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Abstract

Heterologous gene expression in eitfBrthe glycosylation-defective, mutant Chinese hamster ovary cell line, Lec3.2.8.1,

or (2) the presence of the-glucosidase inhibitolN-butyldeoxynojirimycin facilitates the trimming of N-linked glycans

of glycoproteins to single N-acetylglucosamif@cNAc) residues with endoglycosidase(ehdo H. Both approaches

are somewhat inefficient, however, with as little as 12% of the total protein being rendered fully endo H-sensitive under
these conditions. It is shown here that the combined effects of these approaches on the restriction of oligosaccharide
processing are essentially additive, thereby allowing the production of glycoproteins that are essentially completely endo
H-sensitive. The preparation of a soluble chimeric form of CD58, the ligand of the human T-cell surface recognition
molecule CD2, illustrates the usefulness of the combined approach when expression levels are low or the deglycosylated
protein is unstable at low pH. The endo H-treated chimera produced crystals of space gi@LiPB321, and unit

cell dimensionsa=b = 116.4 A,c =51.4 Aa = 8 = 90°, y = 12, that diffract to a maximum resolution of 1.8 A.
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Recent years have seen a very rapid increase in the rate at whichA solution to this problem involves the expression of the protein
the crystal structures of biological macromolecules are solved, tof interest in mammalian cells in a way that prevents the process-
the extent that it was recently estimated that the coordinates of nevng of the glycans to complex forms, thereby rendering the product
structures are being deposited at the Protein Data B&ikB) sensitive to endo H, which cleaves between the two GIcNAc res-
every 5 h(Wlodawer et al., 1998 For many, if not most crystal- idues at the base of N-glycans. With this approach, the protein is
lographic analyses, the production of well-diffracting crystals is cotranslationally glycosylated in a normal fashion and is therefore
now the key factor limiting progress toward high quality structure likely to fold correctly in most instances, and the endo H-treatment
solutions. Many proteins of key interest are glycoproteins, and itof the protein leaves a single carbohydrate resitlBleNAc) at
has been recognized that the N-linked glycans present on thesmach glycosylation sequon that may enhance overall protein solu-
molecules can hinder their crystallization because they are flexiblepility. Two methods based on this general approach have been
heterogeneous, and unlikely to directly mediate crystal contactsgstablished. In the firsDavis et al., 1998 glycoproteins are
and because they obscure a substantial fraction of the potentialkpressed in a mutant Chinese hamster o@yO) cell line,
crystal-contact forming protein surfa¢®cPherson, 1982 Lec3.2.8.1, which is unable to effect N-glycan processing beyond
the ManGIcNAc, stage(Stanley, 1981 The second method
Reprint requests to: Simon J. Davis, Molecular Sciences Division Nuf-inv.(.)l.Ves .the use of thez.-glucosidase inhit_)i_tor.N-butyIdeoxy-_
field Department of Clinical Medicine’, The University of Oxford, J’ohn nojirimycin (NB-DNJ), which prevents the initiation of processing

Radcliffe Hospital, Oxford OX3 9DU, United Kingdom; e-mail: sdavis@ and traps the N-glycans at the endo H-sensitive; ey, gGICNAC,
molbiol.ox.ac.uk. stage(Davis et al., 199b
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These approaches have facilitated the crystallization and fulferase I(Stanley, 198}, are clearly distinct, it seemed likely that
structural analysis of soluble forms of the human and rat homothe combined effects of the two treatments might be complementary.
logues of the T-cell surface recognition molecule CQdnes To test this possibility, the glycoforms generated under each set
et al., 1992; Bodian et al., 1984However, experience with both of conditions, and when the two sets of conditions are combined,
approaches has indicated that the yields of fully endo H-sensitivavere characterized. The released N-linked oligosaccharides of rat
material can be relatively modest, amounting in some instances t8CD2 expressed in wild-type CHO-K1 cells exhibit the expected
12% or less of the total secreted protein. The combined use gbattern of heterogeneity associated with the synthesis of mostly
these approaches, i.e., the expression of soluble recombinant glgemplex-type glycanéFig. 3A). The glucose unit values for the
coproteins in Lec3.2.8.1 lines cultured in the presence of NB-DNJmajor peaks correspond to core fucosylated, mono- and dis-
is shown here to give, almost exclusively, fully endo H-sensitiveialylated biantennary glycans also found in human sCD2 and rat
product. The new protocol proved to be particularly useful for thesCD48 expressed in these cedligudd et al., 1999 The pooled rat
crystallization of a chimeric form of CD58, the ligand of human sCD2 oligosaccharides are largely insensitive to endo H digestion
CD2, which was expressed at relatively low levels and had limited Table 1.
solubility under the conditions of endo H-treatment. Glycoprotein expression in Lec3.2.8.1 cells results in almost
the complete absence of oligosaccharide processing beyond the
MansGIcNAc, intermediate, as noted previously for both rat sCD2
and sCD4(Dauvis et al., 199B8(Fig. 3B). However, it appears that
All of the glycoproteins used in this study, i.e., rat soluble CD2 mannosidase hydrolysis of this product in these cells produces
(sCD2 (Jones et al., 1992sCD58(van der Merwe et al., 1994  significant amounts of May@IcNAc, (Fig. 3B), a structure that is
human sCD2Zvan der Merwe et al., 1994human sCD8@sCD80 resistant to hydrolysis by endo (fakahashi & Muramatsu, 1992
(van der Merwe et al., 1997and a chimeric form of CD5@CD58 As a result, only 65% of the released oligomannose glycan pool
consisting of domain 1 of CD58 and domain 2 of rat sCB2e  and 36% of the total protein remain fully endo H-sensitiFe. 2,
Materials and methods belgyare derivatives of cell surface mol- lane 6 (Table 1. Similarly, the incubation of CHO-K1 cells ex-
ecules. These molecules are predicted to have similar structurggsessing sCD58 with NB-DNJ at relatively high concentrations
composed of single V-set and C2-set immunoglobulin superfamily(1.5 mM) is only partially effective in preventing complex-type
domains exhibiting various levels of glycosylation, as shown dia-glycan synthesi¢Fig. 3C). The major peak, representing less than
grammatically in Figure 1. half the released glycans, corresponds to the endo H-sensitive

The expression of soluble glycoproteins in either Lec3.2.8.1GlcsMan;GIcNAc, glycoform previously shown to accumulate in
cells, or in CHO-K1 cells in the presence of 1.5 mM NB-DNJ, inhibitor-treated CHO-K1 cellg§Petrescu et al., 1997 Accord-
typically results in the generation of a mixture of glycoforms ex- ingly, only 45% of the released glycans and 12% of the protein
hibiting variable sensitivity to endo H. For example, densitometricremain fully endo H-sensitiveFig. 2, lane 9 (Table 1. However,
analysis of SDS-PAGE separated, endo H-treated preparations ofhibition of a-glucosidase-mediated processing in the presence of
rat sSCD2 expressed in Lec3.2.8.1 cells, and of sCD58 expressed threefold lower concentrations of NB-DN0.5 mM), against the
CHO-K1 cells in the presence of NB-DNJ, reveals that only 30 and_ec3.2.8.1 genetic background, compensates for the deficiencies
12% of the total protein is rendered fully endo H-sensitive in eachin NB-DNJ treatment and Lec3.2.8.1 expression alone. Under
case, respectivelyFig. 2, lanes 6 and)9(Table 1. While this  these conditions, both human sCD2 and sCD80 are substituted
represents a substantial increase in endo H-sensitivity over that afith equimolar amounts of GiMan,GIcNAc, and MarGIcNAc,
rat sCD2 expressed in wild-type CHO-K1 cells1%) (Fig. 2, (Fig. 3D,E). Between 92 and 94% of the total glycan pool, and
lane 3 (Table 1, neither set of conditions gives complete inhibi- virtually all of the protein, remains fully endo H-sensitive in each
tion of oligosaccharide processing beyond oligomannose formscase(Fig. 2, lanes 12 and 15Table 1.

Since the target of NB-DNJ mediated inhibition of oligosaccharide To take advantage of the enhanced endo H-sensitivity of glyco-
processing, i.e., glucosidase I, and the steps in the glycosylatioproteins expressed in Lec3.2.8.1 cells in the presence of low
pathway defective in Lec3.2.8.1 cells, i.e., an undefined deficiencyevels of NB-DNJ, a chimeric form of CD58 was expressed under
in sialic acid metabolism, defective CMP-sialic acid and UDP-these conditions. A large number of clones were screened and the
galactose translocation, and disrupted N-acetylglucosamine trangest of these expressed cCD58 at levels of 2—3lm@ssuming

‘%;%:

rsCD2 sCD58 hsCD2 sCD80 cCD58

Fig. 1. Diagrammatic representations of the glycoproteins characterized in this study. IgSF domains are depicted with shaded or
unshaded ovals and N-glycans represented by closed circles joined to the domains by thin lines. The IgSF domains are designated as
V-set(V) or C2-set(C2) on the basis of sequence analy@idilliams & Barclay, 1988. Shown are soluble forms of rat C&CD2),
CD58(sCD58, human CD2hsCD2, CD80(sCD80, and the chimeric form of CD5&CD58 consisting of domain 1 of CD58 and

domain 2 of rat sCD2.
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rsCD2-C rsCD2-L sCD58-N hsCD2-LN sCD80-LN

EndoH: - 1h 3h - 1h 3h - 1h 3h - 1h 3h - 1h 3h
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Fig. 2. Electrophoretic analysis of the endo H-treated glycoproteins. Protein at 0.54tlmgas digested with endo H at>¢ 10*

U/mL for the indicated times prior to reduction, denaturation, and SDS-PAGE analysis on 15% gels. The arrow indicates the migration
position of the endo H. The proteins analyzed are rsCD2sCD2 expressed in wild-type Chinese hamster ovary JceB€D2-L

(rsCD2 expressed in Lec3.2.8.1 cgllsCD58-N(sCD58 expressed in wild-type Chinese hamster ovary cells in the presence of 1.5 mM
NB-DNJ), hsCD2-LN(hsCD2 expressed in Lec3.2.8.1 cells in the presence of 0.5 mM NBsRINd sCD80-LN(sCD80 expressed

in Lec3.2.8.1 cells in the presence of 0.5 mM NB-DNJ

e = 1 cnm?/mg). The endo H-sensitivity of cCD58 compensated for endo H-sensitivity of the chimeric protein meant that sufficient
the relatively poor levels of expression of the glycopro{éiig. 4, deglycosylated protein could be obtained after 1 h incubation to
lanes 1 and R and was comparable to that of human sCD2 andpermit crystallization trials. In contrast to the failure of native
sCD80 expressed under identical conditiqiég. 2). However,  sCD58 to crystallizé E.A. Davies & S.J. Davis, unpubl. datahe
under the conditions of endo H digesti¢pH 5.2, the deglyco-  chimeric form yielded crystals under a number of standard trial
sylated protein proved to be relatively insoluble witiY0% pre-  conditions, with the best growing in the presence of Tris-buffered
cipitating in the course of an 18 h incubation with enddfig. 4, ammonium sulfate. These crystals were of a trigonal morphology
lanes 6 and 7 When the digestions were limited &L h duration  with typical dimensions of 0.15< 0.15 X 0.4 mn¥. In-house
and the pH of the protein solution then returned to pH 8, virtually characterization indicated that the crystals were very well ordered
all of the deglycosylated protein remained soluff. 4, lanes 4  belonging to space group A (or an enantiomorph therepivith
and 5. It is also conceivable that increasing the pH of the incu-room temperature unit cell dimensionsaf= b = 118.1 A ¢ =
bation buffer may also have increased the yield of soluble protein52.1 A. If it is assumed that the crystals contain one molecule in
However, this was not attempted since it had been noted that thie crystallographic asymmetric unit, this gives a Matthews coef-
hydrolytic activity of endo H toward at least one glycoprotein, a ficient (V,,) of 4.38 A3/Da, which corresponds to a solvent content
soluble form of CD48, is fivefold lower at pH 6 than at pH $2J.  of approximately 72% Matthews, 1968 Subsequent tests using
Davis, unpubl. data synchrotron radiation indicated Bragg diffraction to 1.8 A resolu-
In spite of the low levels of expression of the chimeric protein, tion. High resolution cryocrystallographic data collection at BM14
and its insolubility under the conditions of deglycosylation, the of the European Synchrotron Radiation FaciliSRP from two

Table 1. Endo H sensitivity of the released oligosaccharides

% Fully endo % Fully endo

NB-DNJ % Endo H-sensitive H-sensitive
concentration H-sensitive protein protein

Protein Cell line in culture oligosaccharides (predicted® (observeg®
rsCD2 CHO-K1 None 7 <1 <1
rsCD2 Lec3.2.8.1 None 65.6 19 36
sCD58 CHO-K1 1.5 mM 45.4 0.9 12
hsCD2 Lec3.2.8.1 0.5 mM 94.2 84 >95
sCD80 Lec3.2.8.1 0.5 mM 92.4 58 >95

a2AB-labeled oligosaccharides were analyzed by normal phase HPLC before and after digestion with
endo H. Quantitation of the endo H-sensitivity of the oligosaccharides was done by comparing the areas
of the peaks corresponding to each of the reaction products in the chromatogleased 2-AB-labeled
GIcNAc relative to nonhydrolysed 2-AB-labeled oligosaccharide

bThe proportion of the protein pool predicted to be fully endo H-sensitive was determined using the
endo H-sensitivity of the released sugérslumn 4 and the assumption that each site was processed
independentlye.g., for sCD58, which has six sites, the predicted endo H-sensitivity of the protein, based
on the endo H-sensitivity of the released sugar$0i¢5°® = 0.009.

°The actual proportion of the protein pool found to be fully endo H-sensitive was determined by
densitometric analysis of the digestion products shown in Figure 2.
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A\ rsCD2-C ditive. That is, approximately two-thirds of the endo H-resistant
glycans remaining after NB-DNJ inhibition are rendered endo

H-sensitive by the defects in the Lec3.2.8.1 processing pathways,
B rscoz.L thus ensuring that the majority of glycans present within the total

Man, pool of secreted protein are rendered endo H-sensitive when the

A Man, ’\ treatments are combined. The complementarity of these effects is

C sCD58-N consistent with the vectorial nature of oligosaccharide processing

Gic; Man, and the physical separation of the early and late stages of N-glycan
R processing in the endoplasmic reticulum and Golgi apparatus,

D hsCD2-LN respgctively. '
This analysis of the effects of the Lec3.2.8.1 phenotype and

N “ AA NB-DNJ required the examination of five different proteins, as no

E scD8o-LN single protein has thus far been expressed under all conditions. It
A ’\ was assumed, however, that any protein- and site-specific effects

would be dominated by the large effects on the oligosaccharide

T r T T —TTT processing machinery of the Lec3.2.8.1 phenotype and NB-DNJ.

4 5 6 7 8 9 101112 This seems likely given that the profiles of the oligosaccharides
released from both human sCD2 and sCD80 expressed under the

combined condition$Fig. 3D,E) are essentially identical, and in
Fig. 3. HPLC analysis of the released N-glycans. The N-linked oligosac-light of previous comparisons of the effects of the Lec3.2.8.1 phe-

charides released by hydrazinolysis of 0.5 mg of each protein were fluonotype on the glycosylation of rat sSCD2 and sC@&vis et al.,
rescently labeled at their reducing end with 2-aminobenzamide and analyzegh93).

by normal phase HPLC. The nature of the glycans eluting in each peak was An unexpected result of the current analysis is the disparity
determined by comparison with the elution positions of standard oligosac; t the ob d endo H itivity of the intact tei d
charides. The abbreviations used to identify each profile are those used RetWeen the observed endo H-sensitivity of the intact proteins an

Figure 2. their predicted sensitivity based on the endo H-sensitivity of the
released oligosaccharide pools. That is, for each glycoprotein prep-
aration, the proportion exhibiting complete endo H-sensitivity was
substantially higher than would have been predicted on the basis of

crystals(cryocooled cell dimensiors=b=116.4 A,c=51.4 4  the endo H-sensitivity of the oligosaccharide pools released from

has yielded a 100% complete data set for the resolution rang8ach protein by hydrazinolysigable 1. This disparity suggests

30.0-1.8 A(overall Ryerge (Rmergar) = SIF — (F)[/SF) onin- that under conditions in which oligosaccharide processing is lim-

tensities of 9.0% with 42.3% for the 1.86—1.8 A resolution shell ited, either through the use of inhibitors or due to mutations in
genes encoding the processing enzymes, processing at each site
does not occur independently of that occurring at other sites. An

Discussion explanation is that under these conditions the oligosaccharide pro-

The effects of the Lec3.2.8.1 phenotype and NB-DNJ on the endﬁesslng enzymes are physically separated to some extent from the

H-sensitivity of the total oligosaccharide pool are essentially ad- ulk protein-flow t_hrough the (_endoplasmlc reticulum _and_ G.Olg'
apparatus. Accordingly, for a given molecule, processing is likely

to go to completion or not to proceed at all, depending on whether
the molecule reaches the processing enzymes. It is also possible
that the discrepancy reflects glycan-dependent cooperative effects
on the efficiency of cleavage by endo H, although this seems
unlikely given that each of the glycoproteins was overdigested

%

Fluorescence

Py

Glucose unit values

Endo H/pH 5.2: Th Th 18h

Time atpH 8: - Oh 17 h Oh (Fig. 2).
The interaction of CD2 with its ligands has been highly infor-
t s t s t s mative in the context of the mechanisms of protein—protein rec-

ognition at the cell surfacéDavis & van der Merwe, 1996; Davis
et al., 1998. The crystal structures of rat and human sCD2 pro-
vided the first initial view of the complete extracellular region of
Endo H —— — a cell adhesion molecule, and the three- and two-dimensional af-
finities and kinetics of the interactions of CD2 with its murine and
i human ligands, CD48 and CD58, respectively, were the first to be
-'--”—- rigorously characterized for any interacting pairs of cell surface
molecules in solution and at the cell surface. Mutational analyses
Fig. 4. Solubility of endo H treated cCD58. cCD58 was digested with Subsequently lead to the proposal that charged residues clustered in
endo H for 1 h aglescribed in the legend to Figure 2. One-third of this the ligand binding site of CD2 ensure that ligand recognition by
material was then removed and the remainder split and either left at pH 5.ZD2 is simultaneously weak and highly specific. The crystals of
for 17 h or transferred to buffer at pH 8.0 for 17 h. Prior to electrophoresis the chimeric, CD2-binding form of CD58, described and charac-

aliquots of the three samplég total) were removed and the remainder - S .
centrifuged at 13,000 for 5 min after which an equivalent aliquot of the terized here, will significantly enhance our understanding of the

supernatants) was removed. The “” and “s” samples were then analyzed Mechanisms of ligand recognition by CD2. The combined use of
by SDS-PAGE analysis on a 15% acrylamide gel. the Lec3.2.8.1 cell line and NB-DNJ represents an effective solu-




1700 T.D. Butters et al.

tion to the problem of efficiently deglycosylating heavily glyco- Protein deglycosylation and crystallization

sylated, correctly folded glycoproteins prior to structural anaIyS|s._|_he pH of the neutralized protein-containing solution was reduced

to pH 5.2 by addition of one-thirtieth volumef & M sodium

Materials and methods acetate, pH 5.2. The requisite amounts of endo H were then added
to the mixtures and incubation carried out at’G7 The reaction
DNA constructs was stopped by the addition of an equal volume of 1 M Tris, pH 8.

The endo H-treated protein was then purified by gel-filtration chro-
matography(Sephadex G-100, Pharmacia, Uppsala, Swedad
screened for crystallization using the Crystal Screen and Crystal
Screen 2 crystallization kittHampton Research, Laguna Niguel,

hich f t of the link ion betw d ins 1 and 2 fCalifornia). Crystallization trials were carried out at 20 by sit-
which form part of the finker region between domains L an 0ting drop vapor diffusion in MicroBridgé&s(Hampton Researgh

the mature polypeptide, were then changed to the Kpn | restrictioq.ypica“y’ 1-4 uL drops of the protein, concentrated in 10 MM

site by in vitro mutagenesis using the Muta-Gene Phagemid Mu-_.
Tris, 150 mM NaCl, 0.05% N
tagenesis Kit version 2BioRad, Hercules, Californja This al- s, 150 acl, 0.05% Nai pH 8 fo the extent that the

absorbance at 280 nm was 15, were mixed with an equal volume

Ilgwe:j t_:]e sedqueélce znlco'c'j[mg domfun 2 th betﬁxu?ed uscljng thef the precipitant solution. Single crystals or microcrystalline pre-
pn I site and a bam stte downstream from the stop codon 0cipitates appeared in 10 of 98 conditions tested. Crystallization

tréeDoznglnal ¢ o;struct azg its retplflcelrggg t W't.h the :nallttqugo%s & onditions were optimized by dilution of the precipitant in water.
S omain 2 sequencsray et al., engineered with a The largest crystals grew in the presence of 1.1-1.5 M ammonium

Kpn_ | site(a_t codons 99glu] a_nd 100 met]) using the ponmera_sz_e Isulfate, 50 mM Tris pH 8.33.

chain reaction. The Kpn | site was then returned to the original

CD58 cDNA codons by in vitro mutagenesis and the fidelity of the

construct confirmed by dideoxy sequencing. The construct thus . . .

encoded a glycoproteiftCD58 predicted to begin with the native X-ray diffraction data collection

CD58 NH,-terminal sequencé=SQQ.. ), continuing to the CD58  Initial data were collected in house at @D using an 18 cm Mar-
domain 1-rat CD2 domain 2 junctional sequengce.LYVL'’ ResearctiNorderstedt, Germanymaging plate detector mounted
EMVS...), and ending with the C-terminal sequenceCPEK of  on a Rigaku RU200 rotating anode X-ray generator. Two high
domain 2 of rat CD2. The construct was subcloned into the pE14esolution data sets were collected on BM14 of the ESRF at 100 K
vector of the glutamine synthetase-based gene expression systaming a 34.5 cm MarResearch imaging plate detector. For cryo-
(Bebbington & Hentschell, 1987 crystallography the crystals were transferred into a cryoprotectant
solution (consisting of the mother liquor supplemented with 15%
glycero) for 30 min prior to flash cooling using an Oxford Cryo-
systems Cryostream. All data were auto-indexed, integrated, and
The cCD58 construct was transfected into Lec3.2.8.1 cells usingorrected for Lorentz and polarization effects with the program
Pfx-8 lipids (Invitrogen. Clones resistant to 1aM methionine  DENZO, and scaled and merged using the program SCALEPACK
sulfoximine were selected and one of these expressed the chime(@twinowski & Minor, 1997.

at a level of 2-3 mgL. For large-scale production of protein, the

clone was grown in cell factoriedNunc, Roskilde, Denmajkin

the presence of 0.5 mM-butyldeoxynojiimycin(NB-DNJ, gift ~ Acknowledgments
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For generating a chimeric form of CDF8CD58, the truncated
cDNA encoding a soluble form of CD5&an der Merwe et al.,
1994 was subcloned into the vector pcDNA(Bvitrogen, Carls-
bad, California. The codons for residues 94lu] and 95[ser|,

Protein expression and purification
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