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Abstract

Deuterium isotope labelling is important for NMR studies of large proteins and complexes. Many eukaryotic
proteins are difficult to express in bacteria, but can be efficiently produced in the methylotrophi®ickaat

pastoris In order to facilitate NMR studies of the malaria parasite merozoite surface protein-1 (MSP1) complex
and its interactions with antibodies, we have investigated production of the MSP1-19 pr@gpasgiorisyrown in
deuterated media. The resulting deuteration patterns were analyzed by NMR and mass spectrometry. We have com-
pared growth characteristics and levels of heterologous protein expression in cells adapted to growth in deuterated
media (95% DO), compared with expression in non-adapted cells. We have also compared the relative deuteration
levels and the distribution pattern of residual protiation in protein from cells grown either in 3&¥mi2dium

with protiated methanol as carbon source, or in 95%@Dnedium containing deuterated methanol. A high level

of uniform G, deuteration was demonstrated, and the consequent reduction of backbone amide signal linewidths
in [*H/*°N]-correlation experiments was measured. Residual protiation at different positions in various amino
acid residues, including the distribution of methyl isotopomers, was also investigated. The deuteration procedures
examined here should facilitate economical expressictHoFC/2°N-labelled protein samples for NMR studies

of the structure and interactions of large proteins and protein complexes.

AbbreviationsBMGlc, buffered minimal medium with glucose; BMMe, buffered minimal medium with methanol;
MSP1, malaria parasite merozoite surface protein; YNB, yeast nitrogen base; YPD, yeast extract peptone dextrose
medium; ORgo, optical density at 600 nm; G418, Geneticin (aminoglycoside antibiotic); Fab, antigen-binding
antibody fragment; scFv, single-chain variable-region antibody fragment.

Introduction by proteolytic cleavage. This cleavage, designated
secondary processing, occurs during or near the ery-
As part of a program for development of a malaria throcyte invasion event, and is an essential step for
vaccine (Holder et al., 1999), we have recently de- the invasion process (Blackman et al., 1991). Two
termined the solution structure of the C-terminal frag- fragments are produced, MSP1-33 (30.5 kDa) and
ment (MSP1-19) of th@lasmodium falciparurmero- MSP1-19 (10.6 kDa). The structure of the MSP1-33
zoite surface protein-1, an important candidate antigen and MSP1-42 species, as well as other components
(Morgan et al., 1999). The MSP1-19 C-terminal frag- of the MSP1 complex, are of interest in addition to
ment, consisting of an EGF module pair (Figure 1), MSP1-19 for the development of blood-stage malaria
is derived from the MSP1-42 precursor (41.1 kDa) vaccines that may inhibit proteolytic cleavage and in-
vasion, and for targeting drugs against the invasion
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Figure 1. Schematic diagram of theéPlasmodium falciparum
MSP1-19 protein. The 96 amino acid merozoite surface protein-1
C-terminal fragment, consisting of an EGF module pair, is shown
with the six disulphide bridges indicated. The fragment studied here
also contains the vector-encoded N-terminal sequence YHHHHHH
(Morgan et al., 1999). The PBD ID code for the NMR structure is
1cej.

of antibodies will be important for optimization of the
candidate antigens. NMR studies of antibody—antigen
complexes will be valuable for this work.

Stable isotope labelling is critical for successful
multidimensional heteronuclear NMR studies of pro-
teins. Labelling with deuterium (nuclear spia 1)
is an important factor, especially for studies of large
proteins and macromolecular complexes. Deuterium
labelling provides simplified spectra from the remain-
ing *H nuclei and also has useful effects on relaxation

properties of attached or adjacent atons,(13C,
15N), and both factors contribute to more effective
studies of large proteins (LeMaster, 1994; Markus
et al.,, 1994; Arrowsmith and Wu, 1998). Extensive
a-deuteration is particularly important for improving
heteronuclear experiments involving the amide NH
protons.

Bacterial systems have frequently been used to
produce deuterium labelled proteins for NMR studies.
(Gardner and Kay, 1998). However, many eukary-
otic proteins are inefficiently expressed in bacteria,
due to problems related to disulphide bond formation
and folding. This is the case for the MSP1-19 pro-
tein, which had proved difficult to express k coli.

In some cases, methylotrophic yeasts are suitable for
high expression of eukaryotic proteins, and have been
widely used in industrial biotechnology. One of these
yeastsPichia (Komagataella pastoris is particularly
attractive for this purpose, and yields of recombinant
protein up to 12 g/L (30% of total protein synthesis)
have been reported (Rosenfeld, 1999). In a few cases,
proteins have been labelled witAN or 1°N/13C for
NMR studies using this organism, particularly as an
alternative to inefficient bacterial systems (Laroche
et al.,, 1994; White et al., 1994; McAlister et al.,
1998; Morgan et al., 1999; Wood and Komives, 1999).
We have used this approach to prepare Rhéalci-
parumMSP1-19 protein, which was poorly expressed
in E. coli, but efficiently expressed and labelled with
I5N/A3C in P. pastoris(Morgan et al., 1999).

Previous studies have described the growth charac-
teristics of yeasts, includinB. pastoris in deuterated
media (Katz and Crespi, 1966; Haon et al., 1993; Mas-
sou et al., 1999). In order to efficiently prepare iso-
topically labelled samples of MSP1 proteins, we have
investigated®N/?H and13C/2H labelling procedures
in P. pastoris Here we report results on expression of
the partially deuterated®N/3C-labelled C-terminal
fragment MSP1-19 irP. pastoris The growth prop-
erties and expression levels of cells adapted to high
D,0 concentration have been compared with those of
nonadapted cells. The effect of partial deuteration by
growth in media containing 95%4D, or with deuter-
ated methanol as well as 95%,0, on the amide
proton linewidth of fH/X°N]-HSQC spectra has been
investigated. The distribution of residual protonation
at different atom positions in the C-terminal frag-
ment MSP1-19 for the various amino acid types has
been established from examination Bf[*3C]-HSQC
spectra. The development of protocols described here
for deuteration of proteins in this system, and infor-
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mation on the distribution pattern of deuterons, will Total time: 18 h. Solvent suppression was performed

be useful for obtaining suitably deuterated proteins for with the WATERGATE sequence.

NMR studies in general, as well as for future studies The 2D-HSQC experiments were processed with

of larger MSP1-components and of MSP1-antibody Felix 98.0, using 99 shifted sinebell-squared win-

complexes. dow functions.H linewidths were measured with
Felix using peak optimization of 1D slices. The
C,-fractional deuteration experiment was processed

Materials and methods with Felix using 90 shifted sinebell-squared window
functions, and relative peak heights and volumes in
NMR spectroscopy the reference and attenuated spectra were measured.

All spectra were acquired in 50 mM sodium phos- The G-fractional deuteratiori = lattenuatell reference
phate, 50 mM NaCl, pH 6.5, 90% J#®/10% D,O for non-glycine residues, and for glycine residues
at 25°C, at concentrations of 0.07 to 0.28 mM, in latenuatellreference= 2.

0.33 to 0.60 ml, with Varian Unity or Inova 600 MHz

spectrometers. Samples were purified as describedMedia

previously (Morgan et al., 1999). Buffered minimal media with either glucose (BMGiIc)
The parameters used for the 2EH[1°N]-HSQC or methanol (BMMe) as carbon source were based on
experiments were: F1 dimension: nuclet’®\; com- Invitrogen Corp. recipes. BMGIc medium contained

plex points, 180; spectral width, 2500 Hz; acquisition 100 mM potassium phosphate, pH 6.0; yeast nitrogen
time, 72 ms; final data size, 512 points. F2 dimen- base (0.34%, w/v) (DIFCO product number 0335-15:
sion: nucleus,'H; complex points, 1216; spectral YNB without amino acids and without ammonium
width, 8000 Hz; acquisition time, 152 ms; final data sulphate), ammonium sulphate (0.2% w/v); biotin
size, 4096 points. Total time: 4.5 h. Solvent suppres- (4 x 10-5%, w/v); Sigma antifoam 289 (0.01% v/v);
sion was performed with the WATERGATE sequence D-glucose (0.5% w/v). BMMe medium contained
(Piotto et al., 1992). 100 mM potassium phosphate, pH 6.0; yeast nitrogen
Separate experiments were performed for the base (0.34%, w/v), ammonium sulphate (0.2% wi/v);
aliphatic and aromatic regions in 2BH/3C]-HSQC biotin (4 x 10~2%, w/v); Sigma antifoam 289 (0.01%
experiments. The carrier frequency was 39 ppm for the v/v); methanol (0.5% v/v) (Romil, HPLC grade). The
aliphatic region experiment and 119 ppm for the aro- amount of carbon and nitrogen sources was adjusted
matic region experiment. The parameters used were:for economical isotope labelling.
F1 dimension: nucleus3C; complex points, 400 The following isotope labelled compounds were
(aliphatic), 320 (aromatic); spectral width, 12000 Hz employed: RO, 99.8% (Norsk Hydro);}l®NH4),SO4
(aliphatic), 10000 Hz (aromatic); acquisition time, 99+ %, ds-methanol 99.8% antfC-methanol 99.3%
33 ms (aliphatic), 32 ms (aromatic); 119 ppm (aro- (Isotech)13Cs-glucose, 99-%, and'3C-ds-methanol,
matic); final data size, 1024 points. F2 dimension: 13C 99%, D 99% (Cambridge Isotope Laboratories).
nucleus,H; complex points, 1216; spectral width,
8000 Hz; acquisition time, 152 ms; final data size, Adaptation of cells to deuterium oxide
4096 points. Total time: 10 h (aliphatic), 8 h (aro- Colonies of Pichia (Komagataella) pastoristrains
matic). Pulsed field gradients were used for solvent SMD1168 fis4 pepd and GS6 (SMD1168 strain
suppression (Wider and Withrich, 1993). Deuterium transformed withP. falciparum MSP1-19/pPIC9K
decoupling was not used. vector (His", G418, Mut")) were transferred from
2D-HN(CO)CA-reference and -attenuated spectra YPD agar plates into 1 ml liquid YPD media in 5 ml
for measurement of Gfractional deuteration were ac-  Falcon 2063 tubes and incubated in a shaker-incubator
quired as interleaved spectra using a 2D variation of (30°C, 250 rpm). After 24 h cells were transferred
the previously reported 3D pulse sequence (Yamazakito fresh 10 ml YPD media in 50 ml conical tubes at
etal., 1994; Rosen et al., 1996). The parameters used0.1 ODsgq. After another 24 h cells were transferred
were: F1 dimension: nucleu$?N; complex points,  to 2 ml BMGIc/H,0 in 5 ml tubes at 0.1 Oy and
24; spectral width, 2500 Hz; acquisition time, 9.6 ms; cultured for~72 h. Cells were subsequently trans-
final data size, 1024 points. F2 dimension: nucleus, ferred to 2 ml BMGIc/HO in 5 ml tubes at Okhg
'H; complex points, 512; spectral width, 8000 Hz; ~0.1. Another three identical transfers were done
acquisition time, 64 ms; final data size, 4096 points. prior to the transfer of cells to fresh 10 ml BMGlc/@
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in 50 ml conical tubes at Ofgg ~0.1. After 24 h
cells were transferred to 2 ml BMGIc/25%,0D in

5 ml tubes. The remainder of the cells were cen-
trifuged for 5 min at 3000« g and £C, resuspended
in 1 ml BMGIc/H20O containing 15% glycerol and
stored at-80°C. For adaptation of cells to 25%, 50%
and 70% DBO, cells were cultured in BMGIc (con-
taining the corresponding percentage ofd) in an
identical manner to that used for growth of cells in
BMGIc/H20. Adapted cells were stored in media con-
taining the same percentage® (25%, 50%, 70%) as
was used for growth. For adaptation of cells to BMGlc
media containing 90%, 95% and 99.8%@ cells
were cultured to Okyo~1.0 prior to transfer at Ogyo
~0.1 in fresh media. For adaptation of cells to 90%
and 95% DO and adaptation of cells to 99.8%0

either 95% DO medium alone, or 95% 4 with
d4-methanol. Starter cultures were 15 ml of BMGlc,
and induction was done in 150 ml BMM&°N/2H-
protein was produced with similar media, containing
in addition>N ammonium sulphate. Starter cultures
were 150 ml of BMGIc, and induction was done
in 500 ml BMMe at~1 ODgqg initially. 13C/2H-
labelled protein was produced with a culture grown
in BMGIc/95% D,0, 13Cs-glucose and induced with
BMMe/95% D,0, 13C-methanol. A 100 ml starter cul-
ture was grown to an Ofgg of 6, cells were harvested
and resuspended in 100 ml inducing (BMMe) me-
dia. The final ORgy was 15.1.15N/13C/2H-labelled
protein was produced in a similar fashion usiig-
d4-methanol during induction. Two 100 ml starter
cultures were grown to an Qjgp of 6.6 to 6.9, and

transfers were done over two and three weeks, respec-each was induced in 100 ml labelled BMMe (con-

tively to establish sufficient biomass (due to reduced
growth rates). Furthermore, culture tubes were incu-
bated at a 45 angle to increase aeration. The overall
conditions were identical to those described for growth
in BMGlc/H»20.

Growth of nonadapted and adapted cells for growth
comparison

Adapted (to growth in 95% BD media) and non-
adapted GS6 cells (1QL from frozen stocks) were
transferred to 10 ml BMGIc/95% £D in 50 ml conical
tubes and incubated at 3G with shaking at 250 rpm
at a 45 angle. After~72 h cells were transferred to
25 ml BMGIc/95% DO in 100 ml Erlenmeyer flasks
at 0.1 ODygo. After ~24 h cells were transferred for
the second time to 25 ml BMGIc/95%-50D in 100

ml Erlenmeyer flasks at 0.1 Qfgb. Incubation condi-
tions were identical to those described above. Growth
data (ORog) was analysed using SigmaPlot 4.01. For
comparison with growth in methanol medium, cells
grown in BMGIc/95% DO were harvested, washed
with BMMe/95% D,0O, and resuspended in BMMe at
~1 ODggo in 500 ml in 2L baffled Erlenmeyer flasks.

taining 95% DO, 13CD30D, and #°NH4)>S0y), and
grown to a final Oggof 7.4 to 11.1.

Results

TheP. pastorisstrain SMD1168, transformed with the
pPICOK plasmida-factor-MSP1-19 fusion construct,
was first adapted to growth in increasing levels of
D,0, up to 99.8%, as described in the Methods sec-
tion. This procedure was similar to that performed
by Haon et al. (1993). Adapted cultures were stored
frozen in 15% glycerol media containing 25%, 50%,
70%, 90%, 95%, and 99.8%D. The culture adapted

to 95% DO was used for most expression experi-
ments. The media used were buffered minimal glucose
(BMGilc) for generating initial biomass, and buffered
minimal methanol (BMMe) for the induction phase,
as previously described (Morgan et al., 1999). Expres-
sion from theaox1gene promoter of the vector is re-
pressed in glucose medium, and induced by growth on
methanol as the sole carbon source. The transformed
strain is highly G418 resistant (indicating the presence

Induced cultures were grown as described previously of multiple copies of the vector), and has the Mut

(Morgan et al., 1999).

Expression of isotopically labelled proteins
Biomass was generated in BMGIc media containing

phenotype (grows normally in methanol media). Un-
der inducing conditions, Histagged, partially glyco-
sylated MSP1-19 is secreted into the culture medium,
and the final yield of deglycosylated protein purified

the appropriate isotopes, and expression was inducedas described previously is up to 24 mg/L (Morgan et

in BMMe media. Methanol was added daily at an
amountequal to 0.5% v/v, for 2—4 days post-induction,
until harvesting. Secreted MSP1-19 was deglycosy-
lated and purified as described previously (Morgan
et al., 1999).2H-labelled protein was produced with

al., 1999).

The recombinant MSP1-expressing strain and the
parent strain SMD1168 in buffered minimal glucose
(BMGIc/H20) medium have similar growth charac-
teristics (data not shown). The recombinant strain,
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Figure 2. Growth comparison of PO-adapted and non-adaptedpastoriscells. Optical density at 600 nm of culturesfpastorigransformed
with the P. falciparumMSP1-19 expression vector. (A) Cells adapted to growth in 95%,0n BMGIc/95% DB,O (glucose) medium. (B)
Non-adapted cells, in BMGIc/95%4D (glucose) medium. (C) Cells adapted to growth in 959©Din BMMe/95% 5,0 (methanol) medium.
(D) Non-adapted cells, in BMMe/95%4D (methanol) medium.

adapted to growth in 95% 4® medium, still grows non-adapted cells were grown in BMGIc/95% @
normally when used to inoculate normal BMGlef® before induction. The growth rate in 95%,0 for
medium (data not shown). This is consistent with both adapted and non-adapted cells is relatively slow
previous studies showing that the adaptation processcompared to that in normal media. Typical induction
involves somatic rather than genetic changes in the protocols in BMMe/HO gave vigorous growth from
D,0-adapted cells (Katz and Crespi, 1966). As ex- an initial value on inoculation of 1, reaching a final
pected from previous work with methylotrophic yeasts ODgqg level of 18 at 4 days post-induction (Morgan
in deuterated media (Haon et al., 1993), the MSP1- et al., 1999). The relatively slow growth in 95%0D
transformedP. pastorisstrain grew more slowly at  duringthe induction phase indicates that it may be use-
high DO concentrations, with doubling times of 2.5 h  ful to inoculate the methanol medium at a higher initial
(H20), 8 h (95% DBO), and 10 h (99.8% gD). ODgog level. Initial values of 6—7 Okyp were used

Growth data for 95% BO are shown in Figure 2A. for preparation oft3C/2H- and 1°N/3C/2H-labelled
These growth curves compare the growth of protein (see Materials and methods).
adapted cells (adapted to 95%@) with unadapted The yield of protein secreted by the MSP1-

cells, in pre-induction (glucose) media and inducing transformed cells in BMMe/95% 4D is shown in
(methanol) media. Adapted cells (Figure 2A) initially Figure 3. The medium was concentrated by ultrafil-
grew faster in BMGIc/95% PO than unadapted cells tration and then analyzed by SDS-PAGE. The average
(Figure 2B). In contrast, the unadapted cells showed yield of protein from unadapted cells was 66% of the
very slow initial growth, and did not reach station- yield from the adapted cells, determined by image
ary phase by the end of the experiment. However, analysis of the gel bands.

there was little difference in growth of adapted and The MSP1 C-terminal fragment from parallel 500
non-adapted cells in BMMe/95%J0 (Figure 2C,D). ml cultures in normal HO and 95% RO media
This may indicate that different factors, such as (adapted cells) was purified to homogeneity as de-
oxygen concentration, influence the growth rate in scribed previously (Morgan et al., 1999). The gel
BMMe/95% D,O. It should also be noted that the migrations of normal and partially deuterated protein
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Figure 3. Comparative expression of MSP1-19 in adapted and non-adapted cells, in 88%n&dium. Trichloroacetic acid precipitates of
supernatants containing secreted MSP1-19, analyzed by SDS-PAGE. Lanes 1-3: cultures of cells adapted@(Bb&tplicate). Lanes 4—6:
cultures of non-adapted cells (in triplicate). Lane 7: purified MSP1-19 protein standard.

were identical. Although the yield is somewhat lower CD3OD during the induction phase. One-dimensional
in deuterated media, the level is adequate for practical 1H NMR spectra demonstrated a high level of deuter-
preparation of isotopically labelled proteins. ation of aliphatic residues in samples from 95%
Samples of normal and partially deuterated (95% D,O/CH3OH medium, which was increased some-
D,0) MSP1 C-terminal fragment protein were dia- what in samples from 95% JD/CD;OD medium
lyzed against deionized water, lyophilized, dissolved (data not shown). The extent of deuteration was further
in 50% acetonitrile/0.3% formic acid, and analyzed quantified by the experiments discussed below.
by electrospray mass spectrometry. The mass of the  The reduction of the amide proton linewidth in
partially deuterated protein was 12013-2- 3.0 Da, partially deuterated samples is of particular interest.
compared to 11604.8/— 4.7 Da for the normal pro-  This is very important for facilitating NMR studies of
tein. This corresponds to an average substitution of large proteins and protein complexes, and represents
deuterons for protons at 72% of the non-exchangeablea major application of fractional deuteration. When
positions in the protein. As shown below, the distri- samples grown in BO media are examined inJ®-
bution of residual protonation is of course not uni- containing buffers, the majority of the amide groups
form. This sample was produced using protonated readily exchange with the solvent to give NH groups.
carbon sources (glucose and methanol). In a further Deuteration at the £Cposition causes a significant re-
experiment, the additional deuteration obtained by us- duction in the proton linewidth of the amide signals.
ing deuterated methanol (d-4, 99%) in addition to This effect can be seen in one-dimensional slices at
95% D,0 was examined. In this experimenttN the 1N frequency of Gly71 through 2D'H/1°N]-
ammonium sulphate was also included in the me- HSQC data for normal and partially deuterated MSP1
dia for subsequent NMR work, and the mass for the C-terminal fragment samples (Figure 4). The pro-
15N/95% D,O/CDs0D product (12225.6-/— 2.9 Da) ton linewidths for the Gly71 residue signal were
is therefore compared to protein froffiN/95% D,O ~15.5 Hz (non-deuterate®N/'H sample),~9.8 Hz
(12173.4+/—-2.5 Da). This indicates that an additional (95% D,O medium), and~9.3 Hz (95% DO medium
9% fractional deuteration was obtained by including with CD30OD). Average proton linewidth values for
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Figure 4. Improvement ofLH-dimension linewidth by deutera-
tion of non-exchangeable positions 1iN/2H-labelled MSP1-19
samples. 1D traces from 2BH/15N]-HSQC spectra at théSN
frequency of the Gly 71 residue. (APN-labelled (non-deuterated
control) protein. (B)}®N/2H-labelled protein (grown in 95% D
with protiated methanol). (C}5N/2H-labelled protein (grown in
95% D, 0O with deuterated methanol (GDD)).
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residues with well-resolved signals that do not show
exchange-line broadening were 17.1, 11.9, 1/3

343

The distribution of residual protonation in these
samples was then analyzed by 28C-HSQC ex-
periments. A previously preparédN/*3C sample of
MSP1-19 (Morgan et al., 1999) was used for the con-
trol experiment. Regions of the spectra containing the
aliphatic or aromatic signals of the partially deuter-
ated protein and the control proteins are shown in
Figures 5-7.

The aliphatic region of the spectrum (Figure 5)
shows that there is a very effective reduction of
the H, signals & 85% for samples grown in 95%
D,0O/CHzOH and values near the noise level for sam-
ples grown in 95% BO/CD30OD). This is consistent
with the 1D*H data and observations of the amfdé
linewidths described above. Furthermore, a modified
HN(CO)CA experiment with a dephasing delay ac-
tive on the GH species (but not D species) showed
that 90-95% deuteration was achieved with the sam-
ple grown in 95% DO/CD3OD (data not shown).
The efficient exchange at the, @osition presumably
results from the | protons being derived from the sol-
vent during transamination afketo-carboxylic acids.
There is also a significant effect on many, but not
all, Hg and H, signals. Residual signals from Seg,H
Asp/Asn H;, Pro H, and Lys H/H. atoms are rel-
atively strong. The strength from the Lys side chain
CH peaks is partly due to the clustering of most of the
nine Lys residues near the same random coil chemical
shifts.

Significant residual signals from different iso-
topomers of terminal methyl groups (Figure 6) of
several residues were observed in samples grown in
95% D,0/CHzOH, including Ala H;, Val H,, Leu
Hs, and lle Hp. These methyl groups are derived
from pyruvate in common metabolic pathways (Rosen
et al., 1996) (in general, as no specific information

1.5 Hz, respectively for the three sample types. Theseis available forP. pastoriy. The signal intensities

results indicate that fractional deuteration by growth
in 95% DO causes an average linewidth reduction of
~30%, with only a small additional reduction (3%)
resulting from the inclusion of deuterated methanol.
Finally, 13C/2H double labelled samples were pro-

indicate that the CHRp form is the most populated,
CH2D also has a substantial population, but £id
present only in trace amounts. There appears to be no
preferential labelling of the diastereospecific methyl
groups of Val and Leu residues. In contrast, thexDH

duced by growing the adapted MSP1-expressing cells peak is slightly more intense than the CiiBpecies

first in BMGIc/95% DO medium containing proto-
nated 13Cg-glucose, and then in BMMe/95% -0
medium with protonated3C-methanol. A second
sample was prepared by replacidéCHsOH with
13CD30D as the carbon source during the induction
period. In this casé?®N ammonium sulphate was also
used. The yield of protein was6 mg/L for these 0.1
to 0.2 L cultures.

for the Thr H and lle H; methyl groups. These
methyl groups are derived from a different pathway
to that of the pyruvate-derived ones. The £pecies
may also be present in all cases, but is not directly
detectable by this experiment. The isotopomer chem-
ical shifts were consistent with reported values of
—0.02 ppm tH) and —0.3 ppm #3C) per deuteron
(Rosen et al., 1996). The CHDorm has a linewidth



344

A = 10
e |
. =i
— L =3 =
e L E
-:ﬁ-.- LT
- — ey B
R A ir
% —_— sy
T e . =
- !""_1'. = ] "._'l-l- 4 s o
. l .-
- =z - 70
. - . |
4.0 40 il 20 1.0
ETHEL e |10
B * .
L -.-".
@ ag
BRI " - e
o -
- I.Eﬂ.- - M 'E"'
P
o= AT W s
ALPsik T T i
o
. - =
. !
L e 3
i - 10
] ] ] 1
&0 4.0 LE ) 2.0 1.0
c & =10
. e :1 .
F - ]
o T E—
e r b
-
=70
1 ¥ T -1 ™ T .
50 4.0 3.0 20 18
1
H {ppm)

Figure 5. Distribution pattern of residual protiation in deuterated MSP1-19 samples@lﬂég{C]—HSQC spectra OF3C/2H-labelled MSP1-19

protein (aliphatic region). (A}>N/23C-labelled (non-deuterated control) protein. @8/2H-labelled protein (grown in 95% £D with pro-

tiated 13C-methanol). (C}N/L3C/2H-labelled protein (grown in 95% D with deuterated3C-methanol ¥3CD30D)). Specific amino acid

signals that remain relatively intense in deuterated samples (B,C) are indicated in B. The spectra are normalized to equivalent intensity for the
methyl group signals.
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(A, B, C) Protein samples as described in the legend of Figure 5.
The methyl group signals are shifted upfield in bdth and 13C

of deuterons present. Decreased linewidths are observed for the
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Figure 7. Residual protiation of aromatic amino acid side chains
in deuterated MSP1-19 samples. 2BH[13C]-HSQC spectra of
13C/2H-labelled MSP1-19 protein (aromatic region). (A, B, C) Pro-
tein samples as described in the legend of Figure 5. Intense signals
from the N-terminal Hig tag are present, as well as from the two
His residues in the MSP1-19 sequence. There is also an N-terminal

vector-encoded Tyr residue present.

of 10.4 Hz (Leu 3181 peak), compared to 17.6 Hz for
the nondeuterated sample. Deuterium decoupling was
not used in this experiment, but will provide an ad-
ditional linewidth reduction for these signals. For the
dimensions by deuterium isotope effects, depending on the number sample grown in 95% BD/CD30D, the isotopomer
distribution for the Thr K, and lle H; methyl groups

is significantly shifted towards the singly protonated
CHD, species, while for the pyruvate-derived methyl
groups the CHDR form is clearly predominant, with a
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trace of the CHD form present. The spectra have been
normalized to approximately equal methyl group peak
height; in reality the peak heights of the sample grown
in 95% D,0/CD30D are~30% of those for the 95%
D,O/CH3OH case. In the aromatic region (Figure 7)
for the sample grown in 95% J®/CH3OH, relatively

2D [*H/*3C]-HSQC spectra showed that there is
very effective and uniform deuteration at thg {o-
sition with growth in 95% DO and protonated car-
bon sources. A fractional deuteration ©f85% was
achieved with growth in 95% gD with protiated
methanol. The 2DYH/13C]-HSQC spectra, as well as

strong residual signals were seen, and could be as-results from an HN(CO)CA-type experiment used to

signed to Phe k| He, H,, Tyr He and His Hy nuclei
(His Hs2 and Tyr H signals overlap with other reso-

measure fractional deuteration, demonstrated a level
of 90-95% deuteration in samples grown in 95%D

nances). However, all of these aromatic signals were media with deuterated metharidN/H samples pro-

guite weak in the sample grown in 95%0O/CDsOD
(Figure 7C). Finally, no information was obtained on

duced in this way were found to have significantly
improved backbone amide proton linewidths. The

Trp and Met residues, since these are not present in thegrowth in 95% DO only will therefore be a suitable

MSP1 C-terminal fragment.

Discussion

Conditions for partial deuteration of recombinant pro-
teins expressed in the methylotrophic yeRgtastoris
have been investigated. Adaptation of the cells to
growth at high DO concentration was found to im-
prove the cell growth rate in glucose media and the
yield of heterologous protein, but was not essential
for expression. The overall substitution level was 72%
of nonexchangeable positions for growth on proto-
nated carbon sources in 95%O® media, with an

labelling system for preparation of tA&N/2H-MSP1
C-terminal fragment for study of complexes with an-
tibody Fab or scFv fragments by the conventional
chemical shift perturbation methods. Use of deuter-
ated methanol in addition to 95%,D had only a
minor effect on the amide proton linewidth. This nar-
rowing of the amide NH signals is consistent with
the reduction in dipolar relaxation and scalar cou-
pling effects at the NH proton following deuteration
at thea-position. G, relaxation will also be affected
by deuteration at this position. The longes Val-
ues of deuterated carbons will allow multidimensional
heteronuclear experiments to be performed more effi-
ciently with improved signal-to-noise ratios. A novel

additional 9% increase resulting from inclusion of method for studying protein—protein interactions by
deuterated methanol as carbon source during the in-NMR requires one component to be perdeuterated and
duction period. The fractional deuteration level found labelled with!°N (Takahashi et al., 2000). In this case,
here is consistent with values determined in another expression inP. pastorisusing deuterated glucose,
recent study, by mass spectrometry of amino acids deuterated methanol3\NH4),SO; and 99+% D,0
(Massou et al., 1999). Our results suggest that deu- will be a very useful alternative to bacterial expression
terium isotope labelling can be economically achieved systems for certain proteins, such as the MSP-1 C-
in the Pichia system in minimal media containing terminal fragment EGF module pair. Selective amino
yeast nitrogen base and simple carbon and nitrogenacid labelling in a deuterated background, by addi-
sources, as previously used fé?PN/13C labelling tion of specific protiated amino acids or substrates to
(Massou et al., 1999; Morgan et al., 1999). The time- growth media, has been widely used in bacteria (Rosen
consuming adaptation stage can probably be avoidedet al., 1996; Smith et al., 1996;). While this has not yet
in many cases, but may be important when expensive been reported if. pastoris this system is likely to be
13C2H-labelled carbon sources are used for produc- amenable to similar approaches.
ing highly deuterated protein. In general, deuterated  The distribution of residual protonation in protein
carbon sources have less effect on cell growth than samples fromP. pastorisgrown in 95% DO media
the severe effects seen at high concentrations,@ D  with either CHOH or CD;sOD as carbon source is
(Katz and Crespi, 1966; Haon et al., 1993). Therefore, quite interesting. With CEOH, in addition to efficient
itis possible that inclusion of deuterated glucose in the C, position deuteration, many aliphatig ldnd H, sig-
starting cultures before induction would be well tol- nals were affected. Positions with significant residual
erated and could increase the deuteration levels evenprotonation included methyl groups (AlgHrhr H,2,
further. Use of 99-% DO is also possible, butwould ~ Val H,, Leu H;, lle H,2, lle Hs1) and aromatic side
probably significantly reduce the overall yield. chains (Phe, Tyr, His). When GOD is used as the
carbon source, aromatic signals are very weak, and



methyl groups (as well as LysgfH, atoms) are the
most intense signals.

Methyl groups in theP. pastorissample grown in
95% D,0O/CH30OH show a distribution of isotopomers,
with two principal species, slightly different for the
pyruvate-derived groups (Alagi Val H,, Leu H;,
and lle H2) and for Thry, and lle8; methyl groups.
Selective methyl protonation i&. coli grown in DO
with protonated pyruvate also produces a distribu-
tion of methyl isotopomers, with CHbeing the most
abundant form (Rosen et al.,, 1996). However, in
this system the Thy, and lle 31 methyl groups are
not protonated. With both yeast and bacteria expres-
sion systems, the methyl isotopomer heterogeneity
may compromise resolution, although this can be re-
lieved to some extent with purging pulses (Gardner
et al., 1997) or multiplet editing (LeMaster, 1994).
In this context the dominance of the CHIBpecies
in methyl groups in the protein sample grown in
95% D,0O/CDsOD may be very useful (although the
peak intensity of the peaks is much lower than that
in the 95% BO/CH3OH sample). In addition, the
CHD, peaks also have improved linewidths in thé
dimension relative to the Gispecies.

The level of fractional deuteration at thg &nd G
positions achieved here should be sufficient for opti-
mising carbon relaxation in order to facilitate sequen-
tial assignment of larger molecules by triple resonance
experiments, as well as to improve chemical shift per-
turbation experiments usiridd/1°N correlation meth-

ods. Transverse relaxation-optimised spectroscopy

(TROSY) facilitates signal detection #H/*°N cor-
relation experiments, and is very useful for studies
of large molecules (Pervushin et al., 1997). However,

deuterium replacement of non-exchangeable protons

in protein samples can be applied simultaneously with
the TROSY method for further improvement. The
residual proton signals, particularly the sharp GHD
group peaks, may also be useful for experiments di-
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