisiae/K1 grown on glucose. Glucosé®), ethanol ), protein (J), cumulative glucose supplement,
optical density ), pH and R.Q.

able to extend the ethanol growth phase for as long as posbehavior [7,15] normally associated with the shift in metab-
ible. A large-scale production strategy would be based omlism from glucose to ethanol in batch cultures.
rapid growth on glucose followed by a glucose depletion Several factors are involved in the regulation of glucose-
phase that derepresses tABH2 promoter and activates repressed ADHII [6]. (a) A transcriptional activator
TBV25H biosynthesis. Growth to high cell densities on glu- (Adrlp), whose translation is controlled by glucose, binds
cose requires that ethanol production be minimized; thigo the upstream activation sequence, UAS1, of AizH2
can be achieved by a fed-batch process where glucose fepdomoter. (b) An independent mechanism invoh&sF1
rates are steadily increased to match the increasing biomagwotein kinase and thREG1gene; but the site of action
Such a fed-batch scheme can be based on R.Q. control at ADH2 is currently unknown. (c) A different regulatory
on an exponentially increasing glucose feed rate. Two alterechanism may operate at UAS2, an activation sequence
native approaches with the 2905/6 strain were found to bevhich has been identified just upstream of UASL1. In the
unsatisfactory. In the first, growth and expression on ethapresence of glucos&DH2 expression is dependent prim-
nol as sole carbon source required prolonged fermentatiorarily on Adrlp; when derepressed, other factors have been
In the second, expression on low levels of glucose wasletermined to be limiting. In addition, the Ras/cAMP-sig-
inconsistent. naling pathway is known to influence significantly gene
The transition from growth on glucose to growth and expression patterns during shifts in carbon source utiliz-
expression on ethanol can be assumed to be the criticaltion in batch cultures [2,24]. This pathway is activated by
stage of this process. If levels of ethanol are already highsapidly fermentable sugars like glucose. CAMP has been
it is probable that cells will not respond to a change inreported to have a negative effect &bDH2, however,
carbon metabolism as favorably. Therefore, the growth ratevhile elevated cAMP levels delay the switch to respiratory
of the cells on glucose (which is already below maximalgrowth on ethanol, that growth is not prevented [6]. In
levels due to the requirement that glucose levels be low)batch cultures cAMP levels drop as glucose is exhausted
is further reduced by a slowdown in the glucose feed rateand oxidative metabolism of ethanol commences. This
An interesting result of this strategy is that an uninterruptededuction in cAMP has been determined to be necessary
growth profile is observed, as indicated by biomass profor managing the diauxic shift from glucose to ethanol
duction and oxygen consumption (Figure 5). This indicate§2,20]. Adrlp is a substrate for cyclic AMP-dependent pro-
that the transition period effectively eliminates the diauxictein kinase (cCAPK)n vitro, and all the effects of cAPK on
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Figure 4 Production of TBV25H fromS. cerevisiae2905/6 using a three-stage process. Gluc@g éthanol ), protein (J), cumulative glucose
and ethanol supplements, optical density, pH and R.Q.
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Figure 5 Oxygen utilization ofS. cerevisiae2905/6 using a three-stage process.

ADH2 expression are mediated by Adrlp. Since lack ofhence express sufficient amounts of ADHII. In addition,
CAPK activity does not result in derepression ADH2,  since Adrlp acts as a transcriptional activatorA@H2,
cAPK is not the primary controlling factor in the transition recombinant protein synthesis is also upregulated.

from glucose to ethanol. This corresponds to the view that Similar behavior has been noticed in methylotropic
the Ras-cAMP pathway provides signals for cells to adapteasts [23,29]. In the production of aprotinin Bansenula

to stress, and is operative as a signaling pathway only dupolymorphaunder the control of the glycerol repressed
ing the transition period. The reduction in growth rate, MOX promoter, a derepression phase is required after high
enforced as a slowdown in glucose addition, presumablyell densities have been achieved on glycerol [29]. The
provides cells with sufficient time to synthesize Adrlp andMOX promoter is completely repressed by glucose, and in



An important step for manufacturing TBV25H in S. cerevisiae
SB Noronha et al

198 20 N 1l||l|l|||‘|lll|Illl|||||l||| 600
r ]
r -1 500
F Glucose supplement 7
15 F ] 2aQ
PV I J400 ZE
2% 10 | 4300 S
8§ : ] ® B
25 - ] ae
o - 4200 &g
"o s ] o
Ethanol supplement 4 100
0 Fr-rrfrrrraltep et -+ 0
5 B pH J120 @ x
- ] 9
C - 100 =3
4 r ] 3£
o 3 1% 2 g
el g deo & &
2 b ] s
C - 40 g
L T 2
] ] ~
1 320
0 PRACII TN IS ST U T T NN ST S N TR A |l|||4: 0
0 5 10 15 20 25 30

Elapsed time (h)

Figure 6 Production of TBV25H fromS. cerevisiae/K1 using a three-stage process. Gluco®9, (ethanol {), protein (0), cumulative glucose and
ethanol supplements, optical densi&),(pH and R.Q.

S. cerevisiaghis repression is counteracted by Adrlp [17]. lar pH. As the culture adapts to respiro-fermentative growth
In Pichia pastorisrecombinant systems, induction of the on ethanol, and as the supply of ATP improves, proton
AOX1promoter by methanol can be partially repressed byexcretion out of the cytosol improves, resulting in a drop
glycerol, the substrate initially used to obtain high cell den-in extracellular pH. This recovery in extracellular pH serves
sities [23]. as a convenient online indicator that the culture has satis-
The commencement of full derepression of \BH2  factorily adapted to growth and protein synthesis on etha-
promoter accompanies the shift in metabolism from glucoseol. Furthermore, since the level of ethanol accumulated
to ethanol. In the initial part of this shift, pH increases; theduring growth on glucose is low<(20 g L), the recovery
drOp In pH that follows COinC_i.deS with accumulated ethan0|0f pH during the transition phase and ear|y induction usu-
dropping to low levels. Addition of external ethanol at the gly coincides with the exhaustion of ethanol; this can serve
start of the pH increase only delays the stabilization of pH.g5 an indication that ethanol feeding should commence.
This pH behavior is standard for yeast cells under the stress \yhen yeast cultures are growing rapidly, usually on an
of exhaustion of glucose [24,28]. Growth is limited when gycass  of glucose, and when recombinant protein

the ethanol concentration is below 5gLand above gynression depends on a switch of carbon source, sufficient
15 g L™* ethanol inhibition is a concern. Therefore the etha-E

. . S ime must be provided for the culture to adapt to the second
nol feed is adjusted frequently to maintain the ethanol level ;i a0 I periods of glucose excess exist, with the utiliz-
in this range. The feed can be continued till growth stopS i of 4 transition period, the culture can always be
ex;g?ngzangs I?olﬁ):wgbsﬁ;,vgg czjg]r 'ngDLhr?ngarf‘::t'n?gnf;?vg%rought to approximately the same stage/profile of growth,
growth on glucose, intracellular pH is maintained by thethus allowing for reproducible expression later. This is

plasma membrane *HATPase which excretes protons out particularly important in the describgd system where the
of the cytoplasm. Under conditions of stress (eg glucose$ame promoter controls both the utilization of the secon'd
Substrate (ethanol) as well as heterologous protein

exhaustion), there is an insufficient supply of ATP; as a ) - .
) PRy xpression. If the glucose addition mechanism turns out to

result the H-ATPase does not pump enough protons ou iF_limit ial feed | ; h
of the cytoplasm, resulting in a lowering of intracellular pH 2€ Self-limiting (eg exponential feed is not fast enough),
and an increase in extracellular pH. Interestingly, duringthe” the culture will automatically enter a phase where both

this transient phase, the Ras-CAMP pathway rapid|yfermentation and respiration occur simultaneously, and a
improves the availability of ATP, thus restoring intracellu- deliberate slowdown will be unnecessary.
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