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ABSTRACT. C-type animal lectins are a diverse family of proteins which mediate cell-surface carbohydrate-
recognition events through a conserved carbohydrate-recognition domain (CRD). Most members of this
family possess a carbohydrate-binding activity that depends strictly on the bindingoaCavo sites,
designated 1 and 2, in the CRD. The structural transitions associated Wittbi@eling in C-type lectins

have been investigated by determining high-resolution crystal structures of rat serum mannose-binding
protein (MBP) bound to one H®b in place of Ca", and the apo form of rat liver MBP. The removal of

C&* does not affect the core structure of the CRD, but dramatic conformational changes occur in the
loops. The most significant structural change in the absence%fi€#he isomerization of a cis-peptide

bond preceding a conserved proline residue iA"Gite 2. This bond adopts the cis conformation in all
Ca"-bound structures, whereas both cis and trans conformations are observed in the abserte of Ca
The pattern of structural changes in the three loops that interact withi€dictated in large part by the
conformation of the prolyl peptide bond. The highly conserved nature &f €ige 2 suggests that the
transitions observed in MBPs are general features éf ®anding in C-type lectins.

C-type (C&*-dependent) animal lectins are a large family MBP (13), human E-selectin14), tetranectin 15), and
of proteins that bind carbohydrates for many purposes, galactose-binding16) and selectin-like 17) mutants of
including recognition of microbial pathogen cell surfaces MBP-A reveal that C& is integral to the structure of three
during innate immune responses, the targeting of leukocytesextended loops, designated 1, 3, andL4),(on the surface
to sites of inflammation or peripheral lymph nodes, and the of the CRD (Figure 1). MBPs contain two &asites,
endocytosis of serum glycoproteins by the liver. C-type designated site 1 and site 2, and sugars interact directly with
lectins contain a conserved €adependent carbohydrate- the C&* at site 2 P).

recognition domain (CRE) of approximately 120 amino Reversible C& binding is exploited by C-type lectins that
acids (). Carbohydrate binding involves the formation of ¢,ction as endocytic receptors. These proteins bind to

an intir:nately Iinked_,f_terlr?ary corr]nplex Olf protein,?ﬁand carbohydrate ligands at the cell surface and are taken up in
carbohydrate. Specifically, two hydroxyl groups of the sugar a4eq vesicles, which mature into endosomes. Acidification

form direct coordination bonds with a conservedCand of the endosome causes a loss ofCliom the receptors
a_llso form hyd_rogen bonds with_amino_ acids that SEIVE aS and hence a release of the carbohydrate-bearing ligand,
ligands for th's.Ca (2). In addlthn to its central role in allowing the sorting of the receptor away from its ligand
carbohydrate binding, Gahas major .effects on stru.ctu.ral. (18). Despite the growing wealth of data on the?Ghound
{aroyi[)grtrls; fﬁjli)crre]S(?eanCelr?r:gr r?)',{%g;éssn;n;%gqra’ Jrnggnsm structures of C-type lectins, there is little detailed information
ryptoph . ' P 10). - . _about structural changes that accompany the removal?f Ca
three-dimensional structures of rat serum mannose—bmdmgThe MBPs provide an attractive model system to explore
protein (MBP-A) (1), rat liver MBP (MBP-C) (2), human the effects of C& binding on the structure of the C-type
T_This work is supported by grant GM50565 from the National CRD, because they are the mO_St thoro“‘%’h'y CharaCter_lzed
Institutes of Health. Work at the Stanford Synchrotron Research members of the C-type lectin family. In addition to extensive
Laboratory (SSRL) was performed under proposal 3A06. SSRL is biochemical 19—24) and structuralZ, 9, 11, 12, 25, 26
operated by the Department of Energy, Office of Basic EnergySuences.StudieS, cassette mutagenesis has been used to identify
The SSRL Blotechnolpgy Program is supported by the Ne}tlonall id in the MBP-A CRD that infl Cebindi
Institutes of Health, National Center for Research Resources, Biomedi- '€Sldues in the - that influence Inding

cal Technology Program, and by the Department of Energy, Office of affinity (27).
Biological and Environmental Research.

# Coordinates and structure factors for 1%48MBP-A and apo- WO distinct MBPs with roughly 5660% sequence
MBP-C have been deposited in the Protein Data Bank, Brookhaven, identity are found in the serum (MBP-A) and the liver (MBP-
NY, with accession codes 1BUU and 1BV4, respectively. C) of rat, mouse, and macaqu&9( 28, 29. The MBPs
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mannose-binding protein; MES, 2-(4-morpholino)-ethanesulfonic acid; and a COOH-terminal C-type CRI3Q). Structural studies

MPD, 2-methyl-2,4-methylpentanediol; NCS, noncrystallographic sym- Of MBPs have employed fragments containing either the
metry; PEG, poly(ethylene glycol); RMSD, root-mean-square deviation. isolated CRD of MBP-A 2, 9, 11 or MBP-C (12), or the
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Ficure 1. Stereoscopic views of superimposed CRDs. (A) @hearbon traces of one-ion MBP (gray) and copy 1 of apo-MBP (black),
each of which contain sans-prolyl peptide bond in C& site 2, have been superimposed ontodhearbon trace of two-ion MBP (white).
Loops 1, 3, and 4 are labeled with an “L”. (B) Thecarbon traces of copies 2 (black) and 4 (gray) of apo-MBP, which contzgolyl
peptide bond in C& site 2, are superimposed onto tiecarbon trace of two-ion MBP (white). Only the-carbon atoms from residues
123-165 and 206220 in MBP-C (which correspond to residues +1®$0 and 195215 of MBP-A) were used in generating the
superpositions. Also shown for reference are the positions of the two boutid(@hite spheres) and the highly conserved tripeptide
sequence motif GI%-Pro'®-Asn'2in two-ion MBP. All figures were prepared using BOBSCRISR), a modified version of MOLSCRIPT
(65). Least-squares superpositions were generated 89D (

CRD plus the trimerization domain of MBP-&%) or human change is the Ca-dependent isomerization of the peptide
MBP (13). The isolated CRD of MBP-A or MBP-C forms  bond preceding a highly conserved proline residue at the core
a dimer in solution and in crystals, whereas the CRD plus of C&* site 2.

the adjacent trimerization region forms trimers. Structures

of the CRD in the dimeric and trimeric forms of MBP-A EXPERIMENTAL PROCEDURES

indicate that the structure of the CRD does not change \aterials Chemicals were from J. T. Baker unless

signifi_cantly when separated from the adjacent trimerization ,iherwise specified. Poly(ethylene glycol)s (PEG) were from
domain @5). Sigma. DyC} and HoC} were from Aldrich.

To explore the structural effects of €ainding on C-type Expression, Purification and Crystallization of One-lon
animal lectins, we have determined the structures of the MBP-A The clostripain-derived fragment of MBP-A con-
CRDs from apo-MBP and a one-ion form of MBP using taining thea-helical coiled-coil trimerization domain and
X-ray crystallography. The structure of the core of the CRD the CRD was purified as described previous$)( A new
does not change upon the loss ofGaut three loops that  construct containing an additional 19 residues;Nétminal
participate in C&" binding adopt distinct conformations in  to the beginning of the clostripain fragment, designated ME-
the absence of Ca A particularly striking conformational 144, was also used. This construct, designed to include the
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COOH-terminal portion of the collagenous domain of MBP-

: Table 1: Crystallographic Data
A, contains the sequence Ala-lle-Glu-Val-Ser-GIn-Gly-Pro-

Lys-Gly-GIn-Lys-Gly-Asp-Arg-Gly-Asp-Ser-Arg preceding 1-HO*"-MBP-A apo-MBP-C
the first residue of the--helical domain (Al&).2 The protein ~ SPace group P23 A P2 Abe A
was expressed and purified by affinity chromatography and Ut ¢é!l parametefs  a=94.4 a_cizfé 8’%% 1233'463,’
reverse-phase HPLC as described for other MBP-A con- maximum resolution (&) 1.90 185 '
structs 0). no. of independent 20530 33667

The clostripain-derived fragment of MBP-A and ME-144 Co:ﬁgg‘zgﬁgzs %) 95.1 (88.0) 99.9(99.8)
crystallize isomorphously with one another and in the ayerage redundancy 7.0 (3.9) 3.7 (3.5)
presence of a variety of lanthanide ions. The onétDgrm % > 30(l) 83.2 (52.6) 86.5 (62.4)
of the clostripain-digested MBP-A was crystallized by Reyn’ 0.056 (0.215)  0.039 (0.260)
hanging-drop vapor diffusion. HPLC-purified proteingL aAll statistics calculated with a low-resolution cutoff of 50 A.
of 20 mg/mL) was added to AL of well solution (8-12% Numbers in parentheses are for the highest-resolution shell:—1.97

: .90 A for MBP-A and 1.921.85 A for MBP-C.>From post-
(w/v) PEG 8000, 100 mM Tris-Cl, pH 8.0, 10 mM NacCl, 190 . -85 A p
0.02% NaN, 0.375 mM DyC}). Crystals appeared over the refinement in SCALEPACK D). ©Rym = 31 3 (li(h) - MM/
: g : ¥i li(h)) whereli(h) is thei®" measurement and(h)Cis the weighted
course of 32 weeks. The one-Ho form of MBP-A was mean of all measurements k).

crystallized using the ME-144 construct in the same way as
i i - _]]50
the clostripain fragment of MBP-A, except that Yo (W these calculations was only partially refind® € 0.256 to

v) PEG 3350 gnd 0.325 mM Ho@lvere used. 2.5 A), was used as a search model. N&*'Car water
Data Collection One-lon MBP-AThe space group and  pglecules were present in the search model, but individual

unit cell dimensions of one-ion MBP-A were determined by temperature factors were retained. X-PLOR (v. 3.39) (
precession photography of a capillary-mounted crystal. All \;55 used for all molecular replacement calculations. A cross-

data for one-ion MBP were measured using inverse-beam ation function was computed with data between 10 and 4
geometry on an R-AXIS-llc imaging-plate detector (Rigaku), A and a maximum Patterson vector length of 45 A. No single
using Cu ko radiation from a rotating anode (Rigaku; 50 goytion stood out, but Patterson correlation refinemag (

kV, 90 mA, graphite monochromator, 0.3 mm collimator) 5qyced a clear solution (correlation coefficient 0.034, next
at a crystal-to-detector distance of 120 mm. Data were pighest 0.031) from the third-highest cross-rotation function
integrated with DENZO and scaled with SCALEPACE). peak. A translation search of this rotation solution gave an

Crystals were flash-cooled to 100 K under a stream of unambiguous answer (18:7ver the mean; next highest
nitrogen gas (Oxford Cryosystems). Data for molecular g o) Rigid body refinement of this model, first as a single

replacement were measured to maximum Bragg spacings of it and then treating the helix and CRD as independent rigid

2.4 A from a clostripain fragment MBP-A crystal (size Q.25 bodies, gave aR value of 0.429 for data between 10 and
x 0.25x 0.12 mnd) grown with DyCh and adapted stepwise > g & A ’single site obtained from an anomalous difference
to synthetic mother liquor containing 0%, 5%, 10%, 15%, patterson corresponds toXasite 1, confirming the molec-
and 20% glycerol before cooling (96.8% complefgjm = ular replacement solution. Difference Fourier majs|(—
0.044; Friedel mates treated as separate observations). Afte“:CD computed with the model phases gave a large peak at
obtaining a molecular replacement solution from these data, - 2+ site 1. but no peak at site 2, indicating that only site 1
we measured a new data set to 2.30R8,(=0.031; 91.1% ¢ occup,ied by DY ’

complete; Friedel mates treated as separate observations) The molecular replacement model was rigid-body-refined

from a larger Dy"-containing crystal (size 0.4 0.3 x (0.2— . he d btained f herdh -

0.1) mn?) that had been adapted stepwise to synthetic motherdainst the data obtained from another”Dyontaining
liquor containing 5%, 7.5%, 10%, and 15% 2,4-methylpen- crystal using MPD as the cryoprotectant, and then subjected
tanediol (MPD). Data used for the final refinement were to several rounds of minimization and temperature factor
collected from a ME-144 crystal, size 0.450.4 x 0.15  'efinement to 2.3 AR = 0.250). Becauséf " = 9.7 for

mn®, grown in the presence of Hogind adapted stepwise Dy at the Cu Kx wavelength, Friedel mates were treated as
in rﬁother liquor containing 5%, 10%, and 15% MPD. separate observations and the corrections for anomalous

Statistics from this data set are given in Table 1. scattering applied. At this point, a 1.90 A resolution data

i -+
Structure Solution and Refinement of One-lon MBHR4e set (Table 1) was measured from an isomorphous*Ho

dat a7 bstituted tal tected containing crystal of ME-144, and refinement was completed
ata measured from a By:substituted crystal cryoprotecte using these data. The Bywas replaced with HG in the
with glycerol were used for molecular replacement. The

i it is It tai tire tri partially refined model and rigid-body-refined at 2.8 R (
asymmetric unit is too small to contain an entire trimer, _ 0.308). Unlike Dy, Ho has a smalif" at Cu Ku, so

indicat_ing_that the molecular and crystallographic 3-fold axes Friedel mates were merged for data processing and refine-
are coincident. The calculated solvent content of the crystal ment, and the imaginary part of the anomalous scattering
i 0 i H H 0, ’
:cs 6?/0 for c;ne prot.omfhr in the asytm.metn_(t: ugltlfan(;‘[i ?8/0 was ignored. Howeve\f' = —12.3 for Ho at Cu Ka, so
or two protomers in the asymmetric unit. Sefirotation g scattering factor was corrected for this term. A
functions and native Patterson syntheses did not show anYandom 10% of the data was used for calculatiorRa
. . . . . ey
3|gnt|f|_cant pea}ks, stuggesu:g tthat thie;\)%/glrjneftrlc UNIT b it this test set was biased by the earlier rounds of refinement
fr?n g'gf s smg? pro omter. ¢ pr20 omehr.(h t th t) romf against the D§f-containing crystal data. Therefore, the model
€ -bound trimer structure26), which at the time o was subjected to simulated annealing refinement at 4000 K
to remove any memory of the previous data from the model.
2 Kurt Drickamer, personal communication. This was followed by several rounds of minimization,
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Table 2: Refinement Dat_a Coll_ection apo-MBP-C The space group and unit
cell dimensions of the apo-MBP-C crystal were determined
by precession photography of a capillary-mounted crystal.

1-Ho**- MBP-A  apo-MBP-C

28- g; L%f'rﬁﬁt;/(é’r‘gégr“"’ggmg set 113352%0 2394%7 The first set of data for apo-MBP-C was measured from
no. of water molecules 171 235 crystgls (roughl_y 0%0.2x0.1 mn¥) adapted stepwise to
Rerys? 0.198 (0.233)  0.211(0.237)  Solutions containing stf’;\blllzatlon buffe_r plus glycerol (final
Ried 0.214 (0.271)  0.256 (0.308)  concentration 25%) prior to flash-cooling to 100 K. These
mobdoer: (?(Ia:nmfr:rlyr:nsd A 0.005 0.007 data were measured on a R-AXIS llc detector using @u K
bond anégle rmsd (deg) 13 14 rgdiation from a rotating anode, at a crystal-to-detector
Ramachandran plot distance of 130 mm, and processed with DENZO and
% in most favored regions 93.2 93.3 SCALEPACK (40-2.2 A; Rym = 0.05). The data used for
‘o’f:ﬂ agggir%f;illagfm@géﬁgiﬂgis %% %70 the final rounds of refinement and map calculation were
tem‘;)ergture fact(%s & 9 : : measured from a crystal adapted to solutions containing the
averages (protein atoms only) stabilization buffer plus PEG 400 (final concentration 25%).
copy 1 26.8 27.6 Data were measured from a Mar 300 mm detector (Mar-
copy 2 26.1 Research) using 1.08 A wavelength radiation at the Stanford
ggggi gig Synchrotron Research Laboratory beamlirel7Data were
main chain bonded rmsd 1.3 2.4 recorded as 118 I°®scillations, at a crystal-to-detector dis-
main chain angle rmsd 2.1 3.4 tance of 220 mm. Data were processed with DENZO and
side chain bonded rmsd 2.1 3.7 SCALEPACK (31). Each data set was put on a quasi-
side chain angle rmsd 32 52 absolute scale using TRUNCATE3Y). Data processing

aNumbers in parentheses are for highest-resolution shell: -1.97 statistics are presented in Table 1.

1.90 A for MBP-A, 1.92-1.85 A for MBP-C.P Ryyst and Ryree = Y ; ;

[IF(Novd — IF(h)cac 115 IF(N)od for reflections in the working o g ?trucwre Sgluuoﬁ and Ref'”ergem of apo'gﬂfBP m? |
test sets§1), respectively® As defined in PROCHECKGY). ata measured on the rotating anode were used for molecular
replacement calculations. The solvent content of the apo-
temperature factor refinement, and manual model adjustmentMBP-C crystal was calculated to be 68% and 36% if either
ultimately using data between 10 and 1.90 A, with no bulk one or two dimers were present in the asymmetric unit. A
solvent correction. Final rounds of refinement were per- self-rotation function showed one significant peak and several
formed with the programs CNS34), using all data withF| smaller peaks corresponding to 2-fold rotation axes, but no
> 0 between 50 and 1.90 A, a maximum-likelihood significant peaks corresponding to 3-fold or 4-fold rotation
amplitude target35), and a dual-scale bulk solvent correction axes (not shown). The search model for molecular replace-
(36). Electron density is weak for the first four residues of ment calculations consisted of the?Cdound CRD dimer

the helical domain (residues #36), and no electron density ~ from the refined structure of Gabound MBP-C 12) in

is visible for the collagen-like portion of ME-144 preceding which residues 165200 were omitted, because it was
the first residue of the helical domain, suggesting that this suspected that these residues might differ in the absence of
portion is linked flexibly to the protein. This observationis C&*t. The refined individual temperature factors were
consistent with the protease sensitivity of this site, since otherretained. Cross-rotation functions calculated using data
arginine residues in the protein are not cut by clostripain between 10 ah 4 A Bragg spacings, and a maximum

(25). The final model consists of residues—7321 of MBP- Patterson vector length of 40 A, gave two solutions ¢6.2
A, one HG", and 171 water molecules. The refinement and above the mean; next highest solution &).0Patterson-
model geometry are summarized in Tables 1 and 2. correlation refinement33) of each rotation function yielded

Expression, Purification and Crystallization of apo-MBP- correlation coefficients of 0.13 (next highest 0.09). Each
C. The subtilisin fragment of MBP-C containing the entire rotation function solution was used to calculate a translation
CRD was expressed and purified as described previouslyfunction using data from 10 to 4 A, yielding a pair of
(12). The apo form of MBP-C was crystallized by hanging- solutions (both at 4@above the mean; next highest solution
drop vapor diffusion. HPLC-purified protein (AL of 12 4.30). The relative positions of the two dimers in the
mg/mL) which had been neutralized to pH 7.5 with 15 mM asymmetric unit were determined by fixing one translation
NaOH was added to AL of well solution (8-12% PEG function solution and translating the other along the mono-
(w/v) PEG 8000, 100 mM Na-MES, pH 6.1, 200 mM LiCl, clinic b axis for each of the four possible origins in the
2 mM EDTA, 0.02% Nal). Crystals were observed over plane. This procedure yielded one solution (®above the
the pH range 6.87.0, but pH 6.1-6.2 appeared to be mean). The positions of each of the four copies in the
optimal. Clusters of crystals appeared over the course of aasymmetric unit were refined as rigid bodies against data
few days and reached full size in about a month. Crystals between 10 and 4 A, yielding @value of 0.435. The crystal
dissected from clusters were used to seed fresh hanging droppacking was reasonable, with gaps between molecules at the
in which the concentration of protein was reduced to 5 mg/ positions where loops had been deleted from the search
mL. For data collection, crystals grown from the macro- model. X-PLOR (v. 3.54)32) was used for all molecular
seeded drops were harvested into a stabilization buffer replacement calculations.
consisting of well solution in which the amount of PEG 8000 Initial rounds of refinement were performed using the
had been increased to 14% (w/v). The crystals appear to berotating anode data. Noncrystallographic symmetry restraints
stable even when the pH of the stabilization buffer is reduced were not imposed at any point during refinement, because
to 5.0, although diffraction was never measured from crystals test calculations indicated that both the conventional and
exposed to this pH. cross-validatedR values increased even with weak NCS
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restraints. Throughout the course of refinement, regions geometry and temperature factor statistics are summarized
where the model fit the electron density poorly or had poor in Table 2. Luzzati analysigl{) suggests that the coordinate
geometry were omitted and rebuilt according to simulated error is approximately 0.25 A. Copy 4 has a significantly
annealing omit maps3@). Electron density maps were lower overall temperature factor than copies 1 and 2, and
initially calculated to a maximum resolution of 2.8 A using copy 3 has the highest overall temperature factors (Table
phases from the molecular replacement search model. A2). These differences are probably due to differences in the
model for the loops in three of the four CRDs in the extent of packing within the crystal lattice.

asymmetric unit was constructed by iterative rounds of model RESULTS

building using the program 0O30) and reciprocal space
refinement using the program X-PLORZ) (Reryst = 0.26, Nomenclature for Different Forms of MBI this paper,
Rree = 0.32). The electron density for a large segment of the 2-C&" forms of MBPs A and C, whose three-dimensional
the loops from copy 3 (residues 16673 and 179-199) structures are very similat®) (Table 3), are designated two-
was not clear enough to model unambiguously, however. ion MBP. The one-H&" form of MBP-A is designated as
At this point, higher-resolution data were obtained at a one-ion MBP, whereas MBP-C which is free of metal ions
synchrotron source (Table 1) and used for refinement. Thin is designated as apo-MBP. The structure of #*HdBP-A
shells of data were selected for cross-validation in order to contains the entire CRD plus the adjacent trimerization
minimize bias from noncrystallographic symmetry. After domain, whereas the structures of apo-MBP-C contain only
further rounds of positional refinement, rebuilding, refine- the CRD. The crystals of apo-MBP contain four copies of
ment of a bulk solvent model, and addition of solvent the CRD in the asymmetric unit, which will be referred to
molecules (46-1.85 A, Ryyst = 0.22, Ryee = 0.30), tests  as copies 4. The four copies represent independent views
indicated that electron density maps were significantly Of the molecule in distinct lattice environments. _
improved by continuing refinement using a maximum-  General Features of Metal-lon-Induced Conformational

likelihood target 85) and a dual-scale bulk solvent model Changes in MBPsThe C&"-binding sites in MBPs are

(36), as implemented in the program CNS4). An overall ~largely formed by loops 1, 3, and 41) (Figures 1 and 2).
throughout (final valuesB., = —0.86 A2, By, = 3.66 A2, 2 is formed by residues from loops 3 and 4, as well as two

Bss = —2.81 A2, Bys = —0.39 A?). Prior to the continuation amino acids fronp-strand 4 (Figure 2A,B)I. One-ion MBP
of refinement with the maximum-likelihood target, a new and apo-MBP show that the loss of Canduces many
set of reflections were selected for cross-validation, becausech@nges in the loop regions, while leaving the lower two-
the shells that had been selected previously did not extendthirds of the CRD essentially unaffected (Figure 1). Pairwise
evenly enough over reciprocal space for the reliable calcula- SUPErPositions between the main chain atoms of the lower
tion of cross-validatedsa weights. Torsional dynamics Portion of the CRD in the four copies of apo-ME:&P, one-ion
simulated annealing refinement starting at 2000 K was MB_P' inq two-ion ME.Pﬁ/'eld R.M.|SDS of 0:30.6 for. al
performed to reduce bias due to inclusion of reflections from Main chain atoms, which are similar to RMSDs obtained by
the old working set in the new test set. The improvement in comparing npncrystallographlcally related copies O.f theCa
the resulting electron density maps allowed the modeling of b?mggorgtep 8|r tg(aAGé?-bountt:i fo:mRol\;g/IDB P-A IW'tIh tthgtb
the remainder of copy 3, although the fit to the electron 0 - (. anle )- In con rast, i s cajculated by
density was only acceptable in maps calculated to a high_supenmposmg entire CRDs or individual loop regions are

resolution limit of 3.5 A. Electron density maps calculated Inr’]1 ttk;enralmg?]e r?f £2 A, 'rni?:ﬁﬁt"}g that_?uglstantla!rﬁion:‘or-
to higher-resolution limits were consistent with the maps ational changes occu e loops (Table-3). This is

. . o hically demonstrated by superimposing the lower 60%
calculated with lower-resolution limits, but there were grap Y X y sup P 9
numerous breaks in main chain and side chain density forg;éhgosnRgri(r]rest'ggesatlési:lfezng Ztggzift?oz] tl)\g Ekpt;c?r)le
the loops in copy 3. Therefore, these residues were omitted Fi 1p | gdd' - P h | y h in th h of
from the final model. The superior fit of the loops in maps (Figure ) n addition to these large changes In the path o
: oo the protein backbone, substantial conformational changes in
calculated at lower resolution likely reflects the presence of

. . S . the side chains of residues that serve as*Gigands are
either static or dynamic disorder. Increased disorder upon Ja

. o also observed (Figure 2).
the loss of C&" may be attributed to the loss of stabilizing P :
interactions mediated by € The apparent structural rigidity of the lower portion of

the CRD likely results from the stabilizing interactions
The final model contains four independent copies of the provided by secondary structure elements, two disulfide
MBP-C CRD, with the following residues omitted: residues bonds, and a well-packed hydrophobic cck#)(In contrast,
111-114 at the Nk+termini of all copies; residues 170 the conformations adopted by the loops which interact with
171 of copy 2; residues 16973, 179-199, and 226 of copy ~ C&* change in several different ways, depending in part on
3; and residues 194197 of copy 4. In addition to the loop  the stabilizing interactions provided by neighboring mol-
regions, the following surface side chains are not well-defined ecules in the crystal lattice. It is likely that the crystal lattice
at 1o contour in the final, refined electron density maps: selects major conformations from the ensemble present in

Arg'22 Arg!?3 Asn'?’, Argl?8 Lys'30 Glul®8 and GId%in solution, although it is possible that crystal lattice packing

copy 1; GId*” and Arg® in copy 2; Ty16 Arg'?? Arg'?s, may select minor solution conformations. As discussed
Lys™0, Lys' Arg'8 Arg'®2 Tyr8 and AsA®in copy 3; below, however, similar conformations are seen in more than
and Ty#6 Lys!S? Glut’, and AsiA®din copy 4. The side  one lattice environment, indicating that the structures ob-
chains of Gl&% in copy 1, Asi#?”in copy 2, and Ly5“#in served in the crystals reflect the inherent structural propensi-

copy 4 have been modeled in two conformations. Model ties of the protein.



17970 Biochemistry, Vol. 37, No. 51, 1998 Ng et al.

Table 3: RMSDs of Superimposed Coordinates for Two-ion, One-ion, and apé-MBP

A. Global Superpositiorts
two-ion apo
MBP-A MBP-C one-ion MBP-C
MBP
copy no. 1 2 1 2 1 2 3 4
two-ion MBP-A 1 - 0.40 0.51 0.58 0.27 0.54 0.55 0.56 0.52
2 0.34 - 0.65 0.71 0.44 0.63 0.70 0.66 0.66
two-ion MBP-C 1 0.62 0.70 — 0.25 0.52 0.44 0.36 0.42 0.26
2 0.74 0.82 0.32 - 0.59 0.43 0.35 0.49 0.34
one-ion MBP 1.34 1.42 1.48 1.53 - 0.50 0.52 0.52 0.50
apo MBP 1 1.50 1.56 142 1.38 1.08 - 0.30 0.37 0.39
2 1.57 1.62 1.47 1.44 191 147 - 0.33 0.25
3 - 0.31
4 0.97 1.03 0.84 0.95 1.53 1.20 0.44 -
two-ion
apo
MBP-A MBP-C one-ion MBP-C
copy no. 1 2 1 2 MBP 1 2 4
B. Superpositions of all Loops or Only Loop 1
two-ion MBP-A 1 - 0.19 0.70 0.84 2.04 2.19 2.37 1.40
2 0.12 - 0.75 0.88 2.09 2.25 2.39 1.43
two-ion MBP-C 1 0.19 0.17 - 0.37 2.18 2.08 2.25 1.24
2 0.23 0.20 0.16 - 221 2.04 2.15 1.34
one-ion MBP 0.20 0.26 0.28 0.35 - 1.56 2.82 2.25
apo MBP 1 0.31 0.29 0.28 0.28 0.39 - 2.15 1.70
2 0.91 0.88 0.91 0.91 0.96 0.91 - 0.62
4 0.41 0.41 0.41 0.44 0.42 0.47 0.91 -
C. Superpositions of Only Loops 3 of 4
two-ion MBP-A 1 - 0.09 0.25 0.30 2.04 2.24 2.53 1.93
2 0.15 - 0.22 0.33 2.04 2.25 2.54 1.94
two-ion MBP-C 1 0.25 0.22 - 0.07 2.10 1.67 0.17 0.17
2 0.30 0.33 0.25 - 2.10 1.70 0.18 0.18
one-ion MBP 2.04 2.04 2.03 1.96 - 1.14 2.11 2.12
apo MBP 1 2.24 2.25 2.20 2.15 1.84 - 2.15 1.74
2 2.53 2.54 2.51 2.43 2.89 2.47 - 0.04
4 1.93 1.94 1.94 1.94 2.09 1.33 0.46 -

2 0Only main chain atoms are included in the superpositions. All superpositions were performed using the program LS3MANe(“copy
no.” entry refers to the individual copies in the asymmetric unit of the crystal. The two-ion MBB-anl MBP-C (2) structures each contain
two copies of the CRD in the asymmetric unit of the crystal, and the apo-MBP-C crystal reported here contains 4 copies in the asymmetric unit.
b Above diagonal: CRD core (residues 12B55 and 206-220 of MBP-C or residues 138160 and 195-215 of MBP-A; 256 atoms). Below
diagonal: entire CRD, except for firgtstrand, which differs somewhat between the MBPs A and C (residues22ZBof MBP-C or 118-225
of MBP-A; 392 atoms). Copy 3 of apo-MBP was left out of the second set of comparisons, because the loop regions are disordered and could not
be modeled with confidencé Above diagonal: loops-14 (residues 165199 of MBP-C or 166-194 of MBP-A; 140 atoms). Below diagonal:
loop 1 (residues 164173 of MBP-C or 159-168 of MBP-A; 40 atoms)? Above diagonal: loop 3 (residues 18591 of MBP-C or 186-186 of

MBP-A; 28 atoms). Below diagonal: loop 4 (residues 200 of MBP-C or 186-195 of MBP-A; 40 atoms).

Changes Associated with the Loss of Metal at Site 2 to the rest of the protein by ligation of the €aby GIu'8®
from loop 3, AsA®” and GIu®3 from loop 4, and As#® and

Biochemical and crystallographic data indicate that'-mnd

other trivalent lanthanide ions mimic the effects of Choth Asp?¢ from S-strand 4 (equivalent to GItP, Asnt®? GIlut®®

functionally ©) and structurally 11, 26), and we assume  Asr?l% and Asp!, respectively, in MBP-C). In one-ion
MBP, the absence of Caat site 2 causes the backbone of

herein that H&" and C&" are equivalent. The structure of
one-ion MBP provides a view of the protein with a lanthanide loops 3 and 4 to move by up to 4 A, and side chain atoms

ion bound to C#& site 1 while C&" site 2 is empty. The  move by as much as 12 A (compare Figure 3, parts A and

region of the protein around €asite 1 is essentially B).
unchanged relative to the €asaturated structures of MBPs The major determinant of the conformations of loops 3

reported previously (Figures 2A,B,E and 3A,&) (2 13). and 4 is the conformation of the peptide bond preceding
Previous structures of MBP-A bound to two #oor Yb3* Prd6in MBP-A (Pra®tin MBP-C) (Figure 2). This proline
also show that the geometry of lanthanide ion binding is yesigue, which defines the junction between loops 3 and 4,
identical to that of C& binding (L1, 2. The one-ion s highly conserved among the C-type lectins. The peptide
structure therefore demonstrates that'Csite 1 can form  pond preceding this residue adopts the cis conformation when
independently of Ca site 2. Ca* site 2 is occupied (Table 4, Figure 4A)1-15). The

In contrast to site 1, large changes occur in loops 3 and 4 cis-peptide conformation is critical for positioning the
around the vacant CGa site 2 (compare Figure 2, parts b flanking residues for Ga binding to site 2 (Figure 2A,B).
and e). These two loops consist of a stretch of 14 amino In one-ion MBP, the electron density around Pfshows

acids which, when CGd is bound at site 2, are pinned down that the peptide bond preceding this residue is in the trans
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2-ion MBP-A
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cis -

1-ion MBP

trans - Pro

FiIGURE 2: Conformational changes upon the loss of‘Cais-Pro

is present in site 2 of two-ion MBP-C (A]LR) or MBP-A (B) (2),
apo-MBP copy 2 (C), and apo-MBP copy 4 (rans-Pro is present

in one-ion MBP (E) and apo-MBP copy 1 (F). Each CRD is drawn
from the same view as the superpositions in Figure 1.dHearbon
backbone trace for loops—4 (residues 165199 of MBP-C and
residues 166194 of MBP-A) is drawn in white. The rest of the
CRD is drawn in light gray with arrows representifigstrands.
All of the residues that serve as €digands are drawn as balls
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the loss of C#&', and significant changes are restricted to
loops 1, 3, and 4.

The absence of Gaat site 1 alters the positions of side
chains in loop 1 and also changes the disposition of loop 1
relative to the core of the CRD. Loop 1 is well-defined in
all of the structures of two-ion and one-ion MBP, as well as
copies 1 and 4 of apo-MBP. In apo-MBP, residues 170 and
171 at the tip of the loop in copy 2, and nearly the entire
loop in copy 3, are somewhat disordered, even though the
structures of these loops are well-defined in electron density
maps calculated to a maximum resolution of 3.5 A. Super-
imposing the CRD cores of apo-MBP, one-ion MBP, and
two-ion MBP shows that the loss of &afrom site 1 allows
loop 1 to move as a flap, with the tip of the flap moving by
2—3 A from the position adopted in the presence of'Ca
(Figure 1B). If only residues 165173 are superimposed onto
the corresponding residues of the ?Gaaturated MBPs
(Figure 5), the RMSDs between €afree and C&-bound
forms of the loop are as low as the RMSDs between
noncrystallographically related copies of the?Ghound loop
(Table 3c), confirming that the torsion angles in the main
chain of the loop itself do not change significantly upon the
loss of C&" from site 1. It is also interesting that one of the
highly conserved bidentate ligands for®Caite 1 from loop
1, Asp'¢8in MBP-C (Asp®tin MBP-A), retains its position
despite the loss of Ga (Figure 3A,C). This residue is able
to form new hydrogen-bond partners in the absence éf Ca
in the three copies (all but copy 3) of apo-MBP in which
this residue is well-ordered (Figure 3c), suggesting that it is
important for maintaining structural integrity in this region
of the protein in the absence of €aln contrast, a second,
less-conserved bidentate ligand, &%in MBP-C (GIUut%®in
MBP-A), rotates away from the binding site in the two copies
(1 and 4) of apo-MBP in which this residue is well-ordered
(Figures 2D,F and 5). In copies 2 and 3, even though the

and sticks and are labeled in the two-ion forms. Carbon, nitrogen, electron density for GRI® and the adjacent portion of the
oxygen, and calcium are shown as white, black, gray, and large main chain cannot be modeled with confidence, the observed

white spheres, respectively. The arrow points to the backbone

(black) of the conserved proline residue in’Caite 2.

Table 4. Conformation of Peptide Bond PrecedingCaite 2
Proline

conformation

structure of proline
two-ion MBP cis
one-ion MBP trans
apo-MBP

copy 1 trans

copy 2 cis

copy 3 a

copy 4 cis

aLow-resolution electron density is more consistent with the cis
conformation. High-resolution electron density is broken and ambiguous

around the GI¥P%Pro'°! peptide bond.

conformation (Table 4, Figure 4B). Thus, €igans isomer-

electron density suggests that the position of the side chain
is likely to be in a highly exposed conformation.

As observed in one-ion MBP, the most dramatic change
affecting the structure of loops 3 and 4 in apo-MBP is in
the conformation of the conserved proline in’Caite 2
(Pro®t in MBP-C; equivalent to PA§® in MBP-A) (Table
4). In copy 1 of apo-MBP, the prolyl peptide bond adopts
the trans conformation (Figure 4d), and the structure of loop
3 is more similar to that in one-ion MBP than the same loop
in either two-ion MBP or the other copies of apo-MBP
(Figure 2E,F and Table 3C). In contrast, copies 2 and 4 of
apo-MBP have the prolyl peptide bond in the cis conforma-
tion, and loop 3 in these copies has a conformation very
similar to that observed in two-ion MBP (Figure 2® and
Table 3C), even though the interactions that would be
mediated by CH at site 2 are missing. The conformation
of the prolyl peptide bond thus acts as a switch between two

ization of Pra@®is associated with the large changes observed distinct sets of conformations of loop 3. In copy 3 of apo-

in loops 3 and 4 in one-ion MBP.
Conformational Changes upon the Loss of Twé'Geom
the MBP CRDThe loss of two C& from the CRD leads to

MBP, the electron density of loop 3 is poorly defined,
suggesting that this loop is mobile and possibly alternating
between the conformations determined by the cis or trans

a wider spectrum of conformational changes than those seerconformation of Pr&, although electron density maps

in one-ion MBP, where Cd is absent only at site 2 (Figures

calculated to a maximum resolution of-3 A suggest that

1 and 2C,D,F). As in the case of one-ion MBP, the structure the conformation of the loop is more consistent with the
of the core secondary structure elements is not affected bypeptide bond adopting the cis conformation.
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A.

FIGURE 3: Stereoscopic views of interactions between loops 1 and 4. The main chain of loop 4 undergoes a rearrangement that is coupled
to the cis-trans isomerization of the peptide bond preceding®rqA) two-ion MBP, (B) one-ion MBP, and (C) apo-MBP copy 1. All

three structures have been superimposed as described in Figure 1, but the view taken is from the back-right-hand side of the structure as
viewed in Figure 1. The CGa coordination bonds formed in both two-ion MBP and one-ion MBP are replaced by an intricate pattern of
hydrogen bonds in copy 1 of apo-MBP.

The conformation of the P peptide bond has large proline is in the cis conformation (Figure 2AC). As noted
effects on the conformation of loop 4. Unlike loop 3, the earlier, the interactions at €asite 1 in two-ion MBP are
structure of loop 4 is affected by the loss of’Cérom site preserved in one-ion MBP (Figure 3A,B). In copy 1 of apo-
1, since it contributes two ligands to each?Ghinding site MBP, however, both loops 1 and 4 rearrange to compensate
(Figure 2A,B). In one-ion MBP (Figure 2E) and copy 1 of for the loss of both CA. C&" ligands Asp®® and GId"Cin
apo-MBP (Figure 2F), the conserved proline in site 2 is trans, loop 1, and Asf®in loop 4, as well as S&°and the adjacent
and loop 4 extends farther from the protein than when the protein backbone, rearrange to form an intricate hydrogen-



C&"-Binding Intermediates of MBP Biochemistry, Vol. 37, No. 51, 19987973

FiIGURE 4. Stereoscopic views of the electron density around the conserved proliné aitea2. Two-ion MBP (A) and apo-MBP copy

2 (B) adopt the cis conformation. One-ion MBP (C) and apo-MBP copy 1 (D) adopt the trans conformation. Residt&E33186m

MBP-C and residues 184188 of MBP-A were omitted, and the structure was subjected to simulated annealing refinement starting at 1000
K, before the calculation ofF,| — |F¢| omit electron density maps. All maps are drawn avZdntour, except for Gd-bound MBP-C,

where the map is drawn atZontour.

bond network (Figure 3C). As a consequence of the-cis rearrangements in the backbone and side chains of loop 4
trans isomerization of P#, the side chain of the remaining  (Figure 3C).

Ca" site 1 ligand, Asi? is rotated by nearly 180about The loss of interactions between loop 4 and'Cat sites

the main chain. The backbone amide nitrogen and carbonyl1 and 2 leads to a different set of interactions in the other
oxygen atoms of Asi® also participate in a new pair of copies of apo-MBP, where P adopts the cis conforma-
hydrogen bonds with the side chain of A&nwhich is a tion. In copy 2, loop 4 is well-defined by the electron density,
solvent-exposed residue at the tip of loop 1 in all of thé'€a  but its conformation and the resulting interactions with loop
bound structures (Figure 3A). The formation of the new set 1 are very different from the well-ordered hydrogen-bond
of interactions seen in copy 1 of apo-MBP is facilitated by network seen in copy 1. In particular, Glland AsA’?,

a slight rigid-body shift in the backbone of loop 1, side chain which form important interactions between loop 4 and loop
torsion angle rotations in GHP and AsA’™, and large 1 in copy 1, are disordered in copy 2. Even though these
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FIGURE 5: Stereoscopic views of loop 1. Residues 4643 of apo-MBP copies 1 and 4 (white) and of two-ion MBP (black?*Girawn

as a light gray sphere) are superimposed onto residues1Bof one-ion MBP (gray). The path of tlecarbon atoms is sketched with

a smooth curve to aid in following the path of the loop. The main chain conformation is clearly conserved, as is the side chain conformation
of a highly conserved bidentate ligand forCd (Asp‘¢®in MBP-C, Aspg®lin MBP-A). The conformation of the side chain of the outer
bidentate ligand in Ca site 1 (GI4"°in MBP-C, GIU in MBP-A) extends away from the binding site in the absence éf Ca

residues are not modeled, the visible portions of loops 1 andthe primary determinants of €abinding affinities reside

4 indicate that GI/°and AsA’* are too far away from loop  in the structure of the loops. However, a number of mutations
4 to make direct hydrogen-bond interactions. In copies 3 andin the hydrophobic core of the MBP-A CRD have secondary
4, large segments of loop 4 are disordered, presumablyeffects on C&'-binding affinities @7). For example, the
because the loop is more flexible in the absence of the MBP-A mutant Ilé4” — Thr, located in helix 2, binds C&

interactions normally mediated by €a with roughly 5-fold lower affinity than wild-type MBP-A.
Preliminary analysis of the Casaturated form of this
DISCUSSION mutant does not show any significant changes in the

structure of the CRD. Mutations in the hydrophobic core

The structures of one-ion MBP and apo-MBP indicate how may affect C&-binding affinities by stabilizing conforma-
C&" stabilizes the structure of loops that are essential for tions of the Ca'-binding loops that can only occur in the
carbohydrate-binding activity. The two €abinding sites  absence of (&, so structures of the apo forms of this and
in the MBPs are roughly symmetrically disposed about I00p other mutants may be needed to determine how mutations
4 (Figure 2A). On one side of this loop, €asite 1 mediates  in the hydrophobic core can affect €abinding. The apo-
interactions between loops 1 and 4; loss of Cat this sitte MBP structures described in this paper, however, do not
produces a rigid-body movement of loop 1 and more suggest how Cd-dependent structural changes in the loops
complex and extensive changes to loop 4. On the other sideare linked to structural changes in the CRD core.
of loop 4, C&" site 2 contains many interactions between  p, interesting parallel exists between the?Ginduced
loops 3 and 4, as well as interactions between both 100ps peptide isomerization seen in the MBPs and a metal-ion-
and the hydrophobic core. When Tasite 2 is empty, the  coupled peptide isomerization event in the legume lectins.
conformation of the peptide bond preceding the conserved o ynusual nonprolyl cis-peptide is a conserved feature of
proline residue at the junction of loops 3 and 4 determines the legume lectins4@). As in the MBPs, metal binding is
whether the adjacent loops adopt a conformation similar to crycial for the formation of a functional carbohydrate-binding
that found in the presence of €aThe retention of a cis-  sjte, and the cis conformation of this peptide bond is required
peptide bond at the junction of loops 3 and 4 locks the for the proper positioning of at least one of the metal-binding
conformation of loop 3 and the proximal part of loop 4 into  resjdues. High-resolution structures of apo- and one-metal
the C&*-bound conformation even in the absence of'Ca  forms of concanavalin A show that the peptide bond
Isomerization of this bond to the trans conformation induces preceding Asf#®adopts the trans conformation in the absence
an extension of the loop away from the core of the protein, of metals 43, 44). As in the case of the MBPs, the
which involves the movement of €aligand side chains by  isomerization of this peptide bond is associated with large
up to 12 A. The dramatic rearrangements and increasedchanges in the path taken by the adjacent segments of the
flexibility in loops seen upon the removal of €adependent  metal-binding loop. Under physiological conditions, peptide-
interactions explain the loss of carbohydrate binding, spec- bond isomerization is a slow process because of the partial
troscopic changes, and increased sensitivity to proteolysisdouble-bond character of the peptide bod#, (46). Very
that have been observed upon removal of'Geom several  slow conformational changes associated with metal binding
C-type lectins 4—10). observed in concanavalin A, with half-lives of many hours,

The structures of apo-, one-ion, and two-ion forms of MBP
show that the core of the CRD is unaffected by changes in s o Gasch, A. Kolatkar, K. Ng, and W. Weis, unpublished
the C&*-binding loop regions. This observation suggests that observations.
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have been attributed to the isomerization of theZXgpeptide the glycine-rich extension of loop 4 in the asialoglycoprotein
bond @7). Likewise, kinetic analysis of Ca binding to receptors 16, 58) and differences in the position of &a
MBP-C reveals a slow phase which suggests that thesite 1 in the macrophage mannose recepoy, (will likely
structural changes seen in one-ion MBP and apo-MBP lead to differences in the details of €adependent confor-
crystals reflect conformational changes of the protein in mational changes. Further studies will be needed to explore
solution @8). how C&" binding is coupled to functionally important

It is interesting to consider whether the Calependent  structural transitions in other C-type lectins.
structural transitions observed for the MBPs may be exploited
for specific biological functions. Many intracellular &a ~ ACKNOWLEDGMENT

binding proteins, such as, troponin C, calmodulin, and  \ye thank Dr. Kurt Drickamer for providing the ME-144
recoverin, couple the binding of €ato a major conforma-  prstein and for helpful comments on the manuscript. We

tional change for the purpose of signaling a change #tCa  3iso thank A. Kolatkar for advice and comments on the
concentration to an intracellular effectatdj. Intracellular manuscript.
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